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Abstract

Cell-based therapy is a possible avenue for the treatment of Duchenne muscular dystrophy
(DMD), an X-linked skeletal muscle-wasting disease. We have demonstrated that cultured
myogenic progenitors derived from the adult skeletal muscle side population can engraft into
dystrophic fibers of non-irradiated, non-chemically injured mouse models of DMD (mdx°%") after
intravenous and intra-arterial transplantation, with engraftment rates approaching 10%. In an effort
to elucidate the cell surface markers that promote progenitor cell extravasation and engraftment
after systemic transplantation, we show here that expression of the chemokine receptor CXCR4,
whose ligand SDF-1 is overexpressed in dystrophic muscle, enhances the extravasation of these
cultured progenitor cells into skeletal muscle after intra-arterial transplantation. One day post-
transplantation, mice that received CXCR4-positive eGFP-positive cultured cells derived from the
skeletal muscle side population displayed significantly higher amounts of eGFP-positive
mononuclear cells in quadriceps and tibialis anterior than mice who received CXCR4-negative
eGFP-positive cells derived from the same cultured population. At 30 days post-transplantation,
significantly higher engraftment rates of donor cells were observed in mice that received CXCR4-
positive cells versus those transplanted with CXCR4-negative fractions. Our data suggest the
CXCR4 expression by muscle progenitor cells increases their extravasation into skeletal muscle
shortly after transplantation. Furthermore, this enhanced extravasation likely promotes higher
donor cell engraftment rates over time.
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INTRODUCTION

Duchenne Muscular Dystrophy (DMD) is an X-linked recessive disease characterized by
mutations in the gene that encodes dystrophin, a membrane protein that links the actin
cytoskeleton to extracellular matrix proteins 7:19:36. Lack of dystrophin expression leads to
progressive muscle wasting and weakness due to degeneration of muscle fibers and
infiltration of connective and adipose tissue. Restoring normal dystrophin expression in
murine models of muscular dystrophy has been shown to reverse the mutant phenotype 9.
Cell-based therapy for DMD has been proposed as a method for normal dystrophin delivery
in which cells that can fuse into diseased muscle after transplantation are used as dystrophin
gene shuttles.

Satellite cells are the predominant type of muscle precursors in skeletal muscle
6:33:50:51:54:58. Upon activation, satellite cells are able to divide and expand both in vitro
and in vivo and give rise to muscle precursors or myoblasts. Rescue of dystrophin
expression via fusion of culture-expanded wild type myoblasts to mdx myoblasts was
successfully tested both in vitro and in vivo (myoblast transfer) by administering
intramuscular cell injections in mdx mice 24:42. Following initial promising pre-clinical
studies, wild-type myoblasts isolated from unaffected donors were injected intramuscularly
in DMD patients in at least 6 different centers 16:25:35:39:40:57. Unlike the mouse studies,
human clinical trials demonstrated that myoblast transfer was very inefficient, yet safe to
those who received cells. Problems associated with the lack of efficiency included an
estimated death of >90% of the injected cells within days from injection due to membrane
attack by complement, lack of migration of introduced cells from the site of injection, lack
of fusion of introduced cells to dystrophic myofibers, and failure by approximately 25% of
donor cells fused to dystrophic myofibers to express dystrophin 5:17:46. These results
revealed the need to return to mouse models to improve cell-based therapy approaches.

In late 1990s, a few groups described the existence of cells likely to be more primitive than
satellite cells within muscle 18:22:45. These putative muscle “stem' cells have been purified
from mouse skeletal muscle using different methods, including pre-plating 8:31:45:46, cell
sorting 2:18:22:34:55 and fractionation based on specific antigens following pre-plating
technique 56. Analogous to human hematopoetic stem cells isolated by Hoechst dye
exclusion 15, mouse muscle side population (SP) cells have been isolated upon cell staining
using the vital DNA dye Hoechst 33342, followed by FACS (fluorescence-activated cell
sorting) 18-38. This method distinguishes SP cells from the main population of cells (MP
cells), which exclude Hoechst 33342 significantly less efficiently. Muscle SP cells represent
approximately 1% of the mononuclear cells in adult mouse skeletal muscle. Characterization
of cell surface antigens via FACS analyses indicated that more than 95% of muscle SP cells
are Sca-1* CD45° CD43 c-kit, and that 70% of muscle SP cells are CD34", suggesting
heterogeneity within this cell population 38. Analysis of Pax7”~ knockout mice, which lack
satellite cells, revealed presence of normal amounts of muscle SP cells, indicating that
muscle SP cells and satellite cells are likely to be distinct populations within skeletal muscle
51. Myogenic specification of mouse muscle cells within the side population occurs when
these cells are co-cultured with primary myoblasts, suggesting that specific cell-cell
interactions are necessary during this process.

