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Objective. Systemic sclerosis (SSc) is an autoimmune multisystem disease with poorly understood pathogenesis
and ineffective treatment options. Soluble CD13 (sCD13), generated by the cleavage of cell surface CD13 via matrix
metalloproteinase 14 (MMP14), signals through the bradykinin receptor B1 (B1R) to elicit pro-inflammatory, pro-
arthritic, and pro-angiogenic responses. In this study, we explored the antifibrotic potential of targeting the
sCD13-B1R axis in SSc.

Methods. The expression of CD13, B1R, and MMP14 was examined in SSc skin and explanted dermal fibroblasts.
The efficacy of B1R antagonists in the inhibition on fibrosis was determined in vitro and in vivo.

Results. Expression of the genes for CD13, B1R, and MMP14 was elevated in skin biopsies from patients with dif-
fuse cutaneous (dc) SSc. Notably, single-cell analysis of SSc skin biopsies revealed the highest BDKRB1 expression in
COLB8AT1-positive myofibroblasts, a population exclusively seen in SSc. Transforming growth factor beta (TGFf)
induced the expression of BDKRB1 and production of sCD13 by dcSSc skin fibroblasts. Treatment of dcSSc fibro-
blasts with sCD13 promoted fibrotic gene expression, signaling, cell proliferation, migration, and gel contraction. The
pro-fibrotic responses of sCD13 or TGFB were prevented by a B1R antagonist. Mice lacking Cd13 or Bdkrb1 were
resistant to bleomycin-induced skin fibrosis and inflammation. Pharmacological B1R inhibition had a comparable anti-
fibrotic effect.

Conclusion. These results are the first to demonstrate a key role for sCD13 in SSc skin fibrosis and suggest that

targeting the sCD13-B1R signaling axis is a promising novel therapeutic approach for SSc.

INTRODUCTION

Systemic sclerosis (SSc) is a chronic progressive autoim-
mune disease characterized by microvascular damage and irre-
versible fibrosis of organs including the skin, lungs, heart, kidney,
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and gastrointestinal tract." Skin fibrosis, a hallmark of SSc, is cor-
related with disease severity and poor quality of life. The etiology
of SSc is unknown, and currently no effective disease-modifying
treatment exists.? Methotrexate, cyclophosphamide, mycophe-
nolate, and tocilizumab have shown only limited efficacy along
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with various safety concerns.® There is a need to better elucidate
the pathogenesis of SSc to develop new, targeted, safe, and
effective therapeutic agents.

Aminopeptidase N (CD13) is a ubiquitously expressed metal-
lopeptidase originally described as a myeloid cell marker that
functions as an ectoenzyme with multiple substrates.*° Notably,
CD13 can be shed from the cell membrane via its cleavage cata-
lyzed by matrix metalloproteinase 14 (MMP14). Soluble CD13
(sCD13) binds to a G-protein—-coupled receptor on activated
T cells, monocytes, endothelial cells, and fibroblasts and acts as
a chemoattractant for monocyte and T cell migration.6™®
Moreover, CD13 acts on endothelial cells to promote angiogene-
sis.® Very recently, we identified the bradykinin receptor B1 (B1R)
as a surface receptor of SCD13 on a variety of cell types and dem-
onstrated that the sCD13/B1R axis plays a pivotal role in inflamma-
tory arthritis.° However, the role of CD13 in other inflammatory
diseases remains largely unknown.

Previous studies investigated the expression of CD13 in the
skin. In particular, prominent CD13 expression was demon-
strated on fibroblasts and blood vessels in the papillary dermis in
both healthy and SSc skin.'® Importantly, Dan et al demonstrated
elevated CD13 enzymatic activity in both bronchoalveolar lavage
fluid and sera from patients with SSc compared with healthy con-
trols.”™ Moreover, it was shown that blocking CD13 using mono-
clonal anti-CD13 antibodies inhibited skin fibroblast migration.'?

