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Role of Stromelysin 2 (Matrix Metalloproteinase 10) as a Novel
Mediator of Vascular Remodeling Underlying Pulmonary
Hypertension Associated With Systemic Sclerosis

Jérome Avouac,! Christophe Guignabert,2 Anna Maria Hoffmann-Vold,> Barbara Ruiz,*

Peter Dorfmuller,” Sonia Pezet, Olivia Amar,”* Ly Tu,” Jérome Van Wassenhove,* Jérémy Sadoine,

5

David Launay,6 Muriel Elhai,! Anne Cauvet,* Arun Subramaniam,’ Robert Resnick,’
Eric Hachulla,’ @yvind Molberg,3 André Kahan,® Marc Humbert,” and Yannick Allanore'

Objective. To elucidate the role of gene candi-
dates involved in pulmonary hypertension (PH) associ-
ated with systemic sclerosis (SSc).

Methods. Gene candidates were identified through
microarray experiments performed on Affymetrix Gene-
Chip Human Exon 1.0 ST arrays in endothelial progeni-
tor cell (EPC)—derived endothelial cells (ECs) obtained
from patients with SSc-associated PH, patients with SSc
without PH, and healthy control subjects. Expression of
identified gene candidates was assessed by quantitative
sandwich enzyme-linked immunosorbent assay in the
serum, and by immunohistochemistry in lesional lung
tissue. The functional importance of the identified gene
candidates was then evaluated in fos-related antigen
2—transgenic (Fra-2-Tg) mice that spontaneously develop
SSc-like features associated with an intense pulmonary
vascular remodeling.
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Results. Microarray experiments revealed that
the matrix metalloproteinase 10 (MMP-10) gene was
the top up-regulated gene in SSc-associated PH
EPC-derived ECs. Circulating serum proMMP10 con-
centrations were markedly increased in patients with
SSc-associated PH compared to SSc patients without
PH and healthy controls. Consistent with these obser-
vations, a strong MMP10 staining of the thickened
wall of distal pulmonary arteries was found both in
the lungs of patients with SSc-associated PH and in
the lungs of Fra-2-Tg mice. Daily treatment of Fra-2—
Tg mice with neutralizing anti-MMP10 antibodies did
not significantly affect the development and severity of
pulmonary fibrosis, but did reverse established PH
and markedly reduced pulmonary vascular remodeling
by reducing cell proliferation, cell survival, and the
platelet-derived growth factor signaling axis.

Conclusion. Gene expression profiling of EPC-
derived ECs identified MMP10 as a novel candidate gene
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in SSc-associated PH. MMP10 is overexpressed in the
serum and pulmonary arteries of patients with SSc-asso-
ciated PH, and its blockade alleviates PH in the Fra-2—
Tg mouse model. MMP10 appears to be a prospective
treatment target for this devastating disorder.

Pulmonary hypertension (PH) is one of the
leading causes of death in patients with systemic sclero-
sis (SSc). SSc-associated PH belongs predominantly to
the World Health Organization (WHO) clinical classifi-
cations of group 1 (pulmonary arterial hypertension
[PAH]) and group 3 (PH associated with interstitial
lung disease [ILD]), and all recent studies have
identified SSc-associated PH as one of the worst
disease subsets compared to idiopathic PAH (iPAH) or
all other forms of associated PH (1-3).

The current therapies for SSc-associated PH
remain essentially palliative and do not reverse the pro-
gressive pulmonary vascular remodeling of the vascula-
ture (4-6). Hence, there is a clear need for progress in
the identification and validation of potential new tar-
gets for therapeutic development against this life-
threatening disease.

Damage to and dysfunction of pulmonary
endothelial cells (ECs) play an integral role in the initi-
ation and progression of pulmonary vascular remodel-
ing associated with PH (7-9). We have developed a
noninvasive method to obtain cultured ECs derived
from circulating endothelial progenitor cells (EPCs)
(10-12). These cells have the typical EC characteristics
and phenotypes, exhibit in vitro angiogenic properties,
and have the capacity to constitute and orchestrate vas-
cular remodeling in vivo (11-14). Both preclinical and
clinical evidence support the notion that EPC-derived
ECs may contribute to the progression of vascular com-
plications in patients with SSc (10,11) and patients with
PH (15,16). In the present study, we combined compar-
ative transcriptome analyses of EPC-derived ECs under
both normoxic and hypoxic conditions, using cells
obtained from patients with SSc without PH, patients
with SSc-associated PH, and healthy control subjects.
In addition, we performed in vivo studies using fos-
related antigen 2-transgenic (Fra-2-Tg) mice, an ani-
mal model that displays the main characteristic features
of human SSc, specifically the development of a
microvasculopathy that is paralleled by progressive pul-
monary fibrosis (17-20).

Our objectives in the present study were there-
fore to 1) identify novel candidate genes in late-out-
growth EPC-derived ECs, under both normoxic and
hypoxic conditions, from patients with SSc-associated
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PH (i.e., those who had precapillary PH that was con-
firmed by right-sided heart catheterization and who
were classified as having either isolated PAH or ILD-
associated PH) in comparison to SSc patients without
PH and healthy controls, 2) investigate circulating con-
centrations and lung tissue expression of the identified
gene candidates, and 3) examine the functional contri-
butions of the identified gene candidates in vivo using
the Fra-2-Tg mouse model.

