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ABSTRACT

Duchenne muscular dystrophy (DMD) is the most common form of muscular dystrophy. DMD pa-
tients lack dystrophin protein and develop skeletal muscle pathology and dilated cardiomyopathy
(DCM). Approximately 20% succumb to cardiac involvement. We hypothesized that mesoangioblast
stem cells (aorta-derived mesoangioblasts [ADMs]) would restore dystrophin and alleviate or pre-
vent DCM in animal models of DMD. ADMs can be induced to express cardiac markers, including
Nkx2.5, cardiac tropomyosin, cardiac troponin I, and a-actinin, and adopt cardiomyocyte morphol-
ogy. Transplantation of ADMs into the heart of mdx/utrn™’~ mice prior to development of DCM
prevented onset of cardiomyopathy, as measured by echocardiography, and resulted in significantly
higher CD31 expression, consistent with new vessel formation. Dystrophin-positive cardiomyocytes
and increased proliferation of endogenous Nestin* cardiac stem cells were detected in ADM-in-
jected heart. Nestin™ striated cells were also detected in four of five mdx/utrn™'~ hearts injected
with ADMs. In contrast, when ADMs were injected into the heart of aged mdx mice with advanced
fibrosis, no functional improvement was detected by echocardiography. Instead, ADMs exacerbated
some features of DCM. No dystrophin protein, increase in CD31 expression, or increase in Nestin™
cell proliferation was detected following ADM injection in aged mdx heart. Dystrophin was observed
following transplantation of ADMs into the hearts of young mdx mice, however, suggesting that
pathology in aged mdx heart may alter the fate of donor stem cells. In summary, ADMs delay or
prevent development of DCM in dystrophin-deficient heart, but timing of stem cell transplantation
may be critical for achieving benefit with cell therapy in DMD cardiac muscle. STEM CELLS TRANS-
LATIONAL MEDICINE 2013;2:000—000

diac function [8], normalized systolic dysfunction
[9], and extended life [10]. Treatment with the
beta blockers improved heart function and de-
creased tachycardia [11], and combined treat-
ment with both ACE inhibitors and beta blockers
increased heart function [12-15], reduced ven-
tricular dilation [14, 15], and improved survival
when given prior to an observed decrease in
heart function [16]. Steroid treatment has also
been effective, resulting in fewer patients with a
decline in heart function [17-20] and decreased
incidence of dilated cardiomyopathy [21]. ACE

INTRODUCTION

Duchenne muscular dystrophy (DMD) is an
X-linked fatal muscle wasting disease affecting
approximately 1 in every 3,500 boys born [1]; it
results from mutations in the dystrophin gene.
Patients exhibit severe, progressive pathology in
skeletal muscle, as well as dilated cardiomyopa-
thy (DCM). The incidence of DMD patients devel-
oping cardiomyopathy has increased. Medical
advances in the past decade, including positive
pressure ventilation and surgery for spinal fu-
sion, have significantly extended the life span of

patients, and as a result, nearly all DMD patients
now develop DCM [2-7].

Currently, angiotensin-converting enzyme
(ACE) inhibitors, beta blockers, and steroids have
been beneficial for treating the symptoms of dys-
trophin-deficient cardiomyopathy in DMD pa-
tients. ACE inhibitors alone delayed loss of car-

inhibitors, beta blockers, and steroids are there-
fore currently the standard of care for cardiomy-
opathy in DMD.

Another promising method of treatment is
the use of membrane sealant to stabilize cardio-
myocyte cell membranes in the absence of dys-
trophin This has been shown to protect the heart
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of DMD animal models from dobutamine-induced stress [22] and
isoproterenol-induced cardiomyopathy [2] and to prevent left
ventricular remodeling and reduce fibrosis in a canine model of
Duchenne muscular dystrophy [23].

Although the aforementioned treatments have benefitin the
heart and may delay cardiomyopathy, they do not address the
underlying absence of dystrophin or loss of cardiomyocytes. Res-
toration of dystrophin protein and/or replacement of lost or
damaged cardiomyocytes are necessary to prevent or reverse
ventricular remodeling and pathology in dystrophin-deficient
heart. A combination of the previous strategies, in addition to
gene or cell therapy, may therefore offer the best potential out-
come for DMD patients, as well as for patients with Becker mus-
cular dystrophy, who have partially functional dystrophin pro-
tein, and patients with X-linked cardiomyopathy, who have lost
dystrophin expression only in cardiac muscle [24-27].

Multiple approaches have been investigated to restore dys-
trophin in the heart of animal models for DMD. Viral delivery of a
mini-dystrophin gene by recombinant adeno-associated virus
(rAAV) restored dystrophin in mouse models of DMD [28, 29],
improving heart function and protecting the heart during a dop-
abutamine stress test [28]. However, the microdystrophin gene
tested cannot fully compensate for dystrophin protein function
in cardiac muscle [30, 31], and some viral vectors invoke an im-
mune response in canine and human muscle [32—-35]. Exon skip-
ping is an alternative approach to restoring a functional dystro-
phin protein and has resulted in functional benefit in vivo [36],
but would be useful only for patients with specific types of dys-
trophin mutations.

Cell therapy with transplantation of exogenous stem cells is
another mechanism for restoring dystrophin and brings the
added benefit of generation of new muscle cells to replace lost or
damaged endogenous cells. We and others have shown that
stem cells with a functional copy of the dystrophin gene can
restore dystrophin expression to skeletal muscle of dystrophin-
deficient mice [37] and dogs [38]. Only two studies have been
conducted to determine whether stem cells will replace dam-
aged cardiomyocytes or provide functional benefit in dystro-
phin-deficient cardiac muscle. Koh et al. [39] injected fetal cardi-
omyocytes into the heart of mdx mice and dystrophic dogs,
which restored dystrophin in the heart and formed gap junctions
for electrical coupling with host myocardium. However, the use
of fetal human stem cells is controversial, and these cells would
likely be difficult to obtain for use in the clinic. In another study,
Payne et al. [40] have injected skeletal muscle-derived stem cells
(MDSCs) into the heart of the mdx mouse model for DMD.
MDSCs expressed dystrophin, but many remained committed to
a skeletal muscle phenotype after transplantation, indicating
that additional studies need to be conducted to find an alterna-
tive source of stem cells for therapy in dystrophin-deficient
heart.

