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RESEARCH Open Access

Congenital muscular dystrophy-associated
inflammatory chemokines provide axes for
effective recruitment of therapeutic adult
stem cell into muscles
Vitali Alexeev1, Jacquelyn Olavarria1, Paolo Bonaldo2, Luciano Merlini3 and Olga Igoucheva1*

Abstract

Background: Congenital muscular dystrophies (CMD) are a clinically and genetically heterogeneous group of
neuromuscular disorders characterized by muscle weakness. The two most prevalent forms of CMD, collagen VI-related
myopathies (COL6RM) and laminin α2 deficient CMD type 1A (MDC1A), are both caused by deficiency or dysfunction of
extracellular matrix proteins. Previously, we showed that an intramuscular transplantation of human adipose-derived stem
cells (ADSC) into the muscle of the Col6a1−/− mice results in efficient stem cell engraftment, migration, long-term survival,
and continuous production of the collagen VI protein, suggesting the feasibility of the systemic cellular therapy for
COL6RM. In order for this therapeutic approach to work however, stem cells must be efficiently targeted to the entire
body musculature. Thus, the main goal of this study is to test whether muscle homing of systemically transplanted ADSC
can be enhanced by employing muscle-specific chemotactic signals originating from CMD-affected muscle tissue.

Methods: Proteomic screens of chemotactic molecules were conducted in the skeletal muscles of COL6RM- and
MDC1A-affected patients and CMD mouse models to define the inflammatory and immune activities, thus, providing
potential markers of disease activity or treatment effect. Also using a pre-clinical animal model, recapitulating mild Ullrich
congenital muscular dystrophy (UCMD), the therapeutic relevance of identified chemotactic pathways was investigated
in vivo, providing a basis for future clinical investigations.

Results: Comprehensive proteomic screens evaluating relevant human and mouse skeletal muscle biopsies offered chemotactic
axes to enhance directional migration of systemically transplanted cells into CMD-affected muscles, including CCL5-CCR1/3/5,
CCL2-CCR2, CXCL1/2-CXCR1,2, and CXCL7-CXCR2. Also, the specific populations of ADSC selected with an affinity for the
chemokines being released by damaged muscle showed efficient migration to injured site and presented their therapeutic effect.

Conclusions: Collectively, identified molecules provided insight into the mechanisms governing directional migration and
intramuscular trafficking of systemically infused stem cells, thus, permitting broad and effective application of the therapeutic adult
stem cells for CMD treatment.

Keywords: Type VI collagen, COL6A1, Congenital muscular dystrophy, Adipose-derived stem cell, Cell-based therapy, Chemokines,
Chemotaxis
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Background
Alterations of extracellular matrix (ECM) or dysfunction
of ECM-associated proteins have been implicated in a var-
iety of diseases, notable among those are muscular dystro-
phies. Congenital muscular dystrophies (CMD) are a
clinically and genetically heterogeneous group of neuro-
muscular disorders characterized by muscle weakness
within the first 2 years of life [1]. The two most prevalent
forms of CMD, i.e., collagen VI (COL6)-related myop-
athies (COL6RM) and laminin α2 (LAMA2)-deficient
CMD type 1A (MDC1A), share a similar underlying dis-
ease mechanism, consisting in the deficiency or dysfunc-
tion of extracellular matrix (ECM) proteins. Both
disorders are unique among other hereditary myopathies
and considered hybrid disorders with clinical features at-
tributed to both muscle and connective tissue and often-
called disorders of myomatrix. Treatment options for
CMD patients are limited and mainly focused on address-
ing the clinical manifestations [2]. Due to the distinct cel-
lular origin of the proteins involved in the common CMD
forms, even though a range of therapeutic approaches
have been tested for traditional muscular dystrophies,
there is a need to develop treatment strategies that specif-
ically target muscle ECM alterations.
Adult stem cell-based therapy emerged as a promising

strategy for treating genetic diseases, including different
types of muscular dystrophies, in particular, Duchenne
muscular dystrophy [3, 4]. The majority of studies evalu-
ated the ability of muscle-derived stem cells or progeni-
tor cells, such as myoblasts, side population cells,
myogenic endothelial cells, pericytes, and mesoangio-
blasts, as well as cells from non-muscle tissues to replace
damaged muscle fibers [5–9]. However, transplanted
cells showed limited ability to regenerate muscle fibers
despite the production of missing proteins by trans-
planted cells but showed reduction of inflammation
through trophic effects elicited by transplanted cells.
Effective cell therapy of ECM-related CMD such as

