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Abstract

In Duchenne Muscular Dystrophy (DMD), progressive accumulation of cardiac fibrosis promotes
heart failure. While the cellular origins of fibrosis in DMD hearts remain enigmatic, fibrotic tissue
conspicuously forms near the coronary adventitia. Therefore, we sought to characterize the role of
coronary adventitial cells in the formation of perivascular fibrosis. Utilizing the max model of
DMD, we have identified a population of Scal+, PDGFRa+, CD31-, CD45- coronary adventitial
cells responsible for perivascular fibrosis. Histopathology of dystrophic hearts revealed Scal+
cells extend from the adventitia and occupy regions of perivascular fibrosis. The number of Scal+
adventitial cells increased two-fold in fibrotic madx hearts vs. age matched wild-type hearts.
Moreover, relative to Scal-, PDGFRa+, CD31-, CD45- cells and endothelial cells, Scal+
adventitial cells FACS-sorted from madx hearts expressed the highest level of Collagenialand
3al, Connective tissue growth factor, and Tgfprl transcripts. Surprisingly, max endothelial cells
expressed the greatest level of the 7g#531 ligand. Utilizing Collagenial-GFP reporter mice, we
confirmed that the majority of Scal+ adventitial cells expressed type | collagen, an abundant
component of cardiac fibrosis, in both wt (71% +4.1) and max (77% +3.5) hearts. In contrast, GFP
+ interstitial fibroblasts were PDGFRao+ but negative for Scal. Treatment of cultured
Collagenlal-GFP+adventitial cells with TGFpB1 resulted in increased collagen synthesis, whereas
pharmacological inhibition of TGFBR1 signaling reduced the fibrotic response. Therefore,
perivascular cardiac fibrosis by coronary adventitial cells may be mediated by TGFB1 signaling.
Our results implicate coronary endothelial cells in mediating cardiac fibrosis via transmural TGFf
signaling, and suggest that the coronary adventitia is a promising target for developing novel anti-
fibrotic therapies.
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1. Introduction

Duchenne Muscular Dystrophy (DMD) is a genetic X-linked disease characterized by the
absence of the dystrophin protein and progressive muscle wasting [1, 2]. The majority of
DMD patients develop cardiomyopathy and with the advent of ventilators, heart failure is
emerging as the leading cause of mortality [3-5]. Cardiomyopathy in DMD is characterized
by the accumulation of fibrosis which promotes heart dysfunction [6-8]. Perivascular
fibrosis, described in many cardiac diseases processes including DMD, has been implicated
in heart failure [9, 10]. Yet the cellular processes and molecular mechanisms that govern
perivascular fibrosis in chronic diseases are poorly characterized [11]. By histopathology,
the proximity of perivascular fibrosis to the coronary adventitia is difficult to overlook.
Therefore, we set out to define the role of coronary adventitial cells in perivascular fibrosis.
Utilizing the max mouse model of DMD [12], herein this report we have characterized a
population of Scal+, PDGFRa+, CD31-, CD45- cells that reside in the coronary adventitia,
and produce collagen in proximity to perivascular fibrosis. Specifically, in max hearts we
detected Scal+ cells in regions of severe perivascular fibrosis. In turn, molecular analysis
revealed that Scal+ adventitial cells expressed significant levels of pro-fibrotic genes:
Collagenlal, Collagen3al, Tgffrl, and Connective tissue growth factor (Ctgf) [13-15].
Surprisingly, we observed that /max endothelial cells expressed high levels of 7g#31 ligand
suggesting that adventitial cells become fibrotic via transmural TGFp1 signaling. Indeed,
stimulation of FACS-sorted adventitial cells with TGFB1 /n vitro, resulted in increased
collagen expression and deposition. In contrast, pharmacological inhibition of TGFR1 with
SB525334 [16], resulted a reduction of collagen synthesis. Altogether, our findings indicate
adventitial cells are associated with perivascular fibrosis and TGFB1 signaling induces a
fibrotic response in these cells.

2. Materials and Methods

2.1. Animals

All animal experiments were done in accordance with Institutional Animal Case and Use
Committee (IACUC) approved procedures. max animals harboring the Colla1-GFP
reporter allele were generated in house by mating a wt male heterozygous for Co/lal-GFP
allele, with max females. Since dystrophin is x-linked, the resulting male progeny were all
max with a Mendelian inheritance frequency of % for the Co/lai-GFPallele. All mice
reported in this manuscript are under a C57BL/6 background (Supplement Table. S1).

