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Idiopathic pulmonary fibrosis (IPF) is a lethal human dis-
ease with short survival time and few treatment options.
Herein, we demonstrated that discoidin domain receptor
2 (DDR2), a receptor tyrosine kinase that predominantly
transduces signals from fibrillar collagens, plays a critical
role in the induction of fibrosis and angiogenesis in the
lung. In vitro cell studies showed that DDR2 can synergize
the actions of both transforming growth factor (TGF)- and
fibrillar collagen to stimulate lung fibroblasts to undergo
myofibroblastic changes and vascular endothelial growth
factor (VEGF) expression. In addition, we confirmed that
late treatment of the injured mice with specific siRNA
against DDR2 or its kinase inhibitor exhibited therapeu-
tic efficacy against lung fibrosis. Thus, this study not only
elucidated novel mechanisms by which DDR2 controls the
development of pulmonary fibrosis, but also provided can-
didate target for the intervention of this stubborn disease.
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INTRODUCTION

Idiopathic pulmonary fibrosis (IPF), the most common fibrotic
conditions in the lung, is a chronic and lethal human disease with
unknown etiology. IPF patients have a median survival of ~2-3
years after diagnosis because of an irreversible loss of lung func-
tion and respiratory failure.! Although a variety of inflammatory
insults are associated with the development of IPF, an undeniable
fact is that this type fibrotic disorder is clinically recalcitrant to
treatment with immunosuppressive agents,* leading to the recent
shift of concept for IPF treatment away from anti-inflammation
toward antifibrosis.> However, although there has been a huge rise
in clinical trials with antifibrotic drugs during the past decade, it
was until recently that two pharmacological agents were approved
for the treatment of moderate IPE*

The pathogenesis of pulmonary fibrosis involves alveolar epi-
thelial cell injury, inflammatory cell infiltration, as well as fibroblast
recruitment and activation.’ It has been long accepted that the acti-
vated fibroblasts (so-called myofibroblasts), characterized by de novo

expression of o-smooth muscle actin (o-SMA), are the key effector
cells in various fibrotic diseases in which they have stronger con-
tractile activity and are responsible for the secretion of exaggerated
amounts of extracellular matrix (ECM) molecules with the subse-
quent scaring and destruction of the tissue architecture. The forma-
tion of myofibroblasts can be driven by cytokines, matrix proteins,
and biomechanical tension.® Among these myofibroblast-modulat-
ing factors, transforming growth factor (TGF)-f is considered to be
the most powerful driver of fibroblast ECM production and tissue
fibrosis characterized to date and agents blocking its activation have
been under clinical trial for IPE* TGF-f regulates myofibroblast
gene expression through canonical Smad pathway and non-Smad
pathways such as mitogen-activated protein kinase family and PI3K/
Akt

Recently, the dynamically altered ECM microenvironment
was suggested to act as positive feedback stimuli for lung fibroblast
behaviors and the progression of lung fibrosis.*>* Because fibrillar
collagens are major components of fibrotic lung matrices,'® under-
standing how fibroblasts or myofibroblasts receive and transmit
signals from fibrillar collagens will definitely favor the development
of novel drugs to intervene in the influence from abnormal ECM.

Discoidin domain receptors (DDRs), including DDR1 and
DDR2, are unique receptor tyrosine kinases because they signal
in response to nondiffusible collagens rather than diffusible cyto-
kines. Unlike the quick-on and quick-off activation pattern of
growth factor receptors, DDRs display a slow but sustained kinetic
of phosphorylation upon collagen binding, which induces cell dif-
ferentiation, migration, and invasion." In contrast to DDR1 that
is primarily expressed in epithelial cells and activated by multiple
types of collagens, DDR?2 is abundantly expressed in fibroblasts
or cells of mesenchymal origin and activated by fibrillar colla-
gens and type X collagen.'>" Accumulating evidences indicate
that DDR2 acts as a marker as well as a key regulator of epithe-
lial mesenchymal transition (EMT)."*"'” The deficient expres-
sion of DDR2 in vivo can not only cause some developmental
defects such as dwarfing and infertility,'*?° but also lead to sev-
eral pathological changes, such as tumor progression, arthritis,
and choroidal neovascularization.”»** Previous development or
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search of DDR-targeting drugs has yielded several candidate com-
pounds,”** most of which do not distinguish DDR1 from DDR2.
Dasatinib, a Food and Drug Administration (FDA)-approved
drug used to treat chronic myelocytic leukemia, was reported to
potently inhibit the kinase activity of DDRs.> Two recent clini-
cal studies demonstrated that the lung cancer patients who carry
oncogenic mutations of DDR2 showed response to dasatinib
treatment.”*

The only in vivo evidence for a role of DDR?2 in fibrotic disease
showed that DDR2 knockout mice exhibited exaggerated severity
of chronic hepatic fibrosis.* Although a previous in vitro study
has demonstrated that DDR2 promotes lung fibroblast prolifera-
tion and migration,* till now it remains unclear whether and how
DDR2 contributes to the pathogenesis of pulmonary fibrosis. In
this study, we initially found that DDR2 mutant mice were refrac-
tory to induction of experimental lung fibrosis. Furthermore
in vitro studies showed that DDR2 can synergize the actions of
both TGF-f and fibrillar collagen to stimulate lung fibroblasts
to undergo myofibroblastic changes and vascular endothelial
growth factor (VEGF) expression. We also confirmed that DDR2-
targeting strategies potently inhibited the further progression of
established lung fibrosis. Thus, our data suggest the potential of
DDR2 as a therapeutic target for treatment of pulmonary fibrosis.