In the current study, we have injected aorta-derived me-
soangioblasts (ADMs) with a functional copy of the dystrophin
gene into the wall of the heart of murine models for DMD and
determined whether they restored dystrophin expression and
prevented or alleviated cardiomyopathy. Dystrophin-deficient
mdx mice develop pathology in the heart and ventricular dilation
between 12 and 21 months of age [41-43], and because of the
near-normal life expectancy of the strain, long-term studies are
possible. However, given the extended time necessary for devel-
opment of cardiac pathology [42, 43], the broad range of time

when cardiomyopathy may develop [42, 43], and variation in the
severity of cardiac pathology among mice in the mdx strain [41],
we have also used mdx/utrn~/~ mice for our study. mdx/
utrn~’~ mice are deficient in both dystrophin and utrophin, a
homolog of dystrophin that functionally compensates for dystro-
phin in mice [44], and have severe, progressive skeletal muscle
pathology and damaged, necrotic cardiomyocytes [45]. We re-
cently reported that mdx/utrn~/~ mice develop DCM similar to
DMD patients by 15 weeks of age [46]. Although mdx/utrn™/~
mice have a shortened life span, the consistent development and
rapid onset of cardiomyopathy make them an ideal model for
short-term preclinical studies using our stem cells. ADMs are
myogenic in vitro and in vivo and have been used to restore
dystrophin up to 50% of wild-type levels in the skeletal muscle of
the mdx/utrn~/~ mouse, resulting in an approximately 50-fold
decrease in damaged muscle fibers following transplantation
[37]. We now report that ADMs can also be induced to express
cardiac markers in vitro, delay onset of DCM, and promote un-
expected changes in the heart that may contribute to functional
benefit.

MATERIALS AND METHODS

Cell Culture

Clonally derived populations of ADMs were used for the study.
ADMs were isolated from C57BI/10 mice as previously described
from explant cultures and characterized for their ability to differ-
entiate into smooth and skeletal muscle cells in vitro and in vivo
[37], and the marker profile of the cells has previously been re-
ported (CD34%, Scal®, CD90.1*, CD31~, CD45~, CD137,
CD146 ) [47]. ADMs were cultured in Iscove’s Dulbecco modi-
fied Eagle’s minimal essential medium (DMEM) containing 20%
fetal bovine serum (FBS), 0.1 U/ml penicillin, 0.1 ug/ml strepto-
mycin, 2.0 mM L-glutamine, 0.1 mM nonessential amino acids,
minimal essential medium vitamin solution from Gibco (Carls-
bad, CA, http://www.invitrogen.com), and 20 ng/ml purified leu-
kemia inhibitory factor (LIF) (Chemicon, Temecula, CA, http://
www.chemicon.com), hereafter referred to as proliferation
medium. The cells were expanded on 0.1% gelatin-coated plates
and maintained in a humidified incubator at 37°Cin 5% CO,. Rat
primary cardiomyocytes from neonate rat heart (ventricle) (cat-
alog no. R6200; ScienCell Research Laboratories, San Diego, CA,
http://www.sciencellonline.com) were cultured in DMEM con-
taining 5% FBS and maintained at 37°C in 5% CO,_

In Vitro Cardiomyocyte Differentiation

ADMs and rat primary cardiomyocytes (RCs) were seeded on
glass coverslips coated with 0.1% gelatin in proliferation medium
(ADMs) or DMEM containing 5% FBS (RCs, company recommen-
dation). After cells attached, differentiation medium was added
to ADMs, whereas rat cardiomyocytes were maintained in
DMEM with 5% FBS. Differentiation medium included (a) DMEM
containing 2% horse serum, (b) DMEM supplemented with 5%
FBS and Cardiomyocyte Growth Supplement (100X) (ScienCell
Research Laboratories, catalog no. 6252), and (c) DMEM supple-
mented with 10 wl/ml NDiff Neuro-2 Supplement (200X) (cata-
log no. SCM012; Chemicon) and 20 wl/ml B27 serum-free sup-
plement (50X) (catalog no. 17504-044; Gibco). Cells were
maintained in these conditions for 14 days, with medium
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changes every other day. Images were also acquired every other
day.

Immunocytochemistry

Immunohistochemistry of cells in culture was performed as fol-
lows: cells on glass coverslips were fixed in 3.7% formaldehyde
for 10 minutes and permeabilized with 0.25% Triton X-100 for 10
minutes at room temperature (RT). Cells were then incubated
with blocking solution (1X phosphate-buffered saline [PBS]/2%
horse serum/5% bovine serum albumin) for 1 hour at RT, fol-
lowed by incubation with primary antibodies for 1 hour at RT.
Primary antibodies to cardiac markers were mouse monoclonal
anti-tropomyosin | (MAB1691; 1:300; Millipore, Billerica, MA,
http://www.millipore.com), sheep polyclonal anti-tropomyosin
(ab5441; 1:300; Abcam, Cambridge, MA, http://www.abcam.
com), and mouse monoclonal anti-actinin (MAB1682; 1:100; Mil-
lipore). Rabbit polyclonal anti-connexin 43 (C6219; 1:300; Sigma-
Aldrich, St. Louis, MO, http://www.sigmaaldrich.com) was used
for detecting gap junctions. Next, cells were washed with 1X PBS
and incubated with secondary antibodies (Jackson Immu-
noresearch Laboratories, West Grove, PA, http://www.
jacksonimmuno.com) for 1 hour at RT, and then coverslips were
mounted using Vectashield mounting medium including 4',6-di-
amidino-2-phenylindole (DAPI) (Vector Laboratories, Burlin-
game, CA, http://www.vectorlabs.com).

Forimmunohistochemistry of cardiac tissue, hearts were col-
lected, weighed, frozen in liquid nitrogen-cooled 2-methylbu-
tane, and stored at —80°C. Serial sections from frozen hearts
were cut in 10-um-thick slices and collected on numbered slides.
Sections were fixed and blocked as listed above for cells on glass
coverslips. Sections were incubated with primary antibody for 1
hour at RT except for Nestin and Ki67 antibody, which were in-
cubated overnight at 4°C. Primary antibodies used were dystro-
phin (ab15277; 1:1,000; Abcam), CD31 (ab28364; 1:300; Abcam),
DDR2 (sc-7555; 1:100; Santa Cruz Biotechnology Inc., Santa Cruz,
CA, http://www.scbt.com), Ki67 (#550609; 1:300; BD Pharmin-
gen, San Diego, CA, http://www.bdbiosciences.com/index_us.
shtml), Nestin (CH23001; 1:100; Neuromics, Edina, MN, http://
www.neuromics.com), and cardiac troponin | (MAB3150; 1:100;
Millipore).