COL6RM and MDC1A rests on the ability of the thera-
peutic cells to secrete normal ECM proteins that can
prevent muscle cell degeneration rather than on the po-
tential of stem cells to differentiate into muscle fibers.
Also, since the primary defect of COL6RM and MDC1A
are in muscle ECM but not in muscle cells the ability of
transplanted cells to differentiate into muscle cells is not
crucial and secondary to their function of supplying the
missing extracellular components. Until recently, bone
marrow was considered the main source for adult stem
cells. Recent advancements in stem cell isolation proto-
cols allowed discovery alternative repository of stem cells
such as subcutaneous fat. Similarly, to bone marrow-
derived mesenchymal stem cells, adipose-derived stem
cells (ADSC) can be obtained by less invasive methods,
differentiate into multiple linages, have relatively low

donor-site morbidity, and are available in large quan-
tities for procurement. Also, ADSC have potential as
immunoprivileged universal cells with capacity for the
allogeneic transplantation and reduced possibility of de-
veloping graft-versus-host disease. On special note,
ADSC produce a significant level of COL6 and to less
extent LAMA2 proteins, making these cells readily avail-
able for therapeutic intervention of CMD after local and
systemic administration [10].
Previously, we obtained a proof-of concept data show-

ing that human neonatal ADSC delivered intramuscu-
larly can participate in restoration of COL6 deficiency in
mouse model of COL6RM [10]. We have found that
transplantation of the xenogeneic ADSC leads to effi-
cient engraftment of adult stem cells into the interstitial
connective tissue of the skeletal muscles, long-term sur-
vival of stem cells up to 3 months in muscle environ-
ment, and continuous production of therapeutic the
COL6 protein. These findings suggested the possibility
of a durable clinical benefit following cell transplantation
and provided the scientific rationale for developing stem
cell therapy for CMD.
Effective therapy requires the delivery of therapeutic

stem cells to all body musculature, a problem that can-
not be easily overcome unless systemic transplantation
protocols are proved to be effective. Previous studies
showed that systemic transplantation of bone marrow-
and muscle-derived stem cells had a limited impact on
muscle cell replacement and improvement of murine
muscular dystrophy, partially due to poor cell recruit-
ment to the muscle tissue. Also, it is known that a large
fraction of systemically infused stem cells are passively
trapped in draining organs, such as lungs and liver [11].
For the same token, the relative heterogeneity of stem
cells, the limited repertoire of functional chemokine re-
ceptors on stem cell surface and possibly other factors
impede effective homing of stem cells to the skeletal
muscle tissue [12–14].
Currently, molecular mechanisms governing recruit-

ment of systemically transplanted stem cells from circu-
lation to the skeletal muscle are largely unknown.
However, prior studies have demonstrated that skeletal
muscles after experimental injury and dystrophic mus-
cles of mdx mice are characterized by an inflammatory
“molecular signature” in which CC and CXC chemo-
kines are prominent [15, 16]. The key mechanism that
regulates cell recruitment to distal anatomical sites and
migration of cells inside affected tissue is chemotaxis,
which depends on the signaling molecules termed che-
mokines. In the adult organism, expression of most che-
mokines is induced in response to physiologic stress or
damage. Being secreted, chemokines recruit leukocytes,
progenitor stem cells, and other cell types to the dis-
eased/damaged sites as part of host defense and repair
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mechanism. In physiological conditions, diverse insults
provoking muscle damage and repair trigger rapid and
significant leukocyte recruitment to the affected muscles
through activation of chemotactic factors produced by
muscle cells as wells as other resident cells such as mac-
rophages, known to be dominant generators of chemo-
kines and inflammatory and growth factors [17]. In turn,
the produced factors draw in inflammatory cells by
chemotaxis to clear debris and further promote growth
and differentiation of myoblasts and endothelial smooth
muscle cells required for tissue regeneration. In case of
genetic dystrophies such as CMD, sustained muscle fiber
damage during muscle contractions leads to fiber degen-
eration accompanied by inflammation and immune cell
infiltration. It is well known that a prominent feature of
CMD-affected muscle is a striking inflammatory infil-
trate of immune cells such as macrophages, neutrophils,
and T and B cells [18, 19]. Based on current knowledge
of leukocyte trafficking, it is plausible that systemically
transplanted ADSC can be recruited from circulation to
the CMD muscles by the activation of specific receptors
on the surface of transplanted ADSC, followed by trans-
muscular migration mediated by stem cell receptors
under influence of the CMD muscle-derived chemo-
kines. Through characterization of specific chemokines
secreted by CMD-damaged muscles and delivery of stem
cells with activated receptors to those chemokines,
therapeutic stem cells can potentially be delivered to
sites of disease-affected muscles and arrest further dam-
age to compromised muscle tissue.
In the current study, we performed comprehensive prote-