RESULTS
A deficiency or downregulation of DDR2 prevents
lung fibrosis
To determine the exact role of DDR2 in the development of pul-
monary fibrosis, a well-established DDR2 mutant mouse colony
(slie)," was firstly subjected to bleomycin-induced lung injury for 4
weeks. The results showed that bleomycin insult caused a dramatic
reduction of alveolar space in both wild-type and heterozygous slie
mutant mice, but exhibited no effect on the homozygous slie animals
(Figure 1a). The bleomycin-challenged lungs from slie mice also
had much less accumulation in collagens than those from control
group, as measured by Masson staining, hydroxyproline content and
quantitative polymerase chain reaction (qQPCR) analysis of colla-
gen I (collal) mRNA expression (Figure 1b,c and Supplementary
Figure S1a). Consistent with the differences in collagen deposition,
there were much fewer a-SMA-positive myofibroblasts as well as
downregulated level of active form of TGF-f1 in slie lung tissues
when compared with wild-type controls upon bleomycin treatment
(Figure 1d and Supplementary Figure S1b). Given that massive
lung fibrosis usually leads to respiratory failure and eventual death,
we measured the lifespan of mice under exposure to high dose of
bleomycin (25mg/kg). All wild-type animals died 21 days after
bleomycin administration, whereas, five in six slie mice still survive
until day 28 (see Supplementary Figure S2). The protective effect of
DDR2 deficiency on lung injury was also observed in a fluorescein
isothiocyanate (FITC)-driven model (see Supplementary Figure
$3). In the following experiments, the bleomycin model is mostly
used because it is relatively well characterized and mimics many of
the features of human IPF patients.®

Next, we tested the effects of lung-specific downregulation
of DDR2 expression through RNA interference approach on the
fibrotic outcome. qPCR analysis indicated that the silencing effect
of the intranasally applied DDR2 siRNA could last around 1 week
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(see Supplementary Figure S4). Thus, in the animal experiment,
siRNA treatment was repeated once a week for a total of 4 weeks
(Figure le). Compared with control (scramble) siRNA, specific
siRNA against DDR2 that led to a prominent reduction of DDR2
protein expression prevented the bleomycin-induced abnormal-
ity of lung structure and accumulation of ECM proteins, such as
fibronectin and collagens (Figure 1f,g). The above data collec-
tively indicate that a deficiency or reduction in DDR2 expression
attenuates lung fibrosis in animal models.

DDR2 controls lung myofibroblast activation induced
by either TGF-g or collagen |

To establish the potential links of DDR2 with human fibrotic dis-
ease, we measured its expression in IPF patients by immunohis-
tochemical staining. The protein level of DDR2 was much higher
in IPF lungs than in healthy ones, with most of the DDR2 positive
cells presenting a fibroblastic spindle shape and resembling those
o-SMA-expressing myofibroblasts (Figure 2a). To provide in vitro
evidence supporting this result, we analyzed DDR2 expression
profile during the course of lung myofibroblast activation. The
results demonstrated that in response to TGF-f1 stimulation,
DDR2 protein level in primary mouse lung fibroblasts started to
increase from the time point of 24 hours and then reached a high
level at 48 hours, which preceded the upregulation of myofibro-
blastic genes o-SMA and fibronectin (Figure 2b).

To explore whether DDR2 is directly involved in the acqui-
sition of myofibroblastic characteristics, mouse lung fibroblasts
from wild-type or slie mice were incubated with TGF-J1 for vari-
ous durations and the mRNA and protein expression of o-SMA
was measured by qPCR and immunoblot, respectively. Although
the basal level of a-SMA was higher in slie cells than in wild-type
ones, the TGF-f1-induced o-SMA expression was markedly ham-
pered by the complete loss of DDR2 expression (Figure 2¢,d and
Supplementary Figure S5). The inability of TGF-p1 to drive the
expression of myofibroblast markers in slie cells could be rescued
by the introduction of DDR2-expressing adenovirus (Figure 2e).
These data collectively indicate a dependence of TGF-p-elicited
myofibroblast differentiation on DDR2 expression.

As collagen-induced activation of DDR2 can regulate multiple
cell behaviors, we were wondering whether this signaling cascade
similarly had the potential to modulate lung myofibroblast forma-
tion. As expected, the addition of collagen I caused increase in
the tyrosine phosphorylation of DDR2 in mouse lung fibroblasts,
which was more prominent in DDR2-transduced cells than in
green fluorescent protein (EGFP) control cells. Coinciding with
this phenomenon, the highest expression densities of a-SMA
and fibronectin were also observed in collagen I-treated DDR2-
overexpressing cells (Figure 2f). Overall, it appears that DDR2
participates in both TGF-f3- and collagen I-triggered lung fibro-
blast conversion into myofibroblasts.