Immunohistochemistry Data Analysis

For digital images, a Retiga 2000R digital camera (Qlmaging, Sur-
rey, BC, Canada, http://www.gimaging.com) was used with a
Leica (Heerbrugg, Switzerland, http://www.leica.com) inverted
DMI 4000B microscope. Images were assigned color and merged
using Image Pro Plus software (MediaCybernetics, Bethesda,
MD, http://www.mediacy.com), which was also used for count-
ing and measuring primary antibody-stained positive areas. Ten
fields of view were taken randomly for quantitation of Ki67™,
nestin™, and DDR2™ cells in the myocardium, CD31 area, and the
numbers of DDR2™ and cardiac troponin | (cTpl)™ Dil-labeled
cells. The field of view with the X40 objective measured 260 X
225 pum, and the field of view with a X20 objective measured
540 X 450 wm. For nestin- and DDR2-positive cells, data are
given as number of cells expressing markers per field of view,
using the X40 objective. Ki67 ™" cells are presented as the per-
centage of cells in each field of view with Ki67, using the X20
objective. The percentage of Ki67 cells was obtained by dividing
the number of Ki67* cells per field by the number of DAPI-la-
beled nuclei per that same field. CD31-positive area per field of
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view was obtained with the X 20 objective. For the percentage of
Dil" ADMs expressing DDR2 or cTpl, the number of Dil-labeled
cells expressing these markers was divided by the total number
of Dil-labeled cells.

Cardiac Specific Gene Expression by Reverse
Transcription-Polymerase Chain Reaction

Expression of cardiac-specific transcription factors in ADMs after
14 days in differentiation medium was detected by reverse tran-
scription-polymerase chain reaction (RT-PCR). The total RNA
from cells grown as a monolayer was isolated by Trizol reagent
(catalog no. 15596-018; Invitrogen, Carlsbad, CA, http://www.
invitrogen.com), and cDNA was synthesized using a LongRange
2Step RT-PCR kit (catalog no. 205920; Qiagen, Hilden, Germany,
http://www.qgiagen.com) as per the manufacturers’ instructions.
The primers used in RT-PCR are listed in supplemental online
Figure 5.

Generation of ADM Stable Green Fluorescence Protein
Transfectants

For the preparation of green fluorescence protein (GFP)-labeled
ADMs, the cells were maintained on gelatin-coated plates in pro-
liferation medium. The cells were transfected with pIRES2-
AcGFP1 (Clontech, Palo Alto, CA, http://www.clontech.com) us-
ing Lipofectamine 2000 reagent (Invitrogen) according to the
product instruction manual. After transfection the cells were cul-
tured in proliferation medium with 400 mg/ml G418. The trans-
fected cells were sorted by fluorescence-activated cell sorting
using an iCyt automated imaging cytometer (Sony Biotechnology
Inc., Champaign, IL, http:/www.i-cyt.com) based on positive GFP
signal. Nontransfected control cells were used to set the back-
ground fluorescence. GFP-positive cells were detected by using
the 520 A channel and sorted for purity at 2,000 cells per second.
After sorting, GFP-positive cells were maintained in proliferation
medium with 20 ng/ml LIF and 400 mg/ml G418.

ADM Labeling With Dil

ADMs were trypsinized, washed, and incubated with Dil (1,1'-
dioctadecyl-3,3,3'3’-tetramethylindocarbocyanine perchlorate)
ata concentration of 1 X 10° cells per milliliter with 5 wulof Dil/ml
in proliferation medium for 30 minutes in a humidified incubator
at 37°C in 5% CO, prior to the transplantation. After being
washed three times with Hanks’ balanced saline solution (HBSS),
Dil-labeled ADMs were resuspended in HBSS at 5 X 10° cells per
50 wl. For double labeling GFP-transfected ADMs were labeled
with Dil prior to the transplantation using the same protocol.

Mice

All mice were handled according to a protocol approved by the
University of Illinois Institutional Animal Care and Use Commit-
tee. mdx/utrn~/~ dystrophin- and utrophin-deficient mice are a
phenotypic model for Duchenne muscular dystrophy; they de-
velop progressive pathology in skeletal and cardiac muscle, ven-
tricular dilation, and a resulting decrease in heart function [45,
46]. mdx/utrn—/~ mice were generated by interbreeding mdx/
utrn*’~ mice [45], and the progeny were genotyped as previ-
ously described [48]. mdx mice were obtained using the same
breeding scheme. Because the mdx and utrn™’~ mice used to
generate the mdx/utrn™’~ mice were both maintained on a
C57BI background, we used C57BI/10 mice for age-matched
wild-type controls.
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Cardiac Injection of ADMs

Labeled ADMs were transplanted into the wall of the left ventri-
cle of mice as previously described [49, 50]. Briefly, mice were
anesthetized by halothane (Halocarbon, River Edge, NJ, http://
www.halocarbon.com) mixed in mineral oil (7.5 ml of halo-
thane/40 ml of mineral oil), and Bactoshield CHG 4% solution
(Steris, Mentor, OH, http://www.steris.com) was used to scrub
the anterior chest area of mice. Insulin syringes (a 0.3-ml syringe
with a 29-gauge needle) with 5 X 10° cells in 50 ul of HBSS were
injected into the fifth intercostal space to the left side of the
sternum where the left ventricular wall is located. The plunger
was slowly pushed, and the needle was retracted gently. Follow-
ing injection of cells mice were placed on a heating pad, and their
condition was observed until they were fully recovered.

mdx/utrn—’~ mice were injected with cells at 5-6 weeks of
age, prior to the onset of pathology and dilated cardiomyopathy
[44], and euthanized 5 weeks later. In our previous study we
discovered greater regeneration, decreased degeneration, and
more dystrophin in skeletal muscle of mdx/utrn™/~ mice 9
weeks postinjection in comparison with 5 weeks postinjection
[37]. However, many mice did not survive 9 weeks following in-
jection. We therefore chose to examine mice 5 weeks after
transplantation for the current study. mdx mice were injected
with GFP/Dil double-labeled ADMs at 5 weeks of age to deter-
mine whether cells survived and expressed cardiac markers.
Later, to determine whether ADMs alleviated dilated cardiomy-
opathy, Dil-labeled ADMs were injected into the heart of aged
mdx mice between 14 and 16 months of age. Because mdx mice
commonly survive to 2 years of age, we chose to observe them
9-10 weeks following transplantation for analysis of heart func-
tion and histology.

Echocardiography

Two-dimensional M-mode echocardiography was used to mea-
sure heart function. A baseline echocardiograph was performed
on 5-week-old mdx/utrn™’~ mice and 14-16-month-old mdx
mice prior to cell transplantation. Echocardiography was per-
formed once again 5 weeks after cell transplantation in mdx/
utrn™/~ mice and 10 weeks after cell transplantation in madx
mice. GE/Vingmed ultrasound Vivid7 (GE Healthcare, Little Chal-
font, U.K., http://www.gehealthcare.com) was used for per-
forming echocardiographs with mdx mice, and Ultrasound-Vi-
sual Sonics Vevo 2100 (Visualsonics, Toronto, ON, Canada,
http://www.visualsonics.com) was used for performing echocar-
diographs with mdx/utrn™/~ mice. Mice were anesthetized by
halothane in mineral oil as described above. The chest hairs were
clipped, ultrasound gel was placed on the transducer, the trans-
ducer was placed on top of the chest, and images were acquired.
mdx and mdx/utrn™/~ mice were presented with age-matched
wild-type mice randomly to the echocardiographer (R.0.), who
was blinded to the genotype of mice.