We have previously demonstrated that sCD13 signals by
binding to a bradykinin receptor.® Interestingly, an earlier study
showed reduced levels of bradykinin receptors in SSc skin fibro-
blasts compared with healthy fibroblasts,’® associated with
impaired bradykinin-induced Ca®* release and defective forma-
tion of inositol 1,4,5-trisphosphate.’*'® Despite these intriguing
observations, the role of sCD13 and B1R in SSc remains
unknown. Notably, inhibiting CD13 using actinonin was shown
to reduce chemokine secretion in the lung and mitigate silica-
induced lung fibrosis.'® Moreover, deletion or inactivation of B1R
in mice reduced the severity of kidney fibrosis.'”~'® Taken
together, these studies suggest that the sCD13/B1R signaling
axis might play a pathogenic role in SSc, and its targeting might
have the potential to treat SSc fibrosis. In this study, we sought
to assess the role of the sCD13-B1R axis in SSc fibrosis, focusing
on patient-derived dermal fibroblasts and a mouse model of skin
fibrosis. Our results provide compelling evidence for a previously
unsuspected pathogenic role for CD13 in SSc and identify the
sCD13-B1R axis as a novel target for therapy.

MATERIALS AND METHODS

Animal model, histology, and analysis. All animal pro-
tocols were approved by the Institutional Animal Care & Use Com-
mittee at the University of Michigan. The Cd73 and Bdkrb1
knockout mice were obtained and bred as described in Tsou
et al® The bleomycin skin fibrosis model was performed as

previously described.?®?" Briefly, skin fibrosis in both C57BL/6
mice (Jackson Laboratory) and Cd713 or Bdkrb1 knockout mice
was induced by intracutaneous injection of bleomycin (0.5 mg/mL
in phosphate buffered saline [PBS], Hospira) in a defined area on
the upper back daily for 2 weeks. PBS injections were used as neg-
ative controls. In experiments evaluating the antifibrotic properties
of the B1R inhibitor SSR240612 in C57BL/6 mice, one group of
mice received intracutaneous PBS injections alone, one group
was challenged with bleomycin via intracutaneous injections on
the back in conjunction with intraperitoneal (IP) injections of
SSR240612 (2 mg/kg, Cayman Chemical), and the third group
received bleomycin injections with IP injections of vehicle control
(2.2% DMSO/97.8% PBS). After 2 weeks, skin tissues from the
defined areas were harvested for histology, hydroxyproline analy-
sis, and messenger RNA (mMRNA) extraction. To evaluate the effect
of B1R blockade in established fibrosis, in a separate experiment,
fibrosis in C57BL/6 mice was induced first by repeated intracuta-
neous injections of bleomycin for 2 weeks followed by IP injections
of SSR240612 (2 mg/kg) for another 2 weeks.

For histology, paraffin-embedded tissues were stained with
hemtoxylin and eosin and Masson'’s trichrome. Dermal thickness
was determined using ImageJ.?? To measure monocytes and
macrophages in the skin, immunofluorescence was performed
after antigen retrieval using rat antimouse F4/80 (Thermo Fisher
Scientific) antibody followed by Alexa Fluor 488-tagged antibod-
ies (Thermo Fisher Scientific). The quantification of F4/80-positive
cells was done using Imaged. To measure hydroxyproline content
in the skin, weighed skin sections were hydrolyzed in concen-
trated HCI at 120°C for 3 hours. A hydroxyproline analysis kit
(Abcam) was then used to measure hydroxyproline. The resultant
absorbance at 560 nm was assayed using a Synergy HT micro-
plate reader. Tissue weight was used to normalize the hydroxy-
proline values, which are presented as ug/mg tissue weight.

Human subjects. All protocols involving human subjects
were approved by the University of Michigan Institutional Review
Board and performed upon obtaining written informed consents.
Patients fulfilling the American College of Rheumatology classifi-
cation for SSc®® and age-, sex-, and ethnicity-matched healthy
controls were recruited. Patient characteristics are summarized
in Supplementary Table 1.

Cell culture. Punch biopsies were obtained from the dorsal
forearm from all enrolled subjects. Dermal fibroblasts were iso-
lated from skin biopsies from healthy volunteers and patients with
diffuse cutaneous (dc) SSc as previously described.?%?" Isolated
dermal fibroblasts were cultured in RPMI1640 supplemented with
10% fetal bovine serum (FBS), L-glutamine, and antibiotics. Cells
between passages 3 and 6 were used in all experiments. In some
experiments, fibroblasts from healthy subjects were treated with
10 ng/mL transforming growth factor (TGF) g1 (Cell Signaling) for
up to 72 hours in RPMI1640 with 1% FBS. Dermal fibroblasts from
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patients with dcSSc were treated with various concentrations of
sCD13 (R&D Systems) for 72 hours in the presence or absence of
B1R inhibitor SSR240612 (Cayman Chemical). For signaling exper-
iments, healthy or dcSSc dermal fibroblasts were serum starved
overnight in RPMI1640 media with 1% FBS then incubated with
10 ng/mL TGFB1 for 60 min, or 500 ng/mL of sCD13 for 25 min,
with or without pretreatment of the cells with B1R inhibitor
SSR240612 for 60 min. Knockdown of MMP14 or B1R in dermal
fioroblasts was done by Accell siRNA reagents from Horizon Dis-
covery (Cambridge, United Kingdom).