Intravenous injection of unfractionated, uncultured muscle SP cells from wild-type male
mice into lethally irradiated mdx female mice demonstrated that the muscle side population
contains precursors with myogenic and hematopoetic activity 18. These progenitor cells,
when transplanted via the tail vein of irradiated and non-irradiated mice, extravasate and
engraft into mdx or mdx°¢ muscle tissue 3+4:18:37. The more abundant MP cells, which
include myoblasts, satellite cells, fibroblasts and endothelial cells, are significantly less
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efficient than SP cells at extravasating from the vasculature and engrafting into muscle
following tail vein or femoral artery injection 3-4. Although intravenous injections of mouse
muscle SP cells revealed the possibility of disseminating cells systemically, the percentage
of engrafted cells did not reach levels that are considered to be therapeutically significant
(~1% engraftment) 3:4:18. Studies from several groups that focused on intravenous donor
cells delivery to dystrophic muscle have yielded comparable results using several donor cell
types and mouse models 3:11:12:18:28:37.

In efforts to improve donor cell engraftment, a study by one group exploited the injection of
donor cells into the iliac artery as an alternative delivery method. They demonstrated that
injected cells can migrate from the circulation into all hind-limb muscles of the treated mice
with an increased efficiency, especially after external muscle damage 56. The same group
recently reported increased homing of human stem cells following intra-arterial injection in
exercise-induced dystrophic muscles 14. Our group demonstrated that an injection of
cultured cells derived from the side population significantly via the femoral artery increases
engraftment into non-externally injured mdx°¢V muscle, with 5-8% of muscle fibers
expressing donor-derived transgenes 4. Another study demonstrated that intra-arterial
injection of mouse meso-angioblasts, a type of vessel-associated fetal-derived stem cells,
into mice with limb-girdle muscular dystrophy, leads to phenotypic and functional
correction of the disease through widespread delivery of cells via the capillaries 48. The
same study also reported that repeated intra-arterial injections can be performed, resulting in
restoring protein expression in more than 50% of the total muscle fibers even four months
after injection. The same group demonstrated that exposure of meso-angioblasts to several
cytokines, including SDF-1 and TNF-a, significantly increased their homing into dystrophic
muscle 13. These mouse studies have been apparently replicated in a dog model of muscular
dystrophy with both dystrophin expression and partial functional improvement observed 49.

Current efforts are focused on not only maximizing engraftment of adult progenitor cells
into non-externally injured muscle tissue, but also on identifying key molecules expressed
by SP cells that mediate their extravasation and/or engraftment into dystrophic muscle. In
this study, we show that CXCR4 expression by cultured cells derived from the side
population enhances their ability to extravasate into dystrophic muscle after intra-arterial
injection. CXCRA4, also known as fusin, is an alpha-chemokine receptor that is specific for
SDF-1, a powerful lymphocyte chemoattractant which is upregulated in murine and human
dystrophic muscle and in other sites of tissue damage 1:23:26:27:29:30:43:44:47. Here we
show that CXCR4 is upregulated in cultured SP-derived cells. Furthermore, delivery of
CXCR4-positive SP-derived cells yields significantly higher levels of extravasation one day
after transplantation versus CXCR4-negative SP-derived cells. Thirty days after
transplantation, significantly higher muscle engraftment rates are observed in animals that
received CXCR4-positive versus CXCR4-negative SP-derived cells. Our data suggest that
CXCR4 expression plays an important role in promoting muscle progenitor cell
extravasation to mdx>¢V skeletal muscle after intra-arterial introduction. Enhanced
extravasation likely facilitates increased levels of donor cell engraftment.