Echocardiography Statistical Analysis

The Proc Mixed procedure of SAS (SAS Institute, Inc., Cary, NC,
http://www.sas.com) was used to analyze the echocardiograph
data. The statistical model included effects of genotype, ages,
time point of performing echocardiographs, and their interac-
tion as fixed effects. Differences between before and after cell
transplantation within each genotype and among genotypes
within each time point of performing echocardiography were

tested by pairwise comparisons when the main effects were
significant.

RESULTS

Aorta-Derived Mesoangioblasts Express Cardiomyocyte
Markers In Vitro

ADMs were induced to adopt a cardiomyocyte-like morphology
by using commercially available cardiomyocyte medium, using a
serum-free medium supplement, or adding 2% horse serum to
medium. ADM s in proliferation medium have a spindle shape
(Fig. 1A), as previously reported for clonally derived, undifferen-
tiated mesoangioblasts [37, 47]. However, when ADMs were cul-
tured in differentiation media, a morphology similar to control
rat cardiomyocytes was observed, with a large, flat cytoplasm
and tight contact with adjacent cells (Fig. 1B). At these points of
contact, connexin 43 (Cx43), a gap junction protein important for
electrical coupling of cardiomyocytes in the heart, was detected
(Fig. 1C).

The change in morphology was gradual. At day 9 in differen-
tiation medium, less than 40% of cells had cardiomyocyte-like
morphology, but 97.82%, of cells had cardiomyocyte-like mor-
phology by day 14 (Fig. 1D). ADMs also expressed cardiac-spe-
cific MRNA and proteins in differentiation medium. Cardiac-spe-
cific homeobox transcription factor Nkx2.5, cardiac troponin |
(cTnl), and cardiac tropomyosin (cTm) were detected in differen-
tiated ADMs by RT-PCR (Fig. 1E). In addition cTnl, cTm, and «-ac-
tinin proteins were also detected by immunohistochemistry (Fig.
1F-1L). At day 14 in N2B27 differentiation medium, 69% of ADMs
expressed cTm protein compared with 7% of ADMs in prolifera-
tion medium (Fig. 1F).

Aorta-Derived Mesoangioblasts Express Cardiomyocyte
Markers After Transplantation Into Young mdx Heart

Undifferentiated ADMs were transplanted into cardiac muscle of
5-week-old mdx mice (n = 2). ADMs stably transfected with GFP
(96.33% of cells) (Fig. 2A, 2B) were colabeled with the lipophilic
dye Dil prior to injection and were detected in the ventricles of
the heart immediately following injection (Fig. 2C—-2F). ADMs
were singly labeled with Dil for subsequent experiments, as
ADMs silenced GFP expression over time, and GFP stable trans-
fectants did not differentiate into some mature cell types in vivo
(data not shown).

cTnl, a marker of cardiomyocytes, was detected in Dil-la-
beled cells in the heart 6 weeks following injection of Dil-labeled
ADMs (Fig. 2G—2J). Dil and dystrophin protein colocalization was
also observed in the ventricles of mdx heart after ADM transplan-
tation (Fig. 2K, 2L). However, dystrophin was detected only in
limited regions of the heart rather than throughout the entire
ventricle.

ADM Transplantation Prevents Ventricular Dilation and
Decreased Heart Function in mdx/utrn'/' Cardiac
Muscle

Cardiac ultrasound was used to assess heart function and
ventricular dilation before and after ADM transplantation.
mdx/utrn~/~ mice were injected with either ADMs or an equal
volume of saline solution as a control at approximately 5-6
weeks of age. Age-matched wild-type mice were also injected
with saline solution as a control. Neither age-matched wild-type
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Figure 1. ADMs adopt cardiomyocyte-like morphology and express cardiac markers in vitro. ADMs were differentiated into cardiac myocytes
in vitro, and expression of cardiac-specific genes and proteins was evaluated. (A, B): Morphology of ADMs in growth medium (A) and cardiac
differentiation medium (B). (C, D): ADMs in differentiation medium expressed connexin 43 in regions where adjacent cells met (white arrows)
(C) and adopted a cardiomyocyte morphology slowly over time (D). (E): ADMs in differentiation medium expressed cardiac-specific mRNA,
including Nkx2.5, cTnl, and cTm. Heart tissue was used as a positive control and adipose as a negative control for cardiac markers. GAPDH was
used as an internal loading control. (F-L): ADMs expressed cardiac proteins in differentiation medium, including cardiac cTm (J), a-actinin (K),
and cTnl (L). Primary rat cardiomyocytes were used as a positive control for cardiac proteins (G-I). (F): Quantitation of cells expressing cTm.
Bluein (C, G-L) indicates DAPI-stained nuclei. Abbreviations: ADM, aorta-derived mesoangioblast; CMGS, cardiomyocyte growth supplement;
cTm, cardiac tropomyosin; cTnl, cardiac troponin I; DAPI, 4’,6-diamidino-2-phenylindole; DM, differentiation medium; GAPDH, glyceralde-
hyde-3-phosphate dehydrogenase; GM, growth medium; HS, horse serum.

mice injected with saline solution nor mdx/utrn’~ mice in-
jected with ADMs demonstrated significant changes in the thick-
ness of the heart wall or septum, ventricular dilation, or a de-
crease in heart function, as measured by ejection fraction (EF),
end diastolic volume (EDV), and fractional shortening (FS) by
10-11 weeks of age (Fig. 3A-3D; raw data available in supple-
mental online Fig. 1; wild-type mice injected with saline, n = 4;
mdx/utrn~/~ mice injected with saline, n = 4; mdx/utrn™/~
mice injected with ADMs, n = 5). In contrast, statistically signif-
icant decreases in the thickness of the left ventricular wall (Fig.
3A) and an increase in the diameter of the left ventricle at both
diastole and systole (Fig. 3B; supplemental online Fig. 1), as