GEO, RNA, and single-cell transcriptome analysis. To
determine the expression of the genes of interest, publicly avail-
able data sets (GEO GSE58095 and GSE130955) generated
from skin biopsies of healthy controls and patients with SSc were
analyzed. To quantitatively evaluate the expression of the genes of
interest, real-time polymerase chain reaction was performed, as
described.?

To examine the expression of ANPEP (gene encoding
CD13), MMP14, and BDKRB1 at a single-cell scale, single-cell
RNA sequencing (RNA-seq) results previously generated from
skin biopsies from 18 healthy controls and 22 patients with early
dcSSc?®2 were analyzed.

Immunolabelling and immunofluorescence. After
treatments, fibroblasts were fixed in formalin and blocked. The
cells were then immunolabelled with antibodies to p-ERK1/2
(Cell Signaling Technology 4376S; clone 20G11) or phosphory-
lated SMAD2 (Cell Signaling Technology 18338S; clone ESF3R)
followed by Alexa Fluor antibodies (Thermo Fisher Scientific).
The slides were mounted with antifade mounting medium with
DAPI (Thermo Fisher Scientific) and visualized under an Olympus
microscope (Olympus, Tokyo, Japan).

Western blotting. Equal amounts of protein were sepa-
rated by sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis then transferred onto a nitrocellulose membrane. The blots
were probed with antibodies against B1R (LS Bio; clone 3A2),
collagen | (Abcam ab138492; clone EPR7785), or a smooth mus-
cle actin (SMA) (Abcam ab5694). Antibodies against B-actin
(Sigma-Aldrich A2066) or GAPDH (Cell Signaling Technology
2118; clone 14C10) were used as loading controls.

Myofibroblast functional analysis and sCD13
quantification. To evaluate the myofibroblast phenotype of
dcSSc fibroblasts, the following endpoints were examined: cell
proliferation, migration, and gel contraction, as previously
described.?® The sCD13 in culture media was quantified using
the Human Aminopeptidase N/CD13 DuoSet Enzyme-Linked

Immunosorbent Assay (R&D Systems).
Skin immunolabelling. Skin biopsies from patients with
dcSSc and healthy volunteers were embedded in OCT

compound, cryosectioned, and immunolabelled using either
anti-human B1R (LSBio clone 3A2), anti-a-SMA (Abcam
ab5694), anti-COL8A1 antibody (LSBIo), or purified IgG (Thermo
Fisher Scientific). Cryosections were incubated with Alexa Fluor
secondary antibodies (Thermo Fisher Scientific) for 1 hour at
37°C. Sections were mounted with antifade mounting medium
with DAPI (Thermo Fisher Scientific) and visualized under an
Olympus microscope (Olympus, Tokyo, Japan).®

Statistical analysis. A normality test was first performed to
determine the distribution of the data. To determine the differences
between groups, Student’s 2-tailed t-test, Mann-Whitney test,
Kruskal-Wallis test, one-way analysis of variance, or two-way anal-
ysis of variance were performed using GraphPad Prism version
10 (GraphPad Software, Inc). The Pearson correlation coefficient
was used for correlation analysis for gene expression and modified
Rodnan skin score (MRSS) or forced vital capacity (percent pre-
dicted). P values of <0.05 were considered statistically significant.
Unless specified, results were expressed as mean + SD. The val-
ues underlying graphed data and reported means in this study
are available from the corresponding authors upon request.

