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Endothelial-to-mesenchymal transition contributes

to cardiac fibrosis

Elisabeth M Zeisbergl, Oleg Tarnavski2, Michael Zeisbergl, Adam L Dorfman3, Julie R McMullen?,
Erika Gustafsson’, Anil Chandraker®, Xueli Yuan®, William T Pu3, Anita B Roberts’, Eric G Neilson8,
Mohamed H Sayegh®, Seigo Izumo? & Raghu Kalluri!*1°

Cardiac fibrosis, associated with a decreased extent of microvasculature and with disruption of normal myocardial structures,
results from excessive deposition of extracellular matrix, which is mediated by the recruitment of fibroblasts. The source of

these fibroblasts is unclear and specific anti-fibrotic therapies are not currently available. Here we show that cardiac fibrosis is
associated with the emergence of fibroblasts originating from endothelial cells, suggesting an endothelial-mesenchymal transition
(EndMT) similar to events that occur during formation of the atrioventricular cushion in the embryonic heart. Transforming growth
factor-p1 (TGF-p1) induced endothelial cells to undergo EndMT, whereas bone morphogenic protein 7 (BMP-7) preserved the
endothelial phenotype. The systemic administration of recombinant human BMP-7 (rhBMP-7) significantly inhibited EndMT and
the progression of cardiac fibrosis in mouse models of pressure overload and chronic allograft rejection. Our findings show that
EndMT contributes to the progression of cardiac fibrosis and that rhBMP-7 can be used to inhibit EndMT and to intervene in the

progression of chronic heart disease associated with fibrosis.

Diastolic dysfunction associated with preserved systolic function is
increasingly recognized as an important cause of heart failure!=>. An
underlying morphological correlate of diastolic dysfunction is cardiac
fibrosis, which leads to increased stiffness of the heart’. Moreover,
fibrosis in the heart is a common feature in patients with advanced
cardiac failure, regardless of the etiology of cardiomyopathy. Specific
anti-fibrotic therapies are not currently available in the clinic’. Cardiac

2Ye), fibrosis is associated with the disruption of normal myocardial structure

through excessive deposition of extracellular matrix (ECM)>. Fibrosis in

~ the heart seems to follow a similar pathway as fibrosis in other epithelial

organs, such as the liver, kidney, lung, skin and solid tumors?, As in
other organs, the predominant cellular mediators of fibrosis in the heart
are thought to be fibroblasts*. However, the origin of such fibroblasts in
the adult heart is unclear.

Traditionally, adult fibroblasts are considered to be derived directly
from embryonic mesenchymal cells>® and to increase in number solely
as a result of the proliferation of resident fibroblasts?. However, recent
studies in organs such as the kidney, lung and liver and in metastatic
tumors have shown that during fibrosis, in addition to the prolifera-
tion of resident fibroblasts, bone marrow—derived fibroblasts and
epithelial cells contribute to fibroblast accumulation through an
epithelial-mesenchymal transition (EMT)”.

Endothelial-mesenchymal transition (EndMT) is a form of EMT
that occurs during the embryonic development of the heart: the
mesenchymal cells that form the atrioventricular cushion, the primor-
dia of the valves and septa of the adult heart, are derived from the
endocardium by EndMT®. This process occurs in the outflow tract and
the atrioventricular canal in a spatiotemporally restricted manner, and
is thought to be initiated by inductive signals such as TGF-B and
BMPs from the myocardium®'4. Because some forms of heart fibrosis
are predominantly characterized by a perivascular and subendocardial
fibrosis, we hypothesized that during cardiac fibrosis, EndMT might
contribute to the accumulation of cardiac fibroblasts, recapitulating
pathways associated with cardiac development.

Here we use Tiel Cre;R26RstoplacZ mice, in which cells of endothe-
lial origin are irrevocably marked by lacZ expression, and FSPI1-GFP
transgenic mice, in which green fluorescent protein (GFP) is expressed
under the control of the promoter of fibroblast-specific protein 1
(FSP1). We show that, during cardiac fibrosis, endothelial cells
undergo EndMT and contribute to the total pool of cardiac fibroblasts,
as observed during formation of the atrioventricular cushion!>1°, To
our knowledge, EndMT has not been previously described in any adult
tissue. TGF-B1, a promoter of cardiac fibrosis, induced EndMT in
adult coronary endothelial cells, whereas thBMP-7 preserved the
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endothelial phenotype and reversed TGF-f1-induced EndMT. TGF-
B1-induced cardiac fibrosis was impaired in mice heterozygous for the
transcription factor Smad3, which is involved in TGF-B1 signaling.
This result further implicates TGF-P1 signaling in the pathogenesis of
cardiac fibrosis. In two models of cardiac fibrosis, systemic adminis-
tration of rhBMP-7 caused a significant reduction in the number of
fibroblasts and in the amount of ECM observed, in association with an
improvement in heart function. The reduction of fibrosis by rhBMP-7
was associated with a specific reduction in the number of fibroblasts
carrying an endothelial imprint, indicating that rhBMP-7 can inhibit
EndMT in the heart.

RESULTS

EndMT in cardiac fibrosis

To examine whether EndMT occurs during cardiac fibrosis, we
performed lineage analysis of fibroblasts recruited during fibrosis
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using Tiel Cre;R26RstoplacZ double-transgenic mice (Fig. 1a)!>16, The
Tiel gene encodes a tyrosine kinase receptor that is expressed by
endothelial cells of all organs, from early in vascular development
throughout adulthood!>!”. In TielCre mice, expression of the Cre
recombinase is controlled by the Tiel promoter and thus Cre is
expressed in endothelial cells. In the R26RstoplacZ indicator strain,
the lacZ reporter gene is expressed upon Cre-mediated excision of a
loxP stop cassette. Therefore, in the TielCre;R26RstoplacZ double-
transgenic mice, lacZ gene expression persists in cells of endothelial
origin, despite any subsequent phenotypic alterations.

