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Abstract

Background: Therapies for muscular dystrophies remain a major challenge in spite of advanced strategies using
either cell or gene therapy. We here propose a combined approach of cell and gene therapy. As gene delivery
vehicles with specific homing potential we have chosen mesoangioblasts which are stem cells with mesodermal
potential. This study specifically tests the maintenance of myogenic properties by EGFP-transduced
mesoangioblasts and their ability to function as retroviral packaging cells in transient culture.

Methods: Mesoangioblasts transduced to express EGFP (EGFP-MA) were tested for myogenic properties in co-
culture. Survival and in situ myogenic differentiation were studied upon injection into degenerating M. gastrocnemius
of athymic mice. In situ participation in muscle regeneration was confirmed on cryo-sections using EGFP
fluorescence as marker. The ability of mesoangioblasts to serve as retroviral packaging cells was tested using the
murine cell line NIH 3T3 fibroblasts as recipients in vitro and evaluation of transduction by fluorescence microscopy.

Results: EGFP-MA retained the ability to differentiate into skeletal muscle myotubes upon co-culture with C2C12
cells. In vivo, mouse M. gastrocnemius exhibited EGFP-signals within and at the basal lamina of skeletal muscle
fibers 3, 10 and 24 days after injection of EGFP-MA. In culture, target cells could be transduced with EGFP-
encoding virions produced by mesoangioblasts.

Conclusions: Introduction of a retroviral vector into mesoangioblasts did not interfere with the myogenic
properties of mesoangioblasts in culture or in vivo. Mesoangioblasts are able to function as retroviral packaging cells
in vitro. While a possible therapeutic application of this new gene delivery system will require further detailed
analysis of the long-term efficiency and the quantitative aspects of the method, our proof of principle study shows
that the approach is feasible.

Introduction
Ongoing therapeutic approaches aim to improve the symptoms of

muscular dystrophies of which Duchenne muscular dystrophy (DMD)
is among the most severe. Strategies include pharmaceutical, genetic
and cell therapeutic methods or combinations of these. So far intensive
research has not been able to alleviate this genetic malignant muscle
wasting disease primarily due to the widespread distribution of skeletal
muscle in the body.

DMD is a single gene disorder resulting from mutations in the
Dystrophin gene located on the X-chromosome. This leads to
complete lack of Dystrophin expression in hemizygous boys with a
relatively high frequency (~1 in 3500 live born boys) [1,2]. In healthy
muscle, one role of the Dystrophin protein is serving as an anchoring
link between the actin cytoskeleton and proteins of the extracellular
matrix. As such, in complex with other factors, it maintains the
supporting structure protecting skeletal muscle from the mechanical
stress of contraction [3,4].

While de- and regeneration in response to active life is continuously
ongoing in healthy skeletal muscle, this balance is shifted in the case of
DMD because the threshold for contraction-induced damage is

lowered [5]. Consequently, progressive degeneration of skeletal muscle
occurs as well as lability of other tissues such as heart and brain. Severe
complications like mental retardation as well as heart and respiratory
defects develop subsequently.

The large size of the Dystrophin gene represents one obstacle to
genetic therapy and such treatment approaches generally rely on
smaller internally deleted forms based on mutant Dystrophin forms
expressed in certain Becker Muscular Dystrophy (BMD) patients
exhibiting less severe pathologies [6,7]. Among other methods,
electroporation and hydrodynamic pressure injections have been
tested in order to deliver expression vectors to dystrophic muscle of
small animal models [8,9]. Current gene therapy strategies include
targeting of retroviral vectors to specific cells or tissues at the level of
cell entry by modifying envelope proteins in order to deliver
functional genes or repairing sequences [10,11]. In alternative
approaches, exon skipping is introduced by the application of
antisense oligonucleotides resulting in internally truncated but
functional Dystrophins, which can partially restore the dystrophic
phenotype [12,13]. Although promising these concepts do not solve
the problems associated with delivery of vector to all affected tissues
over long periods of time nor do they accommodate the severe
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immunological complications associated with the high viral titers
necessary to achieve a body-wide effect [14].

Cell therapeutic approaches against muscular dystrophies have used
both local and systemic application of cells with myogenic potential.
Myogenic stem cells have been transplanted to dystrophic muscle
anticipating that they would function as wild type gene delivering
vehicles to multinucleated muscle fibers. By this approach, wild type or
genetically modified mutant myogenic cells give rise to healthy muscle
fibers by proliferating and fusing with host myoblasts or existing
fibers, thereby alleviating muscle pathology. Importantly, the re-
establishment of satellite cell pools is a requirement for life-long
restoration of muscle function. Candidate therapeutic cells should be
able to cross endothelial borders and migrate within the affected tissue
in order to obtain a uniform distribution which is a requirement for
treating disorders affecting disperse tissues such as skeletal muscle.
Additionally, cells should be able to survive and proliferate in vivo and
to contribute to satellite cell pool restoration and myofiber
regeneration at physiologically relevant levels.