RESULTS

Mice lacking Cd13 are protected from bleomycin-
induced skin fibrosis. To test the effect of CD13 on skin fibro-
sis, we intracutaneously injected bleomycin or PBS into Cd13™~
and sex- and age-matched wildtype mice. After 2 weeks,
Cd13™~ mice injected with bleomycin had reduced dermal thick-
ness (P < 0.001) (Figure 1A and B) and skin hydroxyproline con-
tent (P < 0.01) (Figure 1B) compared with similarly treated
wildtype mice. Because sCD13 induces monocyte migration by
binding to B1R,® we measured monocyte/macrophage infitration
in the lesional skin. We found that Cd73™~ mice injected with
bleomycin had lower numbers of F4/80-positive cells in the skin
compared with wildtype mice (P < 0.05) (Figure 1C and Supple-
mentary Figure 1A). We then investigated the effect of Cd13 loss
on the expression of fibrotic and inflammatory genes. In
bleomycin-treated Cd73~~ mice, Col1al, Col8al, Acta2, and
Tgfb1 expression were decreased compared with wildtype mice
injected with bleomycin, with Col7a7, Col8a1, and Tgfb1 reaching
statistical significance (Figure 1D). Moreover, Ccl2 and /I6 expres-
sion was significantly elevated in bleomycin-treated wildtype but
not in Cd73™'~ mice.

CD13, MMP14, and B1R are abundantly expressed in
the skin. To characterize the sCD13 signaling axis in SSc, we
analyzed a transcriptome data set (GEO GSE58095)%7 generated
from skin biopsies. We found significantly higher expression levels
of ANPEP (P < 0.01) and MMP14 (P < 0.05) in SSc compared
with healthy skin biopsies (Figure 2A). Furthermore, the expres-
sion of both ANPEP and MMP14 significantly correlated with
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Figure 1. Cd13 knockout mice are protected from bleomycin-induced skin fibrosis. (A and B) Cd13~~ mice injected with bleomycin showed less
skin thickness than wildtype C57BL/6 mice injected with bleomycin (P < 0.001). Hydroxyproline content in skin tissues was significantly reduced in
bleomycin-injected Cd713~~ mice compared with bleomycin-injected wildtype mice (P < 0.01). Original magnification x10. (C) Significantly higher
number of F4/80-positive monocytes/macrophages were present in skin sections of bleomycin-injected wildtype mice compared with PBS-
injected mice (P < 0.05); this difference was not observed in Cd73~~ mice. (D) Bleomycin induced significant upregulation of fibrotic and pro-
inflammatory genes in wildtype mice (P < 0.05), whereas in Cd13~/~ mice bleomycin failed to increase these genes. Resullts are expressed as mean
+SD. *P < 0.05; *P < 0.01; **P < 0.001; ***P < 0.0001. Significance was determined by (B-D) one-way analysis of variance or (D) Kruskal-Wallis
test. Bleo, bleomycin; H&E, hemtoxylin and eosin; KO, knockout; mRNA, messenger RNA; PBS, phosphate buffered saline.



84

MURAOKA ET AL

mRSS (Figure 2B). In contrast, BDKRB1 expression was compa-
rable between healthy and dcSSc skin biopsies and showed
no significant correlation with mRSS (Figure 2A and B). In an
independent SSc skin biopsy data set (GEO GSE130955),%8
we observed significant elevation of MMP14 and BDKRB1
expression in patients with SSc compared with healthy con-

levels for the three genes examined did not corelate with
mRSS. We noted that BDKRB1 expression levels trended with
mRSS at the site of the biopsy (Supplementary Figure 2B).
Importantly, expression levels significantly correlated with
forced vital capacity (percentage predicted).

To gain further insights into cell type-specific gene expres-
sion, single-cell analysis on skin biopsies from 22 patients with