To investigate the contribution of EndMT to cardiac fibrosis, we
performed aortic banding in TielCre;R26RstoplacZ adult mice.
In normal hearts, lacZ expression (as detected by staining for
B-galactosidase (P-gal) activity) could be detected only in blood
vessel-associated endothelial cells (Fig. 1b). In the hearts of banded
mice, lacZ-positive cells were scattered throughout the fibrotic area
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Figure 1 Lineage tracing of EndMT in TielCre;R26RstoplacZ mice. (a) Gene constructs present in TielCre;R26RstoplacZ mice. (b) An example of an
unbanded control heart, in which /acZ expression was detected only in vessels (blue staining, arrows; eosin counterstain, red). (c) Representative sections
of a banded heart, where /acZ expression was detected throughout the fibrotic tissue (arrows). The arrow in the right picture points to a blue cell directly

adjacent to a vessel. (d) Confocal immunofluorescence double-labeling in banded TielCre;R26RstoplacZ hearts with antibodies to B-gal (red) and FSP1
(green). Arrows, colocalization of B-gal and FSP1 expression involving both microvessels (left) and arterioles (right). (e) Normal unbanded control hearts

and hearts of banded FSP1-GFP mice were stained for GFP (green) and CD31 (red). Confocal microscopy revealed GFP expression in few fibroblasts
(GFP*CD31" cells) in normal hearts (left, arrow points to a GFP*CD31~ cell). In banded hearts, GFP* endothelial cells co-expressed GFP and CD31

(right; arrows point to GFP*CD31+* cells). Nuclei were counterstained with TOPRO-3 (blue). (f) Single cells from unbanded and banded TielCre;R26RstoplacZ
mice were FACS sorted according to /acZ and CD31 expression. Top, negative and positive controls (from a heart from Rosa26 mice, in which all

cells express lacZ). LacZ activity was detected with FDG-green (x axis); CD31 protein was labeled with PE-red (y axis). In normal hearts (bottom left),
lacZ*CD31* cells were most prominent (gate R4). This population was decreased in fibrotic hearts (bottom right) in favor of /acZ*CD31cells (gate R6).

(g) Cells from gates R4 and R6 of two banded TielCre;R26RstoplacZ hearts were sorted and compared by real-time PCR. Expression of mRNAs encoding the
mesenchymal markers o-SMA, FSP1, DDR-2 and collagen | 1 (Col1Al) in the /lacZ*CD31~ (R6) cell population of banded hearts is shown compared with
their expression in the /lacZ*CD31* (R4) cell population. Scale bars, 20 pm.
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Figure 2 Bone marrow—derived Tiel* cells in
cardiac fibrosis. (a—c) Aortic banding was
performed in wild-type mice 3 weeks after

bone marrow transplantation from TieICre;
R26RstoplacZ mice and the contribution of bone
marrow—derived cells to Tiel* fibroblasts was
assessed. Control, unbanded hearts. (a) Detection
of bone marrow cells with antibodies to B-gal
(green) confirmed the presence of Tiel-expressing
progenitor cells (arrows) in the bone marrow of
banded (top) and unbanded (bottom)
transplanted mice. Scale bars, 100 um. (b) In
banded hearts (top), few B-gal* cells (green) were
detected in vessels (white arrows). B-gal* cells
were not detected outside the vascular
compartment and did not colocalize with FSP1*
cells (red, top and bottom left, yellow arrows).

In unbanded hearts (bottom left) no B-gal*

cells could be detected. Double labeling with
antibodies to B-gal (green) and a-SMA (red, top
and bottom right) revealed that (bone marrow—
derived) B-gal* cells did not colocalize with
a-SMA (bottom right, a-SMA* cells are indi-
cated by yellow arrows). Scale bars, 20 pm.

(c) Quantification of B-gal* cells in the bone
marrow (top) and hearts (bottom) of mice that
received bone marrow transplantation from
TielCre;R26RstoplacZ mice. n = 3 mice per
group. Control, unbanded hearts. (d-g) Female
wild-type mice were transplanted with male bone
marrow, and aortic banding was performed

3 weeks later. Control, unbanded hearts. Hearts
and bone marrow were analyzed by FISH for the
Y chromosome (red dots in nuclei, white

arrows). Scale bars, 20 um. (d) Detection of

Y chromosomes in the bone marrow confirmed
the complete reconstitution of the bone marrow
by male donor cells. (e) In banded hearts, many
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cells carrying a Y chromosome could be detected in fibrotic areas (top, white arrows); in normal hearts only few bone marrow—derived cells were present
(bottom). (f) Simultaneous FISH for the Y chromosome and immunostaining for FSP1 (FITC-green) showed a subpopulation of FSP1*, bone marrow—derived
fibroblasts in fibrotic hearts (top, white arrows). In normal hearts none of the FSP1+ cells (bottom, yellow arrow) carried a Y chromosome. White arrow
(bottom panel), FSP1~ cell with a Y chromosome. (g) Simultaneous FISH for the Y chromosome and immunostaining for o-SMA (FITC-green) revealed bone
marrow—derived, o-SMA* fibroblasts in fibrotic hearts (top, white arrows). In normal hearts, bone marrow—derived, a-SMA* fibroblasts were rare (bottom,
yellow arrows indicate a-SMAT fibroblasts, white arrow indicates a Y-chromosome™* cell). Nuclei were counterstained with TOPRO-3 (blue). For the
quantitative results shown in d-g, n = 3 mice per group. Control, unbanded hearts.* P < 0.05.