The protein kinases involved in DDR2 control of lung
myofibroblast differentiation

We then tried to explore the molecular mechanisms underlying
DDR2 regulation of lung myofibroblast biology. To this end, the
phosphorylation levels of major downstream mediators of TGF-f3
were initially analyzed. Compared with wild-type lung fibroblasts,
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Figure 1 Discoidin domain receptor 2 (DDR2) facilitates experimental lung fibrosis. (a—d) Ddr2 deficient mice were resistant to bleomy-

cin-induced fibrosis in the lung. Wild-type or slie mutant mice were administered bleomycin and the lung tissues were harvested 4 weeks later.
Representative images of H&E a and Masson'’s trichrome staining b are shown. Scale bars, 100 um. The whole lung homogenates from three mice
were used for hydroxyproline content assay and immunoblot analysis, respectively €. Immunofluorescent staining of myofibroblast marker a-smooth
muscle actin (a-SMA) (red) was demonstrated in d. Right histogram shows the percentage of o~SMA staining area with regard to the total picture
area (10 fields/group). **P < 0.01. (e-g) DDR2 knockdown prevents pulmonary fibrosis. One day before bleomycin challenge, C57BL/6 mice were
instilled with small interfering RNA (siRNA) solutions and this treatment was repeated once a week until the lung tissues were collected on day 28
(e). The protein extracts from three mice were pooled and subjected to immunoblot (f). The images in g show H&E and Masson'’s trichrome staining,
respectively. Scale bars, 100 um. H&E, Hematoxylin and Eosin.

DDR2-null cells were almost completely resistant to TGF-f
1-induced activation of p38 and Akt. In sharp contrast, under TGF-
B1 treatment, the two cells did not show discernable difference in
the phosphorylation levels of ERK1/2 and Smad2/3 (Figure 3a).
The unresponsiveness of slie cells to TGF-B1 induction of p38
and Akt kinase activities could be restored by the re-expression
of DDR2 (Figure 3b). We further examined the effects of DDR2
activity on TGF-1 signaling. In wild-type lung fibroblasts, the
capabilities of TGF-f1 to activate p38 and Akt were not affected
by collagen I treatment (Figure 3c, lane 3), but enhanced by the
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transduction of DDR2-expressing adenovirus (Figure 3¢, lane 4).
This promoting action of DDR2 failed to be amplified by simul-
taneous addition of collagen I (Figure 3¢, lane 5). To provide
additional evidence supporting this result, slie lung fibroblasts
were infected with lentivirus expressing either wild type DDR2 or
the kinase-dead mutant form of DDR2 (K608E),** and the trans-
duced cells were then incubated with TGF-f1 in the presence of
collagen I. We found that K60BEDDR2, although resistant to col-
lagen I-induced tyrosine phosphorylation (see Supplementary
Figure S6), displayed an equal ability with the wild-type protein
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Figure 2 Discoidin domain receptor 2 (DDR2) controls lung myofibroblast activation. (a) DDR2 is highly expressed in human idiopathic pulmo-
nary fibrosis (IPF) patients. Represent images of immunohistochemistry. (b) DDR2 expression is increased during the differentiation of lung myofibro-
blasts. Primary mouse lung fibroblasts were treated transforming growth factor (TGF)-S1 for various durations. (c-d) The absent expression of DDR2
impedes the TGF-f1-induced differentiation of lung fibroblasts. Primary lung fibroblasts from control or slie mice were stimulated with TGF-f1 and
then subjected to quantitative polymerase chain reaction (qQPCR) € and immunoblot analysis d, respectively. ***P < 0.001. (e-f) DDR2 enhances both
TGF-p1 and collagen I-driven myofibroblast activation. Lung fibroblasts from slie mice were infected with either EGFP- or DDR2-expressing adenovirus
for 24 hours and then stimulated with TGF-S1 for 48 hours e. Lung fibroblasts from wild-type mice were treated with recombinant adenovirus for
24 hours and then cultured on collagen I-coated surface for another 24 hours. For detection of phosphorylated DDR2, the cell lysates were immuno-

precipitated with anti-DDR2 and then subjected to immunoblot with antiphosphotyrosine f.

in synergizing with TGF-f1 to drive the activation of p38 and
Akt (Figure 3d). These data imply that the influence of DDR2 on
TGF-f3 pathway might be independent of its activation conferred
by ligand binding.

Our previous studies have established that the activation of
DDR2 signaling in response to ligand stimulation could elicit cellular
effects through ERK1/2 pathway in osteoblasts and synoviocytes.**
Here, we found that in mouse lung fibroblasts, collagen I treatment
also generated a gradual and persistent increase in the phosphory-
lation of ERK1/2. This effect could be strengthened by the ectopic
expression of DDR2. Nevertheless, the activity of p38 appeared to
be unresponsive to either collagen treatment or DDR2 overexpres-
sion (Figure 3e). This finding promoted us to determine whether the
activities of ERK1/2 contributed to collagen I/DDR2-induced myo-
fibroblast features. It was found that an inhibitor of ERK1/2 pathway
PD98059 totally blocked collagen I induction of fibronectin with or
without exogenous expression of DDR2 (Figure 3f).

Evaluation of the pathological significance of the above molec-
ular links indicated that the lungs from bleomycin-damaged slie
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mice had markedly lower phosphorylation levels of p38, Akt, and
ERK1/2 than those from wild-type group (Figure 3g). Altogether,
these in vitro and in vivo data overwhelmingly suggest that DDR2
regulation of myofibroblast program during lung fibrosis might
be achieved through synergizing the TGF-f-induced activation of
p38 and Akt as well as the collagen I-induced activity of ERK1/2.