MATERIALS AND METHODS

Study population. Late-outgrowth EPC-derived ECs
were obtained for the purpose of this study from the periph-
eral blood of 46 individuals, as previously described (10,11).
Thirty-six patients with SSc (28 of whom were female) whose
diagnosis met the American College of Rheumatology criteria
for SSc (21) were included. An extended Materials and Meth-
ods with further details on the characteristics of the patients
is available upon request from the corresponding author.

Among these 36 patients with SSc, 6 had SSc and
precapillary PH (SSc-associated PH), defined as precapillary
PH that was confirmed by right-sided heart catheterization
and a resting mean pulmonary artery pressure of >25 mm
Hg, in conjunction with a pulmonary capillary wedge pres-
sure of <15 mm Hg. Among these 6 patients with SSc-
associated PH, 3 had PAH (WHO group 1) and 3 had
ILD-associated PH (WHO group 3). Precapillary PH was
considered secondary to ILD when the forced vital capacity
was <70% of predicted, and also when the extent of fibrotic
disease in the lung was >10% as determined on high-resolu-
tion computed tomography. The other 30 SSc patients
without SSc-associated PH had a systolic pulmonary artery
pressure of <40 mm Hg as determined on echocardiogra-
phy, and a diffusing capacity for carbon monoxide of >70%
of predicted. Control EPC-derived ECs were obtained from
10 healthy subjects. Details on the characteristics of all
patients and controls are available upon request from the
corresponding author.

Study approval. All patients and controls signed a
consent form approved by the local institutional review
boards (Comité de Protection des Personnes, Paris Ile de
France 3). The local ethics committee (Comité d’éthique en
experimentation animale 34 of Paris Descartes University)
approved all animal experiments (agreement no. 15-031 [Apa-
fis 2015080901097845 and 2015062619109294]).

Microarray analysis. Microarray analyses were per-
formed on Affymetrix GeneChip Human Exon 1.0 ST arrays
in third-passage EPC-derived ECs obtained from 6 SSc
patients with precapillary PH, 20 SSc patients without PH,
and 9 healthy controls. Since SSc is associated with severe
tissue hypoxia, which contributes directly to its progression,
gene expression profiles of EPC-derived ECs were studied
both under normoxic conditions and under hypoxic condi-
tions. In addition, we have previously reported that hypoxia
modulates the gene expression profile of EPC-derived ECs
in SSc (14). All microarray data and information have been
submitted to the NCBI GEO database (accession no.
GSE73674).
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MMP-10 IN SSc-ASSOCIATED PH

Measurement of serum proMMP10 levels. Serum
concentrations of proMMP10 were measured by quantitative
sandwich enzyme-linked immunosorbent assay (ELISA; R&D
Systems) in accordance with the manufacturer’s recommenda-
tions. Serum samples for these ELISAs were obtained from
individuals in 2 independent cohorts, a discovery cohort from
France and a replication cohort from Norway (22,23) (details
available upon request from the corresponding author).

The French discovery cohort included 138 patients with
SSc and 50 healthy controls (mean + SD age 59 =+ 15 years and
56 £ 10 years, respectively; mean £ SD duration of SSc 12 + 9
years). Among the patients with SSc, 47 had confirmed PAH
(WHO group 1), 13 had ILD-associated PH (WHO group 3),
and 78 had SSc without PH. The Norwegian replication study
cohort was derived from the ongoing prospective, observational
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Oslo University Hospital (OUH) SSc cohort study and included
all individuals for whom longitudinal clinical cardiopulmonary
data were available (22,23). Data were obtained from the Norwe-
gian NOSVAR (Systemic Connective Tissue Disease and Vasculitis
Registry) at OUH. This replication study sample consisted of 242
patients with SSc (mean =+ SD age 48 £ 15 years; mean + SD dura-
tion of SSc 6 + 6 years), 42 patients with PH (30 with PAH and 12
with ILD-associated PH), and 200 without PH. Of note, for 31 of
the patients with PH, including 30 with PAH and 1 with ILD-asso-
ciated PH, the serum sample was obtained a mean + SD 1.5 +
1.92 years before the development of PH.

Detection of MMP-10 by real-time quantitative poly-
merase chain reaction (qPCR), Western blotting, and immuno-
staining. MMP-10 expression was detected by real-time qPCR,
Western blotting, and immunofluorescence analyses in EPC-

Table 1.

compared to SSc patients without PH and healthy controls

Top biologic functions and top differentially expressed genes identified by microarray analysis in patients with SSc-associated PH as

Top biologic functions

Top differentially expressed genes (fold change)