MATERIALS and METHODS

Mouse strains

C57BL/6Ros-5¢cv (mdx>®Y) (X-linked muscular dystrophy) mice were obtained from the
Jackson Laboratory, Bar Harbor, Maine. In the mdx°V allele the dystrophin mRNA contains
a 53 bp deletion of sequences from exon 10. Analysis of the genomic DNA uncovered a
single A to T transversion in exon 10 that creates a new splice donor site that generates a
frameshifting deletion in the processed mRNA. These animals display about 10 times fewer
dystrophin positive revertant fibers than the mdx mouse allele 10:20:21:52.
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Isolation of muscle SP cells

Mononuclear cells were isolated from skeletal muscle from 4-7 week-old mdx><V donor
tissue. Before Hoechst 33342 staining, red cells were lysed 3. Primary myoblasts were
resuspended at 106 cells per ml and stained with 12.5 ug/ml Hoechst 33342 in PBS-0.5%
BSA for 60 min at 37°C. In parallel, 106 cells were stained with Hoechst 33342 in the
presence of 50 uM verapamil to set the gate for the isolation of SP cells by fluorescence-
activated cell sorter (FACS, Becton Dickinson, Franklin Lakes, NJ). This gate was
independently set to analyze the percentage of SP cells in each sort. To eliminate dead cells,
2 ug/ml propidium iodide was added to the cells before FACS analysis and sorting. FACS
analysis and sorting was performed on a FACSVantage SE flow sorter (Becton Dickinson)
18.

Characterization of Freshly Isolated and Cultured Cells

For cell-lineage marker analysis, fresh and cultured cell samples were incubated for 30
minutes on ice with FITC-conjugated anti-mouse Scal (D7), PE-conjugated anti-mouse
CD45 (30-F11), FITC-conjugated anti-mouse CD62L (MEL-14), FITC-conjugated anti-
mouse CD184 (CXCR4), FITC-conjugated anti-mouse CD31 (MEC 13.3), PE-conjugated
anti-mouse CD11a (2D7), PE-conjugated anti-mouse CD11b (M1/70), PE-conjugated anti-
mouse CD49d (9C10), and biotin-conjugated anti-mouse CD62E (ELAM-1) and biotin-
conjugated anti-mouse CD34 (clone RAM34) (BD Bioscience, San Jose, CA) followed by
phycoerythrin-conjugated streptavidin mouse anti-rat secondary antibody (Invitrogen,
Carlsbad, CA). Rat 1gG-phycoerythrinconjugated and rat IlgG-FITC-conjugated were used as
negative controls. For immunohistochemical analysis of cultured cells, cells were stained
with mouse anti-chicken Pax7 antibody (DSHB, University of lowa, lowa City, lowa),
mouse anti-human desmin antibody (clone D33, Dako, Denmark), anti-CD184 antibodies
12G5 and 2B11.

Cell Culture and Lentiviral Transduction

Following FACS sorting, cells were plated into collagen type | (Upstate Biotechnology,
Lake Placid, NY) coated 384-well plates. Cells were transduced for 3-6 hours one day after
sorting with 75 pl of inoculums of L-MSCV enhanced green fluorescent protein (eGFP)
lentiviral particles (multiplicity of infection =10). Cells were washed twice with 1xPBS 15
hours after transduction in order to remove all viral particles. One hundred percent of cells
and their progeny were transduced. Following transduction, cells were cultured for 21 days.
While in culture, both floating and attached cells were transferred to larger wells (96, 48, 24,
and 12 well plates) once they reached 70% confluence. All plate wells were coated with
human fibronectin (Biocoat, Becton Dickinson), and proliferation medium was used:
DMEM high glucose (CellGro, CellGenix, Freiburg, Germany) supplemented with 20% heat
inactivated horse serum (Gibco, Carlsbad, CA), 2.5% chicken embryo extract (Accurate
Chemicals, Westbury, NY), mouse stem cell factor (25 ng/ml, R & D Systems, Minneapolis,
MN), epidermal growth factor (100 ng/ml, Sigma-Aldrich, St. Louis, MO), recombinant
human fibroblast growth factor, basic (100 ng/ml, Promega, Madison, WI).