DDR2 modulates the angiogenic process during
pulmonary fibrosis

The contribution of neovascularization to the progression
of lung fibrosis, although controversial in human studies,*
has been highlighted by growing animal evidences.””** In
light of our recent identification of the critical role of DDR2
in the angiogenic activity of vascular endothelial cells as well
as in tumor angiogenesis,”> we were attracted to test whether
DDR?2 had any effects on the vascular remodeling in the bleo-
mycin-induced lung fibrosis model. Endothelial marker CD31
staining indicated that bleomycin treatment induced gradual
increases in the lung microvessel densities (Figure 4a). At day
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Figure 3 The protein kinases involved in mediating discoidin domain receptor 2 (DDR2) control of lung myofibroblast activation. (a) DDR2
deficiency in lung fibroblasts impairs the transforming growth factor (TGF)-B1-induced activation of p38 and Akt. Wild-type or slie lung fibroblasts
were treated with TGF-B1 for 30 minutes and the cell lysates were then subjected to immunoblot analysis of the indicated proteins. (b,c) The influ-
ence of DDR2 overexpression and collagen treatment on TGF-31 signaling. The indicated lung fibroblasts were infected with recombinant adenovirus
for 24 hours and then were treated with either TGF-B1 or the combination of TGF-B1 and collagen I. For the combination treatment, the cells were
firstly incubated with or without 10 pg/ml collagen solutions and then stimulated with TGF-B1 for another 30 minutes. (d) DDR2 affects TGF-B1
pathway independent of its activation status. Slie lung fibroblasts were infected lentivirus expressing either wild-type DDR2 or a kinase dead mutant
form of DDR2 (K608EDDR?2). Fortyeight hours after virus infection, the cells were treated with collagen | for 2 hours and then stimulated with TGF-f1
for another 30 minutes. (e) DDR2 strengthens the collagen I-triggered activation of ERK1/2. Mouse lung fibroblasts expressing EGFP or DDR2 were
treated with collagen | (10 pg/ml) for various durations. (f) ERK1/2 cascade is responsible for the collagen I-induced lung myofibroblast activation.
Twenty four hours after adenovirus infection, mouse lung fibroblasts were cultured on collagen-coated surface for another 24 hours in the presence
of dimethyl sulfoxide or 20 pmol/l PD98059. (g) The kinase activities in bleomycin-injured mouse lung. ERK, extracellular signal-regulated kinase;

EGFP, green fluorescent protein.

21 postbleomycin, DDR2 mutant mice displayed much less
numbers of lung microvessels than their corresponding con-
trols (Figure 4b). In addition, the lung tissues from slie mice
had downregulated mRNA expression of major proangiogenic
genes, with the greatest difference being observed for Vegf-a
whose protein product is thought to be the most potent angio-
genic factor (Figure 4c).

Because VEGF-A has been documented to be released by
TGF-f-treated lung fibroblasts,” we then performed in vitro
experiments to study the possibility of DDR2 modulation of its
expression in this type of cells. The results showed that the TGF- 51
induction of Vegf-a transcription was observed only in wild-type
but not in DDR2-deficient mouse lung fibroblasts (Figure 4d,e),
demonstrating an indispensible role of DDR2 in TGF-f1-induced
expression of VEGF-A. Unlike TGF- 1, collagen I was not an effec-
tive inducer for VEGF-A expression in normal lung fibroblasts
(Figure 4f, lane 2). However, once exogenous DDR2 was intro-
duced into the cells, the ability of collagen I to induce VEGF-A
expression was dramatically enhanced (Figure 4f, lane 4).
Combining these results we can conclude that DDR2 might favor
the angiogenic sprouting of blood vessels in the fibrotic lung tis-
sues partially through regulation of myofibroblast expression of
VEGE

1738

DDR2-targeting strategies demonstrate therapeutic
efficacy against lung fibrosis

It is generally considered that the bleomycin-provoked pathologi-
cal progression in the lung at least includes three phases: epithelial
injury, inflammatory infiltration, and tissue remodeling. We first
profiled the expression and activation changes of DDR?2 after bleo-
mycin challenge. It was demonstrated that the highest transcription
of TGF-f1 occurred at day 14 (Figure 5a, upper panel), implying
maximal lung damage at this time point. In contrast, upon bleo-
mycin exposure both the mRNA and protein expression of DDR2
started to decrease and reached its lowest level at day 14, followed
by expression recovery thereafter (Figure 5a, bottom panel and
Figure 5b). Unlike the profile of total DDR2 protein, DDR2 acti-
vation measured as the ratio of phosphorylated form of DDR2
to total DDR2 exhibited a trend of gradual increase (Figure 5b).
These results suggest that during the process of experimental lung
fibrosis DDR2 might serve a primary function at the stage of tis-
sue remodeling which started postday 14. To confirm this specu-
lation, we evaluated the consequence of delayed intervention of
DDR?2 against lung fibrosis. The beneficial effects of administering
DDR2 siRNA from day 14, although slightly reduced, were largely
preserved, when compared with treatment schedule beginning
from the onset of injury (day 1) (Figure 5¢,d).
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endothelial growth factor (VEGF) in vitro. (@) C57BL/6 mice were challenged with bleomycin for various durations and the lung tissues were
subjected to immunofluorescent staining of endothelial marker CD31. Scale bars, 100 um. (b,c) DDR2 deficiency inhibits the bleomycin-induced
vascular remodeling in the lung. Wild-type or slie mutant mice were treated with bleomycin for 21 days and the lung tissues were immunofluorescent
stained with antibody recognizing mouse CD31. Right histogram shows the percentage of CD31 staining area with regard to the total picture area
(10 fields/group). **P < 0.01 (b). The lung tissues were subjected to quantitative polymerase chain reaction (qPCR) analysis of the mRNA expression of
the indicated proangiogenic cytokines. **P < 0.001 (c). (d,e) DDR2 is required for transforming growth factor (TGF) -B1 induction of VEGF-A in lung
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were analyzed by immunoblot.