Molecular and No. of
Comparison, condition cellular function genes P Overexpressed™ Underexpressed
SSc-associated PH
vs. SSc
Basal conditions Cell—cell signaling 4 3.16 x 10*-4.43 x 107 MMP10 (2.197); CDH2 (-3.299);
and interaction mir-126 (1.746); ANTXRI1 (-1.675);
Cellular assembly 5 3.16 x 10*-4.66 x 102 PCDHBS (1.730); SPHAR (-1.611);
and organization TERC (1.507) ST3GALSG (-1.604);
Cellular function 7 3.16 x 107-4.66 x 1072 DLG1 (-1.546);
and maintenance LOC645166 (-1.535)
Cell cycle 1 8.07 x 10™*-4.43 x 107
Cell morphology 6 8.07 x 107-4.66 x 1072
Hypoxic conditions Protein synthesis 3 7.07 x 10%-3.40 x 1072 CDRI (2.479); CDH2 (-2.977);
Carbohydrate 2 8.75 x 107-1.65 x 1072 MMP10 (2.104); GPR31 (-1.886);
metabolism mir-7 (1.720); P2RXS5 (-1.614);
Cell morphology 4 8.75 x 10*-4.87 x 1072 LGALS9C (1.676); ST3GALSG (~1.574);
Cellular compromise 2 8.75 x 107-4.37 x 107 Mir-32 (1.650); PABPN1 (-1.572);
Energy production 1 8.75 x 107-8.75 x 107 OCLN (1.539); CRYAB (-1.514)
RASSF4 (1.526)
SSc-associated PH
vs. healthy controls
Basal conditions Cell cycle 33 5.49 x 107%-4.93 x 1072 MMPI10 (2.441); SULT1B1 (-2.740);
Cellular assembly 26 7.15 x 107'%4.93 x 1072 PLA2GA4C (2.267); SLIT2 (-2.486);
and organization CYTL1 (2.092); DPP4 (-2.247);
DNA replication, 22 7.15 x 107'%4.93 x 1072 SERPINE2 (2.047); HIST1H3A (-2.121);
recombination, and CLIC2 (1.914); TOP2A (-2.106);
repair RND1 (1.628); DEPDC1 (-2.009);
Cellular movement 16 8.04 x 107°-4.87 x 1072 SULF2 (1.626); LDB2 (-2.001);
Cellular function 8 1.29 x 10°-4.22 x 1072 ARLAC (1.515); ANLN (-1.929);
and maintenance COLA4A2 (1.508); KIF11 (-1.924);
CEACAMI1 (1.505) HIST1HID (-1.913)
Hypoxic conditions Cell cycle 34 1.55 x 1071°-3.42 x 107 MMP10 (2.545); SLIT2 (-2.414);
Cellular assembly 28 1.55 x 101°-3.42 x 1072 mir-32 (2.257); SULT1BI (-2.370);
and organization CLIC2 (2.090); TOP2A (-2.051);
DNA replication, 17 1.55 x 1071°-3.42 x 107 TIMP3 (2.056); LDB2 (-2.015);
recombination, mir-103 (1.923); ASPM (-1.955);
and repair SERPINE2 (1.817); DPP4 (-1.922);
Cell morphology 13 8.53 x 10°-3.42 x 10 mir-7 (1.806); GPR31 (-1.911);
Lipid metabolism 9 1.56 x 10%-3.42 x 1072 CD69 (1.785); STEAP1 (-1.898);

RNU5B-1 (1.784);
HIST1H2BJ (1.768)

ANLN (-1.895);
PRCI (~1.866)

* The gene for matrix metalloproteinase 10 was the most significantly up-regulated gene in patients with systemic sclerosis (SSc)-associated pul-

monary hypertension (PH).
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derived ECs (11,14). Immunofluorescence and confocal analy- pg/kg (diluted in phosphate buffered saline [PBS], injection of
ses for MMP10 were performed in lesional lung tissue sections 100 pl per mouse) every other day for 5 weeks. This group was
obtained from patients with SSc-associated PH and Fra-2-Tg compared to a control group of 13-week-old Fra-2-Tg mice (n =
mice. 7; 3 male, 4 female) treated with IP injections of a nonrelevant
Evaluation of the effects of MMP10 inhibition in Fra- rabbit polyclonal IgG (Abcam) at a dose of 30 pg/kg (diluted in
2-Tg mice. The efficacy of inhibition of MMP10 expression PBS, injection of 100 pl per mouse) every other day for 5 weeks.
on the development of experimental PH and interstitial fibro- Two other negative control groups were used, consisting of 13-
sis was tested in 2 independent sets of experiments (details week-old C57BL/6 mice (n = 14; 6 male, 8 female) that received
available upon request from the corresponding author). IP injections of either control IgG (n = 7; 4 male, 3 female) or
In the first set of experiments, a group of 13-week-old anti-MMP10 antibody (n = 7; 3 male, 4 female).
Fra-2-Tg mice (n = 8; 4 male, 4 female) was subjected to In the second set of experiments, 4 groups of Fra-2-Tg
intraperitoneal (IP) injections of rabbit polyclonal antibodies mice (n =7 mice per group; 4 male mice and 3 female mice per
against the catalytic domain of MMP10 (Abcam) at a dose of 30 group) received IP injections of anti-MMP10 antibodies (doses
A Normoxic conditions B Hypoxic conditions
*
*
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Figure 1. Increased matrix metalloproteinase 10 (MMP-10) mRNA and protein levels in circulating endothelial progenitor cell (EPC)-derived
endothelial cells (ECs) from patients with pulmonary hypertension (PH) associated with systemic sclerosis (SSc). A and B, MMP10 mRNA levels (rela-
tive quantitative expression [RQ]) were assessed by real-time quantitative polymerase chain reaction in EPC-derived ECs under basal conditions (A)
and following exposure to hypoxia (B), using cells obtained from patients with SSc-associated PH, SSc patients without PH, and healthy controls.
Results are the mean + SEM in 10 control subjects, 30 SSc patients without PH, and 6 SSc patients with PH. C, Representative Western immunoblots
show expression of MMP-10 protein (and B-actin as a control) in EPC-derived EC lysates from patients with SSc-associated PH compared to SSc
patients without PH and healthy controls. D, Quantitative analysis of immunoblots using ImagelJ software shows increased MMP-10 protein levels in
SSc-associated PH EPC-derived ECs. Results are the mean + SEM in 4 control subjects, 4 SSc patients without PH, and 4 SSc patients with PH. E,
Representative immunofluorescence images show MMP10 localization in EPC-derived ECs from patients with SSc-associated PH compared to SSc
patients without PH and healthy controls. F, Quantitative analysis of the immunofluorescence results using ImageJ software shows increased intensity
of MMP10 immunostaining in SSc-associated PH EPC-derived ECs. Results are the mean + SEM in 4 control subjects, 4 SSc patients without PH,
and 4 SSc patients with PH. * = P < 0.05; ** = P <(.01; *** = P <(0.001, by one-way analysis of variance followed by Tukey’s multiple comparison test.
Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.40229/abstract
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of 30 pg/kg or 100 pg/kg), control IgG (dose of 30 ng/kg), or
doxycycline (dose of 20 mg/kg), which is an antibiotic from the
tetracycline family known for its ability to inhibit MMPs. Injec-
tions were administered every other day for 5 weeks.