2.2. Histology and Staining

For WGA labeling depicted in Fig. 1A, 11 month old ScaZ-GFP males (n=3) were first
anesthetized with 100ul per 10mg mouse weight, of 2.5% (w/v) avertin (Sigma-Aldrich,
St.Louis, MO) in PBS. Following anesthesia, animals were injected intravenously with
100pl of Img/ml WGA-Rhodamine (Vector Labs, Burlingame, CA) in PBS and euthanized
5 minutes following injection. Post euthanasia, animals were perfused in the left ventricle,
first with PBS followed by 4% formaldehyde. Hearts were then excised and incubated in 4%
formaldehyde for 2 hours at room temperature. Following fixation, hearts were incubated in
PBS with sucrose beginning with 10% (w/v) and 20%, each for 30 minutes at 4°C, then
transferred to 30% sucrose and left overnight at 4°C. The following day Scal-GFP hearts
were frozen in OCT in isopentane cooled by liquid nitrogen to negative 150-160°C. Tissue
fromPDGFRa-GFPand:Colal-GFPreporteranimals were fixed and processed in the same
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manner as Scal-GFP hearts, but without perfusion. Hearts from non-GFP reporter max
animals used for cardiac histology were all males ranging from 12—-22 months of age. These
hearts were freshly frozen without prior fixation or processing. For picrosirius staining,
tissue was fixed with ice cold methanol for 5 minutes, then stained in saturated picric acid
containing 0.1% (w/v) sirius red and 0.1% (w/v) fast green, for 1 hour at room temperature.
Slides were then washed in acidified water, dehydrated with ethanol gradient of 70-100%,
and cleared with four washes of xylene. Subsequent slides from the same hearts were used
to correlate picrosirius red staining with antibody staining. For antibody staining tissue was
fixed with 4% formaldehyde for 5 minutes, washed with PBS, and blocked with PBS
containing 10% goat or horse serum if the secondary antibody was goat, and 1% BSA for 20
minutes, at room temperature. All antibodies were diluted in PBS with 1% BSA. Control
staining was run in parallel using an 1gG isotype antibody made in rat, goat or rabbit, and
subsequent secondary antibodies. Antibody specifics and dilutions are listed in supplement
table S2. Epifluorescent photographs were taken with an Axiocam mRM monochrome
camera using a Zeiss Axiovert 200 microscope with previously described components [17].
Confocal photographs (Fig. 4) were taken with a Nikon A1R system located in the Lynn and
Mike Garvey cell imaging lab, at the University of Washington’s Institute for Stem Cell and
Regenerative Medicine (ISCRM imaging core). Channels were subsequently colored and
merged using Adobe Photoshop CS2. To reduce background, brightness and contrast levels
were adjusted when necessary. Brightness and contrast levels for controls were also adjusted
in parallel under the same parameters.

2.3. Flow Cytometry

FACS was conducted as previously described but adjusted for smaller volumes to
accommodate digesting whole hearts [17, 18]. For this hearts were excised, cleaned of any
visible clots, washed in PBS and minced into <3mm pieces. Minced individual hearts were
then digested in 3ml PBS containing a final concentration of 2 mM CaCly, 1.2units/ml
Dispase Il and 2 mg/ml Collagenase type IV (both from Worthington, Lakewood, NJ), for
45 minutes at 37°C. Every 15 minutes of the digestion, the tissue was triturated with a
1000upl pipette. Following 45 minutes of incubation, 4ml of HAM’S/F10 supplemented with
15% horse serum (Thermo/HyClone, Logan, UT) was added to each sample to inhibit the
digestion. Samples were then passed through a 40um cell strainer and then centrifuged at
300g rcf for 5 minutes. Following centrifugation, cells were resuspended in hemolysis
buffer: 155 mM NH4CI, 10 mM KHCO3 and 0.1 mM EDTA in H,O. Following 5 minutes
of hemolysis at room temperature, cells were centrifuged (300g rcf for 5 min) and washed in
PBS+0.3% BSA to remove hemolysis buffer. Cells were centrifuged again to remover
residual hemolytic buffer, and once more resuspended in PBS+0.3%, at 100ul per 106 cells.
Prior to the addition of antibodies, cells were incubated with 1pg per 10° cells Fc receptor
blocking antibody (purified anti-CD16/32) for 10 minutes on ice. We then added any biotin
conjugated antibodies for 1 hour on ice, washed, and resuspended in PBS+0.3% containing a
cocktail of antibodies and streptavidin that were directly conjugated to fluorophores. Cells
were once more incubated on ice for 1 hour, washed and resuspended in PBS+0.3% at 500l
per 106 cells for analysis and sorting. We conducted all FACS acquisition and sorting with
an Aria Il (BD, San Jose, CA) with Diva software. Unstained and single color controls were
used for compensation, which was automatically calculated by the Diva software. For
analysis of GFP+ cells, hearts from GFP negative littermate were processed in parallel and
used for the compensation controls. For RNA isolation, cells were directly sorted into 1.5ml
eppendorf tubes containing 350ul RLT buffer (Qiagen, Valencia, CA), and placed on dry ice
immediately following each sort. Antibody specifics (Supplement Table. S2-3) and
combinations used (Supplement Table. S4) are listed below.
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2.4. Cytocentrifuged Cells

Cells from RGS54°Z/* reporter mice were FACS-sorted into DMEM with 10%FCS and
immediately cytocentrifuged onto slides (Fisherbrand Super Frost Plus slides) at 800g rcf for
5 minutes. Slides were then fixed with 2% formaldehyde with 0.2% glutaraldehyde for 10
minutes, washed with PBS three times, and incubated with X-gal at 37°C overnight [19].
Following removal of the X-gal staining buffer, slides were washed and stained with eosin Y
for 30 seconds, washed with water, and then dried for mounting.

2.5. Bone Marrow Chimeras

Generation of bone marrow chimeras was done as previously described [17]. Briefly,
recipients were irradiated with two doses of 0.6Gy, 4 hours apart. Following the second dose
of irradiation, we waited an additional 4 hours and then injected donor bone marrow cells
via tail vein. Donor bone marrow cells were isolated from femurs of 4 month old female
heterozygous for the chicken B-actin promoter driven EGFP allele [20]. Recipients were
C57BL/6J males, 12.5 months old at the time of irradiation transplant. Recipients were
euthanized and analyzed for bone marrow contribution 11 weeks post-transplant. Femur and
tibia bone marrow cells were also analyzed for GFP to verify a sufficient degree of
chimerism. Bone marrow chimerism of donor GFP cells was =90% relative to controls; bone
marrow cells from a C57BL/6J mouse and from a chicken B-actin promoter driven EGFP
mouse, both isolated and analyzed as negative and positive control in parallel to chimeras.