www.StemCellsTM.com

well as a large increase in EDV (Fig. 3C), were observed in
mdx/utrn~’~ mice injected with saline solution (Fig. 3A-3D),
consistent with development of dilated cardiomyopathy.
Baseline values in EDV and left ventricular internal dimension,
prior to injection, differed between groups of animals but
correlated with the weight of the groups of animals at the
time of stem cell injection (Fig. 3E), consistent with a previous
report demonstrating a linear relationship between body
weight and these ultrasound parameters in a variety of differ-
ent species [51]. The heart weight/body weight ratio of mice
was not significantly different between groups at the time of
euthanasia (Fig. 3F).
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Figure 2. Aorta-derived mesoangioblast (ADM) labeling, transplantation, and cardiac marker expression in the heart. ADMs were
labeled and transplanted into the heart of mdx mice, and fluorescent microscopy was used to detect the expression of cardiac-specific
proteins in ADMs following transplantation. (A, B): ADMs were stably transfected with pIRES2-AcGFP1 and selected for GFP expression
intensity using fluorescence-activated cell sorting. (C—F): GFP-transfected ADMs (green [D, F]) were colabeled with Dil (red [C, E]) and
injected into the heart wall in 5-week-old mdx mice. Dual-labeled GFP+ Dil+ cells were detected in the ventricles of the heart 5 weeks
later. (G-J): Dil (red, [H, I, K, L]) was detected in cells expressing cardiac troponin | protein (green [G, 1]), and dystrophin (green [K, L])
in the myocardium of the ventricles. (J): Tissue incubated with secondary, FITC-conjugated antibody only. Blue in (E-J, L) indicates
DAPI-stained nuclei. Abbreviations: cTpn |, cardiac troponin I; DAPI, 4’,6-diamidino-2-phenylindole; FITC, fluorescein isothiocyanate;

FSC, forward scatter; GFP, green fluorescence protein.

ADM Injection Results in Dystrophin Expression and an
Increase in CD31 Expression in mdx/utrn™/~ Heart After
ADM Injection

Dystrophin expression (Fig. 4A, 4B, wild-type cardiac muscle)
was detected in ADM-injected (Fig. 4C, 4D) but not saline-in-
jected mdx/utrn™’~ heart (Fig. 4E, 4F) or ADM-injected mdx
heart (Fig. 4G, 4H, discussed in more detail below). Because func-
tional benefit from transplantation of exogenous stem cells fre-
quently results from indirect effects, including angiogenesis [52],
we examined expression of the endothelial cell marker CD31
(Fig. 41, 4)). CD31 expression was significantly higher in mdx/
utrn™/~ heart injected with ADMs compared with mdx/utrn™/~
mice injected with saline or age-matched sham-injected wild-
type control mice (Fig. 4K). No significant difference in CD31 ex-
pression was observed between wild-type control mice or mdx/
utrn~’~ mice injected with saline (Fig. 4K).

ADM Injection Normalizes Numbers of Nestin™
Interstitial Dividing Cells and Correlates With the
Appearance of Nestin™ Striated Cells in the Heart of
mdx/utrn™’~ Mice

To assess whether the ADMs prevent DCM by stimulating endoge-
nous cardiac stem cells to divide for repair and regeneration of the
heart, we examined cell proliferation in the heart. The adult heart
is largely postmitotic, but it contains a population of dividing
cardiac progenitor cells that expand following damage and
are thought to contribute to homeostasis [53]. In wild-type
adult heart, as expected, numerous Ki67 * cells were detected

in the ventricles of the heart (Fig. 5A, 5B, 5G-5J; n = 4). Un-
expectedly, there were approximately fivefold fewer prolifer-
ating endogenous cells in mdx/utrn~/~ heart injected with
saline solution (Fig. 5C, 5D, 5J; n = 4). However, ADM injection
normalized numbers of proliferating cells in mdx/utrn—/~
heart (Fig. 5E, 5F, 5J; n = 5). Ki67 " cells in the myocardium did
not express Sca-1, a marker on many resident cardiac stem
cells, but did express nestin (Fig. 5K, 5L), a marker present on
neural-crest-derived stem cells in normal and infarcted myo-
cardium [54-57]. Despite the increase in proliferating nes-
tin™ cells in ADM-injected mdx/utrn’~ myocardium, there
were significantly fewer total numbers of nestin™ cells in the
interstitium of ADM-injected myocardium (Fig. 6A). While
quantitating nestin™ interstitial cells in the myocardium of
the ADM- or sham-injected mice, we observed nestin™ stri-
ated cells that expressed cardiac troponin lin the heart of four
of five mdx/utrn~/~ mice injected with ADMs (Fig. 6B—6F). A
small number were also observed in one of four hearts from
an mdx/utrn~/~ mouse injected with saline (Fig. 6G), but nes-
tin™ striated cells were not present in myocardium from age-
matched wild-type sham-injected mice (Fig. 6H, n = 4).

Fate of ADMs Following Transplantation Into
mdx/utrn™’~ Heart

Few Dil-labeled cells were detected in the myocardial layer of
mdx/utrn~/~ hearts 5 weeks following injection, despite the ob-
servation that dystrophin-positive cardiomyocytes were pres-
ent. Dil cells were detected in the epicardium, of which approx-
imately half (54.94 * 9.23%) expressed the cardiac fibroblast

STEM CELLS TRANSLATIONAL MEDICINE
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Figure 3. ADM s transplantation into mdx/utrn /™ heart delays onset of dilated cardiomyopathy. Control and mdx/utrn/~ mice received
intracardiac injections of saline or ADMs, and heart function, ventricle size, and heart wall thickness were measured using cardiac ultrasound.
(A—C): mdx/utrn—/~ control mice injected with saline (dko/HBSS; n = 4) exhibited a significant thinning of the LVPWd (A), increase in the LVIDd
(B), and thinning of the internal ventricular septum (C), whereas age-matched wild-type mice (wt/HBSS; n = 4) and mdx/utrn™/~ mice
injected with ADMs (dko/ADMs; n = 5) did not. (D): A large increase in EDV was also observed in mdx/utrn—/~ mice injected with saline, but
not in age-matched wild-type mice injected with saline or mdx/utrn™/~ mice injected with ADMs. (A-D): Gray bars, preinjection values; black
bars, postinjection values. (E): Differing body weights among mice in the different treatment groups at the time of injection of ADMs or saline.
(F): The heart-weight and body-weight ratio of mice in all groups was not different at the time of the last cardiac ultrasound and subsequent
euthanasia. *, p < .05. Abbreviations: ADM, aorta-derived mesoangioblast; dko, double knockout mdx/utrn~/~; EDV, end diastolic volume;
HBSS, Hanks’ balanced saline solution; IVSd, internal ventricular septum at diastole; LVIDd, left ventricular internal dimension at diastole;

LVPW(d, left ventricular posterior wall at diastole; wt, wild-type.

marker DDR2 and 17.93 * 2.98% expressed cardiac troponin |
(supplemental online Fig. 2). Dil-labeled cells in the myocardium
are therefore likely committed to becoming cardiac fibroblasts
or cardiomyocytes.