trols (Supplementary Figure 2A). However, the expression
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Figure 2. CD13, MMP14, and B1R are abundantly expressed in the skin. (A) Increased expression of ANPEP (P < 0.01) and MMP14 (P < 0.05)
was observed in skin biopsies from patients with SSc compared with healthy controls, and BDKRB1 levels were similar in the two groups. Data
were extracted from GEO GSE58095. (B) Analyzing the same GEO dataset, ANPEP and MMP14 expression correlated significantly with modified
Rodnan skin score (MRSS), and BDKRB1 did not. (C) The expression of ANPEP, MMP14, and BDKRB1 was observed in various cell types in the
skin, analyzing single-cell RNA-seq results generated in 18 healthy controls and 22 patients with diffuse cutaneous SSc. (D) The expression of
ANPEP, MMP14, and BDKRB1 was observed in various fioroblast subsets. (E) Co-expression of B1R (green) and a-SMA (red) was observed in
SSc skin mainly in the reticular dermis, whereas in healthy skin, B1R expression was low, with some staining in the blood vessels. White arrows
point to blood vessels, and yellow arrows point to myofibroblasts. Original magnification x20-40. Results are expressed as mean + SD. *P <
0.05; =P < 0.01. Significance was determined by (A) unpaired t-test and (B) Pearson correlation. B1R, bradykinin receptor B1; MMP14, matrix
metalloproteinase 14; SMA, smooth muscle actin; SSc, systemic sclerosis.
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SSc and 18 healthy adults was performed. In this analysis, 12 dis-
tinct cell types were identified in the skin.?>2® Remarkably, the
expression of all three genes involved in the sCD13 signaling axis
was elevated in multiple cell populations in SSc skin biopsies
compared with healthy controls (Figure 2C). ANPEP was abun-
dantly expressed on fibroblasts and myeloid cells and was also
expressed on endothelial cells and pericytes. MMP14 was
expressed on various cell types, most abundantly on fibroblasts,
keratinocytes, endothelial cells, and pericytes. BDKRB1 was
mainly expressed in keratinocytes, fibroblasts, and endothelial
cells. Because we had previously noted multiple distinct subpop-
ulations of fibroblasts in the skin,?® we next sought to identify the
expression of ANPEP, MMP14, and BDKRBT1 in fibroblast sub-
populations (Figure 2D). ANPEP and MMP14 were expressed in
all seven fibroblast subpopulations identified in the skin, whereas
the expression of BDKRB1 was most abundantly expressed in
COL8A1+ fibroblasts, a subpopulation exclusively seen in SSc
biopsies,?® and a low-level expression on the SFRP2+ subset.
Furthermore, expression of all the genes in the identified fibroblast
subsets was elevated in patients with SSc compared with con-
trols. Importantly, ANPEP, MMP14, and BDKRB1 were all highly
expressed on SSc-exclusive myofibroblast COL8A T+ fibroblasts.

To validate the findings of the single-cell RNA-seq analysis,
we immunolabelled B1R in skin biopsies. Because BDKRB1 was
abundantly expressed on myofibroblasts (Figure 2D), a-SMA,
which is expressed by vascular smooth muscle cells and myofi-
broblasts, was also included. In skin biopsies from healthy con-
trols, B1R expression was overall low and predominantly seen in
dermal blood vessels (Figure 2E, white arrows). In sharp contrast,
B1R expression was remarkably abundant in SSc skin compared
with healthy skin, specifically in the reticular dermis (Figure 2E, yel-
low arrows). Although B1R was expressed in blood vessels, it
was also frequently observed in a-SMA-positive myofibroblasts.
Here we found that COL8A1 was expressed mainly in the blood
vessels in normal skin but was abundantly expressed in SSc skin,
in both blood vessels (white arrows) and myofibroblasts (yellow
arrows, Supplementary Figure 3). Co-expression of B1R with a-
SMA and COL8A1 in SSc skin biopsies suggests a functional
relationship between myofibroblast differentiation and B1R
expression.

We have previously demonstrated that MMP14 generates
the soluble form of CD13 in fibroblast-like synoviocytes.” To
determine whether similar CD13 cleavage also occurs in dermal
fibroblasts, we performed MMP14 knockdown in dcSSc dermal
fibroblasts and measured sCD13 levels in the culture media. The
results showed that knocking down MMP14 in dcSSc fibroblasts
significantly reduced sCD13 in the culture media (Supplementary
Figure 4A). These results therefore indicate that MMP14 acts as
the sheddase for sCD13 in skin fibroblasts similar to fibroblast-like
synoviocytes.

To determine the expression of ANPEP, MMP14, and
BDKRBT1 in explanted fibroblasts, we performed quantitative

polymerase chain reaction and immunoblotting using fibro-
blasts isolated from skin biopsies of healthy controls and
patients with dcSSc. We found that the expression of BDKRB1
was significantly elevated in dcSSc fibroblasts compared with
those of healthy controls (P < 0.05) (Figure 3A), whereas the
expression of ANPEP and MMP14 was comparable. Elevated
protein levels of B1R in dcSSc dermal fibroblasts were also
observed (Figure 3B).