2.6. Quantitative-Reverse Transcription PCR

Freshly FACS-sorted cells were extracted for total RNA by using the RNeasy Mini Kit
(Qiagen) according to the manufacturer’s protocol. RNA quantity and purity was determined
by 260/280 nm absorbance. First-strand cDNA was synthesized by using the High Capacity
cDNA synthesis kit with a randomized primer (Applied Biosystems, Foster City, CA)
following the manufacturer’s protocol. qRT-PCR reactions using cDNA (20ng) were done
as previously described using an ABI 7900HT PCR system, SYBRGreen/Rox PCR master
mix (Fermentas, Glen Burnie, MD) for all reactions, and S.D.S software for analysis of
comparative Ct method by the formula; 272Ct, where 2Ct = Ct arget = Ct 185 rrNA [19]. For
Fig. 3 we utilized 272ACt = Ct target ~ Ct 785 rRNA sorted cells~ Ct 785 rRNA unsorted cell, O
compare samples within each group but not across groups (wt and mdax). All sample
reactions were run in triplicate and normalized to Z8STRNA. Ct values derived from each
cell type and sample (e.g. each wt and maXx cell population was normalized to its own
respective value for 28S) or to 185 of whole wt or madx hearts respectively (Supplementary
Fig. 7-8) to compare samples between wt and /max groups. Error bars represent the standard
error of mean calculated from three independent experiments. Primer sequences for Ctgf;
TgfB1, Mmp-2, Mmp-9and 18S were previously reported by Au.CG. et al (2011) [13].
Primers for Collagenial, Collagen3aland S-actinwere previously reported by Kenyon NJ.
et al. (2003) [21]. 7gfBr1 primers were reported by Zhou L. et al (2006) [22]. Primers for
Scal were developed by Primer Bank [23] [24, 25], while primers for aSMA and SM22a
have been previously reported by Grabski A. et al (2009)[26]. Primers for Collagenia?2 were
reported by Onofre-Oliveira PC. et al (2012)[27]. GAPDH was previously reported by
leronimakis N. et al (2008)[18]. Specific primer sequences are listed in supplement table S5.
Average Ct values generated and used for analysis of Supplementary Fig. 7-8, for
comparison of wt and max FACS-sorted populations are listed in the supplement table S6.

2.7. Statistical Analysis

P values were derived by two-tailed Student’s #test. Errors bars represent the standard error
of the mean (SEM). Graphs and statistical calculations were generated using Microsoft
Excel.
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2.8 In vitro Culture and Experiments

3. Results

Utilizing the aforementioned methods, GFP+ and GFP—, Scal+, CD31-, CD45- cells were
FACS-sorted from 4 month old wt:Col1a1-GFP hearts (n=3 GFP+ mice) and cultured in
DMEM-HG with 10% FCS at 37°C, 5%CO, and 5%0,. Both GFP+ and GFP- cells were
maintained in culture and examined for the presence of GFP for 30 days. At this time GFP+
cells were pooled and expanded into two twelve well plates and grown to confluency for
treatment with TGFB1. For fibrogenic induction, 4 wells from each plate were treated with
one of the following with DMEM-HG + 5% FCS as the basal media; 1) DMSO vehicle
control, 2) TGFB1 at a final concentration of 10ng/ml, 3) 10ng/ml TGFp1 with 1uM of the
TGFBR1 inhibitor (SB525334) [16]. Following 4 days of treatment, cells for collagen
staining were fixed with 4% formaldehyde for 30 minutes then stained with picrosirius red
for 1hour. Quantification of collagen by picrosirius red staining was done as percentage of
area stained within individual fields as depicted in Fig. 6B, and normalized to the area
measured using ImageJ v1.40. Cells collected for gene expression analysis were scraped and
suspended in RLT lysis buffer (350ul per well of a 12 well plate) for RNA isolation, cDNA
synthesis, and PCR analysis using the same reagents and methods/conditions outlined in
section 2.6. Cells from wt:.PDGFRa-GFP and wt:Scal-GFP mice depicted in Supplemental
Fig. 20-21, were also sorted and cultured under the same aforementioned conditions.

3.1. Coronary adventitial cells extend to occupy perivascular fibrosis and are distinct from
pericytes and inflammatory cells