Hemodynamic measurements and assessment of pul-
monary vascular changes. The right ventricular systolic pres-
sure (RVSP) and heart rate were determined using a closed
chest technique in unventilated mice following administration
of isoflurane anesthesia (2.0%, 2 liters O,/minute). Right ven-
tricular hypertrophy (RVH) was determined with the use of
the Fulton index (24-26). Paraffin-embedded lung tissue
sections were stained with hematoxylin and eosin and o-
smooth muscle actin for morphometric analyses of pulmonary
vascular changes (27).

Assessment of interstitial fibrosis. Fibrosing alveolitis
was evaluated in all mice using micro—computed tomography
(micro-CT), 2 days before the mice were killed (17). The
severity of fibrosing alveolitis was semiquantitatively assessed
according to the method described by Elhai et al and Ashcroft
et al (17,28). The collagen content in mouse lesional lung
samples was explored using an hydroxyproline assay (29,30).

Statistical analysis. All data are expressed as the mean
+ SEM. Statistical analysis was performed using GraphPad
Prism 6.04 software. For a 2-group comparison, unpaired or
paired ¢-tests were used. One-way analysis of variance followed
by Tukey’s multiple comparison test was performed to compare
data among 3 or more independent groups. Correlations were
assessed using Spearman’s rank correlation test. Predictors of
the subsequent development of SSc-associated PH in the
prospective Norwegian cohort were analyzed by univariate Cox
proportional hazards models. Results are presented as the
mean of >2 independent experiments, unless specified other-
wise. P values less than 0.05 were considered significant.

RESULTS

Identification of MMP10 as a top up-regulated
gene in EPC-derived ECs from SSc patients with PH.
In unstimulated EPC-derived ECs from patients with
SSc-associated PH, supervised gene profiling analyses
identified 28 differentially expressed genes as compared
to cells from SSc patients without PH, and identified 112
differentially expressed genes as compared to cells from
healthy controls. Ingenuity Pathway Analysis revealed
significant enrichment in functional groups related to
“cellular assembly and organization,” and MMP10 was
among the top up-regulated genes (Table 1). Volcano
plots illustrating fold differences in individual gene
expression and associated P values (expressed as nega-
tive logyo values) showed that MMP10 was located at
prominent coordinates, highlighting its aberrant up-regu-
lation in EPC-derived ECs from patients with SSc-asso-
ciated PH (results available upon request from the
corresponding author). Similar observations were made
following exposure of these cells to hypoxia (Table 1).

Real-time qPCR confirmed that MMP10 messenger
RNA (mRNA) levels in unstimulated ECs from patients
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with SSc-associated PH were increased 2.7-fold as com-
pared to SSc patients without PH, and were increased 4.1-
fold as compared to healthy controls (Figure 1A). Similar
observations were made in these cells under hypoxic condi-
tions (Figure 1B). MMP-10 protein levels, determined
using Western blotting, were substantially increased in EC
lysates obtained from patients with SSc-associated PH com-
pared to EC lysates from SSc patients without PH and
healthy controls (Figures 1C and D). Endothelial MMP-10
protein expression was not different between SSc patients
with PAH and SSc patients with ILD-associated PH.
Immunocytofluorescence studies of the ECs revealed that
overexpressed MMPI10 localized to the cytoplasm (Fig-
ures 1E and F).