Intra-arterial transplantation

After FACS sorting, muscle-derived SP cells were prepared as described above. Before
being injected into animals, cells were washed twice and resuspended in 50 ul of PBS; they
were transplanted into the right iliac arteries of 4-7 week-old mdx>cV recipients. Each animal
(n=20) received 50,000 cells in one injection. All injections were performed using the same
protocol. Cells were injected via a custom-made catheter system, consisting of a 12-cm
polyethylene 10 tube (PE-10, Becton Dickinson) that was slipped over a 30G needle and
then connected to a Hamilton syringe. The catheter was constructed using PE-10 tubing that
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was stretched over an inserted 4-0 nylon suture. This reduced the outer diameter to about
two-thirds of the initial size while maintaining the inner diameter (from 0.2 mm to 0.28 mm
ID). Catheterization was performed using a Leica dissecting microscope (MZ16A). Mice
were anesthetized with an intraperitoneal injection of ketamine PPPP and xylazine (10 mg/
kg). An incision was made in the right groin, exposing the iliac artery. Two 6-0 silk ligatures
were placed to secure the artery, and a microvessel clip was placed to occlude the vessel
proximally. An incision was made in the iliac artery with a 30G needle. The tip of the
catheter was inserted, advanced approximately 2 mm into the artery lumen, and the cells
were injected slowly. After injection, the catheter was removed, and the vessel remained
patent. The skin was closed with 5-0 cat gut suture. Following suture removal, the distal tip
of the PE-10 was beveled to 45 degrees. All animal care was in accordance with institutional
guidelines. Animals were injected with 0.075 mg/kg buprenex immediately before
transplantation; their health condition was monitored every day.

Immunohistochemistry

Recipient animals were sacrificed, and skeletal muscles were fixed for 2 hours in 4%
paraformaldehyde prior to being frozen in cold isopentane and stored at -80 °C. Whole
muscle tissue was sectioned at -20°C into 10um sections. The entire tibialis anterior and
quadriceps muscles were sectioned from each host animal; 5 or 10 equidistant sections from
throughout whole muscle were used for immunohistochemical analysis. Sections were fixed
in 4% paraformaldehyde for 10 minutes on ice, transferred to ice-cold PBS for 5 minutes
and blocked in PBS-10% FBS for 40 minutes before CXCR4 (ab1670-100, Abcam,
Cambridge, MA) staining. Spectrin (NCL-SPEC2, Novacastra, Bannockburn, IL) staining
was performed on some sections to identify cytoskeleton. Slides were incubated in primary
antibodies for 16 hours at 4°C washed 3 times in PBS at room temperature, followed by 1
hour incubation with Texas Red-conjugated anti-mouse IgG and AMCA-conjugated anti-
goat IgG (Jackson Immunoresearch, Westgrove, PA), respectively. eGFP expression was
observed by fluorescent microscopy. The slides were mounted in Vectashield containing
DAPI for nuclear counterstain (Vector Laboratories, Inc, Burlingame, CA).
Immunohistochemistry was visualized using a Zeiss Axiophot microscope, and images were
collected from the same microscopic field with separate filters for DAPI, FITC and Texas
Red signals using a CCD camera (Diagnostic Instruments, Sterling Heights, MI). Signals
were merged using a Macintosh computer and OpenLab software (Improvision, Waltham,
MA). eGFP mononuclear cells were visualized and counted under fluorescence and light
microscope.

Extravasation and Engraftment Quantitative and Statistical Analysis

To assess levels of progenitor cell extravasation and engraftment in host muscle, muscle
sections from recipient animals were analyzed by fluorescence microscopy. Whole recipient
tibialis anterior and quadriceps harvested one day after progenitor cell transplantation were
sectioned longitudinally. Five equidistant tissue sections from throughout the entire recipient
muscle were chosen. All mononuclear eGFP positive cells present in each of these sections
were counted manually (Supplemental Table 1); this quantity represented the level of donor
cell extravasation into host muscle. In addition, whole recipient tibialis anterior and
quadriceps harvested thirty days after progenitor cell transplantation were also sectioned
longitudinally. Ten equidistant tissue sections from throughout these whole recipient
muscles were chosen for quantitative analysis. All eGFP positive and eGFP negative muscle
fibers were counted manually in each of these sections. Percent engraftment was defined as
number of eGFP positive myofibers per section divided by total number of myofibers per
section (Supplemental Table 2).
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To compare level of extravasation and percent engraftment among animals who received
CXCR4-positive cells derived from the SP; CXCR4-negative cells derived from the SP;
CXCR4-positive cells derived from the SP pretreated with CXCR4 blocking antibody; and
freshly isolated SP cells, one-sided t-tests were performed. This analysis was performed for
recipient tibialis anterior and quadriceps tissue sections from animals sacrificed 1 and 30
days after transplantation. The samples used for statistical analysis were comprised of
sections listed in Supplemental Tables 1 and 2. A P-value of < 0.05 (95% confidence level)
was used as the cut-off for statistical significance.