Scal is a surface receptor associated with many cell types including macrovascular
adventitial cells [28-30]. We initially examined wild-type (wt) hearts and observed that in
addition to endothelial cells, coronary adventitial cells were also Scal+. Utilizing the Scal-
GFPtransgenic reporter mouse, we confirmed expression and co-localization of Scal to the
coronary adventitia [31]. To distinguish the vascular endothelium which also expresses Scal
in this model [18, 32-35], we intravenously (IV) injected the lectin wheat germ agglutinin
(WGA) prior to euthanasia to label the vasculature. Histological survey of cross-sections
from these hearts revealed Scal-GFP + cells negative for IV injected-WGA, localized to the
coronary adventitia (Fig. 1A) and distinguishable from endothelial cells (ScaZ-GFP+ and
positive for IV injected-WGA) and pericytes (NG2+, Scal-GFP-) (Fig. 1B). Further
characterization of Scal+ coronary adventitial cells was performed in sections from madx
hearts by co-localization with picrosirius red, a dye that stains collagen and is routinely used
for identifying fibrosis [36]. Scal+ cells in max hearts were abundant within the coronary
adventitia and distinguishable from BS1+ endothelial cells which also express Scal (Fig.
1C) [37]. Consistently, we observed Scal+ cells extending from the coronary adventitia to
proximal regions of severe perivascular fibrosis (Fig. 2 and Supplement Fig. 1). In older
madx hearts, Scal+ cells occupied sizable regions of fibrosis throughout the myocardium
(Supplement Fig. 2). This population of Scal+ adventitial cells surrounding coronary
arteries was also negative for CD31, expressed by endothelial and inflammatory cells, and
CD45, a marker of hematopoietic cells (Supplement Fig. 3) [38, 39]. In concordance with
our previously published work, we observed Scal+, CD45+ inflammatory cells which were
present in damaged regions of max hearts (Supplement Fig. 3C)[17]. However, analysis of
bone marrow chimeras indicated that Scal+ adventitial cells are not bone marrow-derived
(Supplement Fig. 4). Moreover, we observed these cells were negative for Thyl, a receptor
associated with cardiac fibroblasts, and Rgs5/°Z, a reporter expressed by pericytes and
smooth muscle cells (Supplement Fig. 5) [40, 41].
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3.2. Molecular analysis reveals coronary adventitial cells express pro-fibrotic genes

To further characterize the Scal+ coronary adventitial cells, we FACS-sorted the same
population identified as Scal+, CD31-, CD45- by histology, for gene expression analysis
(Fig. 3A). For FACS-analysis and sorting, whole hearts were digested with collagenase and
neutral protease, enzymes commonly used to produce single cell suspensions and retain cell
surface antigens [19, 42-44]. FACS-analysis revealed that the majority of Scal+, CD31-,
CDA45- cells are positive for PDGFRa and CD34 (Fig. 3B). PDGFRa signaling has been
implicated in the formation of fibrosis and is expressed by fibrotic cells of the skeletal
muscle [45], [46]. Conversely, CD34 is expressed by many cell types, including progenitor
cells of the macrovascular adventitia [29]. In contrast, the Scal+, CD31-, CD45-
population was negative for CD133, a marker of circulating progenitors, and expressed only
low levels of the fibroblast marker Thy1.2 (the C57BL/6 strain allele for Thy1) [47]. To
compare the abundance Scal+, CD31-, CD45- cells between wt and mdx, we calculated the
number of cells per mg tissue by multiplying the proportion generated by FACS to number
of cells counted following digestion over the initial weight of each heart [48]. In turn, the
number of Scal+, CD31-, CD45- cells was two-fold greater in max vs. wt hearts (Fig. 3C).
Furthermore, the proportion of Scal+ cells among the PDGFRa +, CD31-, CD45-
population significantly increased in madx hearts (Fig. 3C).

To survey the expression of genes implicated in fibrotic tissue formation, we FACS-sorted
the Scal+, CD31-, CD45- adventitial population directly into lysis/RNA isolation buffer
for quantitative reverse-transcription PCR (QRT-PCR) analysis. In parallel we also sorted
endothelial cells (Scal+, CD31+, CD45-), interstitial fibroblasts (Scal-, PDFGRa+,
CD31-, CD45-) and macrophages (F4/80+, CD45+) which have been reported to mediate
fibrosis via the TGF( pathway [18, 45, 46, 49, 50]. For this comparison, we could only sort
sufficient numbers of macrophages from max but not wt hearts. Results indicate that
adventitial cells (Scal+, CD31-, CD45- cells) and Scal—, PDFGRa+, CD31-, CD45- cells
express similar levels of Collagenialand Collagen3al (Fig. 3D left graph) and Cigf,
Tofrpr1, and 7gf31 mRNA in wt hearts (Fig. 3E left graph). In contrast, Scal+ adventitial
cells isolated from malx hearts expressed significantly greater levels of all these genes as
compared to Scal-, PDFGRa+, CD31-, CD45- cells isolated from the same /max hearts
(Fig. 3D right graph and 3E right graph). As previously reported for max whole heart tissue,
the expression of Collagen3al was also greater than Collagenial in madx cells [13]. Of
note, type Il collagen is a fibrillar collagen essential for vessel stability and is produced at
greater levels than type | collagen by pro-fibrotic aortic adventitial cells [51, 52]. We also
observed elevated expression of these pro-collagens in the right vs. left ventricles of 12
month old max mice (Supplementary Fig. 6), which have been shown to develop right
ventricle dysfunction prior to left ventricle dysfunction [53, 54]. Surprisingly, relative to the
other populations analyzed from madx hearts, endothelial cells expressed the greatest level of
the 7g#51 ligand (Fig. 3E right graph). The expression of the majority of pro-fibrotic genes
depicted in Fig. 3, was greater in madx sorted cells for each respective population. A more
comprehensive analysis indicates that the expression of these genes, with the exception of
endothelial cell Ctgfexpression, is elevated in madx vs. wt sorted cells (supplement Fig. 7—-
8).