(Fig. 1c). To provide evidence that these scattered lacZ-positive cells
are mesenchymal cells of endothelial origin, we performed immuno-
fluorescence double-labeling experiments using antibodies to [-gal
(indicating endothelial lineage) and the fibroblast marker FSP1 (also
termed S100A4), a member of the S100 superfamily of EF-hand
calcium-binding proteins. Cells expressing both P-gal and FSP1
were present in fibrotic hearts (Fig. 1d), whereas such double-positive
cells were not detected in normal unbanded hearts (data not shown).

Next, we used FSPI-GFP mice, in which GFP is expressed under the
control of the FSPI promoter’, as a second genetic tool to investigate
the occurrence of cardiac EndMT. After aortic banding, GFP staining
was found within cardiac endothelial cells (marked by CD31 staining)
in fibrotic hearts; coexpression of the fibroblast and endothelial cell
markers suggests an early stage of EndMT (Fig. le). In control
unbanded hearts, GFP expression was confined to sparsely scattered
fibroblasts (Fig. 1e).

To gather further evidence for the acquisition of a mesenchymal
phenotype by endothelial cells, we used fluorescence-activated cell
sorting (FACS) to sort lacZ-positive cells (as assessed by staining for
B-gal activity) from fibrotic banded and non-fibrotic non-banded

Tiel Cre;R26RstoplacZ hearts. We used double labeling for lacZ and the
endothelial marker CD31 to identify endothelial cells (lacZ*CD317)
and cells of endothelial origin that had lost expression of the endothe-
lial marker (lacZ*CD317). In normal hearts, lacZ*CD31% cells repre-
sented the most prominent cell population (Fig. 1f). This cell
population was considerably smaller in fibrotic hearts than in normal
hearts, and the lacZ*CD31~ cell population was larger (Fig. 1f). We
then compared lacZ*CD31* and lacZ*CD31" cells isolated from
unbanded and banded fibrotic heart using real-time PCR. Expression
of mRNAs corresponding to the mesenchymal markers «-SMA
(smooth muscle actin), FSP1, the receptor tyrosine kinase DDR-2,
and type I collagen ol was substantially higher, and expression of the
endothelial cell marker VE-cadherin was substantially lower, in the
lacZ*CD31 cell population compared to the lacZ*CD31" cell popula-
tion. The absence of CD31 expression in the lacZ*CD31~ population
confirmed the purity of the sorted population (Fig. 1g).

Bone marrow—derived progenitor cells in cardiac fibrosis
Another possible source of fibroblasts in the stressed heart is bone
marrow—derived progenitor cells. Recent studies have shown that
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Tiel™ bone marrow—derived progenitor cells exist in tissues'>. There-
fore, we addressed the possibility that B-gal™ fibroblasts observed in
banded hearts could be derivatives of such Tiel* progenitor cells. To
test this notion, we transplanted irradiated C57BL/6 mice with
Tiel Cre;R26RstoplacZ bone marrow (Fig. 2a—c), and carried out aortic
banding 3 weeks later. About 12% of all bone marrow cells were lacZ

e, Positive (in both banded and unbanded mice) (Fig. 2a,c); this result is

consistent with previous data, in which 14-20% of hematopoietic
progenitor cells are lacZ positive in adult Tiel Cre;R26RstoplacZ mice'>,
and indicates that the bone marrow was fully reconstituted by the
transplanted cells. In the hearts of normal (unbanded) mice that
received Tiel Cre;R26RstoplacZ bone marrow, 0.19% of all cells in the
heart were lacZ". In the hearts of bone marrow—transplanted mice
with fibrosis (banded), 1.2% of all cells in the heart were lacZt
(Fig. 2b,c). Such cells were detected exclusively in vessels, confirming
previous studies in which Tiel* endothelial progenitors were shown to
contribute to vascular regeneration (Fig. 2b)'8. Although the number
of lacZ* cells in banded hearts was low, our results indicate that these
progenitor cells do not contribute to FSP1*lacZ* or a-SMA*lacZ*
double-positive cells, as none of the lacZ* cells were positive for FSP1
or o-SMA (Fig. 2b). Therefore, Tiel* endothelial cells, but not Tiel*
bone marrow—derived cells, contribute to the generation of fibroblasts
in heart tissue.

To test whether bone marrow—derived cells can contribute to FSP1*
or a-SMA* fibroblasts in banded hearts, we performed bone marrow
transplantation of male wild-type C57BL/6 bone marrow into irra-
diated female wild-type C57BL/6 mice, followed by aortic banding
(Fig. 2d—g). All bone marrow cells had a Y chromosome 3 weeks after
transplantation, indicating that the female bone marrow had been
completely reconstituted by the transplanted cells from the male

ARTICLES

Figure 3 EndMT in cardiac fibrosis is mediated by TGF-B1 in a Smad-
dependent manner. (a) In banded fibrotic hearts, TGF-B1 expression was
detected by immunofluorescence (green; top, arrows), whereas no TGF-1
staining was detected in sham-operated hearts (bottom). Scale bars, 20 pm.
(b) Confocal microscopy of immunofluorescence double-labeling using
antibodies specific to CD31 (red) and phosphorylated Smad2/3 (pSmad2/3;
green) revealed nuclear pSmad2/3 staining in endothelial cells in banded
hearts (arrows, top). No nuclear pSmad2/3 staining was found in endo-
thelial cells from hearts of sham-operated mice (bottom). Nuclei were
counterstained with TOPRO-3 (blue). Scale bars, 20 um. (c) Percentages of
CD31*pSmad2/3* double-labeled cells in sham and banded hearts. n = 6
mice per group. (d-g) Aortic banding in Smad3*~ and wild-type mice.