omic screens of chemotactic molecules in the skeletal mus-
cles of COL6RM- and MDC1A-affected patients and CMD
mouse models and identified chemokine receptor axes
available for recruitment of stem cells to the CMD-affected
skeletal muscles. Then, selected stem cell populations were
tested for their ability to promote disease-driven
chemotaxis-based muscle homing in vivo using pre-clinical
mouse model of COL6RM. Results of this investigation
could provide avenue for the potential clinical treatment of
CMD and related muscular disorders.

Methods
Mouse strains
All animal procedures were performed in accordance
with the “Guide for the Care and Use of Laboratory Ani-
mals” (National Institute of Health publication no. 86–
23) and approved by the Institutional Animal Care and
Use Committee of the Thomas Jefferson University.
Wild-type C57BL/6 mice were purchased from The
Jackson Laboratory (Bar Harbor, ME, USA). NCr nude
spontaneous mutant (CrTac:NCr-Foxn1nu) (Taconic,
Derwood, MD, USA). DyW (B6.129S1(Cg)-Lama2t-
m1Eeng) mice were purchased from The Jackson

Laboratory (Bar Harbor, ME, USA). This model has
markedly reduced expression of a truncated LAMA2
chain and displays severe muscular dystrophy and per-
ipheral neuropathy. DyW newborn mice begin to show
evidence of disease by two weeks of age, are passive,
small, and emaciated, and demonstrate partial hind-leg
lameness and clasping and die by approximately 7 weeks
of age. Col6a1−/− mice were previously described [20].
Col6a1−/− possess a disruption of the gene encoding the
α1(VI) collagen chain, resulting in the lack of COL6 se-
cretion. The phenotype of the Col6a1−/− mice is mild.
Col6a1−/− mice have normal life span and somewhat
smaller size than the wild-type animals.

Muscle biopsies from CMD-affected patients
Muscle biopsies from healthy individuals were purchased
from ProteoGenex, Inc. (Culver City, CA, USA). Muscle
biopsies from CMD patients were obtained from
Congenital Muscular Dystrophy Tissue Repository
(CMD-TR, Milwaukee, WI, USA) and Dr. Luciano Mer-
lini (Bologna, Italy) according to ethical committee rules
and country’s regulations. No patient-identifiable infor-
mation was available to researchers. The study was not
determined as human subject research as per guidelines
of the Thomas Jefferson University IRB and as such did
not require ethics approval. Clinical features of the pa-
tients are presented in Table S1.

Tissue biopsies from CMD mouse models
The gastrocnemius muscle (GCM) was collected from
dyW and wild-type C57BL/6 mice at week one through
7 weeks of age, respectively. For each time point, biop-
sies from five animals were pooled and processed for the
total protein isolation as described previously [10]. Due
to the absence of significant muscle damage or inflam-
mation in the mild-phenotype Col6al −/− mice, muscle
damage was induced by administration of 10 μM cardio-
toxin (CTX, Sigma, St. Louis, MO, USA) to the right
GCM of the 6-month-old Col6a −/− and wild-type mice,
respectively. Animals were sacrificed at day 0 (baseline),
1, 3, 7, 14, and 21 days post-CTX treatments. Biopsies of
GCM from 5 animals in each cohort were pooled and
processed for total protein isolation.