Cell surface marker analysis of cultured myogenic progenitor cells

To further understand the ability of certain muscle-derived progenitor cells to engraft into
dystrophic muscle, we analyzed the expression of various cell-surface proteins potentially
involved in extravasation and fusion to muscle fibers (Figure 1). We have previously
demonstrated that cultured cells derived from the muscle side population extravasate from
blood vessels and engraft into dystrophic muscles much more efficiently than freshly
isolated SP cells or MP cells after intra-arterial delivery 4. We sought to identify the
differences between cultured cells derived from the side population and freshly isolated SP
cells that accounted for their differential abilities to extravasate and engraft. To assess
surface protein expression, SP and MP cells were isolated from mdx>®V skeletal muscle
transduced with eGFP lentiviral vectors and cultured for three weeks in proliferation media
containing a cocktail of mouse stem cell factor, epidermal growth factor and recombinant
human fibroblast growth factor as previously described 3. Cultured cells derived from the
side population were consistently observed to adhere to culture dishes and change into
various morphologies (data not shown) or remain unattached. In accordance with previously
published data by our and other groups, neither MP nor SP cells differentiated into
multinucleated myotubes in the growth media.

FACS analysis using antibodies to different surface markers and adhesion molecules was
performed immediately after sorting for freshly isolated SP cells or after three weeks of
culture (Table 1). Most cultured cells derived from the side population expressed Scal
(96%), but only a few expressed CD31 (5%) and CD34 (4%), compared with 91% Scal,
82% CD31 and 80% CD34 expression in freshly isolated SP cells. Only 60% of cultured MP
cells expressed Sca-1, while 2% expressed CD31 and CD34 (not shown). Nearly 10% of
cultured MP cells expressed CD45 (not shown); however, CD45 expression was found in
only 2% of cultured SP-derived cells. Interestingly, approximately 17 % of SP-derived
cultured cells expressed CXCR4, a chemokine receptor known to be involved in cell homing
to bone marrow and spleen whose ligand, a-chemokine SDF-1, is overexpressed in
dystrophic skeletal muscle (Figure 1a) 29:43. No CXCR4 expression was found in freshly
isolated SP cells or cultured MP cells. In order to verify CXCR4 expression by cultured SP-
derived cells, immunohistochemistry with two different clonal antibodies against CXCR4
was performed (Figure 1b). 18+3% of cultured SP-derived cells, after 5 independent
experiments, were CXCRA4-positive using both anti-CXCR4 antibodies (12G5-Cy5 in red
and 2B11-FITC in green), while no expression was found in freshly isolated SP cells or
cultured MP cells (not shown), confirming FACS analysis results. Expression of other
surface molecules in cultured and freshly isolated SP cells was assessed using FACS
analysis (Table 1).

CXCRA4 Expression Enhances Progenitor Cell Extravasation into Dystrophic Muscle

In order to investigate the potential contribution of the CXCR4 surface marker to the
extravasation of SP-derived cultured cells into damaged muscle, eight mdx®¢V 4-7 week-old
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mice were transplanted via iliac artery injection with 50,000 eGFP-positive lentiviral
transduced mdx>¢¥ SP cells. Cell were separated in four different groups and then
transplanted: (i) CXCR4-positive cultured cells derived from the side population, (ii)
CXCR4-negative cultured cells derived from the side population, (iii) CXCR4-positive SP-
derived cultured cells previously incubated for one hour with a blocking CXCR4 antibody,
and (iv) freshly isolated SP cells. Each group was introduced into two different animals. One
day after transplantation, mice were sacrificed, and quadriceps and tibialis anterior of the
right and left limbs were sectioned. eGFP mononuclear cell expression was analyzed
through fluorescent microscopy in 5 muscle sections of each skeletal muscle obtained as
described above (Figure 2a). eGFP-positive mononuclear donor cells were found in every
right limb analyzed but not in the left limb, indicating rapid extravasation downstream from
the site of injection. More importantly, greater numbers of donor eGFP-positive donor cells
were observed in muscles transplanted with CXCR4-positive cells versus muscle from
animals transplanted with CXCR4-negative cells (p<0.001), CXCR4-positive SP cells
pretreated with blocking antibody (p<0.001), or freshly isolated SP cells (p<0.001) by one-
tailed t-test (Figure 2b). There were no eGFP-positive cells in any of the left (contralateral)
limbs analyzed, which is consistent with our previous studies 4. These results suggest that
CXCR4 expression promotes rapid extravasation of myogenic precursor cells to dystrophic
muscle downstream of the site of injection. Furthermore, the surface protein itself may play
a role in the extravasation process, as treatment with a surface-side blocking antibody
decreased extravasation rates.