Because DDR2 can modulate the activation of lung myofi-
broblasts in an activation-dependent manner, we tried to assess
whether lung fibrosis-related events could be prevented by phar-
macological inhibitors of DDR2 kinase. For this aim, dasatinib
that is an FDA-approved drug as well as a potent DDR2 inhibi-
tor,” was exploited in our animal experiments. Fourteen days after
bleomycin challenge, the mice were subjected to daily adminis-
tration of dasatinib for 2 weeks. As demonstrated in Figure 5e,
dasatinib yielded strong inhibitory effect on the development of
lung fibrosis. In addition, this drug also sharply suppressed the
bleomycin-induced increases in angiogenesis (Figure 5f). These
results collectively indicate that even when applied after maximal
lung injury has been established, DDR2-targeting strategies were
still highly effective in preventing fibrotic tissue formation.

Molecular Therapy vol. 24 no. 10 oct. 2016

Targeting of DDR2 limits the progression of
established lung fibrosis

The important role of DDR2 in mediating collagen I-induced myo-
fibroblast activation signifies that targeting DDR2 may have the
potential to restrain the deterioration of established scar through
interrupting the fibrillar collagen-driven positive feedback events.
In order to examine this possibility in vivo, the fibrotic status of
animals harvested at day 21 after bleomycin, a time point with
some extent of fibrosis, was compared with that of those receiving
inhibition of DDR2 from day 21 onwards until day 28 (Figure 6a).
It was shown that the administration of DDR2 siRNA resulted in
almost no further destruction of lung structure and accumulation
of collagen matrix (Figure 6b,c), indicating that DDR2 blockade
limits the progression of established fibrosis.

1739



Targeting of DDR2 Prevents Pulmonary Fibrosis

© The American Society of Gene & Cell Therapy

a b 1.5
6 1 Tgf-B1 £
2 10
4 ) I~
5 Days after bleomycin g 05
2 2 o 7 21 28 [a)
[l
: B oo 00
<Z( — s s s e -DDR2
o 1.5 Ddr2 : [
€ - e am» e=» e -Tubulin x
g a
£ 10 N 4
> o
T a
0.5 2 o]
0.0 0
0 7 14 21 28 0 7 14 21 28
Days after bleomycin Days after bleomycin
c d
: " Control DDR2
| siRNA DDR2 siRNA
_Control siRNA_ s SRNA _ siRNA

A il
Sl Fae A o
P T
O LR

BLM f

H&E

Masson

Day 1 Day1 Day 14
-— — - == -0-SMA
- - r -q -Fibronectin
Ef '~ | -DDR2

W g -Tubuin

BLM

Dasatinib 80 7

60 o

40 -

20 4

CDa31 staining area (%)

CD31/DAPI

H,O Dasatinib
BLM

Figure 5 Discoidin domain receptor 2 (DDR2) -targeting strategies have therapeutic efficacy against lung fibrosis. (a,b) The expression and
activation pattern of DDR2 during bleomycin-induced lung fibrosis. Lung tissues from bleomycin-treated C57BL/6 mice were collected at various
time points for analysis of the mRNA (a) and protein (b) expression of the indicated genes. The histograms in b depict results quantified using
densitometry scanning. (c,d) Late treatment with DDR2 small interfering RNA (siRNA) still potently inhibits the development of lung fibrosis. 1 day
after bleomycin instillation, C57BL/6 mice were treated with siRNA immediately or from 14 days later. At day 28, the mouse lungs were subjected to
Hematoxylin and Eosin (H&E) staining € and immunoblot analysis d. (e,f) DDR2 kinase inhibitor dasatinib attenuates pulmonary fibrosis. Fourteen
days after bleomycin treatment, the C57BL/6 mice received daily oral gavage of dasatinib. Two weeks later, the mouse lung tissues were collected for
analysis of the lung structure e and vascular density f. The histogram in f represents the percentage of CD31 staining. **P < 0.001.

DISCUSSION

Based on the data from this study, we arrive at the following
hypotheses regarding the role of DDR2 in lung fibrillogenesis
(Figure 7)'. In the early phase of fibrotic reaction, the induced
expression of DDR2 in lung fibroblasts by TGF-f3 can synergize
with TGF-B-initiated signals to specifically trigger the activa-
tion of p38 and Akt in an activation-independent manner, which
accelerates the cell phenotypic transition toward myofibroblasts.?
When the fibrotic process is already established, the abundant
fibrillar collagens within fibrotic foci may gradually augment the
activation of myofibroblasts via DDR2/ERK axis in a positive feed-
back manner.? In both phases, DDR2 promotes the oversynthesis
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of ECM components as well as the secretion of VEGE, resulting in
massive fibrosis and angiogenesis.

The persistence of myofibroblasts in injured tissues can trigger
a relentless scarring process and finally cause fibrosis. Although
the in vivo correlation of DDR2 with myofibroblast abundance
has been previously documented in other models,**! it remains
poorly understood how DDR2 modulates the activation of this
type of cells. A major finding of this study is that DDR2 expres-
sion deficiency hampers TGF-f1 induction of lung myofibroblast
phenotypes. However, an intriguing phenomenon is that under
resting conditions, DDR2-null lung fibroblasts express a higher
level of -SMA than wild-type ones, which was not observed in
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Figure 6 Discoidin domain receptor 2 (DDR2) knockdown limits the progression of established lung fibrosis. (a) Schematic of late treatment
with DDR2 small interfering RNA (siRNA). (b, c) 21 days after bleomycin challenge, the mice were either sacrificed or continuously received treatment
with siRNA. On day 28, the mouse lung tissues were subjected to histological analysis b and hydroxyproline content assay ¢, respectively. Data are