Chemokine antibody arrays
Human Chemokine Antibody Arrays (RayBioTech, Nor-
cross GA, USA) and Proteome Profiler™ Mouse Chemo-
kine Antibody Array (R&D Systems, Minneapolis, MN,
USA) were used to assay skeletal muscle biopsies from pa-
tients affected with Bethlem myopathy, UCMD, MDC1A,
and mouse tissues derived from CMD mouse models,
dyW and Col6al −/− mice, respectively. Five hundred mi-
crograms of total protein were used to probe the chemo-
kine antibody array according to the manufacturer’s
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instructions. Chemokine antibody array membranes were
developed by standard enhanced chemiluminescence
techniques as advised by manufacturers. Acquisition of
signals on chemokine arrays was quantitatively determined
using ScanAlize version 2.50 (Stanford University) and
GEArray Expression Analysis Suite 2.0 software (SABios-
ciences, Frederick, MD, USA), which reads the images and
matches them to the corresponding protein on the array.
The net level of each protein was calculated by the mean of
the individual spot intensity minus the mean of the back-
ground intensity. To provide normalization, the average
level ratio of two principal proteins was determined and in-
troduced as a correction factor. Relative spot intensities are
presented as mean ± SD. Microsoft Excel (Microsoft, Red-
mond, WA, USA) was utilized for statistical analysis.

Isolation of mouse adipose-derived stem cells and tissue
culture conditions
Mouse subcutaneous fat was excised and maintained on
ice. Standard method for isolating and purifying ADSC
from the stromal vascular fraction (SVF) containing fibro-
blasts, pericytes, preadipocytes, monocytes, and macro-
phages, as well as smooth muscle, endothelial progenitor,
and red blood cells of the SVF, have been well established
and was employed here [10, 21]. Briefly, tissue was
digested in warmed DMEM/F12-Glutamax media
(Thermo/Fisher, Grand Island, NY, USA) supplemented
with 0.1% collagenase (Sigma. St. Louis, MO, USA) and
1% Penicillin/Streptomycin (Thermo/Fisher) while shak-
ing at 37 °C and 180 rpm for 1 h. To obtain a single cell
suspension, the digested tissue was applied to a 30-μm
mesh separation filter (Miltenyi Biotec, Auburn, CA,
USA). PBS+1% BSA solution was added to the mesh to
quench the enzyme and flush any remaining cells through
the filter. The suspension was centrifuged and the pellet
was resuspended in 1ml of DMEM/F12 and Glutamax+
10% FBS (Thermo/Fisher). Cells were plated in DMEM/
F12 and Glutamax plus 10% FBS (Invitrogen, Grand Is-
land, NY, USA) and grown to confluence. To remove
hematopoietic cells, cells then were depleted using mag-
netic separation beads (Miltenyi Biotec). Resultant
CD31−CD45− population defined as ADSC was designated
as first passage cells and was cultured in DMEM/F12-Glu-
tamax media supplemented with 10% FBS and penicillin/
streptomycin.

Generation and characterization of Ccr2- and Cxcr2-
overexpressing ADSC
Full-length mouse Ccr2 and Cxcr2 receptor with 3′
UTR was amplified from total mouse RNA via reverse
transcription reaction using Superscript II RT Kit (Invi-
trogen, Carlsbad, CA, USA) followed by PCR using PFU
II high fidelity polymerase (Agilent Technologies, Santa
Clara, CA, USA). Resultant cDNA was inserted into

pEF2-TOPO vector. Integrity of the promoter and
cDNA was verified by direct DNA sequencing. Minim-
ally cultured ADSC (passage 1–2) were nucleofected
with pEF1-mCcr2 and pEF1-mCxcr2 plasmids, respect-
ively, using Lonza nucleofection reaction (T-27 program,
nucleofection kit V; Lonza, Cologne, Germany). Further,
pool of Ccr2- and Cxcr2-expressing cells was selected
with Blasticidin (0.5 mg/ml; Invitrogen) for 10 days, re-
spectively. Expression of Ccr2 and Cxcr2 in selected cells
was confirmed by FACS and indirect immunofluores-
cence analyses. Receptor surface expression was deter-
mined by FACS using PE-conjugated antibodies. For
indirect immunofluorescence, Ccr2- and Cxcr2-
immunocomplexes were detected with Alexa-Fluor488-
conjugated secondary antibodies (Invitrogen). Nuclei
were counterstained with 4′,6-diamidino-2-phenyl indol
(DAPI; Sigma, St. Louis, MO, USA). Immunofluorescent
images were obtained on Nikon TS100F fluorescent
microscope (Nikon, Melville, NY, USA).