Elevated lung and circulating levels of MMP10
in SSc patients with PH. MMP10 overexpression in
SSc-associated PH EPC-derived ECs suggests that it
may be potentially implicated in the pathogenesis of
SSc-associated PH. Thus, we next evaluated the expres-
sion of MMP10 in the lesional lungs of patients with
SSc-associated PH and determined the cell types con-
tributing to the production of MMP10.

Confocal microscopic analyses showed a more
intense MMP10 immunoreactivity in the walls of mus-
cularized or occluded pulmonary arteries from patients
with SSc-associated PH (Figures 2A and B). Double
labeling with MMP10 and either Ulex europaeus I
lectin (as a marker of vascular endothelium), SM22
(as a marker of vascular smooth muscle), or CD68 (as
a marker of macrophages) revealed that endothelium,
smooth muscle, and macrophages were the major local
sources of MMP10 in the lungs of patients with SSc-
associated PH (Figures 2A and B).

In addition to its expression in lesional lung tis-
sue, we assessed the circulating levels of proMMP10 in
2 independent cohorts of SSc patients. Patients with
SSc-associated PH from the French discovery cohort
and those from the Norwegian OUH replication cohort
were more likely to have significantly higher serum
proMMP10 concentrations than were SSc patients with-
out SSc-associated PH (Figure 3A). In patients with
SSc-associated PH from the French cohort, serum
proMMP10 levels inversely correlated with change in
the 6-minute walk distance, and also correlated with the
levels of N-terminal prohormone of brain natriuretic
peptide (results available upon request from the corre-
sponding author).

Patients with PAH (WHO group 1) in the French
cohort showed a trend toward higher serum proMMP10
levels when compared to SSc patients without PH, a find-
ing that was not confirmed in the Norwegian cohort.
Interestingly, serum proMMP10 levels were markedly
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Figure 2. Overexpression of MMP10 in the pulmonary arteries (PAs) of patients with SSc-associated PH. To investigate MMP10 expression, con-
focal microscopic analyses were carried out by labeling with MMP10 and either Ulex europaeus I lectin (as a marker of vascular endothelium) or
SM22 (as a marker of vascular smooth muscle) (A) or CD68 (as a marker of macrophages) (B) in human lung tissue specimens from 3 patients
with SSc-associated PH and 3 healthy controls (counterstaining with DAPI). A more intense immunoreactivity was noted for MMP10 in the distal
pulmonary artery walls from patients with SSc-associated PH, especially in the endothelium, smooth muscle, and macrophages. Bars = 100 pm.

L = lumen (of the vessel) (see Figure 1 for other definitions).

increased in the subset of patients with ILD-associated
PH (WHO group 3), both in the French cohort and
in the Norwegian cohort (Figure 3B). In the combined
cohort, the mean £ SEM serum proMMP10 concen-
tration was 1,073 = 110 pg/ml in patients with ILD-
associated PH, compared to 696 + 23 pg/ml in SSc

patients without PH (P < 0.001) (Figure 3B) and 514
£ 92 pg/ml in patients with SSc-associated ILD with-
out PH (P < 0.001). The diagnostic value of serum
proMMP10 levels in patients with ILD-associated PH
analyzed in the combined cohort was reflected by an
area under the curve of 0.71. However, univariate Cox
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proportional hazards analyses performed in the
prospective Norwegian cohort did not identify serum
proMMP10 levels as a predictor of the subsequent
development of SSc-associated PH (hazard ratio 1.00,
95% confidence interval 0.99-1.00).

Lack of effect of MMP10 blockade on the devel-
opment and severity of pulmonary fibrosis but reversal
of PH in Fra-2-Tg mice. Using Fra-2-Tg mice that spon-
taneously develop SSc-like features associated with an
intense pulmonary vascular remodeling, we first exam-
ined the expression patterns of MMP10 in the lungs, and
found a substantial increase in the levels of MMP10 in
the remodeled vessels of Fra-2-Tg mice, mimicking the
findings in human SSc-associated PH (results available
upon request from the corresponding author).

2215

We next tested the efficacy of MMP10 inhibition
on the development of pulmonary fibrosis in Fra-2-Tg
mice. In the first set of experiments, micro-CT analyses
showed that Fra-2-Tg mice treated with anti-MMP10
antibodies (30 pg/kg) or control IgG (30 pg/kg) had
similar lung densities, and both groups had significantly
higher lung density than that of wild-type C57BL/6 mice
(Figures 4A and B). Furthermore, there was a loss of
functional residual capacity in the lungs of Fra-2-Tg
mice treated with anti-MMP10 antibodies or control
IgG, a finding that was distinguishable from that in the
normal lungs of wild-type control C57/BL6 mice (Fig-
ure 4C).