Because TGFB plays a key role in SSc fibrosis, we next
sought to determine the effect of TGFB1 on ANPEP, MMP14,
and BDKRB1 expression in normal fibroblasts. We found that
ANPEP expression was significantly down-regulated by TGFp1
(Figure 3C). In contrast, MMP14 and BDKRB1 were up-regulated
by TGFB1, as early as 6 hours for BDKRB1. Next, we determined
the effect of TGFB1 on the secretion of CD13. sCD13 released
from TGFB1-treated dcSSc fibroblasts, as measured in the cul-
ture media, was significantly higher compared with cells from
healthy controls (Figure 3D). These results suggest that TGFB1,
an essential cytokine in this disease, upregulates sCD13 and
B1R in SSc dermal fibroblasts.

Blockade of sCD13 by B1R inhibition or knockdown
alleviates myofibroblast phenotypes and signaling in
dcSSc fibroblasts. Next, we examined how sCD13 and B1R
affect the phenotype of SSc fibroblasts. We investigated whether
sCD13 and the B1R inhibitor SSR240612 affected fibrotic genes,
including COL7AT and ACTA2. sCD13 increased COL7A7 and
ACTA2 expression and protein production in dcSSc fibroblasts
in a dose-dependent manner. The inhibition of B1R by
SSR240612 down-regulated both gene expression and protein
levels (Figure 4A and B). Furthermore, we observed that cell
proliferation was promoted by sCD13 in a dose-dependent
manner and significantly suppressed by the addition of higher
concentrations of SSR240612 (Figure 4C). Gel contraction by
myofibroblasts was enhanced in dcSSc compared with healthy
controls.?® We determined that gel contraction was enhanced
by sCD13 in dcSSc fibroblasts and inhibited by SSR240612
(Figure 4D). Consistent with these results, fibroblast migration
was enhanced by sCD13 and inhibited by SSR240612
(Figure 4E).

We had previously shown that sCD13 induces the phos-
phorylation of ERK1/2 in various cell types.® Therefore, we next
investigated whether sCD13 similarly activates this signaling path-
way in SSc dermal fibroblasts. Immunolabelling and immunofluo-
rescence showed that sCD13 stimulation of SSc fibroblasts led to
significant phosphorylation of ERK1/2, which could be blocked by
pretreatment with the B1R inhibitor SSR240612 (Figure 4F).
Notably, sCD13 treatment also induced phosphorylation of
SMAD?2 in dcSSc fibroblasts, and this effect was also inhibited
by B1R blockade (Figure 4G). Furthermore, in a separate series
of experiments, we noted that sCD13 failed to stimulate expres-
sion of COLTAT and ACTA2 in dcSSc dermal fibroblasts with
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B1R knockdown (Figure 4H and Supplementary Figure 4B), and
this effect was consistent at the protein level as well (Figure 4).
These results suggest that the B1R blockade ameliorates a myo-
fioroblast phenotype that is exacerbated by sCD13.

B1R inhibition mitigates the pro-fibrotic effects of
TGFpB1in healthy dermal fibroblasts. Treatment with TGFB1
stimulates the expression of both sCD13 and its receptor B1R in
SSc dermal fibroblasts. Therefore, we next sought to determine if
B1R inhibition could counteract the pro-fiorotic effects of TGFR1.
Treatment of healthy dermal fibroblasts with TGFB1 induced robust
fibrotic gene expression at both the mRNA and protein levels; how-
ever, in the presence of the B1R inhibitor SSR240612, the TGFB1
induction of these genes was substantially attenuated (Figure 5A
and B). Notably, SSR240612 significantly blocked TGFB1-induced
sCD13 secretion from healthy dermal fibroblasts (Figure 5C).
Moreover, B1R inhibition significantly prevented TGFB1-induced cell
proliferation and migration in these fibroblasts (Figure 5D and E).
B1R inhibition with SSR240612 also blocked the TGFB1-induced
phosphorylation of SMAD2 (Figure 5F).