representative of three independent experiments. **P < 0.01.
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Figure 7 Schematic depicting the role of discoidin domain receptor
2 (DDR2) in mediating the activation of myofibroblasts during lung
fibrosis. In the early phase of fibrotic reaction, transforming growth fac-
tor (TGF)-B stimulation of lung fibroblasts induces up-regulated expres-
sion of DDR2, which may enable DDR2 to cooperate with TGF-3 receptor
to activate p38 and Akt, consequently leading to the cell phenotypic
transition toward myofibroblasts. This action of DDR2 is independent
of the presence of its ligands, fibrillar collagens (left). When the fibrotic
process is already established, the abundant fibrillar collagens within
fibrotic foci may gradually augment the activation of myofibroblasts via
the activation of DDR2/ extracellular signal-regulated kinase (ERK) axis in
a positive feedback manner (right). In both phases, DDR2 promotes the
oversynthesis of extracellular matrix (ECM) components as well as the
secretion of vascular endothelial growth factor (VEGF), which eventually
causes massive fibrosis and angiogenesis.

DDR2 mutant mice. In the light of the recent report that DDR2
silencing retards fibroblast migration,*? we infer that the upregula-
tion of basal a-SMA expression caused by DDR2 deficiency may
reflect a cellular mechanism to compensate for the complete loss
of key migration molecules in vitro.

Although the unresponsiveness of Smad activity to DDR2 has
been documented in some types of cells,'”* its impact on non-
Smad pathways under TGF-f stimulation has not been explored.

Molecular Therapy vol. 24 no. 10 oct. 2016

We revealed that DDR2 could specifically strengthen the TGF-S-
induced activation of p38 and Akt in lung fibroblasts. Because the
cascades of both p38 and Akt were well established as key inter-
mediates of lung fibroblast-myofibroblast differentiation as well
of experimental lung fibrosis,**® our results suggest that DDR2
downregulation might not only suppress TGF-f-induced initia-
tion of fibrotic reaction in the lung but also theoretically avoid
undesirable potential side effects caused by pan-TGF-f3 blockade
(autoimmunity and carcinogenesis). In addition, our disclosure of
their crosstalk will also shed light on investigation of DDR2 func-
tion under other physiological or pathological situations where
TGF-B plays a central role. Notably, the promoting effect of DDR2
on TGF-p signaling was shown to have nothing to do with the
activation status of DDR2. This complies with the fact that DDR2
constitutively interacts with its coreceptor in other type of cells.®
Our ongoing study is to find the molecules that are responsible for
determining the selectivity of DDR2 on TGF-Snon-Smad pathway.

It was recently shown that the IPF patient-derived ECM could
stimulate lung fibroblasts to express genes encoding ECM pro-
teins detected in IPF tissue,’ strongly supporting the concept that
the abnormal ECM components accumulated within fibrotic lung
might act as positive-feedback stimuli for the development of lung
fibrosis.® Compared with normal lung matrices, IPF lung was
enriched in several types of collagens,' with at least collagen types I
and III being reported to activate DDR2."> Our identification of the
inducible effects of collagen I/DDR2 cascades on lung myofibro-
blast formation implies that DDR2 might be an attractive molecular
target for the interruption of the fibrillar collagen-induced positive
feedback loop events. This conjecture can be partially supported by
our results that DDR2 knockdown from day 21, a time point with
obvious established scar, can almost completely inhibit the further
disorder of lung structure. Even collagen I was reported to induce
DDR1 expression in human lung fibroblasts, this process was dem-
onstrated to rely on the activation of DDR2 signaling.!

In addition to through direct regulation of cell differentiation,
DDR2 may raise the abundance of myofibroblast subsets through
advancing the recruitment of its precursor cells. One such evidence
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is that DDR2 can regulate lung fibroblast proliferation and migra-
tion.”? Another possibility rests on the established concepts that
alveolar epithelial cells can serve as an important source of lung
fibroblasts via EMT,*>** and that DDR2 is a critical regulator of
EMT.">1%** A most recent study reported that DDR2 can regulate
neutrophil chemotaxis.” Given neutrophil’s well-characterized con-
tribution to IPE we do not exclude the possibility that such a regu-
latory link may also exist in the bleomycin-treated model, although
we did not investigate this point. However, even with this possibil-
ity, our results showing that starting DDR2 siRNA treatment from
day 14, a time point of maximal injury as well as the onset of tissue
remodeling, had similar protective effect as prevention schedule,
give a clue that DDR2 control of postinflammation events might
determine its influence on the final outcome of fibrosis.

We recently demonstrated that DDR2 promotes the angio-
genic activity of endothelial cells in vitro.”* However, according
to the in vivo data from our lab and others,?** DDR2-deficient
stroma can also accelerate angiogenesis under some pathologi-
cal conditions. We reasoned that the positive regulation of DDR2
on endothelial function may be overbalanced out by its negative
modulation on surrounding cell secretion of proangiogenic cyto-
kines, finally making DDR2 gives rise to an overall inhibitory
outcome in angiogenesis.* In this study, we found that DDR2
enhances both TGF-f1- and collagen I-driven expression of
VEGF-A in lung fibroblasts. This in vitro evidence coincides with
the in vivo observation that a genetic deficiency of Ddr2 impedes
lung neovascularization in bleomycin-induced fibrosis model.
Accumulating evidences indicate that antiangiogenesis therapy
may be a promising treatment option for pulmonary fibrosis.**?***
Notably, nintedanib, a triple angiokinase inhibitor (VEGEFR,
platelet-derived growth factor receptor (PDGFR), and fibroblast
growth factor (FGFR)), recently became the first approved drug
for IPF treatment.” Therefore, our current data collectively indi-
cate that DDR2 control of lung myofibroblast behaviors could
produce impacts on both angiogenic and fibrotic processes.