Mesoangioblasts are bona fide stem cells associated with blood
vessels. They were originally isolated from the dorsal aorta of
embryonic mice [15]. Equivalent cells have since been described from
biopsies of juvenile and adult mice, dogs and humans [16-18]. In
culture and in vivo these stem cells differentiate to diverse mesodermal
cell types such as those of myogenic, osteogenic, chondrogenic and
adipose tissue [15]. Notably, following in vivo application of
mesoangioblasts has been reported differentiation to occur only in situ
and has been shown no tumorigenic behavior [16,18]. This contrasts
with in vivo employment of other types of stem cells which
differentiate ectopically and exhibit tumor formation upon in vivo
application [19].

Recent evaluations of therapeutic stem cell candidates for muscular
dystrophies in general and DMD in particular consider
mesoangioblasts among the most relevant [19-22] and their testing has
led to initiation of clinical trials [23,24] [http://www.optistem.org/our-
research/clinical-applications]. Investigations have shown
mesoangioblasts to significantly contribute to muscle fiber
regeneration including functional recovery at relevant levels upon
intra-arterial delivery [17,18,25]. Delivery of either donor
mesoangioblasts or autologous genetically corrected mesoangioblasts
significantly relieved the dystrophic phenotype of dystrophic mice
with the α-sarcoglycan mutation and dogs with a loss-of-function
mutation in the DMD gene [17,18].

To reach therapeutic levels, vehicles that are self-replicating and
effective upon requirement seem obviously useful and would
moreover restrain vehicle amplification and activation to target sites.

In this study we test whether retroviral transduction of
mesoangioblasts and expression of a transgene from a retroviral-based
vector interfere with the myogenic properties of these stem cells. Local
injections into degenerating M. gastrocnemius of athymic mice are
used to evaluate whether such transduced mesoangioblasts are able to
participate in skeletal muscle regeneration in situ, and whether they
are able to survive in the environment of degenerating muscle over
longer periods of time.

Treatment of muscular dystrophies is met with complications such
as the need for high viral titers and the widespread distribution of
affected tissue. Combination of therapeutic approaches might aid in
overcoming some of these obstacles. Here, we set out to investigate the
ability of mesoangioblasts to function as retroviral packaging cells. We

envision that the application of myogenic cells that produce
therapeutic virions encoding micro-/mini-dystrophin constructs as
those described by Harper et al. [26], will boost muscle fiber recovery
because this therapy will recruit the patient’s own muscle stem cells.
The therapeutic range of a retroviral packaging cell producing virions
in situ expectedly exceeds the range of a single mesoangioblast
particularly if retained over time.

Materials and Methods
All experiments were done on D16 mesoangioblasts [18] kindly

provided by Dr. G. Cossu, Milan, Italy. All animal experiments were
conducted in accordance with legislation and with permission of the
responsible Danish authorities (permission No. 2009/561-1728).

Cell culture and transduction
Mesoangioblasts were kept as expansion culture in DMEM (Life

Technologies) with 20 vol% fetal bovine serum (Life Technologies), 2
mM L-glutamine (Life Technologies), 1 mM sodium pyrovate (Life
Technologies) and 100 U/mL Penicillin/100 µg/mL Streptomycin (Life
Technologies).

PlatE [27] retroviral packaging cells were transfected with
MND.EGFP.SN [28,29] by calcium phosphate co-precipitation.
Supernatant containing retroviral virions was harvested after 48 hours
and mixed with fresh mesoangioblast growth medium in the ratio 1:1
and filtered through a 0.45 µm nitrocellulose filter (Minisart) to obtain
cell free suspension. 6 µg/mL Polybrene (Sigma-Aldricht) was added
and the mixture was used to transduce mesoangioblasts seeded the day
before at 5 x 103/cm2. Transduced mesoangioblasts (abbreviated as
'EGFP-MA') were selected with 400 µg/mL G418 Sulfate (Life
Technologies) for seven days.

For myogenic differentiation, EGFP-MA were co-cultured with
murine C2C12 myoblasts in DMEM (Life Technologies) with 2%
horse serum (Life Technologies), 1% L-glutamine (Life Technologies)
and 1% sodium pyrovate (Life Technologies) at the ratio 1:1 and total
cell density of 5 x 104/cm2. At day 9, co-cultures were fixed in 4%
freshly dissolved para-formaldehyde (PFA) in calcium and magnesium
free phosphate buffered saline (CMF-PBS) and immunostained with
rabbit-anti-skeletal myosin (M7523, Sigma-Aldrich) as primary
antibody and TRITC-coupled swine-anti-rabbit (R0156, DAKO,
Denmark) as secondary antibody.