ADM Injection Does Not Prevent Changes Associated
With Dilated Cardiomyopathy in Aged mdx Mice

To assess whether ADMs alleviate existing cardiomyopathy, we
transplanted cells into the hearts of aged 12—14-month-old mdx
mice and performed cardiac ultrasound before and 10 weeks
after injection. Ventricular dilation and wall thinning were not
present in mdx mice at the time of the initial echo (Fig. 7A, 78,

www.StemCellsTM.com

wild-type mice injected with saline, n = 3; mdx mice injected
with saline, n = 4; mdx mice injected with ADMs, n = 4). How-
ever, following stem cell injection, mdx mice exhibited changes
consistent with the development of dilated cardiomyopathy (Fig.
7; supplemental online Fig. 3). Both sham- and ADM-injected
madx mice exhibited significant ventricular dilation 10 weeks after
injection, in comparison with wild-type mice (Fig. 7A). However,
the greatest degree of change following injection was observed
in mdx heart injected with ADMs, in which a large increase in
ventricular dilation was present following cell transplantation
(Fig. 7A). Wall thinning was observed in mdx heart following
saline injection (Fig. 7B), consistent with early ventricular
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Figure 4. Dystrophin expression and angiogenesis are detected in cardiac muscle of mdx/utrn~/~ mice injected with ADMs. Fluorescent
microscopy was used to analyze the expression of dystrophin and CD31 in the hearts of wild-type, mdx/utrn/~, and mdx mice following
transplantation of cells or saline injection. (A, B): Wild-type control mice with saline injection were used as a positive control for dystrophin
protein expression (green). (C, D): Dystrophin was detected in some cells in the myocardium of mdx/utrn™/~ mice following ADM injection
(n = 5). (E, F): No dystrophin was detected in mdx/utrn/~ mice injected with saline (n = 4). (G, H): Dystrophin was not detected in the
myocardium of mdx mice after ADM injection (n = 4). (I-K): CD31 (green), a marker of endothelial cells, was detected by immunofluorescent
microscopy and quantified in all groups of mice. (A, C, E, G): Dystrophin (green). (B, D, F, H): Merged images of dystrophin (green) and DAPI
(blue). (1, J): Representative image of CD31 in wild-type control myocardium. (K): Quantitative analysis of CD31 expression revealed higher
CD31 expression in mdx/utrn~/~ myocardium injected with ADMs (dKO/ADMs; n = 5) than in mdx/utrn~/~ myocardium injected with saline
(dKO/HBSS; n = 4) or in age-matched wild-type mice injected with saline solution (WT/HBSS; n = 4). *, statistically significant difference (p <
.05) between the groups indicated. Abbreviations: ADM, aorta-derived mesoangioblast; DAPI, 4’,6-diamidino-2-phenylindole; dKO, double

knockout mdx/utrn—/~; HBSS, Hanks’ balanced saline solution; WT, wild-type.

remodeling [58, 59]. mdx mice injected with ADMs had a thicker
ventricular wall following transplantation (Fig. 7B; supplemental
online Fig. 3), consistent with later stages of ventricular remod-
eling following damage [58 -59]. mdx mice injected with saline or
with ADMs exhibited a significant decline in heart function, mea-
sured by EF and FS, in contrast to age-matched wild-type mice,
which did not demonstrate declining heart function after saline
injection (Fig. 7C, 7D). Other measures of heart function, EDV
and end systolic volume (ESV), did not change in wild-type heart
or mdx heart after sham injection and were also not different
between control wild-type and mdx mice (supplemental online
Fig. 3). However, a dramatic increase in both EDV and ESV was
observed in mdx heart injected with ADMs (Fig. 7E; supplemental
online Fig. 3), also consistent with the later stages of ventricular
remodeling following damage and with poorer survival following
recovery from damage [58—-60].

Dystrophin, Angiogenesis, and Stem Cell Proliferation
Are Not Present Following ADM Injection Into Aged
mdx Heart

In contrast to the hearts of mdx/utrn~/~ mice (Fig. 4C,4D; n = 5)
and young mdx mice (Fig. 2K, 2L, n = 2) injected with ADMs,
dystrophin was not detected in aged mdx hearts injected with
ADMs (Fig. 4G, 4H, n = 4). Consistent with cardiac ultrasound
data indicating ventricular remodeling in mdx mice, fibrosis was
present in the hearts of both groups of mdx mice but not in

age-matched wild-type hearts (Fig. 7F). In contrast to the in-
crease in CD31 observed with ADM transplantation in mdx/
utrn™/~ hearts, there was no difference in CD31 with ADM trans-
plantation into aged mdx heart, or between aged mdx and wild-
type heart (Fig. 7G). Similar to mdx/utrn—/~ mice (Fig. 5G), there
was a significant decrease in the number of endogenous dividing
cells in mdx heart (Fig. 7H), but ADM injection did not normalize
this in mdx mice (Fig. 7H).

DiscussION

In this study we tested whether ADMs prevent or alleviate di-
lated cardiomyopathy in murine models for DMD. ADMs are de-
rived from newborn or juvenile postnatal aorta and have a
marker profile similar to that of mesoangioblasts derived from
embryonic dorsal aorta and postnatal ventricle [47, 61-63]. In-
jection of ADMs into the hearts of mdx/utrn™/~ mice prior to the
onset of disease prevented thinning of the left ventricular wall
and chamber dilation, as well as an increase in EDV, observed in
control, sham-injected mdx/utrn—/~ mice (Fig. 3). Postinjection
echo parameters were not significantly different between age-
matched mdx/utrn™’~ mice and wild-type mice at 10-11 weeks
of age, even with highly significant changes in the hearts of
sham-treated mdx/utrn™/~ mice (Fig. 3; supplemental online
Fig. 1). For example, although highly significant ventricular dila-
tion was observed in the control mdx/utrn~/~ mice over time