Although dasatinib does not distinguish DDR2 from DDRI1
whose knockout mice were similarly refractory to bleomycin-
induced lung fibrosis,”* it is unlikely that the therapeutic effects
of dasatinib treatment starting from 14 days after bleomycin in our
model could equally benefit from its inhibition of the two members
because DDR1 was considered to primarily regulate the function
of epithelial cells and macrophages.”* The expression of DDRI1 in
lung fibroblasts, although positive, was reported to rely on DDR2
signaling.”® Whatever, multitarget effect is a common character-
istic for most kinase inhibitors, which sometimes is conducive to
enhancing their efficacy in inhibiting disease progression. For
instance, dasatinib suppression of Src activity may additionally con-
tribute to the action of this drug on TGF-f-induced myofibroblast
events because Src kinase was reported to serve as a key media-
tor of TGF--p38 pathway.®*¢? The results derived by the authors,
together with the most recently published data,* provide important
preclinical evidence for the use of dasatinib in the treatment of IPE.

In summary, the data from this study strongly suggest that dur-
ing pulmonary fibrosis, DDR2 not only participates in both the ini-
tiation and maintenance of fibrotic reaction, but also affects both
ECM production and angiogenesis. These features make DDR2
may represent a versatile therapeutic target in this stubborn disease.
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MATERIALS AND METHODS

Animal experimental protocols. The heterozygous slie mutant mice, carry-
ing deletion mutation spanning Ddr2 exon 1-17," were provided by Jackson
Lab (Bar Harbor, Maine) and intercrossed to produce homozygotes for use.
All animal studies were performed according to the protocols and guidelines
of the institutional care and use committee. To induce pulmonary damage,
6- to 8-week-old sex- and age-matched wild-type or slie mice were intrana-
sally dropped with bleomycin (Nippon Kayaku, Tokyo, Japan) at 5mg/kg
body weight (BW) or FITC (Sigma, St Louis, MO) at 6 mg/kg BW. For in vivo
silencing of DDR2 in mouse lung, a nonspecific control siRNA or DDR2-
specific siRNA was modified with 2’-methoxy (2’-OMe) by Genepharma
Company (Shanghai, China) to improve stability. The sense sequences of
siRNAs are as following: DDR2, 5-TTGAGATGAATACTAGCTTAG-3';
control, 5-TTCTCCGAACGTGTCACGTT-3". The silencing effect of
DDR2 siRNA has been validated by our previous in vitro study.** One OD
siRNA was dissolved in 40 pl D5W solution (5% D-Glucose) and used to
treat one mouse per time through nasal instillation as described earlier.*
For each group, the siRNA treatment was conducted once a week before the
harvest. Dasatinib (Sprycel, Bristol-Myers Squibb, New York, NY) was dis-
solved in 80 mmol/I citric acid (pH 2.1) to make a stock solution of 10 mg/
ml. For animal use, dasatinib were given to the mice orally (10 mg/kg BW)
by gavage once a day. At least five animals were used in each treatment
group and three individual experiments were performed.

Isolation of mouse lung fibroblasts and treatment protocols. The lungs
dissected from 4-5-week mice were cut into small pieces and then immersed
in Dulbeccos modified Eagle’s medium (Invitrogen, Carlsbad, CA) contain-
ing collagenase II (2mg/ml), trypsin (2.5mg/ml), Dnase I (2mg/ml), peni-
cillin (100 U/ml), and streptomycin (100 pg/ml) for 12 hours at 37 °C after
phosphate-buffered saline wash. The clumps of tissues were removed through
filtering and the cells were collected from the supernatant by centrifuge, fol-
lowed by their maintenance in Dulbeccos modified Eagle’s medium supple-
mented with heat-inactivated 10% fetal bovine serum (FBS). The phenotypes
of fibroblasts after passage 3 were characterized by immunostaining of the
epithelial marker pan-cytokeratin and the fibroblastic marker vimentin.

For functional studies, the cells were used between passages 4
and 6. To induce the cell differentiation, the cells were stimulated with
10ng/ml TGF-B1 (PeproTech, Rocky Hill, NJ) or cultured on collagen
I (Roche Diagnostics, Mannheim, Germany)-coated surface (8 pg/cm?)
for 48 hours. Recombinant adenovirus expressing EGFP or full length
DDR2 was packaged and purified by Vector Gene Technology Company
(Beijing, China), and used to infect the cells with 10 viral particles/cell.
For inhibition of ERK pathway, the cells were pretreated with 20 pmol/l
PD98059 (Calbiochem, San Diego, CA) or dimethyl sulfoxide.

Histological analysis, immunohistochemistry, and immunofluorescence
staining. Human healthy (20 subjects) and IPF (4 males and 2 females)
lung tissue sections were obtained from Biomax (Rockville, MD). The
study protocol was approved by the ethics committee of the Fourth
Military Medical University. Paraffin sections of mouse lungs (4 um) were
prepared for H&E and Masson’s trichrome staining or immunohistochem-
istry. Masson’s trichrome staining was performed according to the manu-
facturer’s instructions (Baso, Zhuhai, China).