Immunostaining for the TGFB1 ligand confirmed co-localization with microvascular
endothelial cells around damaged regions of madx hearts (Supplemental Fig. 9). Staining for
TGFp1 ligand was also observed in Scal+ endothelial and adventitial cells of madx coronary
arteries (Supplemental Fig. 10). Staining for TGFBR1 was more diffuse and localized with
most of the vasculature including adventitial and vascular smooth muscle cells. In contrast,
TGFBR2 which mediates TGFp signaling via phosphorylation of TGFBR1, co-localized with
Scal+ adventitial cells and endothelial cells lining the coronary arteries (Supplementary Fig.
11-12), [55, 56]. In addition to TGFp1, endothelial cells expressed high levels of Mmp-9,
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while Scal+ adventitial cells expressed the greatest level of Mmp-2 (Supplement Fig. 13);
both of these MMPs covert latent TGFp ligands to active forms [57]. Altogether, this gene
expression profile and presence of TGFB1 ligand and TGFp receptors in the adventitia of
madx coronary arteries, indicates that Scal+ adventitial cells respond to TGFf1 and are pro-
fibrotic in max hearts. These findings implicate the endothelium in promoting fibrosis via
the TGFp1 signaling pathway in response to chronic disease present in mdx hearts.

3.3. The majority of coronary adventitial cells express Collagenlal and are distinguishable
from interstitial fibroblasts by their expression of Scal

Although these results suggest that Scal+ adventitial cells contribute to perivascular
fibrosis, the heterogeneity of fibrotic cells within this population remained unclear.
Therefore, we utilized the Collagenial-GFP (Colla1-GFP) reporter mice to analyze the
proportion of fibrotic cells within this population [58]. Type I collagen is abundant in
cardiac fibrosis and thus GFP expression in this model is indicative of fibrotic cells [58, 59].
For this we generated max.Colla1-GFP mice and compared them to age matched

wt: Colla1-GFPanimals (n=3 wt, n=3 madx; 4 months old, all males) (Fig. 4 and Supplement
Fig. 14). By FACS-analysis, the majority of Scal+, CD31-, CD45- adventitial cells were
GFP+ in both of wt (71% *4.1) and max (77% £3.5) hearts (Fig. 4A and Supplement Fig.
14A). In agreement with our gqRT-PCR results (Fig. 3D), we detected GFP+ cells within the
PDGFRa+, Scal—, CD31-, CD45- population; 69% +4.8 in wt and 47% +12.9 in madkx,
were GFP+ within this population (P=0.19 between wt vs. mdXx). In contrast, we did not
detect GFP+ cells within the hematopoietic (CD45+) or endothelial (CD31+, Scal+,
CDA45-) cell populations from either wt or mdx hearts. Histological analysis of
madx:Colla1-GFP hearts confirmed the anatomical position of Scal+, PDGFRo+, GFP+
cells to the coronary adventitia and the presence of Scal-, PDGFRa+, GFP+ in the
interstitium (Fig. 4B-D). Scal+, Col/la1-GFP+cells also co-localized with staining for
collagenl and fibronectin, in the adventitial space of coronary vessels of max hearts
(Supplementary Fig. 15). Both collagen type I and fibronectin are extracellular matrix
proteins abundant in fibrotic tissue and are directly regulated by TGFp1 signaling [60] [61].
By FACS analysis the majority of cells expressing Co/Ia1-GFPwere positive for PDGFRa
+ in both wt (89% %1.3) and madx (97% £0.9) hearts (Supplement Fig. 8B). Further
characterization showed that cardiac Scal+, Co/la1-GFP+ cells were negative, while a
minority of Scal+, Collal-GFP- cells were positive (<5%) for c-Kit (Supplementary Fig.
16A); a marker associated with cardiac progenitors [62]. In addition, we confirmed the lack
of Scal expression in Scal-, PDGFRa+, Co/la1-GFP+ sorted cells by gRT-PCR
(Supplementary Fig. 16B).

Pericytes that express Collagenlal-GFP have been reported to be fibrotic in the kidney
[58]. However, Scal+ adventitial cells identified by their position surrounding coronary
smooth muscle and absence of NG2 staining (Fig. 1B), fall outside the anatomical and
phenotypic definition of pericytes (Fig. 1B). In turn, the Co/lal-GFP+, Scal- cells
observed in the interstitial space were also negative for NG2 (Fig. 5). Utilizing the
PDGFRa-GFP reporter mouse, we confirmed that coronary adventitial and non-pericyte
(NG2 negative) interstitial cells express PDGFRa (Supplementary Fig. 17). Interestingly,
PDGFRa expressing cells were also abundant in the macrovascular adventitia
(Supplementary Fig. 18), which has been previously reported to express Scal [30]. These
data suggest that additional collagenl producing cells, including interstitial fibroblasts, are
PDGFRa+ and distinguishable from pericytes; however, these cells are also distinguishable
from adventitial cells by the absence of Scal expression.
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3.4. Coronary adventitial derived cells become fibrotic via TGFB1 signaling in vitro