(d,e) Representative areas of Masson trichrome-stained banded hearts from
a wild-type (WT) mouse (d) and a Smad3*~ mouse (e). Scale bars, 200 um.
(f) Morphometric analysis of cardiac fibrosis. (g) Quantification of cells
positive for both FSP1 and CD31. For f and g, n = 3 mice per group.

* P < 0.05, *** P < 0.001.

donor (Fig. 2d). In the banded hearts, 25.7% of all cells carried a
Y chromosome, indicating their bone marrow origin, whereas in
normal hearts, only 3.9% of all cells were derived from the bone
marrow (Fig. 2e). These results are consistent with a previous study
that showed that in fibrotic areas of myocardial infarction about 25%
of cells are derived from bone marrow, whereas in normal hearts about
4% of all cells are from the bone marrow!’. In banded hearts, we
detected a Y chromosome in 13.4% of FSP1% cells and in 21.1% of
oa-SMA™ cells, indicating that these fibroblasts originate from
bone marrow cells (Fig. 2f,g). In unbanded hearts, the number of
FSP1-positive cells was very low (Fig. 2e,f), and we did not detect any
FSP1-positive cells with a Y chromosome (Fig. 2f); in unbanded
hearts, 3.4% of a-SMA* cells carried a Y chromosome (Fig. 2g).
These results indicate that bone marrow cells can contribute to the
population of cardiac fibroblasts, but not to those with an endothelial-
cell imprint.

EndMT is mediated by TGF-p1

Next, we investigated the involvement of TGF-B1 signaling in banded
hearts. Gene expression analysis has shown that the progression of
fibrosis due to aortic banding is associated with increased expression
of the mRNA encoding TGF-B1 (O.T., W.P and S.I, unpublished
results available at http://www.cardiogenomics.org). Inhibition of
myocardial fibrosis by blocking TGF-B function has been previously
described in the pressure-overload rat model?’. We further confirmed
the involvement of TGF-B1 signaling by immunofluorescence labeling
of hearts from banded mice and sham-operated control mice
(Fig. 3a). Smad2 and Smad3 (Smad2/3) are the major mediators of
TGF-B1 signaling in endothelial cells?!. Nuclear staining of phos-
phorylated Smad2/3 was present in 30% of endothelial cells of banded
hearts, compared to less than 2% of endothelial cells in sham-operated
hearts (Fig. 3b,c), illustrating active TGF-P1 signaling in the endothe-
lial cells of banded hearts. This result suggests that EndMT might be
mediated by TGF-B1 in a Smad-dependent manner.

Homozygous deletion of TGF-B1 or Smad3 results in death at an
early age?”?*. To assess the contribution of TGF-BI signaling in
EndMT and cardiac fibrosis, we therefore performed experiments
using Smad3*"~ mice. In these mice, Smad3 mRNA levels are reduced
by approximately 50%, and wound healing and inflammation are
reduced??-?%, In our experiments, progression of cardiac fibrosis was
significantly inhibited in Smad3*/~ mice (Figs. 3d—f). The decrease in
cardiac fibrosis was associated with a significant decrease in the
number of CD31*FSP1* cells (Fig. 3g), indicating that TGF-f1
signaling contributes to EndMT.
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rhBMP-7 inhibits TGF-gl-induced EndMT in vitro

TGF-B, a mediator of EndMT during the formation of the atrioven-
tricular canal®, also promotes cardiac fibrosis?>>?°. Incubation of adult
human coronary endothelial cells (HCEC) with TGF-B1 resulted in a
fibroblast-like phenotype (Fig. 4a), similar to the phenotypic changes
associated with EndMT as observed in experiments using explants of
the atrioventricular cushion (Supplementary Fig. 1 online). In
spindle-shaped TGF-f1-treated HCEC, the expression of proteins
associated with fibroblasts (FSP1, vimentin, pro-collagen I and
a-SMA) was upregulated, whereas the expression of proteins asso-
ciated with endothelial cells (CD31 and VE-cadherin) was down-
regulated (Supplementary Fig. 2 online).

BMP-7 is a member of the TGF- superfamily of growth factors?’.
BMPs in general are associated with morphogenesis in a variety of
organs?’. During cardiac development, BMPs modulate the formation
of the atrioventricular cushion'®. The specific role of BMP-7 on this
EndMT in cardiac development is unclear. We tested the effect of
BMP-7 on TGF-Bl-induced EndMT in HCEC by exposing HCEC to
various concentrations of rhBMP-7 (0.1-10,000 ng/ml) and TGE-B1.
Although incubation with thBMP-7 alone had no obvious effect on
the phenotype of HCEC, rhBMP-7 substantially inhibited TGF-
B-induced EndMT at an optimal concentration of 1,000 ng/ml
(Fig. 4a,b). We also assessed the effect of TGF-f1 and rhBMP-7 on