For immunohistochemical detection of DDR2 and o-SMA, the
sections were dewaxed and rehydrated through graded alcohol and
then subject to antigen retrieval by high pressure cooking for 2 minutes
in 10 mmol/l citrate acid (pH 6.0). The antibodies against human
DDR2 (R&D Systems, Minneapolis, MN) and human o-SMA (Abcam,
Cambridge, UK) were used at a dilution of 1: 100 and 1 : 200, respectively.
Rabbit or mouse immunoglobulin G (IgG) was used as a negative control.
Antibody binding was visualized by a horseradish peroxidase-conjugated
secondary antibody system (Sigma-Aldrich, St. Louis, MO).

For immunofluorescence staining of CD31, the specific primary
antibody (BD Biosciences, San Jose, CA) was used at 1: 50. The fluorescent
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signal was excited and captured by confocal laser-scanning microscopy
(Nikon-A1 Tokyo, Japan). Quantification of the vascular density was done
by analyzing at least five sections and five fields/section.

Lentivirus package. The cDNAs of wild-type human DDR?2 or a kinase-
dead mutant DDR2 (K608EDDR?2) that have been described earlier* were
inserted into lentiviral pCDH vector (Provided by Professor Jian Zhang,
The Fourth Military Medical University, Xian, China). For the pack-
age of virus, human embryo kidney 293T-cells from the American Type
Culture Collection were transiently transfected with pCDH, PMD2.G, and
PSPAX2 at a ratio of 4 : 1 : 3 with Lipofectamin®” (Invitrogen) according
to the manufacturer’s instructions. Forty-eight hours after transfection, the
supernatant were collected and then 1 ml of them was used to infect lung
fibroblasts seeded on six-well plate.

Determination of hydroxyproline content. A commercial hydroxypro-
line kit from Jiancheng Institute of Biotechnology (Nanjing, China) was
used following the provider’s instructions. Briefly, fresh lung tissues were
weighted and hydrolyzed to release hydroxyproline. After a series of
chemical reactions, a pink color solution was formed and then subjected
to measurement of absorbance at 560 nm. The hydroxyproline content of
each sample was calculated by comparing with the standards. Results were
expressed as micrograms of hydroxyproline per gram wet lung weight.

Reverse transcription-qPCR.  Total RNA was extracted using the
RNeasy kit (QIAGEN Hilden, Germany). cDNA was synthesized using
the Super-Script II First-Strand Synthesis System (Invitrogen). qPCR
was performed using a Prism 7500 real-time thermocycler (Applied
BioSystems San Diego, CA). The primer sequences for mouse Ddr2,
Gapdh, Vegf-a, Ang-1, and Fgf-2 have been described earlier.”>*
Mouse o-SMA: GACGCTGAAGTATCCGATAGAACACG (forward);
CACCATCTCCAGAGTCCAGCACAAT  (reverse); mouse Tgf-fBI:
AGCGGACTACTATGCTAAAGAGGTCACCC (forward); CCAAGGTA
ACGCCAGGAATTGTTGCTATA (reverse); mouse coll otl: CATGTTCAG
CTTTGTGGACC (forward); TTCTGTACGCAGGTGATTGG (reverse).
qPCR data indicate the relative mRNA expression level of target gene.
Gapdh was used as an internal reference control. Bar graphs are the mean
+ SD of three separate experiments.

Immunoblot analysis. Cultured cells or mouse lung tissues were har-
vested and lysed in Radio-Immunoprecipitation Assay (RIPA) buffer
(0.05mol/l Tris-HCl pH 7.4, 0.15mol/l NaCl, 0.25% deoxycholic acid,
1% NP-40, 1 mmol/l ethylenediamine tetraacetic acid (EDTA), 1 mmol/l
phenylmethylsulfonyl fuoride, 1 pg/ml aprotinin, 1 pg/ml leupeptin and
Phospho-STOP). Protein concentration was determined by BCA protein
assay kit (Pierce Biotech, Rockford, IL) and equal amounts of protein were
resolved by 10% sodium dodecylsulfate—polyacrylamide gel electrophore-
sis (SDS-PAGE) and transferred to nitrocellulose membranes (Amersham
Biosciences, Buckinghamshire, UK). After blocking in Tris-buffered saline
containing 5% skim milk and 0.1% Tween-20, membranes were incu-
bated with primary antibodies, followed by incubation with horseradish
peroxidase (HRP)-labeled secondary antibodies. The dilution of primary
antibodies for immunoblot was as follows: DDR2 (1 : 1000, R&D); SB-actin
(1:500, Booster); Tublin (1 : 1000, Booster); o-SMA (1 : 500, abcam), phos-
photyrosine specific monoclonal antibody 4G10 (1 : 1000, Millipore).

Statistical analysis. Statistical analyses were performed using the Statistical
Product and Service Solutions (SPSS) software program. One-way analy-
ses of variance (ANOVAs) followed by least significant difference (LSD)-t
tests were used to make comparisons between pairs of groups. Student’s
t-test was used to examine the differences between the two groups of data.
A two-tailed P-value of <0.05 was considered significant.

SUPPLEMENTARY MATERIAL
Figure $1. The expression levels of fibrotic markers in the lung of
DDR2 mutant mice.
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Figure $2. DDR2 deficiency confers the mice survival advantage in
response to high dose of bleomycin.

Figure $3. DDR2 mutant mice are protected from FITC-driven lung
fibrosis.

Figure S4. The duration of in vivo knockdown of DDR2.

Figure $5. DDR2-deficient lung fibroblasts are refractory to TGF-p1-
induced expression of o-SMA.

Figure $6. DDR2 kinase-dead mutant is resistant to collagen-induced
activation.
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