B1R blockade in mice attenuates bleomycin-
induced skin fibrosis. To further determine whether B1R is a
potential therapeutic target for SSc fibrosis, we evaluated the anti-
fibrotic efficacy of B1R inhibitor SSR240612 in a bleomycin skin
fibrosis mice model. In the prevention model in which B1R

inhibition was initiated concurrently with the start of bleomycin
injections, we noted that SSR240612 significantly attenuated
bleomycin-induced skin thickness, including fibrotic area, and
reduced skin hydroxyproline content (Figure 6A and B). We
also observed that the number of F4/80-positive monocytes/
macrophages in the skin was promoted by injection of bleomy-
cin and significantly suppressed by SSR240612 (Figure 6C
and Supplementary Figure 1B). The expression of fibrotic
genes, including Col1at, Col8al, Acta2, and Tgfb1 was up-
regulated by bleomycin and significantly down-regulated by
treatment with SSR240612 (Figure 6D). Similar results were
observed for inflammatory genes Ccl2 and /I6. Comparable
results were observed in the therapeutic model, in which fibro-
sis was first established before administering the B1R inhibitor,
with reductions in dermal thickness and hydroxyproline con-
tent (Figure 6E and F).

To confirm the role of B1R in bleomycin-induced fibrosis, we
used Bdkrb1 knockout mice. Consistent with the findings from
SSR240612 treatment, Bakrb 1 knockout mice exhibited reduced
bleomycin-induced skin thickness and lower hydroxyproline
levels (Figure 6G and H). In addition, Bakrb7 knockout mice
injected with bleomycin had lower numbers of F4/80-positive cells
in the skin compared with wildtype mice injected with bleomycin
(Figure 61 and Supplementary Figure 1C). And finally, fibrotic
genes, including Col7al, Col8al, Acta2, and Tgfb1, as well as
inflammatory genes Ccl2 and /l6 were significantly lower in
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bleomycin-treated Bdkrb1 knockout mice compared with
bleomycin-treated wildtype mice (Figure 6J).

DISCUSSION

In this study, we sought to determine the expression and role
of the widely expressed aminopeptidase CD13 in SSc. CD13 is
increasingly implicated in inflammatory diseases and promotes
inflammatory cell adhesion, migration, and aggregation.* Previous
studies have demonstrated important roles for CD13 in
rheumatoid arthritis, psoriasis, and connective tissue dis-
eases.’%%8" We showed that MMP14 cleaves off the soluble
form of CD13 from the cell surface.” Significantly, using a
series of orthogonal experimental approaches, we recently
identified B1R as the cellular receptor for sCD13.° These
observations highlight the significance of the sCD13-B1R sig-
naling axis in the pathogenesis of multiple inflammatory condi-
tions. In the present study, we demonstrated, for the first
time, the importance of this pathway in SSc by showing the
antifibrotic efficacy of B1R blockade in vitro and in vivo, com-
plemented with the demonstration that mice lacking either
Cd13 or Bdkrb1 were protected from bleomycin-induced skin
fibrosis. We believe that these results identify a novel and
promising therapeutic target for SSc fibrosis.

We found abundant expression of ANPEP, MMP14, and
BDKRBT1 in SSc skin as well as in isolated dermal fibroblasts.
According to our single-cell RNA-seq analysis, ANPEP was highly

expressed on fibroblasts and myeloid cells, whereas MMP14 was
widely expressed on various cell types (Figures 2 and 3). Interest-
ingly, BDKRB1 was highly expressed on COL8AT+ fibroblasts.
This subset is the myofibroblast cluster observed exclusively in
dcSSc skin.?>2° Indeed, we confirmed in SSc skin that B1R is
expressed mainly on myofibroblasts in the deep dermis and that
its expression is also significantly elevated in isolated SSc der-
mal fibroblasts. This could possibly explain the discrepancy we
found regarding BDKRB1 expression in whole-skin biopsies
and dermal fibroblasts (Figure 2 and 3). It could also explain
why BDKRB1 expression does not correlate with skin score,
whereas ANPEP and MMP14 correlate significantly in the
GEQO data analysis (Figure 2B). Nonetheless, the consistent
observation that B1R is highly expressed on SSc-specific myo-
fibroblasts, and that CD13 and MMP14 are expressed in the
skin, suggest that sCD13, which is shed by MMP14 in SSc
skin, acts on myofibroblasts via B1R locally. This notion sup-
ports our findings that sCD13 is significantly more abundant
in supernatants from SSc fibroblast cultures compared with
healthy fibroblasts (Figure 3D).