b Control
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Figure 4 rhBMP-7 inhibits TGF-B1l-induced EndMT in HCEC. HCEC were treated with TGF-B1, rhBMP-
7, or TGF-B1 + rhBMP-7, or cultured as untreated controls for 6 d. (a) Representative bright-field
images of each group. TGF-B1-treated HCEC had a fibroblast-like phenotype, whereas untreated control
cells and rhBMP-7-treated cells preserved their endothelial cell phenotype. rhBMP-7 blocked the effect
of TGF-B1 treatment and the morphology of the cells was similar to that of untreated control cells.
Scale bars, 25 um. (b) Representative confocal images of CD31 (red) and FSP1 (green) staining in
each group. Nuclei were counterstained with TOPRO-3 (blue). Acquisition of a spindle-shaped
morphology upon TGF-B1 exposure correlated with FSP1 staining and loss of CD31 staining.
Co-incubation with rhBMP-7 neutralized the TGF-B1-induced phenotypic change. Scale bars, 20 um.
(c—e) Quantification of collagen type I (c) and fibronectin (d) ELISAs from the supernatants of the
different cell groups. (e) Cell viability was assessed with the MTT assay. Experiments were repeated

three times. * P < 0.05, *** P < 0.001.
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type I collagen and fibronectin expression in HCEC. Both type I
collagen and fibronectin were expressed at higher levels in tissue
culture supernatants of TGF-Bl—treated HCEC than in supernatants
from untreated control cells (Fig. 4c,d). These TGF-Bl1-mediated
effects were significantly inhibited by rhBMP-7 (Fig. 4c,d). Cell
viability was reduced by treatment with TGF-B1 (Fig. 4e). In control
experiments, rhBMP-7 had a negligible effect on the proliferation of
primary cardiac fibroblasts (Supplementary Fig. 3 online).

rhBMP-7 reduces fibrosis in pressure overloaded mice

In the pressure overload mouse model, constriction (by banding) of the
ascending aorta causes cardiac hypertrophy 48 h after surgery and leads
to fibrosis 5 d after surgery?®. We administered thBMP-7 (300 pg per
kilogram body weight every other day) starting 1 d before surgery and
lasting until the end of the study (28 d) using FVB/N mice. Analysis of
Masson’s trichrome-stained sections of hearts from mice that had
received thBMP-7 showed a significant reduction of fibrosis within
the left ventricle by about 40% as compared to vehicle-treated banded
mice (Fig. 5a,b). Aortic banding resulted in increased deposition of
collagens type I and III and accumulation of vimentin-positive cells,
as well as rarification of the microvasculature (indicated by reduced
CD31 staining). Administration of rhBMP-7 reduced the accumulation
of ECM and fibroblasts and resulted in an increased microvascular
density compared with vehicle-administered
controls (Supplementary Fig. 4 online).

The pressure overload model is commonly
associated with fibrotic lesions and diastolic
dysfunction (as assessed by the left-ventricu-
lar end-diastolic pressure (LVEDP), the maxi-
mum rate of left ventricular pressure decline
(dp/dt) min, the relaxation constant Tgjant,
and the end-diastolic pressure-volume rela-
tionship (EDPVR))?%3, In the current study
we examined LVEDP and (dp/dt),. These
hemodynamic data, together with the pre-
sence of fibrosis, indicate that our model of
pressure overload was associated with diasto-
lic dysfunction. Sham-operated mice had a
LVEDP of 5 mm Hg, which was significantly
* elevated in vehicle-treated banded mice
(15> mm Hg; Fig. 5b). LVEDP in rhBMP-
7-administered banded mice was reduced
to 11 mm Hg (Fig. 5b). Furthermore,
(dp/dt) min was greater in rhBMP-7—treated
banded mice (-8,922 + 752 mm Hg/s) than
in vehicle-treated banded mice (-7,514 +

TGF-B1 + BMP7

S A A 169 mm Hg/s, P = 0.058). Taken together,
SO NN o o
PN 22 these results indicate that a reduction in
<§<§\ fibrosis by rhBMP-7 was associated with

N

improved  diastolic  cardiac  function.
Although both vehicle- and rhBMP-7-treated
banded mice had a significantly elevated left
ventricular systolic pressure (LVSP) when
compared to sham-operated mice (75 =+
2 mm Hg), the LVSP was similar between
vehicle-treated banded mice (157 =
6 mm Hg) and rhBMP-7-treated banded
mice (152 = 11 mm Hg). Systolic function
was normal in all groups, as measured by
fractional shortening during echocardiogra-
phy (Fig. 5b and Supplementary Table 1
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online). The left ventricular wall thickness was significantly increased in
banded mice compared with sham-operated mice, but was unchanged
in rhBMP-7-treated compared with vehicle-treated banded mice,
indicating that rhBMP-7 affects fibrosis but not hypertrophy (Supple-
mentary Table 1). Consistent with this concept, cardiomyocytes in
banded hearts were significantly larger than those in the hearts of
sham-operated mice, as assessed using H&E-stained sections (Supple-
mentary Fig. 4 online). No difference in the size of cardiomyocytes was
seen between rhBMP-7—-treated and vehicle-treated banded mice.

Inhibition of fibrosis correlates with reduction of EndMT

By performing double labeling experiments using antibodies to
o-SMA and FSP1, we established that FSP1 and o-SMA mark different
subpopulations of fibroblasts with a small overlap of the two markers,
confirming previous studies of tumor fibrosis’!. We evaluated the
effect of rhBMP-7 administration on EndMT in banded hearts with
fibrosis from TielCre;R26RstoplacZ mice. In these hearts, 14% of