Intramuscular injections into gastrocnemius muscle of mice
Four seven-week old female homozygous nude (nu/nu) NMRI mice

were obtained from Taconic, Denmark and injected with Bupivacain
(5 mg/mL) into the right M. gastrocnemius 24 hours prior to cell
injection. 700 000 EGFP-MA (p24) in 10 µL of Hank’s salt solution
were injected into the right M. gastrocnemius. Local injection into the
muscle was chosen to match the local degeneration induced by
bupivacain. After injection, mice were maintained in cages for normal
exercise. Mice were sacrificed by cervical dislocation 3, 13 and 24 days
after cell injection and whole legs were skinned and fixed in 4% PFA in
CMF-PBS overnight at 4°C. After fixation whole legs were washed for
72 hours in CMF-PBS. The gastrocnemius muscles were dissected,
frozen in melting 2-methyl-buthan and stored at -80 oC until
sectioning. Sections of were made on a Reichert-Jung 2800 Frigocut
and examined on a Leica DMR fluorescence microscope using green
(EGFP) and red (autofluorescence) filters and LASv3.6 software
(Leica).
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Generation of retroviral packaging cells from
mesoangioblasts

Mesoangioblasts were transfected with three vectors (pLXSN.EGFP
[30], encoding EGFP; gagpol-IRES-bsr and ecoenv-IRES-puro [27],
encoding retroviral proteins) in a transient triple transfection protocol
using 1.66 µL/µg DNA transfection reagent (SuperFect; Qiagen).
Supernatant containing retroviral virions was harvested after 48 hours
and filtered through a 0.45 µm nitrocellulose filter (Minisart) to obtain
cell free suspension.

Target cells (NIH 3T3 fibroblasts) were seeded at 5 x 103 cells/cm2

the day before they were transduced with a 1:1 ratio of cell free 48-
hour mesoangioblast supernatant:fresh NIH growth medium with 6
µg/mL Polybrene (Sigma-Aldrich ).

Transfection of mesoangioblasts and transduction of target cells
were evaluated by fluorescence microscopy 24 hours after gene
transfer.

Results

Stably transduced mesoangioblasts proliferate and
differentiate normally

To ensure that transduction or endogenous expression of a
transgene did not change the properties of the cells, EGFP-MA were
evaluated in culture for overall behavior and myogenic differentiation.

After transduction of mesoangioblasts with the retroviral vector
MND.EGFP.SN and selection for neomycin resistance, EGFP-MA cells
were morphologically identical to untransduced mesoangioblasts in
expansion culture and proliferated at similar rates.

EGFP-MA differentiated into myotubes when co-cultured with
murine C2C12 myoblasts (Figure 1), demonstrating retention of the
original myogenic properties of mesoangioblasts.

Figure 1: In co-culture with murine myoblasts (C2C12) EGFP-MA
differentiate into myotubes. Immunostaining for skeletal muscle
myosin, indicating myogenic differentiation is shown in red, EGFP-
MA are green. A multinucleated myotube co-expressing EGFP and
skeletal muscle myosin in the cytoplasm appears yellow (arrow).
Some green nuclei in the same myotube are marked with
arrowheads. Bar=100 µm.

EGFP-MA participate in skeletal muscle regeneration in situ
To further ensure retainment of myogenic properties in vivo and to

test this potential in situ, EGFP-MA were injected locally into
degenerating murine M. gastrocnemius muscle.

EGFP-MA was found to participate in muscle regeneration as
visualized by EGFP fluorescent fibers in gastrocnemius cross sections
(Figure 2A). In areas where no signs of muscle de- and regeneration
could be observed, EGFP-MA was detected in the extracellular matrix
between muscle fibers or at the periphery of these (Figure 2B).

Figure 2: In situ behavior of EGFP-MA in regenerating mouse
muscle. When injected into degenerating mouse muscle, EGFP-MA
were observed in two locations: Participating in muscle fiber
regeneration as visualized by EGFP-labeled green fibers (arrow in
A) or positioned in the ECM or at the basal lamina of fibers,
outlining fiber borders (B). Muscles were fixed 13 (A) and 24 (B)
days after grafting. Bars=50 µm.

Mesoangioblasts function as retroviral packaging cells
In order to evaluate their ability to function as retroviral producer

cells, a transient setup was used with NIH 3T3 fibroblasts or original
mesoangioblasts as recipient cells (Figure 3).