STEM CELLS TRANSLATIONAL MEDICINE
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Figure 5. Basal levels of dividing cells are maintained in aorta-de-
rived mesoangioblast (ADM)-transplanted mdx/utrn/~ myocar-
dium. Ki67 expression was analyzed to determine the percentage of
dividing cells in heart tissue from wild-type and mdx/utrn~/~ mice
injected with ADMs or saline. Ki67, a marker for dividing cells, was de-
tected with immunofluorescent microscopy in nuclei in the heart of
wild-type mice injected with saline injection (WT/HBSS; n = 4) (A, B),
mdx/utrn™’~ mice with saline injection (dKO/HBSS; n = 4) (C, D), and
mdx/utrn~’~ mice with ADM injection (dKO/ADMs, n = 5) (E, F). White
arrows indicate Ki67 ™" nuclei (A=, K, L) that colocalized with DAPI (B, D,
F, 1, L). (G-1): High-magnification images of heart tissue from wild-type
mice injected with saline, with Ki67" nuclei (green [G]) that colocalized
with DAPI (blue [H, 1]). Ki67-positive cells were quantified in images
captured using the magnification in (G-1). (J): There were significantly
fewer dividing cells in the myocardium of sham-injected mdx/utrn™/~
mice (gray bar) compared with age-matched control wild-type mice
(white bar). However, ADM-injected mdx/utrn—/~ myocardium had sig-
nificantly higher numbers of dividing cells (black bar) than saline-in-
jected mdx/utrn—/~ myocardium. The numbers of dividing cells in
ADM-injected mdx/utrn’/~ heart were not significantly different from
the basal levels observed in wild-type myocardium. p values were ob-
tained using Student’s t test. An antibody to the neural stem and pro-
genitor marker nestin was used to determine whether the Ki67 ™" divid-
ing cells expressed nestin. (K, L): Ki67* nuclei (green) were detected in
cells expressing nestin (red). White arrows indicate nestin * cells that are
dividing and have nuclear Ki67™" expression. The yellow arrowhead in-
dicates a nestin ™ cell that is not proliferating and does not express Ki67.
(L): Merged image from (K) with DAPI. (B, D, F, |, L): Merged images of
Ki-67, or Ki-67 and nestin (L) with DAPI (blue). (J): *, statistically signifi-
cant difference between the groups indicated (p < .05). Abbreviations:
DAPI, 4’ 6-diamidino-2-phenylindole; dko, double knockout mdx/
utrn~/~; HBSS, Hanks’ balanced saline solution; WT, wild-type.
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Figure 6. Nestin™ interstitial stem cells and cardiac myocytes in
ADM-transplanted mdx/utrn—/~ heart. Fluorescent microscopy was
used to visualize nestin™ interstitial and striated cells in the heart.
(A): There were significantly fewer nestin™ interstitial stem cells in
ADMe-injected (dko/ADMs, n = 5) mdx/utrn™/~ heart in comparison
with age-matched wild-type heart injected with saline (WT/HBSS,
n = 4). p values were obtained using Student’s t test. No difference
was observed between WT/HBSS versus dKO/HBSS (p = .0538) or
dKO/HBSS versus dKO/ADMs (p = .3843). (B—F): Nestin™ striated
cells (green, indicated by white arrows) were observed in four of five
mdx/utrn~/~ hearts transplanted with ADMs. (C): A cluster of
nestin® striated cells (green, indicated by white arrows) and sur-
rounding tissue containing nestin " interstitial stem cells (also green,
indicated by yellow arrowheads). (D—F): The same cluster of nestin™
cells (green) shown in (C), at higher magnification, expressed cardiac
troponin | (red [E, F]). (G): Some nestin™ striated cells were also
observed in one of four mdx/utrn—/~ hearts injected with saline. (H):
Nestin™ striated cells were not present in saline-injected wild-type
heart. Abbreviations: ADM, aorta-derived mesoangioblast; cTpl, car-
diac troponin I; DAPI, 4’,6-diamidino-2-phenylindole; dKO, double
knockout mdx/utrn~/~; HBSS, Hanks’ balanced saline solution; WT,
wild-type.

(p < .0001), the ventricles were still smaller than those of wild-
type control mice at the time of the final echo at 11 weeks of age.
These changes are related to the difference in body weight be-
tween the wild-type mice and the mdx/utrn~’~ mice, as wild-
type mice are larger and therefore have larger ventricles than
the mdx/utrn—/~ mice, as well as weight-related differences in
other ultrasound parameters.

This is the first report of stem cell therapy yielding functional
benefit in the dystrophin-deficient heart. Our data suggest mul-
tiple mechanisms by which ADMs prevent or delay the onset of
dilated cardiomyopathy, including (a) differentiation or fusion
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Figure 7. ADM transplantation into mdx myocardium does not alle-
viate symptoms of dilated cardiomyopathy or promote angiogene-
sis, dystrophin expression, or normalization of nestin™ cell division.
Cardiac ultrasound was used to assess heart function, ventricular
dilation, and thickness of the heart wall of wild-type or mdx mice
transplanted with ADMs or saline. (A): Significant ventricular dilation
was observed in both groups of mdx mice following injection of cells
or saline compared with wild-type mice receiving sham (saline) in-
jection (n = 3). mdx mice injected with ADMs also exhibited a signif-
icant increase in ventricular dilation after stem cell injection in com-
parison with preinjection values (denoted by asterisk over the
postinjection bar). (B): mdx mice injected with saline solution (n = 4)
exhibited significant thinning of the left ventricular wall between
pre- and postinjection, whereas mdx mice injected with ADMs (n =
4) demonstrated a significant increase in the thickness of the ventric-
ular wall between pre- and postinjection. The increase in thickness of
the ventricular wall in ADM-transplanted mdx mice was significantly
higher than that of both wild-type and mdx mice receiving sham
injection. (C, D): mdx mice receiving either sham or ADMs suffered a
significant decline in heart function after injection, measured by EF
(C) and FS (D). (E): EDV was significantly upregulated in mdx mice
following ADM transplantation. Immunofluorescent microscopy
was used to assess collagen | levels and expression of CD31 and Ki67
in wild-type or mdx mice injected with saline or ADMs. (F): Quanti-
tative analysis of immunofluorescent staining for collagen,

with host cells to generate dystrophin-expressing cardiomyo-
cytes, (b) induction of angiogenesis, and (c) stimulation of cell
division and potentially cardiac differentiation of endogenous
nestin™ neural stem cells in the heart. These data indicate that
transplantation of ADMs may have clinical benefit, both direct
and indirect, and a recent study reporting success in generating
induced pluripotent stem-derived mesoangioblasts supports the
feasibility of obtaining sufficient numbers of patient-specific me-
soangioblasts for clinical use [64]. Generation of patient-specific
mesoangioblasts would also allow for genetic correction and
transplantation of autologous cells, decreasing the risk for im-
mune response to donor cells. Dil-labeled ADMs were rarely ob-
served in the myocardium of aged mdx mice or mdx/utrn™/~
mice. The low numbers of Dil " donor cells observed could be due
to ADM division within the heart following injection, resulting in
dilution of Dil and/or to ADM cell death in vivo. The presence of
dystrophin-positive cardiomyocytes suggests that some donor
ADMs differentiate into cardiomyocytes or fuse with host cardi-
omyocytes, but dystrophin-positive cardiomyocytes were rare.
Dil™" cells were detected in the epicardium and expressed DDR2
(54.94 = 9.23%) and cTnl (17.39 £ 2.98%) but did not exhibit
striations or morphology typical of mature cardiomyocytes (sup-
plemental online Fig. 4).