@ © 2007 Nature Publishing Group  http://www.nature.com/naturemedicine
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FSP1*t fibroblasts were lacZ", whereas 75% of o-SMA™' fibroblasts
were lacZ" (Fig. 5¢—f). Based on these results, we estimate that
27-35% of all fibroblasts (either FSP1" or a-SMA™") are of endothelial
origin (Supplementary Fig. 5 and Supplementary Note online). In
rhBMP-7—treated mice, the number of EndMT-derived fibroblasts was
significantly reduced (80% reduction for FSP1*lacZ* fibroblasts and
66% reduction for a-SMA*lacZ* cells; Fig. 5¢—f). Analysis of FSP1/
CD31 and o-SMA/CD31 double labeling revealed that cardiac
fibrosis was associated with the presence of both FSP1"CD31* and
a-SMA*CD31* double-positive cells, and rhBMP-7 administration
greatly reduced the number of such double-positive cells (Fig. 5g).
The percentage of FSP1-positive cells of all heart cells was also
significantly decreased in rhBMP-7—treated mice (Fig. 5e), possibly
reflecting a reduction in the number of EndMT-derived fibroblasts.
Administration of rhBMP-7 also decreased the percentage of a-SMA™
cells of all heart cells (Fig. 5f); however, in the banded heart this
reduction was not statistically significant.
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Figure 5 Inhibition of cardiac fibrosis induced by aortic banding by rhBMP-7 is associated with inhibition of EndMT. Tissues were analyzed 4 weeks after
banding. (a) Representative areas of Masson trichrome-stained hearts (fibrotic areas are stained blue) of sham, banded vehicle-treated and banded rhBMP-
7-treated mice. Scale bars, 100 um. (b) Quantification of the average fibrotic area, LVEDP and fractional shortening. (c-g) Tissue sections of sham-operated
(top), banded vehicle-treated (middle) and banded rhBMP-7-treated (bottom) hearts were stained with antibodies to FSP1 (green, c) or a-SMA (green, d) and
B-gal (red, c,d) to detect cells undergoing EndMT. (c) Double labeling for FSP1 and B-gal (c) or for «-SMA and B-gal (d) in TielCre;R26RstoplacZ mice to
detect FSP1-positive or a-SMA-positive fibroblasts of endothelial origin, respectively. No double-positive cells were present in the normal heart. Double-
positive cells (arrows) were found in fibrotic areas of banded vehicle-treated hearts; fewer were found in banded hearts of rhBMP-7-treated mice. Nuclei
were counterstained with TOPRO-3 (blue). Scale bars, 20 um. (e) Percentage of cells that were FSP1* (left) and percentage of FSP1* cells that were
FSP1*/acZ* (right) for each group. (f) Percentage of cells that were a-SMA* (left) and percentage of a-SMA™ cells that were a-SMA*/acZ* for each group.
(g) Tissue sections were labeled with antibodies to CD31 and FSP1 or a-SMA. The bar graphs depict the percentage of FSP1* cells that were CD31*FSP1*
(left) and the percentage of a-SMA™ cells that were CD31*a-SMA* (right) for each group. The number of hearts analyzed is indicated in the bar graphs.

* P < 0.05; ** P < 0.01; *** P < 0.001; NS, not significant.
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Figure 6 Treatment with rhBMP-7 inhibits cardiac fibrosis and reduces EndMT in a model of chronic rejection. Cardiac fibrosis was induced by heterotopic
heart transplantation with a class Il major histocompatibility difference between the donor and the recipient. Tissues were analyzed 8 weeks after surgery.

(a) Representative areas of Masson trichrome-stained hearts of rhBMP-7-treated and vehicle-treated transplanted mice. Scale bars, 200 um. (b) Left,
average fibrotic area. Right, graft survival, assessed by palpation of the abdominal cavity. The number of hearts analyzed is indicated in the bar graphs.

(c,d) Tissue sections of vehicle-treated (chronic rejection) and rhBMP-7—treated (chronic rejection + BMP-7) transplanted hearts were stained with antibodies
to FSP1 (green, c) or a-SMA (green, d) and CD31 (red, c¢,d). FSP1*CD31* (c) and a-SMA*CD31* (d) cells (arrows) were abundant in vehicle-treated hearts
(c,d, top micrographs), but were rare in rhBMP-7—treated hearts (c,d, bottom micrographs). Scale bars, 25 um. (e) Percentage of heart cells that were
positive for FSP1 (top left) and a-SMA (bottom left), and the percentage of cells undergoing EndMT, as assessed by FSP1/CD31 (top right) or «-SMA/CD31
(bottom right) double labeling. n = 6 vehicle-treated (control) and 5 BMP-7-treated hearts. *P < 0.05, ** P < 0.01.

rhBMP-7 reduces fibrosis in chronic rejection

We next tested the effect of rhBMP-7 administration on cardiac
fibrosis and EndMT in a mouse model of chronic heart rejection. In
this model, heterotopic heart transplantation with a class II major
histocompatibility difference between the donor and the recipient
leads to fibrosis>2. As with banded hearts, we evaluated cardiac fibrosis
in transplanted hearts by Masson’s trichrome labeling. Fibrosis was
reduced by 50% in rhBMP-7-treated mice compared to vehicle-
treated mice (Fig. 6a,b).

Graft survival in this model is assessed by palpation of the heartbeat in
the abdomen. Four of six hearts stopped beating in vehicle-treated mice
before the end of the study, but all hearts in the rhBMP-7 treated group
were still beating after 56 d (Fig. 6b), indicating that decreased fibrosis
was associated with functional improvement. Chronic rejection in this
model results in an accumulation of vimentin-positive cells, increased
deposition of collagen I and III, and rarification of the microvasculature
(as indicated by reduced CD31 staining). Administration of rhBMP-7
reduced the accumulation of ECM and fibroblasts and preserved
the microvasculature (Supplementary Fig. 4). Cardiac fibrosis in this
model was associated with the presence of both FSP1*CD31* and
a-SMA*CD31" double-positive cells, as assessed by double labeling
experiments (Fig. 6¢). Administration of rhBMP-7 markedly reduced
the number of such double-positive cells (Fig. 6d,e). The percentages of
FSP1-positive and a-SMA-positive cells of all heart cells were also
significantly decreased in rhBMP-7—treated mice (Fig. 6e).