Figure 3: Mesoangioblasts function as retroviral packaging cells.
When provided with retroviral packaging constructs,
mesoangioblasts packaged an EGFP-expressing vector and
produced virions capable of transduction of other cells. (A)
Schematic representation of the transfection and transduction
procedure used. The yellow cell represents cells to be transduced by
mesoangioblast packaging cells. Other colors represent expression
from indicated plasmids. (B, C): Mesoangioblasts D16 transfected
with packaging constructs and EGFP-expressing viral vector. (D,
E): Murine NIH 3T3 fibroblasts transduced in culture with virions
from mesoangioblast packaging cells. (B, D) phase contrast, (C, E)
fluorescence. Bar=50 µm.

When NIH 3T3 fibroblasts were transduced with virions from
transiently transfected mesoangioblast-derived retroviral packaging
cells, they expressed EGFP after 72 hours as visualized by fluorescence
microscopy of cell cultures (Figure 3E). Equivalent results were
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obtained for mesoangioblast recipient cells (not shown). This
demonstrates the ability of mesoangioblasts to function as retroviral
packaging cells.

Discussion
In this study we have tested critical steps of the use of

mesangioblasts in a combined gene and cell therapy approach for
degenerative muscle diseases such as Duchenne muscular dystrophy.
Testing the cell therapy and homing part, we found the differentiation
capacity of EGFP-MA in vitro and in vivo to be unaffected by the
transduction procedure and transgene expression. Although
differentiation protocols differed slightly with respect for time of co-
culture and myoblast/mesoangioblast ratio from those described for
wt mesoangioblasts [15,31] the outcomes were comparable. Testing
the gene therapy part, we show that mesoangioblasts can function as
retroviral packaging cells, which is a prerequisite for their use as gene
delivery vehicles.

By using EGFP as reporter gen, we demonstrated that
mesoangioblasts can be used as retroviral vector producer cells. By
applying this approach combined with improved migration, homing
and fusion upon pretreatment in culture and the possibility of
systemic delivery [17,18,25,31,32] we envision a combined cell and
gene therapy which might prove beneficial in enhancing therapeutic
mesoangioblast efficiency in muscular dystrophies. Mesoangioblasts
producing therapeutic virions in situ are likely to target more
regenerating muscle fibers than an equal number of allologous or
autologous, genetically corrected myogenic stem cells.

The retroviral vectors used are based on murine leukemia viruses,
which infect only mitotic cells. In a therapeutic setting this gives the
advantage of specific transduction of activated and proliferating
satellite cells of regenerating muscle while infection is avoided for
many other cell types such as surrounding neurons, blood vessels or
postmitotic lymphatic cells. As cardiomyocytes are post-mitotic, the
heart will not benefit from applying this type of retroviral vector
producer cells.

The local application of cells producing mini-dystrophin retroviral
vectors into tibialis anterior muscles of nude dystrophic model mice
was tested more than a decade ago [33]. The result was local
transduction of satellite cells leading to clusters of dystrophin
expressing myofibers. However, the efficiency was highly dependent
on the quantity of transplanted producer cells. This may be explained
by the origin and state of the applied producer cells being mitomycin
C-treated fibroblasts and hence being non-myogenic, non-
proliferating and without the ability to migrate within muscle tissue.
In this respect the approach was a pure gene therapy strategy and not,
as envisioned here, a combined cell and gene therapeutic approach.

By exploiting the ability of mesoangioblast stem cells to participate
in skeletal muscle regeneration in situ, to migrate within skeletal
muscle tissue and to be delivered systemically through the blood
stream, investigations have achieved promising results towards a
therapeutic treatment for skeletal muscle wasting diseases. The local
muscle degeneration combined with the local injection of
mesoangioblasts does not allow for a quantitative statistical analysis.
However, the efficient contribution of mesoangioblasts to generalized
muscle regeneration has been shown in many studies [17,18,34], to
which we here add a proof of principle that mesoangioblasts can
function as retroviral packaging cells and that retroviral transduction
does not compromise their myogenic potential can contribute to this

promising protocol. Genetically modified mesoangioblasts have been
used for experimental cell therapy before [18,34]. However, in these
reports the therapeutic vectors were used to genetically repair
autologous mesoangioblasts. To our knowledge this is the first report
proposing to use mesoangioblasts or other myogenic cells as vehicle to
transport therapeutic vectors into diseased muscle. By combining cell
and gene therapeutic approaches as proposed here, therapy might
affect skeletal muscles more widely in the body and point to future
protocols for the treatment of muscular dystrophies.
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