To investigate the role of CXCR4 expression in SP cell engraftment into dystrophic muscle,
12 mdx°%V mice were each transplanted with 50,000 eGFP-positive lentiviral transduced
madx>Y SP-derived cells that had been cultured as described for 21 days. Donor cells were
sorted in four different groups and then transplanted using the same intra-arterial protocol:
(i) CXCR4-positive cultured cells derived from the side population, (ii) CXCR4-negative
cultured cells derived from the side population, (iii) CXCR4-positive SP-derived cultured
cells previously incubated for one hour with a blocking CXCR4 antibody, and (iv) freshly
isolated SP cells. Each group of cells was transplanted into three different mice. One month
post transplantation animals were sacrificed, and quadriceps and tibialis anterior from both
limbs were fixed and sectioned throughout the entire muscle as described above. eGFP-
positive fibers, which indicated engraftment of eGFP-positive donor cells, were counted
using fluorescence microscopy (Figure 3 and Supplemental Table 1). In the quadriceps and
tibialis anterior muscles, the amount of CXCR4-positive donor cell engraftment was greater
than engraftment of CXCR4-negative cultured SP cells (p=0.001 and p=0.04, respectively)
by one-tailed t-test (Supplemental Table 1). As expected, CXCR4-positive cultured cells
engrafted at a greater rate than freshly isolated SP cells in both quadriceps and tibialis
anterior. No significant difference, however, was observed in engraftment rates of CXCR4-
positive cells and CXCR4-positive cells treated with a blocking CXCR4 antibody 30 days
after injection in the quadriceps (p=0.13) and the tibialis anterior (p=0.41). We believe that
the blocking antibody may not have been effective in these long-term studies because of the
length of time between injection and tissue analysis. Freshly isolated muscle SP cells
engrafted at very low levels (at most 0.5%). As in previous studies 4, there were muscle
sections from all injected mice with no engrafted fibers and some with up to 11% of donor
engrafted green fibers in the quadriceps and up to 7% in the tibialis anterior (Figure 3 and
Supplemental Table 2). There were also sections in which very little eGFP was detected.
Engrafted fibers were found only in the right quadriceps and tibialis anterior and not in the
contralateral limb.

These results suggest that donor cell CXCR4 expression not only increases extravasation of
donor cells but also results in increased cell engraftment into host tissue one month after
transplantation. Given that CXCR4's ligand is a potent chemoattractant, CXCR4 expression

Muscle Nerve. Author manuscript; available in PMC 2010 October 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Perez et al.

Page 8

likely promotes extravasation of donor cells into dystrophic tissue. Increased extravasation
results in greater donor cell engraftment, possibly because more donor cells gain access to
myogenic tissue and, thus, more cells can subsequently engraft. In summary, our data
suggest that CXCR4 expression promotes extravasation into dystrophic muscle shortly after
transplantation, and results in enhanced engraftment into dystrophic muscle over the long
term.

In addition, we evaluated the maintenance of long-term CXCR4 expression in mononuclear
donor cells found in dystrophic muscle which did not fuse into host fibers after a month.
CXCR4 (Texas red) and eGFP (green) co-expression was analyzed in the right quadriceps of
animals injected with either CXCR4-positive or negative eGFP-positive cultured cells
(Figure 4). Every eGFP-positive CXCR4-positive donor cell remained CXCR4-positive
after a month residing in host tissue. No CXCR4-negative cell began to express this marker
once in host tissue (Figure 4 arrows). Endogenous CXCR4 cells, probably inflammatory
cells, were found in both cases (Figure 4 arrowheads).

DISCUSSION

Mammals with muscular dystrophy are characterized by a progressive myofiber
regenerative-degenerative process, which results in an inflammatory environment rich in
cytokines and cell-signaling molecules. Mononuclear muscle precursor cells, named satellite
cells, attempt to repair these dystrophic muscles by constantly replacing necrotic fibers.
Another subpopulation of mononuclear cells isolated skeletal muscle, SP cells, can be
introduced into the circulation via veins and arteries. These cells can then extravasate from
vessels into skeletal muscle, engraft into muscle tissue and deliver their genetic material to
host myofibers. The existence of muscle-resident adult progenitors with this ability makes
skeletal muscle an attractive target tissue for cell-based therapy. Previous work has shown
that this subpopulation of lineage uncommitted cells participate in the repair of dystrophic
fibers when injected intra-arterially after several weeks in culture 4. The incorporation of
only a few donor nuclei per muscle fiber may be sufficient to restore functional levels of an
absent gene product to the entire fiber.