To characterize the molecular mechanism of fibrosis, we FACS-sorted and cultured for /n
vitro study, adventitial cells (Scal+, CD31-, CD45-) that were GFP+ (majority) and GFP-
(minority) from wt: Co/Ia1-GFP hearts (n=3). In culture Scal+, CD31-, CD45- sorted as
GFP+ maintained Collal-GFPtransgene expression, whereas Scal+, CD31-, CD45-
sorted as GFP—- never expressed GFP within the 4 week time frame surveyed (Fig. 6A). In
contrast, Scal-, PDGFRa+, CD31-, CD45- cells sorted as GFP+ maintained Col/lal-GFP
expression (Supplementary Fig. 12). Interestingly both Scal+/-, GFP+ sorted populations
that maintained Co/la1-GFP expression, gave rise to cells in culture with a smooth muscle
like phenotype; positive for aSMA but negative for Scal (Supplementary Fig. 19). The
apparent loss of Scal expression by Scal+ sorted cells occurred early in culture, while
Scal-, PDGFRa+ sorted cells remained negative for Scal expression during the same time-
course examined for both populations (Supplementary Fig. 20A). Within this same period,
PDGFRa expression was maintained by both populations (Supplementary Fig. 20B).
Interestingly, the expression of aSMA also occurred early in culture, as cells derived from
both Scal+ and Scal- sorted populations stained positive at 36 hours in culture, and showed
pronounced aSMA staining by day 7 in culture (Supplementary Fig. 21).

Despite being able to observe cells derived from both Scal+ and Scal- sorted populations
early in culture, only cells derived from the Scal+, CD31-, CD45- sorted population, were
able to expand sufficiently for /n vitro study. Under the given culture conditions, we were
not able to sufficiently expand cells derived from both Scal+, Co/ial-GFP-, CD31-,
CD45- or Scal-, PDGFRa+, Collal-GFP+ CD31-, CD45- sorted populations, for in
vitro comparison with Scal+, Collal-GFP+ derived cells. Therefore, we could only assess
the response of cultured cells derived from Scal+ Collal-GFP+sorted cells (which
maintained Co/I-GFPexpression), to TGFB1 in order to gain insight on the role of pro-
fibrotic signaling in adventitial cell mediated fibrosis.

For this assay, cultured cells were treated in parallel with the vehicle, 10ng/ml TGFf1, or
10ng/ml TGFB1 with 1uM SB525334, a potent inhibitor of TGFBR1 kinase activity that has
been shown to reduce collagen production both /n vitro and in vivo [16, 63]. All three
treatments were tested in quadruplicate, two times; once for morphological analysis of
collagen production with picrosirius red staining (Fig. 6B), and secondly for molecular
analysis of pro-fibrotic gene expression by qRT-PCR (Fig. 6C). Results from both visual
and molecular analyses’ indicate that TGFf1 stimulates adventitial derived cells to become
fibrotic. Expression levels for Collagensial, 1a2, and 3al increased dramatically with the
addition of TGFp1. In contrast to freshly sorted cells which expressed elevated levels of
Collagen3al (Fig. 3D), cultured adventitial cells expressed greater levels of type | pro-
collagens in response to TGFB1. TGFp1 is known to stimulate the expression of both type |
pro-collagens via Smad3 [64] [65, 66]. In contrast, the regulation of Collagen3al expression
is less understood and may require additional factors present /n vivo that synergistically
promote the production collagen type Il over type I. Interestingly, exposure to TGFB1 also
increased expression of 7gf31and Tgfpri, suggesting that an autocrine response may sustain
the fibrotic response of activated adventitial cells. In contrast, inhibition of TGFR1
signaling by SB525334, reduced picrosirius red staining and resulted in even lower
expression of Collagenial, 1a2and 3al vs. vehicle control treated cells. Consequently,
SB525334 treated cells showed reduced expression of 7gf31 and Tgfprl, suggesting that
pharmacological inhibition of TGFBR1 kinase activity results in a feedback response that
may decrease the fibrotic response of adventitial cells to TGFf1.

In addition to our survey of pro-fibrotic genes, we examined the expression of smooth
muscle associated genes, as we observed cultured cells stained positive for aSMA+
(Supplementary Fig. 19 and 21) and it has been reported that cells derived from the
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macrovascular adventitia can give rise to smooth muscle like cells /in vitro[29, 30, 67]. qRT-
PCR analysis of freshly sorted Scal+, Co/lal-GFP+, CD31-, CD45- cells (Supplementary
Fig. 22A), indicates that /n vivo coronary adventitial cells express almost undetectable levels
of aSMA and SM22a,genes expressed by developing and mature smooth muscle cells [68—
70]. In contrast, cells derived from this Scal+, Co/lal-GFP+, CD31-, CD45- sorted
population in culture, express aSMA and low levels of SM22a (Supplementary Fig. 22B).
Treatment with TGFpB1, which results in upregulation of Collagenial, 1a2 and 3al, and
increased collagen deposition (Fig. 6), also significantly reduced the expression of these
smooth muscle associated genes (Supplementary Fig. 22B). Therefore, it is possible that
coronary adventitial cells can give rise to smooth muscle-like cells that can convert to a
fibroblast phenotype in response to pro-fibrotic stimuli. However, without rigorous lineage
tracing studies, we take caution in suggesting that this process occurs /n vivoand is not
exclusive to cell culture.

4. Discussion

Fibrosis is a primary indicator of disease progression in DMD [71]. Late gadolinium
enhancement can detect fibrosis in the heart of DMD patients and corresponds with
decreased ejection fraction and unfavorable left ventricle remodeling [72]. Progressive
fibrosis has also been shown to perturb the hemodynamics of mdx hearts even following
dystrophin rescue by AAV mediated gene therapy [54, 73]. Therefore, elucidating the
molecular mechanisms and cellular processes that govern fibrosis, is critical for preventing
or reversing cardiac dysfunction in muscular dystrophy.