Transplantation of ADSC into mice under physiological
and pro-inflammatory conditions
All animal procedures were performed in accordance
with the “Guide for the Care and Use of Laboratory Ani-
mals” (National Institute of Health publication no. 86-
23) and approved by the Institutional Animal Care and
Use Committee of the Thomas Jefferson University. For
enforced migration of stem cells into skeletal muscle,
ADSC uniformly expressing Ccr2 were stably transduced
with Luciferase reporter gene. Native and Ccr2-
expressing ADSC were systemically administered via tail
vein injection into NCr nude mice, respectively, follow-
ing localized intramuscular administration with the
mouse recombinant Ccl2 chemokine into the left GCM.
For therapeutic assessment of Ccr2- and Cxcr2-ADSC in
physiological and pro-inflammatory conditions, 2.5 × 106

cells were labeled with a red lipophilic tracer DiOC18
(Molecular Probes, Grand Island, NY, USA) and system-
ically transplanted into 4 month old Col6a1−/− mice (n =
5/treatment/time point) via tail vein injection. To induce
pro-inflammatory injury, the left hindlimb was injected
with 10 μM cardiotoxin 3 days prior transplantation. The
right GCM was injected with PBS and used as a control
for natural homing. For analysis, transplanted mice were
euthanized by CO2 inhalation at predetermined time
points (4, 14, and 21 days) and muscle samples were col-
lected. In vivo imaging (IVIS) (Lumina XR, Caliper Life-
Sciences, Hopkinton, MA, USA) was performed at
indicated time points to determine the localization of
the transplants. At indicated time points, muscle biop-
sies were collected, embedded into OCT compound
(VWR, Pittsburgh, PA, USA), frozen, and cryosectioned
at a thickness of 10 μm. All samples were evaluated for
the presence of engrafted DiOC18-ADSC expressing
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cells using fluorescence microscopy. For indirect im-
munofluorescence analysis, cross-sections were stained
with rabbit polyclonal anti-α1(VI) collagen (kindly
provided by Timpl Laboratory) and rat monoclonal anti-
LAMA2 (clone 4H8–2; Enzo Life Sciences, Inc., Farm-
ingdale, NY, USA) antibodies. Immunocomplexes were
detected with AlexaFluor488- and AlexaFluor594-labeled
secondary antibodies (Invitrogen). Average number of
collagen α1(VI)-positive fibers was calculated and com-
pared between samples collected at different time points.
Multiple adjacent sections were analyzed within 20 ran-
dom, non-overlapping microscopic fields per sample. All
morphometric comparisons are presented as percentages
of untreated limb (baseline control) and analyzed for
statistical significance using the Student’s t test, with p
value less than 0.01 considered significant in all tests.

Statistical analysis
Data are presented as group mean values ± S.E.M. All
array data represent the average values obtained from at
least three independent experiments performed on sep-
arate occasions. Statistical comparisons were performed
using Student’s t test for independent samples or
ANOVA in the case of multiple comparisons. A value of
P < 0.05 was considered significant.

Results
Proteomic screens of chemokines in the skeletal muscles
of CMD patients
Proteome analysis consisted of skeletal muscle biopsies
from patients with confirmed diagnosis of Bethlem My-
opathy (BM, n = 5), Ulrich Congenital Muscular Dys-
trophy (UCMD, n = 8), and Merosin-deficient congenital
muscular dystrophy type 1A (MDC1A, n = 5). Patients
were from 2 to 67 years of age and presented a range of
clinical symptoms from mild to severe. The clinical char-
acteristics of CMD patients are summarized in Table S1.
Assay controls included skeletal muscle biopsies col-
lected from 18, 43, and 58-year-old healthy individuals
with no CMD history. The human chemokine array was
used to simultaneously survey 38 known human chemo-
kines. The data were analyzed by grouping the patients by
disease type (BM, UCMD and MDC1A) and represented
based on a comparison to muscle samples of healthy do-
nors. The ratio of mean pixel densities of individual che-
mokine in CMD samples to that in control group is
presented as the fold difference (Table 1, Fig. S1A). Ana-
lysis of biopsies collected from the healthy group demon-
strated that homeostatic muscles contain constitutively
low levels and limited repertoire of chemokines, with
CTAK (CCL27), GRO (CXCL1,2,3), IL-8 and IL-10,
MCP-1 (CCL2), MIP-1 beta (CCL4), NAP-2 (CXCL7),
and RANTES (CCL5) being above the minimal value of
the detection. Proteome profile of CMD-derived biopsies