BMP-7 acts through three possible receptors—activin-like kinase
receptor (ALK) 2, ALK3 and ALKG6; these function in combination
with the BMP receptor BMPR-II. Real-time PCR analysis of cardiac
endothelial cells (JacZ*CD31%) and cells of endothelial origin with an
acquired mesenchymal phenotype (lacZ*CD317; see populations R4 and
R6, respectively, in Fig. 1f) showed that mRNAs corresponding to BMP-
7 and ALK6 were not detected in either cell population; however, mRNAs
corresponding to the BMP-7 receptors ALK2, ALK3 and BMPR-II were
present in both populations (Supplementary Fig. 6 online). BMP-7
signaling is mediated by Smad1, and in the hearts of mice administered
rhBMP-7, nuclear staining for phosphorylated Smadl was detected in
69% of endothelial cells compared to 11% in untreated hearts (Supple-
mentary Fig. 6). These results indicate that BMP-7 signaling is activated
in the endothelial cells of thBMP-7 administered mice.

Finally, to confirm the therapeutic specificity of rhBMP-7-mediated
effects in the heart, we performed experiments using neutralizing
antibodies specific to BMP-7, recombinant noggin (a physiological
inhibitor of BMP-7, which acts by binding BMP-7 extracellularly), and
a soluble Alk3-Fc chimera protein (which acts as an extracellular trap
for various BMPs including BMP-7). All three BMP-7 inhibitors
reversed the effects of rhBMP-7 on TGF-Bl-induced EndMT
(Supplementary Fig. 6). In addition, when banded mice with cardiac
fibrosis were treated with BMP-7-neutralizing antibodies in combina-
tion with rhBMP-7 (administered on alternate days), the therapeutic
effect of rhBMP-7 was abolished (Supplementary Fig. 6).

958

VOLUME 13 | NUMBER 8 | AUGUST 2007 NATURE MEDICINE



http://www.nature.com/naturemedicine

© 2007 Nature Publishing Group

DISCUSSION

Cardiac fibrosis is a common feature in patients with advanced cardiac
failure, regardless of the etiology of cardiomyopathy. It is recognized
that anti-fibrotic therapies might be useful in improving cardiac
function of the diseased heart. However, the development of such
therapies has been limited by an incomplete understanding of the
origin of fibroblasts in the heart. Here we show that cardiac fibrosis is
associated with the emergence of fibroblasts with an endothelial cell
origin. Our experiments show that TGF-Bl-induced EndMT in adult
human coronary endothelial cells can be inhibited by rhBMP-7 and
that systemic administration of rhBMP-7 ameliorates the progression
of cardiac fibrosis in two independent mouse models of heart disease.
These studies do not exclude the possibility that other BMPs could
elicit similar anti-fibrotic effects in the heart, and this notion needs
further testing. Our results, which suggest that rhBMP-7 protects the
heart by inhibiting TGF-Bfl-induced EndMT, are consistent with a
study showing that, in a mouse model of ischemic injury, rhBMP-7
injected into the heart stabilizes the microvasculature®®. We cannot
exclude the possibility that rhBMP-7, in addition to inhibiting
EndMT, might also elicit anti-inflammatory effects, promote myogen-
esis or prevent apoptosis of endothelial cells**. The precise triggers of
TGEF-P expression in fibrotic hearts are unknown, but it has been
proposed that hemodynamic stress could trigger a pro-inflammatory
process in the vicinity of the intracardiac vasculature, leading to the
activation of endothelial cells; these cells in turn can produce fibro-
genic mediators and induce fibroblast activation and myocardial
fibrosis®>=3%. On the basis of our findings, we speculate that TGF-f3
not only activates endothelial cells to produce fibrogenic mediators,
but also induces EndMT. Our study provides evidence that the
inhibition of EndMT by rhBMP-7 may be a viable therapeutic strategy
against cardiac fibrosis.

METHODS

Materials. For in vivo studies, we used an rhBMP-7 homodimer,
non-covalently attached to a prodomain protein (referred to as soluble
thBMP-7)%, In cell culture experiments, we used active rhBMP-7 (ref. 39).
rthBMP-7 (both soluble and active) was provided as a research gift by Curis, Inc.

Mice. The TielCre and R26RstoplacZ alleles have been described!”!®. Trans-
genic mice that express GFP under the control of the FSP1 promoter and mice
carrying a mutant Smad3 allele have been described”*. All procedures were
carried out with the approval of the Institutional Animal Care and Use
Committee of the Beth Israel Deaconess Medical Center.

Culture of human coronary endothelial cells (HCEC). HCEC were used
between the third and fifth passage. Cells were treated with 10 ng/ml TGF-B1;
1,000 ng/ml rhBMP-7; 10 ng/ml TGF-B1 plus 1,000 ng/ml rhBMP-7; or control
medium without growth factors, for 1 week. In control experiments, BMP-7-
neutralizing antibodies (Curis, 13.65 pg/ml), soluble Alk3-Fc chimera (R&D
Systems, 10 pg/ml) or recombinant mouse noggin (R&D Systems, 1 pg/ml)
were added to the medium. HCEC were a gift from W.C. Aird (Beth Israel
Deaconess Medical Center, Boston).