Herein this report, we implicate coronary adventitial cells as the cell population associated
with perivascular fibrosis. We have characterized these cells using a host of markers in
relation to the anatomical position of the coronary adventitia. Interestingly, adventitial cells
and interstitial fibroblasts expressed similar markers, but were distinguishable by the
expression of Scal. Numerous studies have reported that cardiac progenitor and/or stem
cells also express Scal [74-76]. In turn, we did observe a minority of Scal+, CD31-,
CD45- cells were positive for c-Kit and did no express Colla1-GFP in vivoor in vitro. In
contrast, Scal+, Col/la1-GFP+adventitial cells gave rise to Scal- cells that maintained
PDGFRa expression and began expressing smooth muscle associated genes in culture.
Therefore, it is possible that Scal+ coronary adventitial cells or a subset of progenitor within
this population is capable of giving rise to smooth muscle like cells and/or Scal-, PDGFRa
+ interstitial fibroblasts. Indeed, Hu et al., showed that Scal+ cells from the aortic adventitia
can contribute to smooth muscle like cells in the atherosclerotic lesion of Apo£ null mice
[29]. Given the close proximity of coronary adventitial cells to coronary endothelium, it is
also possible that pro-fibrotic adventitial cells emerge via endothelial-to-mesenchymal
transition [77], as both cell types share expression of ScaZand 7gfp1. However, the focus of
this report was to gain insight into the natural role of adventitial cells in cardiac fibrosis.
Furthermore, without proper lineage tracing (e.g. lack of commercially available, inducible
Scal-Cre models) the relationship between putative Scal+ stem cells and pro-fibrotic
adventitial cells will remain enigmatic but warrants future investigation.

In retrospect, adventitial cells from wt hearts express genes characteristic of cardiac
extracellular matrix including the Co/Ia1-GFPreporter, but were distinct from NG2+
pericytes that did not express the Col/laI-GFPtransgene in the heart. In madx hearts, we not
only observe adventitial cells occupying regions of perivascular fibrosis, but the expression
of fibrosis-related genes is elevated in comparison to wt hearts. Specifically, elevated
expression of 7gfrl by mdx adventitial cells implicated TGFp1 signaling pathway as a
potential molecular mechanism of perivascular fibrosis. Indeed, /n vitro treatment of
adventitial cells with TGFf1 resulted in elevated collagen production suggesting TGF31
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signaling may be implicated in max perivascular fibrosis. Accordingly, inhibition of TGFf3
signaling has been shown to reduce fibrosis and improve skeletal muscle and cardiac
function of madx mice [78-81]. Importantly, we observed elevated expression of the 7gf51
ligand in max derived coronary endothelial cells. These data suggest that the endothelium
may play a role in the signaling of perivascular fibrosis in chronic disease (proposed model,
Fig. 6D). Response to sheer stress has been reported to upregulate 7gf531 expression in
endothelial cells [82]. Incidentally, shear stress-induced endothelial vasodilation is reduced
in madx arteries [83]. Therefore, alterations in shear stress response and/or pressure overload
in the vessel wall may trigger cardiac perivascular fibrosis in DMD and other chronic
diseases [84, 85].

In summary, our findings provide new insights into the cellular interactions and signaling
pathways responsible for perivascular fibrosis and identify the coronary adventitia as a novel
target for development of anti-fibrotic therapies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Scal+ cells, distinct from endothelial cells and pericytes, reside in the coronary adventitia.
A. Histological analysis of hearts from 11 month old ScaZ-GFP animals injected
intravenously with WGA, reveals coronary adventitial cells are ScaZ+ (arrowhead) and
distinct from GFP+, IV injected-WGA+ endothelial cells (arrow) B. Staining for NG2
indicates pericytes (arrowhead) are negative for Scal-GFP but cover GFP+, IV injected-
WGA+ vascular endothelial cells. C. Staining with picrosirius red and fast green or Scal and
BS1 in sections from a 22 month old maXx heart, reveals that collagen deposition surrounding
the coronary adventitia is occupied by Scal+, BS1- cells. A higher magnification (boxed
area represented in bottom row) photo highlights adventitial Scal+, BS1- cells (arrowhead)
and Scal+, BS1+ endothelial cells (arrow). The bottom right panel shows a serial section of
the same madlx heart shown in C, stained in parallel with an IgG isotype antibody control.
Coronary arteries are denoted with an A.
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A Picrosirius Red (collagen) + Fast Green
Fad = g 4

B Sca1 aSMA Scat WGA Sca1 DAPI

C Scat Collagen Merge + DAPI

D «SMA Scal DAPI Collagen1 Sca1 DAPI IgG Isotype DAPI

Fig. 2.

Scal+ cells extend from the adventitia and occupy regions of perivascular fibrosis. A.
Picrosirius red-fast green staining reveals perivascular fibrosis in 22 month old mdx hearts
extending from coronary arteries. The boxed area depicts a serial section of the same region
stained with WGA, which highlights the perivascular fibrosis depicted in by picrosirius red
staining. The A denotes a coronary artery. B. Scal+ cells are observed extending from the
adventitia of a-smooth muscle actin+ (aSMA) coronary arteries, to occupy the
corresponding fibrotic area that stained brightly positive with WGA (same staining shown in
the right panel of A). C. Staining for type I collagen in serial sections from the same heart
highlights the occupation of this fibrotic area (boxed region in the merge of B) by Scal+
cells. D. A higher magnification photo of the same area shown in C, depicts Scal with
aSMA and collagenl staining’s respectively. The far right panel depicts a section stained in
parallel with an 1gG isotype antibody to exclude the presence of non-specific staining.
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Scal+ adventitial cells express markers and genes associated with fibrosis. A.