Lung tissue specimens from Fra-2-Tg mice trea-
ted with anti-MMP10 antibodies or with control IgG
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Figure 3. Elevation of serum proMMP10 levels in patients with SSc-associated PH. Serum proMMP10 levels were measured in the French discovery
cohort (an observational cohort), the Norwegian replication SSc study cohort (a prospective, observational cohort from Oslo University Hospital), and
the combined cohort. A marked elevation in circulating proMMP10 levels was observed in the serum of patients with SSc-associated PH (A). In addi-
tion, proMMP10 concentrations were substantially increased in the subset of SSc patients with interstitial lung disease (ILD)-associated PH (World
Health Organization [WHO)] group 3) compared to SSc patients with pulmonary arterial hypertension (PAH) (WHO group 1) and SSc patients with-
out PH (B). Symbols show individual patients; bars show the mean + SEM. * = P < 0.05; ** = P < 0.01; **** = P <(0.0001, by one-way analysis of vari-
ance followed by Tukey’s multiple comparison test for comparisons of 3 groups, and Student’s ¢-test for comparison of 2 groups. See Figure 1 for other
definitions. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.40229/abstract
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of MMP10 on the progression of lung fibrosis in fos-related antigen 2-transgenic (Fra-2-Tg) mice. Representative micro—computed tomography
(micro-CT) images show evidence of lung fibrosis in Fra-2-Tg mice receiving anti-MMP10 antibodies or control IgG, but not in wild-type mice (A).
Lung density, as determined by micro-CT, is increased in Fra-2-Tg mice treated with anti-MMP10 antibodies or control IgG as compared to wild-
type mice (B). Residual lung volume, expressed as the percentage of functional residual capacity on total lung volume, is significantly higher in wild-
type mice as compared to Fra-2-Tg mice treated with anti-MMP10 antibodies or control IgG (C). Representative lung tissue specimens (stained
with hematoxylin and eosin) from Fra-2-Tg mice treated with anti-MMP10 antibodies or control IgG exhibit SSc-like features of nonspecific intersti-
tial pneumonia (D). Histologic scores of lung fibrosis are significantly higher in Fra-2-Tg mice receiving anti-MMP10 antibodies or control IgG as
compared to wild-type mice (E). Hydroxyproline content is significantly higher in Fra-2-Tg mice treated with anti-MMP10 antibodies or control
IgG as compared to wild-type mice (F). In all experiments, 30 mice were analyzed. Results are the mean + SEM. Bars = 100 um. * = P < (0.05; ** =
P < 0.01; *** = P < 0.001, by one-way analysis of variance followed by Tukey’s multiple comparison test. See Figure 1 for other definitions. Color
figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.40229/abstract

exhibited the SSc-like features of nonspecific interstitial
pneumonia, with large patchy areas of lung parenchyma
characterized by both diffuse cellular inflammation and
collagen deposition (Figure 4D) (17). The histologic
score of lung fibrosis was significantly higher in Fra-2-Tg
mice treated with either anti-MMP10 antibodies or con-
trol IgG as compared to wild-type mice (Figure 4E). Con-
sistent with the results of micro-CT analysis and histology,
the hydroxyproline content was similar between Fra-2-Tg
mice treated with anti-MMP10 antibodies and Fra-2-Tg
mice treated with control IgG (Figure 4F).

The results obtained with the second indepen-
dent set of experiments showed that MMP10 inhibition
with anti-MMP10 antibodies (at doses of 30 pg/kg or

100 pg/kg) or pan-MMP inhibition with doxycycline
failed to significantly improve the severity of pulmonary
fibrosis in Fra-2-Tg mice. However, a slight, albeit non-
significant, trend toward improvement in the micro-CT
parameters and hydroxyproline content was observed in
Fra-2-Tg mice treated with anti-MMP10 antibodies at
a dose of 100 pg/kg (results available upon request
from the corresponding author).

Finally, we tested the efficacy of MMP10 inhibi-
tion on the development of PH in Fra-2-Tg mice. In the
first set of experiments, IgG-treated Fra-2-Tg mice, com-
pared to wild-type mice, displayed a marked increase in
the RVSP (mean &+ SEM 33.7 + 2.2 mm Hg versus 24.7 +
2.0 mm Hg; P <0.001) and in the RVH (assessed as the
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Figure 5. Evaluation of the efficacy of MMP10 inhibition through a molecular targeted strategy using antibodies (Ab) against the catalytic domain of
MMP10 on the progression of pulmonary hypertension in fos-related antigen 2-transgenic (Fra-2-Tg) mice. A and B, The right ventricular systolic
pressure (A) and right ventricular hypertrophy (measured as the Fulton index) (B) were assessed in wild-type (WT) and Fra-2-Tg mice treated with
IgG or anti-MMP10 antibodies. C and D, Representative images of hematoxylin and eosin-stained lungs (C) and quantification of the percentage of
medial wall thickness (D) show substantial reductions in medial wall thickness in Fra-2-Tg mice treated with anti-MMP10 antibodies when compared
to Fra-2-Tg mice receiving control IgG. E and F, Representative images of immunohistostaining for a-smooth muscle actin (E) and quantification of
the percentage of distal artery muscularization (F) show significant reductions in distal artery muscularization in the lungs of Fra-2-Tg mice treated
with anti-MMP10 antibodies when compared to Fra-2-Tg mice receiving control IgG. Results are the mean = SEM in 30 mice per group. Bars = 100
pm. * = P <(.05; *** = P <0.001; **** = P < (0.0001, by one-way analysis of variance followed by Tukey’s multiple comparison test. See Figure 1 for
other definitions. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.40229/abstract

Fulton index, or percentage of muscularized arteries)
(mean + SEM 0.31 £ 0.02% versus 0.24 + 0.01%; P <
0.001) (Figures 5A and B). Consistent with these find-
ings, an increased percentage of medial wall thickness
and increased numbers of muscularized distal pulmonary
arteries were found in IgG-treated Fra-2-Tg mice com-
pared to wild-type mice (Figures SC-F).