Functional benefit following ADM injection may also be due,
in part, to the increase in vasculature in the heart of mdx/
utrn™’~ mice (Fig. 41-4K). Angiogenesis is a well-known indirect
effect of stem cell therapy for ischemic damage that results in
improvements in heart function [52, 65—67]. Dystrophin-defi-
cient dilated cardiomyopathy is not ischemic in origin, but there
are data suggesting that ischemia may be present in DMD pa-
tients and murine models for DMD [68—72]. Abnormalities in
small vessels including swollen endothelial cells and thickened
basement membranes, conditions that may result in ischemia,
have been observed in human patients [68-69], and vascular
endothelial growth factor, known to be induced in ischemic con-
ditions, is elevated in serum of DMD patients. Angiogenesis in
dystrophin-deficient heart may therefore alleviate regions of
ischemia to provide function benefit.

The increase in vasculature in dystrophin-deficient muscle
may also have secondary beneficial effects by stimulating muscle
regeneration. Induction of angiogenesis in dystrophin-deficient
skeletal muscle has therapeutic benefit resulting from increased

with a statistically significant increase in collagen content of aged
mdx heart in comparison with heart from age-matched wild-type
mice. (G): There was no difference in CD31 expression in the myo-
cardium between control and ADM-injected mice. (H): There was a
significant decrease in resident dividing cells in mdx myocardium in
comparison with age-matched wild-type myocardium, and ADM in-
jection did not influence this number. (A—E): Gray bars, preinjection
values; black bars, postinjection ultrasound values. (F-H): White
bars, wild-type mice injected with saline; gray bars, mdx mice in-
jected with saline; black bars, mdx mice injected with ADMs. WT/H:
wild-type mice with saline injection (n = 3); mdx/H: mdx mice with
saline injection (n = 4); mdx/ADMs: mdx mice with ADM injection
(n = 4). *, significant difference (p < .05) between the groups indi-
cated. (An asterisk over the postinjection bar indicates a significant
difference between pre- and postinjection values within a group of
mice, whereas significant differences between groups of mice are
indicated by lines between the two groups and an asterisk.) Abbre-
viations: ADM, aorta-derived mesoangioblast; EDV, end diastolic vol-
ume; EF, ejection fraction; FS, fractional shortening; H, saline injec-
tion; LVIDd, left ventricular internal dimension at diastole; LVPW(d,
left ventricular posterior wall at diastole; wt, wild-type.
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numbers of muscle satellite cells and muscle fiber regeneration
[73]. Many growth factors, cytokines, and chemokines are up-
regulated in serum of DMD patients and mdx mice [74-78]. In-
creased exposure to those factors, through angiogenesis, may
lead to the increase in nestin™ cell proliferation observed in our
study. Nestin is expressed during heart development [79] and in
a dormant state in the postnatal heart [80]. Nestin™ stem cells
are also present in infarcted rat myocardium [54, 55], as well as
in the infarct border zone in human patients with end-stage
heart failure [56, 81], where they contribute to neuronal inner-
vation, remodeling, and angiogenesis and give rise to Nkx2.5-
positive cardiomyocytes after ischemic injury [56, 57, 81]. We
have discovered that nestin™ cells proliferate in wild-type myo-
cardium and that there is a significant decline in proliferation
with dystrophin deficiency, which may result in a decreased abil-
ity to participate in innervation, angiogenesis, and formation of
new cardiac muscle cells following damage. This would be con-
sistent with the reported decline in proliferative potential of en-
dogenous myogenic stem cells in skeletal muscle of DMD pa-
tients [82, 83] and decreased numbers of mesoangioblasts in
patients with limb-girdle muscular dystrophy 2D [64]. Decreases
in numbers of endogenous muscle stem cells have also been
reported in animal models of muscular dystrophy. Kudryashova
et al. recently reported decreased numbers, early senescence,
and a decreased propensity for myogenic differentiation of acti-
vated endogenous satellite cells in skeletal muscle in a murine
model for limb-girdle muscular dystrophy [84]. A recent report
by Cassano et al. demonstrates that endogenous cardiac stem
cells may also be affected [85]. The authors reported cardiac
progenitor cells isolated from the heart of the golden retriever
model for Duchenne muscular dystrophy are impaired in their
ability to proliferate, self-renew, differentiate into cardiomyo-
cytes in vitro, and undergo early senescence [85]. The decreased
numbers and ability of stem cells to regenerate muscle have
been shown to contribute to disease progression in skeletal mus-
cle of mdx mice [86] and may also be responsible for cardiac
remodeling in dystrophin-deficient heart. The decrease in
nestin® cells that we have observed in the mdx and mdx/
utrn~’~ heart may translate into decreased regeneration fol-
lowing contraction-induced damage. ADM injection normal-
ized numbers of nestin® dividing cells, and we observed
nestin™ striated cells that expressed cardiac troponin | in four
of five mdx/utrn™/~ mice injected with ADMs. This is the first
report of nestin™ striated cells in dystrophin-deficient heart
and in response to nonischemic damage, and it indicates that
they may be involved in the delay in DCM observed with ADM
injection.

In contrast to mdx/utrn—/~ mice, injection of stem cells into the
heart of 14—-16-month-old mdx mice with existing cardiac pathology
does not provide functional benefit, and in fact exacerbates some

characteristics of dilated cardiomyopathy. In addition to not observ-
ing functional benefit from ADM injection, we did not observe an-
giogenesis, dystrophin expression, or an increase in nestin™ stem
cell division in the heart of aged mdx heart injected with ADMs.
These differences may be due, in part, to the difference in utrophin
status of the mdx and mdx/utrn™/~ mice. However, dystrophin ex-
pression is detected following injection of ADMs into the heart of
young, 5-week-old mdx mice (Fig. 2K, 2L), suggesting that the differ-
ences observed following ADM injection may be related to the age
of the mice and/or presence of pathology rather than to utrophin
status. Therefore, the cardiac microenvironment may play a role in
donor cell fate. In particular, fibrosis may inhibit ADM migration and
survival, and integration with the myocardium. Fibrosis and scar
tissue have also been shown to promote differentiation of exoge-
nous stem cells into fibroblasts in scar tissue [87]. We did not ob-
serve an increase in the numbers of DDR2 ™ cardiac fibroblasts with
ADM transplantation, indicating that ADMs do not contribute sig-
nificantly to cardiac fibroblasts in the aged mdx heart (supplemental
online Fig. 4).

CONCLUSION

Transplantation of wild-type ADMs with a functional copy of the
dystrophin gene into dystrophin-deficient heart prevents dilated
cardiomyopathy, inducing angiogenesis and proliferation of en-
dogenous nestin™ stem cells in the heart, and correlates with
nestin™ striated cells in the heart. However, timing of ADM
transplantation is critical, as these events do not occur following
injection into aged dystrophin-deficient heart where pathology
is present.
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