We further demonstrated that sCD13-treated SSc fibro-
blasts exhibited characteristic myofibroblast features, and myofi-
broblast transition by sCD13 could be suppressed by a B1R
antagonist (Figure 4). Notably, B1R inhibition also blocked the
pro-fibrotic effects of TGFBR1 in healthy dermal fibroblasts
(Figure 5). Furthermore, mice null of Cd13 or B1R, or wildtype
mice treated with SSR240612, were protected from bleomycin-
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induced F4/80 positive cells in skin tissue (P < 0.0001). (D) SSR240612 decreased bleomycin-induced expression of pro-fibrotic and pro-inflam-
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induced skin fibrosis, including attenuated induction of Col8a7
and pro-inflammatory genes, indicating that the sCD13-B1R axis
plays a pivotal role in SSc fibrosis and could be a potential thera-
peutic target.

In the present study, we showed that B1R is abundant in
dcSSc skin, specifically in myofibroblasts. We further demon-
strated that this elevation is mediated, at least in part, by TGFB1.
Although TGFB1 down-regulated CD13 at the transcriptional level
(Figure 3C), we showed that TGFB1 significantly promoted sCD13
release from dcSSc fibroblasts. This could be mediated by the

significant increase of MMP14 observed in various stromal cell
populations in dcSSc skin, including various fibroblast subsets
(Figure 2D). The upregulation of MMP14 also appears to be
TGFB1-dependent (Figure 3C). We also confirmed that MMP14
is the sheddase for generating sCD13 in dermal fibroblasts (Sup-
plementary Figure 4A).

Because sCD13 activates the ERK signaling pathway via
B1R,®° we posit that the pro-fibrotic effect of the sCD13-B1R
axis could also be mediated via the ERK pathway. Indeed, we
showed that sCD13 induced significant ERK1/2 phosphorylation
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in dcSSc dermal fibroblasts (Figure 4F). There is growing evi-
dence that ERK1/2 is involved in fibrosis in SSc. In fact, ERK1/2
has been documented to be involved in fibroblast proliferation,?
and IL11-dependent ERK1/2 signaling is required for TGFB to
induce a pro-fibrotic response in dermal fibroblasts.®® Interest-
ingly, PTP4A1 is reported to be a key promoter of TGFB signaling
in primary skin fibroblasts and bleomycin-induced fibrosis in
vivo.3* PTP4A1 promotes TGFB signaling in human fibroblasts
through enhanced ERK1/2 activity, which stimulates SMAD3
expression and nuclear migration. These findings support the
possibility that the pro-fibrotic effect of sCD13 is mediated in part
by activating ERK1/2 in fibroblasts.

There are some limitations of this study. Although our goal is
to treat systemic fibrosis in SSc, we focused exclusively on skin
fibrosis in this study. Interestingly, B1R expression in various lung
diseases has been reported.®>® Further investigation is needed
to assess the effect of inhibition of sCD13-B1R in other organs
or fibrotic conditions. Second, we only focused on specimens
from patients with dcSSc. Because B1R expression depends
highly on stimuli such as TGFB1, the expression pattern of this
receptor on other SSc disease subtypes requires further exami-
nation. B1R could be a potential target for precision medicine
approaches for this disease.

Based on our findings, the role of the sCD13-B1R axis in
dcSSc skin lesions is depicted in Supplementary Figure 5. CD13
is distributed mainly in myeloid cells and fibroblasts in SSc skin.
MMP14 is widely expressed in the skin, including keratinocytes,
endothelial cells, and fibroblasts, and serves to cleave CD13 off
from cell membranes. B1R is specifically expressed on both
SFRP2+ and COL8A1+ fibroblasts. Interestingly, from our pseu-
dotime analysis there is evidence that the SFRP2+ fibroblasts dif-
ferentiate into the COL8A1+ fibroblasts.?® Therefore, it is possible
that the sCD13-B1R pathway on these cells promotes and main-
tains myofibroblast differentiation in the deep dermis. Further-
more, suppression of B1R may indirectly inhibit myofibroblast
transformation by suppressing the migration of monocytes or
macrophages to the cutaneous loci. We have previously shown
that sCD13 induces angiogenesis in endothelial cells.® Because
B1R is expressed on SSc endothelial cells, yet angiogenesis is
impaired in SSc, this apparent disconnection requires further
investigation and may reflect abnormal responses to angiogenic
stimuliin SSc endothelial cells. Taken together, our results provide
evidence that sCD13 is involved in skin fibrosis via B1R by pro-
moting myofibroblast transformation and that the blockade of
the sCD13-B1R axis warrants evaluation as a potential therapeu-
tic option for SSc fibrosis.
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