Generation of mice with aortic constriction. Ascending aortic constriction
was performed in 12-week-old male FVB/N mice as described’. thBMP-7 was
administered intraperitoneally every other day, starting 1 d before surgery, for
the 4-week duration of the study. After 1 week, echocardiography was
performed, and both echocardiography and invasive hemodynamics were
performed before mice were killed. Ascending aortic constriction was also
performed on 16-week-old Smad3*/~ male mice and wild-type male littermates
or 24-week-old TielCre;R26RstoplacZ male mice and wild-type male litter-
mates, all on a C57BL/6 background. For aortic constriction in bone marrow
transplanted mice, 24-week-old female wild-type C57BL/6 mice were used.
All mice used weighed 25-30 g. For sham-operated animals, the chest was
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surgically opened under the same conditions as banded mice, except that no
aortic banding was performed. The term ‘unbanded hearts’ refers to normal
hearts obtained from mice without a sham operation.

Hemodynamic measurement. At day 28, hemodynamic measurements were
performed as described, using the open-chest technique®.

Generation of mice with chronic rejection. Heterotopic heart transplantation
was performed into the abdomen of the recipient mouse, with a class II major
histocompatibility difference between donor and recipient (BM12 into B6)3.
Recipient mice were subjected to chronic allograft rejection for 56 d. rhBMP-
7—treated mice received rhBMP-7 every other day, starting 1 d before surgery,
for the 8-week duration of the study.

Bone marrow transplantation experiments. Bone marrow transplantation
was performed as described*"*2. Bone marrow cells were taken from
TielCre;R26RstoplacZ double transgenic or male wild-type C57BL/6 donor
mice. Aortic banding was performed 3 weeks after bone marrow transplanta-
tion and mice were killed 1 week after aortic banding.

Histological assessment of cardiac fibrosis. The percent area of myocardial
fibrosis was calculated as described®>**. In banded mice, only fibrosis in the left
ventricle was evaluated; in transplanted mice, both ventricles were analyzed.
Cardiomyocyte size determination was performed as described**.

Immunofluorescence. We performed immunofluorescence staining as
described®. In fibrotic hearts, evaluation was performed within fibrotic

regions. Only tissue within 300 um of fibrotic tissue was analyzed.

LacZ staining. Frozen tissue was cut into 5 um thick cross-sections which were
fixed in 4% PFA at 4 °C for 10 min. Sections were washed 3 times in PBS and
then incubated at 37 °C in 1 mg/ml X-gal (Sigma), 5 mM potassium
ferrocyanide, 5 mM potassium ferricyanide, 2 mM MgCl,, 0.2% NP-40 and
0.1% Na-deoxycholate in PBS for 72 h*®.

Fluorescence in situ hybridization. We performed fluorescence in situ hybri-
dization (FISH) using the Starfish Y chromosome labeling kit (Open Biosys-
tems) according to the manufacturer’s instructions. For combined FISH and
immunohistochemistry, we first performed immunohistochemistry, followed
by the FISH protocol. In two male control hearts (positive control), 60%
of cardiomyocyte nuclei and 67% of other cells contained a detectable
Y chromosome. This incomplete detection reflects the fact that, in a 5 pm-
thick section, the Y chromosome in any particular cell may not be included in
the section. The percentage of cells with a Y chromosome detected in the hearts
of bone marrow-transplanted mice was not divided by a correction factor. No
Y chromosomes were detected in two female control hearts (negative control).

Direct ELISA. We performed ELISAs for estimation of type I collagen and
fibronectin as described, with minor modifications®. HCEC cells (8 x 10 cells
per well in 96-well plates) were stimulated with growth factors in basal-
medium 2 (Clonetics) supplemented with 50 pg/ml ascorbic acid and amino-
propionitrile (Sigma) for 48 h.

MTT assay. HCEC cells (5,000 cells per well) were plated in a 96-well plate
in basal medium-2 (Clonetics). The next day, growth factors were added
according to the experimental protocol. Cell viability was evaluated after 7 d
as described?.

FACS sorting. Single cells were isolated from hearts of banded and normal
TielCre;R26RstoplacZ mice according to a method that was previously
described for sorting of mouse cardiac endothelial cells*. We used the In vivo
LacZ B-Galactosidase Detection Kit (Marker Gene Technologies) according to
the manufacturer’s recommendations. As a positive control for lacZ staining,
isolated cells from the heart of a Rosa26 mouse with ubiquitous lacZ expression
were used. For CD31 labeling, a PE-conjugated antibody specific to CD31 was
used (Pharmingen), following the lacZ staining. Flow cytometric analysis and
sorting of lacZ*CD31* or lacZ*CD31™ cells using a high-speed cell sorter
(MoFlo-MLS, Cytomation) were performed as described*’.
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RNA isolation and quantitative real-time PCR. One thousand lacZ*CD31% or
lacZ*CD31~ cells were directly collected into lysis buffer and RNA was isolated
according to the manufacturer’s instruction (Cells-to-cDNA II Kit, Ambion).
Specific primers (Supplementary Table 2 online) were designed using the
Primer Express 1.5 program. 18S rRNA (Pre-Developed TagMan Assay
Reagents, Applied Biosystems) was used as an internal standard. RT-PCR
was carried out in a 7000 Sequence Detector System (Applied Biosystems), and
measurements were standardized to the 18S rRNA reaction using standard
calculation methods as described™.

Statistical analysis. Data are presented as mean * s.e.m. We used ANOVA with
subsequent Bonferroni or Dunnetts test to determine the significance in
multiple comparisons. We used the Mann-Whitney U-test to compare the
mean of two groups. Values of P < 0.05 were considered statistically significant.

Note: Supplementary information is available on the Nature Medicine website.
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