reveled disease-related changes (Fig. 1). Cross analysis of
patient data showed that all examined muscle biopsies
share similar chemokine profile regardless of genetic
abnormality or severity of disease. Moreover, most
dominant molecules were found to be a pro-
inflammatory chemokines and common for all three
CMD types, those included NAP-2 (CXCL7), GCP
(CXCL6), GRO (CXCL1,2,3), RANTES2 (CCL5), and
MCP-1 (CCL2) (Fig. 1, Table 1). On special note, the
level of CCL5 was associated with CMD severity,
showing modest increase (1.7-fold) in BM-derived
muscles and considerably higher presence in muscles
of UCMD (5.7-fold) and MDC1A (11.0-fold) patients
(Table 1). However, prognostic value of this molecule will
require further statistical analysis in a larger cohort of pa-
tients with careful phenotypic evaluation. Collectively, ro-
bust analysis of CMD muscle-associated chemokines
revealed a distinct subset of chemokines that may contrib-
ute to the pathology of the major CMD types. These data
also revealed several chemotactic pathways that could be
further exploited for the effective recruitment and homing
of the systemically transplanted therapeutic stem cells to
CMD-affected muscles and the improvement of cell-based
therapies.

Table 1 Proteome analysis of selected chemokines in muscle
biopsies of CMD-affected patients

Chemokine Fold difference/controla

BM UCMD MDC1A

CCL28 6.6 6.1 7.9

CK beta 8-1 1.7 1.6 2.3

CTACK 1.2 1.2 1.9

CXCL-16 3.2 2.6 5.3

ENA-78 1.6 1.4 3.3

Eotaxin 2.6 2.2 6.2

GCP-2 1099.5 1151.4 1189.1

GRO 2.9 3.1 2.3

GRO-alpha 1.4 2.0 2.1

HCC-4 1.5 1.7 2.2

I-309 1.7 1.4 2.0

I-TAC 2.6 1.7 2.8

IL-8 0.5 0.7 1.2

IP-10 0.8 1.0 1.9

MCP-1 1.8 3.0 2.7

NAP-2 3.3 4.1 5.0

RANTES 1.7 5.7 11.0
aData represented as fold difference of CMD muscle vs healthy (control)
muscle. Each protein array was processed in an identical manner and the
number represents an average of triplicate experiments from 5 BM, 8 UCMD,
and 5 MDC1A muscle samples. Fold difference does not reflect quantity. BM
Bethlem myopathy, UCMD Ulrich congenital muscular dystrophy, MDC1A
Merosin-deficient congenital muscular dystrophy type 1A
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Proteome analysis of chemokines in LAMA2-deficient
mice
The Lama2 (dyW) mice recapitulate the clinical mani-
festations of MDC1A patients and display severe muscu-
lar dystrophy, with death around 5–7 weeks of age.
Proteomic screens of chemotactic molecules in the
gastrocnemius muscle (GCM) were conducted at differ-
ent stages of disease progression: initial (7–14 days),
acute (3–4 weeks), and terminal (5–6 weeks). Assay con-
trols were consisted of proteomic profiles utilizing the
GCM tissues from age-matched wild-type counterparts.
Densitometry data analysis of individual chemokine is
reported as the fold difference change of dyW compared
to wild-type samples. Evaluation of 25 known mouse
chemotactic molecules in the GCM of wild-type mice
showed constitutive presence of few chemokines at low
levels, mainly produced as a part of normal homeostasis
of muscle tissue (Fig. 2a, Fig. S1B). Contrary, analysis of
the GCM from dyW mice showed abundant presence of
several chemotactic molecules at all stages of disease

(Fig. 2b). Pairwise comparison of the GCM sampled
from dyW and normal mice revealed the significant in-
duction of seven distinct CC and CXC class chemokine
ligands, including CCL6, C5/C5a, RARRES2, CCL27, IL-
16, CCL2, CXCL1, CCL8, CCL12, CCL9/CCL10, and
CXCL12 (Table 2). Patterns of most identified chemo-
kines showed early induction as soon as 1 week of age
and maintained expression until termination point. Ana-
lysis of the diaphragm muscle (DM) sampled from dyW
and wild-type mice showed considerable presence of
CCL6 and RARRES2 and modest de-regulation of IL16,
CCL2, CXCL1, and CCL12 (data not shown). Interest-
ingly, the levels of some identified molecules were vari-
able depending on the tissue and did not necessarily
coincide with stage of disease. Specifically, CCL6, RARR
ES2, and CCL9/10 showed the highest level at initial
stage of disease (2 weeks) in the DM but reached the
maximum only in acute phase (3 weeks) in the GCM.
For the same token, IL6 level had modest increase at 2
weeks in the DM and was maintained at that level as