Representative flow cytometry gating used for selecting the Scal+, CD31-, CD45-
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adventitial population from cell suspensions isolated from wt and max hearts. B. analysis of

madx cells using a panel of antibodies shows the Scal+, CD31-, CD45- population is
predominantly PDGFRa + and CD34+, but CD133- and Thy1.2-. Unstained and 1gG

isoptype controls were used for gating analysis. C. Analysis of heart cells from 1 year old wt
(n=4) vs. madx (n=4) males, revealed that the proportion and absolute number of Scal+

adventitial cells doubles in madx hearts. In contrast, the number of PDGFRa+, Scal-,

CD31-, CD45- cells decline, indicating that Scal+ cells become the predominant PDGFRa
+ cells in maxhearts. D and E. Quantitative-RT-PCR analysis of freshly sorted cells (from1
year old males, n=4 wt and n=4 madx hearts) reveals that in comparison to endothelial cells

(Scal+, CD31+, CD45-) and macrophages (CD45+, F4/80+), the PDGFRa+, Scal-,

CD31-, CD45- population and Scal+, CD31-, CD45- adventitial cells both express genes
indicative of fibrosis. Although not significantly (NS) different in wt, expression of these
genes was significantly elevated in madx adventitial cells. Surprisingly, endothelial cells from
madx hearts expressed the highest levels of the 7g7p1 ligand. Each sample was normalized to
its respective expression of 18S. * P<0.05, **P<0.005, ***P<0.0005. # denotes P<0.005
between endothelial cells vs. remaining populations. Error bars represent SEM, P values

were derived from Student’s £test.
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Fig. 4.

The majority of Scal+ adventitial cells express Collagenlal-GFPand are distinguishable
from Scal- interstitial fibroblasts. A. FACS-analysis of madx:Collal-GFP hearts (n=3 GFP
+ and n=1 GFP- control, 4 month old males) reveals that the majority of Scal+, CD31-,
CD45- adventitial cells are GFP+. In turn, the highest proportion of GFP+ cells was
observed in the Scal+ adventitial cells vs. other populations analyzed. B. Histological
analysis of an aged matched mdx:Collal-GFP heart, confirms the presence of Scal+, GFP+
cells (arrow) in the adventitia of coronary arteries. In contrast, Scal—, GFP+ interstitial cells
(arrowhead) were visible near WGA+, Scal+ endothelial cells. C. aSMA staining highlights
the anatomical location of Scal+, GFP+ (arrow) adventitial cells vs. Scal-, GFP+
(arrowhead) interstitial fibroblasts. D. Staining for PDGFRa confirms the presence of
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PDGFRa+, GFP+ interstitial fibroblasts (arrowhead), distinguishable from Scal+ adventitial
cells (arrow).
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Fig. 5.

Collagenlal-GFP+ cells are adventitial cells and fibroblasts distinct from pericytes. A.
Staining for the pericyte marker NG2 indicates that GFP+ cells in mdx.Collal-GFPhearts
are distinct from pericytes. As shown, Scal+, GFP+ adventitial cells (arrow) and Scal-,
GFP+ interstitial cells (arrow) were both negative for NG2. The bottom right panel represent
max:Collal-GFP heart tissue stained in parallel with 1gG isotype controls for both Scal and
NG2 antibodies. B. Higher magnification of a separate coronary vessel (top row) and
interstitial space (bottom row), highlight the presence of NG2+, GFP- pericytes (arrowhead)
vs. GFP+ cells (arrow).
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Fig. 6.

Scal+ adventitial cells maintain expression of Collagenial-GFPand become fibrotic in
response to TGFp1 stimulation. A. GFP+, Scal+, CD31-, CD45- cells FACS-sorted from 4
month old wt Col/IaZ-GFP hearts maintained expression of GFP in culture. In contrast,
GFP-, Scal+, CD31-, CD45- cells sorted in parallel never expressed Collagenial-GFPin
culture, right photograph. B. GFP+, Scal+ sorted cells were treated with the TGFf1 ligand
(10ng/ml) to assess their fibrotic response. In parallel, cells were treated with the vehicle
(DMSO) and in conjunction with TGFf1, an inhibitor of TGFBR1 signaling (SB525334).
Each experimental condition was conducted with four replicates (n=4 replicates per
condition). Following 4 days of treatment, cells were fixed and stained for collagen with
picrosirius red representative photographs that were used for analysis and quantification of
collagen production (picrosirius red coverage) with each treatment. Quantification reveals
that cells treated with TGFB1 produced more collagen vs. vehicle controls and cells exposed
to 1uM of SB525334. C. In a duplicate experiment, cells were collected for quantitative-RT-
PCR analysis of pro-fibrotic genes (n=4 replicates per condition). Analogous to the results in
B, cells treated with 10ng/ml TGFf1 expressed significantly higher levels of Collagenial,
IaZand 3a as compared to cells treated with DMSO and 10ng/ml TGF31 +1uM
SB525334. Error bars represent SEM, *P<0.005 derived from Student’s #test. D. Model
summarizing our results and mechanism of TGFB1 mediated perivascular fibrosis.
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