In contrast, these pulmonary hemodynamic para-
meters and the degree of pulmonary vascular remodel-
ing were substantially attenuated in Fra-2-Tg mice
receiving anti-MMP10 antibodies (dose of 30 pg/kg)
when compared to Fra-2-Tg mice treated with nonrele-
vant IgG. Indeed, in mice treated with anti-MMP10
antibodies compared to IgG-treated mice, a substantial

reduction in the RVSP (mean + SEM 29.3 £+ 2.2 mm
Hg versus 33.7 &+ 2.2 mm Hg; P < 0.05) and in the Ful-
ton index (mean £ SEM 0.28 £ 0.01% versus 0.31 +
0.02%; P < 0.05) was observed (Figures 5A and B), as
well as a reduced percentage of medial wall thickness
and decreased numbers of muscularized distal pul-
monary arteries (Figures SC-F). The efficacy of anti-
MMP10 antibodies in terms of achieving reversal of PH
in Fra-2-Tg mice was further confirmed in the second
independent set of experiments, with a dose-response
effect observed. However, pan-MMP inhibition with
doxycycline failed to significantly improve the severity
of PH in the mice (results available upon request from
the corresponding author).
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Effects of MMP10 blockade with MMP10 neu-
tralizing antibodies on targeting cell proliferation, cell
survival, and the platelet-derived growth factor (PDGF)
signaling axis. Treatment of Fra-2-Tg mice with anti-
MMP10 antibodies resulted in reduced cell proliferation
as compared to that in IgG-treated Fra-2-Tg mice, as
measured according to the expression levels of Pcna and
Ki67 mRNA in lesional lung tissue from the mice. In
addition to decreased cell proliferation, increased cell
apoptosis was observed, with a significant reduction in
the expression of mRNA for antiapoptotic Bcl2 (results
available upon request from the corresponding author).

Previous studies have implicated PDGF as a key
mediator of vasculopathy in SSc-associated PH and in
Fra-2-Tg mice (20,31,32). MMP10 inhibition in Fra-2—
Tg mice led to a marked reduction in the levels of Pdgfb
and Pdgfrb mRNA, by 59% and 35%, respectively, as
compared to the levels in IgG-treated Fra-2-Tg mice (re-
sults available upon request from the corresponding
author). These results are indicative of successful target-
ing of the PDGF signaling axis with MMP10 inhibition.

DISCUSSION

Our results provide the first experimental evidence
of a transcriptional signature with differential gene
expression in EPC-derived ECs between SSc patients with
PH and those without PH. Among the differentially
expressed genes, MMP10 was identified using this unbi-
ased approach of transcriptomics analysis. Since MMP10
is a multifunctional MMP involved in skeletal develop-
ment, wound healing, and vascular remodeling (33), we
further investigated its aberrant expression in human lung
and serum specimens and analyzed its functional impor-
tance using Fra-2-Tg mice. Our results indicated that
MMP10 is up-regulated in the serum and the lungs of
patients with SSc-associated PH. Moreover, daily treat-
ment with neutralizing anti-MMP10 antibodies achieved
regression of established PH in Fra-2-Tg mice.

Circulating progenitors may be implicated in the
pathogenesis of PH. Indeed, cells expressing progenitor
markers have been detected in the lung vessels of
patients with iPAH (15,25,34). In addition, late-out-
growth EPC-derived ECs from patients with heritable
PAH have been studied, and it has been found that they
exhibit an aberrant cell phenotype (15). Furthermore,
our group has reported decreased circulating EPC
counts in the peripheral blood of patients with SSc-
associated PH when compared to the peripheral blood
of SSc patients without PH and healthy controls (10),
which suggests that these cells are recruited to sites of
injury. Herein, the results of the present study extend
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these findings and provide evidence of a transcriptional
signature with differential gene expression in EPC-
derived ECs between SSc patients with PH and those
without PH.

We acknowledge several limitations to the cur-
rent study, given the limited sample size of patients
with SSc-associated PH analyzed. Indeed, the previ-
ously reported low prevalence of PH in patients with
SSc (5-10%) (1) and the small number of circulating
EPCs in patients with SSc-associated PH often does
not allow us to obtain EPC-derived ECs from all of
our patients with this complication.

Qualitative and quantitative changes in the
extracellular matrix (ECM) related to a disturbed bal-
ance between MMPs and tissue inhibitors of metallo-
proteinases (TIMPs) have been demonstrated to play a
significant role in the pathophysiology of PH (35-38)
and SSc (39). In particular, the generation of fragments
and the exposure of functionally important cryptic sites
in collagens, laminins, elastin, or fibronectin are known
to stimulate the production of matrix glycoproteins and
release of growth factors that are encrypted in the
ECM or from their cell membrane—bound precursors,
and to facilitate pulmonary artery smooth muscle cell
proliferation and contribute to their switch from a con-
tractile to a migratory phenotype (35,37,40).