In order to elucidate the mechanisms by which muscle progenitor cells can extravasate from
vessels and engraft in skeletal muscle, we compared cell surface markers of cultured cells
derived from the side population and freshly isolated SP cells. Cultured cells express slightly
different cell surface markers than freshly isolated SP cells. They lose CD34 and CD31
expression, and a subset of cells (~18%) begin to express CXCR4, a chemokine receptor for
SDF-1 which is upregulated in dystrophic muscle and after tissue damage (Figure 1)
1:23:26:27:44:47. CXCR4/SDF-1 interaction may be important for the observed rapid
extravasation of CXCR4-positive donor cells. This function would be consistent with
CXCRA4/SDF-1 interaction which drives extravasation of endogenously circulating CXCR4-
positive cells (including CD4+ T lymphocytes), a regularly occurring process after injury
and inflammation 1:23:26:27:44:47. Other cell surface markers and adhesion molecules are
likely involved in this process as well, and we are currently working to identify other
markers which participate in muscle progenitor cell extravasation.

CXCR4 expression on SP-derived cells also results in increased donor cell engraftment at
one month post transplantation. Increased engraftment in the quadriceps and tibialis anterior
was observed at one month post single transplantation in mice that received CXCR4-
positive cells versus those that were injected with CXCR4-negative cells. This likely
occurred because CXCR4/SDF-1 interactions promoted increased extravasation shortly after
cell delivery, which lead to a greater number of donor cells in dystrophic tissue that
subsequently engrafted into myofibers. Given that CXCR4's ligand is a chemoattractant, it is
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unlikely that CXCR4 itself plays a direct role in donor cell fusion with host myofibers.
Rather, CXCR4 may serve as a localization signal that targets SP cells in the circulation to
dystrophic muscle. Future work aims to elucidate surface molecules on muscle progenitor
cells which drive their fusion with host myofibers. Increasing the expression of these
molecules may further increase cell engraftment after intra-arterial delivery.

Our results also suggest the possibility that SP-derived CXCR4-negative cells express
markers that allow them to engraft into host muscle once these cells are present in the
dystrophic myogenic environment. In short term studies (1 day post-transplantation),
CXCR4-positive cells showed greater extravasation potential than CXCR4-negative cells.
However, in long term studies (30 days post-transplantation), CXCR4-negative cell
engraftment, while significantly less than CXCR4-positive cell engraftment, was higher than
may have been expected given their poorer relative extravasation potential. This suggests
that the CXCR4-negative transplanted population, while relatively poor at extravasation
(nearly a fifth of the number of cells than CXCR4-positive 1 day post-transplantation), may
express alternative or additional surface markers that enhance their ability to engraft into
dystrophic muscle. At thirty days post transplantation, CXCR4-negative cells attained
engraftment levels just half of those observed after CXCR4-positive cell transplantation.
Gene expression profiling on these different cell types could yield insights into the
molecules and pathways involved. Future goals include identifying markers differentially
expressed in muscle SP-derived CXCR4-negative and CXCR4-positive populations that
directly contribute to engraftment into dystrophic muscle. Future delivery experiments will
focus on transplanting a cell population that expresses both CXCR4 and these markers.

To assess donor cell extravasation, sections from the entire quadriceps and the tibialis
anterior were analyzed. Extravasation was not uniformly distributed in host muscle; some
sections did not show any engraftment, while higher efficiency (up to 11%) of eGFP
expression was observed in others. This suggests that the delivered cells were more likely to
extravasate from certain post-capillary venules versus others. This may have been
determined by vessel morphology and/or differential expression of surface markers on
vessel endothelial cells. Areas of skeletal muscle with more damage could release
chemoattractants that recruit donor cells more actively. Consistent with previous studies,
extravasation of donor cells into skeletal muscle was observed only in the limbs downstream
of the injection sites. This suggests that extravasation may occur shortly after intra-arterial
delivery and before these cells enter the venous circulation 4. It is possible that donor cells
quickly lose their extravasation potential once they are introduced into the circulation and
therefore are not observed in the contralateral limb. Both humeral and cellular immunity
may be involved in limiting donor cell extravasation. Future work will aim to determine the
factors that contribute to the observed engraftment patterns.