Gene expression profiling of peripheral blood
mononuclear cells (PBMCs) from patients with SSc-asso-
ciated PH has been previously used to decipher genes that
are differentially expressed between SSc patients with PH
and those without PH, and the findings have highlighted
increased expression of MMP?9 in those with PH, support-
ing the notion that development of PH is associated with
active matrix-regulating genes that are involved in vascu-
lar remodeling (41). Comparison of these data to our cur-
rent findings reveals that, although EPC-derived ECs and
PBMC:s share several top gene ontologies, many of them
are specific to each cell type (results available upon
request from the corresponding author), indicating that
they may reflect different components of the disease.
MMP9 was not significantly differentially expressed in
the ECs of patients with SSc-associated PH. However, we
identified up-regulation of MMP10, a multifunctional
MMP that superactivates procollagenases, which are
involved in skeletal development, wound healing, and
vascular remodeling (33). Overexpression of MMP10
may be promoted by growth factors, including vascular
endothelial growth factor (31), PDGF (35), or bone mor-
phogenetic proteins (BMPs), especially BMP-4 (42). Our
data indicated that overabundant MMP10 plays a signifi-
cant role in the progression of vascular complications in
SSc. Indeed, MMP10 was the single MMP significantly
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overexpressed in SSc EPC-derived ECs (results available
upon request from the corresponding author).

Increased MMP10 levels were detected in the
serum of patients with SSc-associated PH, which is con-
sistent with the observed increase in levels of other
proMMPs or MMPs previously detected in patients
with iPAH (38,43,44), and MMP10 serum levels corre-
lated with several clinical outcomes. However,
proMMP10 levels were not predictive of further occur-
rence of SSc-associated PH, which may be explained by
the low number of incident SSc-associated PH cases in
the prospective replication cohort. MMP10 expression
was also found to be overabundant in perivascular
macrophages and pulmonary vascular cells from the
remodeled walls of distal pulmonary arteries in patients
with SSc-associated PH, which is consistent with the
recently reported localization of MMP10 in pulmonary
arteries of patients with iPAH (38).

MMP10 inhibition also markedly alleviated the
RVSP and RVH in the Fra-2-Tg mouse model,
whereas pan-MMP inhibition with doxycycline failed to
significantly improve these outcomes. Interestingly, the
overexpression of MMP10 observed in SSc-associated
PH EPC-derived ECs was not driven or amplified by
hypoxic exposure, unlike several other MMPs (45).

ProMMP10 levels were markedly increased in
SSc patients with ILD-associated PH (WHO group 3),
suggesting that the vasculocentric process is more severe
in this subset of SSc patients. However, no symmetry
was observed between serum and cellular data, given
that MMP10 mRNA and protein expression was driven
to a similar extent in EPC-derived ECs among the 3
patients with isolated PAH and the 3 patients with ILD-
associated PH. The marked up-regulation of proMMP10
levels in this subset of patients seems, rather, to be dri-
ven more by PH than by ILD per se, since patients with
SSc-associated ILD without PH had no increased levels
of proMMP10 in our cohort. Moreover, MMP10 inhibi-
tion failed to significantly improve the severity of fibro-
sing alveolitis in the Fra-2-Tg mouse model. These
results are in contrast to prior observations of elevated
MMP10 serum levels in patients with idiopathic pul-
monary fibrosis (46).

Given the marked elevation of proMMP10 levels
in patients with ILD-associated PH, it was particularly
relevant to study the contribution of MMP10 to SSc-
associated PH in Fra-2-Tg mice, which develop features
of the peripheral vasculopathy seen in humans, including
the development of PH, paralleled by a progressive
pulmonary fibrosis similar to that in patients with SSc.

Our results indicate a pathophysiologic role of
MMP10 in the progression of PH in Fra-2-Tg mice.
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First, increased MMP10 expression was detected within
the walls of remodeled pulmonary arteries of Fra-2-Tg
mice, consistent with the observed differential expres-
sion of different MMP subtypes in the lesional lungs in
other animal models of PH (47). Second, treatment
with neutralizing anti-MMP10 antibodies significantly
decreased the signs of PH, which is consistent with the
reversion of vascular remodeling observed upon
restoration of physiologic MMP:TIMP ratios. Third,
the beneficial effects of MMP10 inhibition were
restricted to the progression of vascular complications
in this animal model of SSc, given the failure of this
strategy to improve fibrosing alveolitis.

Our data revealed that MMP10 inhibition acts
through the regulation of cell proliferation and apopto-
sis to alleviate vascular remodeling and the signs of
PH. In addition, treatment with anti-MMP10 antibodies
decreased PDGF signaling, a key molecule in vascular
remodeling that is also activated in the skin and lungs
of Fra-2-Tg mice (20,48).

Taken together, these findings may have impor-
tant clinical implications, since at the time of diagnosis
of SSc-associated PH, the majority of patients have
already developed some form of pathologic pulmonary
arterial remodeling. Therefore, blocking MMP10 during
the pathogenesis of PH or once PH is established holds
promise as a therapeutic approach for this disease.
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