Intra-arterial transplantation is a promising approach for donor cell delivery in clinical
settings, since artery catheterization is a safe and widely-implemented clinical technique
performed by interventional cardiologists and radiologists 32:41:53. This technique has been
widely implemented clinically for over a decade and can be repeated in the same patient
without complications. Our successful delivery of progenitor cells to dystrophin-deficient
muscle reinforces the utility of this approach for cell-based clinical therapies of primary
myopathies. Furthermore, this study identifies a key cell surface molecule, CXCR4, whose
expression may contribute to the delivery of cells to dystrophic tissue and, therefore,
enhance progenitor cell engraftment after systemic transplantation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Expression of cell surface marker CXCR4 on cultured SP cells derived from mdx>¢V
skeletal muscles

(a) FACS staining of cultured SP cells with control and CXCR4 antibodies. (b)
Inmunohistochemistry using the 12G5 (Texas red) or 2B11 (FITC) CXCR4 clonal
antibodies on freshly isolated and cultured SP cells. Nuclei were stained with DAPI (blue).
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Figure 2. Extravasation of donor SP cells into mdx>® host muscles

One day after intra-arterial delivery, eGFP-positive SP-derived donor mononuclear cells
were found residing only in host muscle tissues downstream the site of injection. (a)
CXCR4-positive cultured SP cells; CXCR4-negative cultured SP cells; CXCR4-positive
cultured SP cells previously incubated with a CXCR4 blocking antibody; and freshly
isolated SP cells were detected one day after injection in quadriceps and tibialis anterior. (b)
Histograms show the average number of eGFP-positive mononuclear cells identified in
sections of quadriceps or tibialis anterior. Each bar represents the average count in two mice;
five sections were analyzed per mouse. Significantly more eGFP-positive mononuclear cells
were identified in animals transplanted with CXCR4-positive eGFP-positive cells than those
that received CXCR4-negative eGFP-positive cells. (c) Immunohistochemistry against
CXCR4 (blue) shows CXCR4-positive eGFP mononuclear donor cells residing within the
quadriceps of animals transplanted with CXCR4-positive eGFP-positive cultured SP cells.
Spectrin (Texas red) staining performed to identify the cytoskeleton.
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Figure 3. Tissue sections from mdx>¢Y mice transplanted with eGFP transduced SP cells

eGFP was detected in fibers and mononuclear cells of transplanted animals injected with
CXCR4-positive cultured SP cells; CXCR4-negative cultured SP cells; and CXCR4-positive
cultured SP cells previously incubated with a CXCR4 blocking antibody, but not in animals
transplanted with freshly isolated SP cells. Longitudinal (tibialis anterior) and transverse
(quadriceps) muscle sections are presented. eGFP expression was detected in right
quadriceps and right tibialis anterior one month after transplantation. Spectrin (Texas red)
staining performed in some sections from right quadriceps to identify the cytoskeleton.
Nuclei were stained with DAPI (blue). 20x magnification.
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Texas Red Anti-CXCR4 & eGFP eGFP

Figure 4. CXCR4 expression in host tissue one month after transplantation

CXCR4-positive mononuclear cells were detected in quadriceps from animals transplanted
with CXCRA4-positive cells and animals who received CXCR4-negative cells. Both eGFP-
positive (donor) and eGFP negative (endogenous) CXCR4-positive cells (arrows and
arrowheads, respectively) were found in tissues transplanted with CXCR4-positive cells.
Only endogenous eGFP negative CXCR4-positive cells were found in tissues transplanted
with eGFP-positive CXCR4-negative cells.
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Percent Expression of Cell Surface Markers in Freshly Isolated SP Cells and Cultured Cells Derived from the

Side Population

Surface Marker
Sca-1
CD34
CD31
CD45
CD11a
CD65L
CD62E
CD49d
CD11b
CXCR4

Freshly Isolated SP Cells  SP-derived Cultured Cells

91+8 96+2
8216 5+1
80+7 4+0.5
1+0.2 2+1
not assayed 0
not assayed 3+1
0 0.5+0.5
1+0.2 1+0.5
1+0.4 0
2+1 1745

Percentages assayed by fluorescence-activated cell sorting. Data acquired from 5 independent experiments. CXCR4 expression increases nearly 9-
fold after 21 days in culture, while CD34 and CD31 expression markedly decrease.
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