Fig. 1 Proteome analysis of chemokines in muscles of CMD-affected patients. The data were collected from independent arrays with duplicate
measurements for each chemokine using 5 BM, 8 UCMD, and 5 MDC1A muscle samples (Table S1). Chemokines are listed below the columns.
Data are presented as a mean pixel density ± SD. Statistical significance (p < 0.05) is indicated by asterisk. CMD types are indicated in the key. N,
normal (control); BM, Bethlem myopathy; UCMD, Ulrich congenital muscular dystrophy; MDC1A, Merosin-deficient congenital muscular dystrophy
type 1A
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disease progressed; however, its level did not change sig-
nificantly and was steady in the GCM. CCL8 and CCL12
levels dis not vary much and demonstrated consistent
pattern associated with all disease stages. Contrary, ana-
lysis of serum samples did not produce any noticeable
changes in chemokine profile despite disease progres-
sion; however, the serum collected from 1-week-old ani-
mals showed temporal increase in CCL6 (5.6-fold),
CXCL5 (4.9-fold), and CCL9/CCL10 (9.0-fold), which
reached the basal level by second week of life (data not
shown). Together, these data suggest that rapid induc-
tion and sustained expression of several chemotactic
molecules in the GCM and DM of LAMA2-deficient
mice may provide a selective mechanism for inflamma-
tory cell recruitment and, thus, play a role in disease
pathology. Also, identified chemotactic signatures sug-
gest that therapeutic stem cells can be recruited to the
affected tissues by the similar chemotactic mechanism as
immune cell trafficking.

Proteome analysis of chemokines in COL6-deficient mice
under physiological and pro-inflammatory conditions
The homozygous Col6a1−/− mutants completely lack
COL6 in the tissues but have normal life span. Skeletal
muscles of adult Col6a1−/− mice display a myopathic

histology, including fiber necrosis, phagocytosis, a pro-
nounced variation in the fiber diameter, and signs of
stimulated regeneration of fibers with necrotic fibers
particularly frequent in the diaphragm [20]. Since the
muscle phenotype of the Col6a1−/− mice is much milder
than that of the human UCMD patients, CTX was used
to exacerbate the temporal muscle abnormality, as previ-
ously shown in this model [22]. CTX selectively injures
myofibers but leaves nerves, blood vessels, and satellite
cells morphologically intact. Proteome profile was
undertaken to define a signature of chemokine release
corresponding to sequential stages of skeletal muscle in-
jury and regeneration. Following CTX treatment, the
GCM biopsies were harvested at defined periods (0/un-
injured, 1, 3, 7, 14, and 21 days). Assay controls con-
sisted of data collected from the age-matched wild-type
mice under similar treatment conditions. Data is pre-
sented as the fold-change difference of densitometry
reads between the Col6a1−/− and control groups. Com-
parative proteome profiling of the Col6a1+/+ and
Col6a1−/− GCMs under uninjured conditions showed
considerable presence of several chemokines in
Col6a1−/−-derived muscles, including Ccl21 (4.0-fold),
C5/C5a (18.1-fold), RARRES2 (8.4-fold), IL16 (11.9-fold),
Ccl2 (29.3-fold), Ccl8 (8.7-fold), Ccl12 (22.3-fold), Cxcl1

Fig. 2 Proteomic screens of chemokines in muscles of dyW mice. Data were collected from independent arrays with duplicate measurements for
each chemokine using muscle biopsies from wild-type (a) and dyW (b) mice, respectively, at 1, 2, 3, 4, 5, and 6 weeks after birth. Time points are
indicated in the key. Chemokines are listed below the columns. Data are presented as a mean pixel density ± SD. w, week(s)
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(5-fold), and Cxcl12 (42.6-fold) (Fig. 3a and Table 3).
Twenty-four hours after CTX injury, a substantial re-
lease of several pro-inflammatory chemokines was evi-
dent in the wild-type GCM, as judged by increased
levels of Ccl6, C5/C5a, RARRES2, IL16, Cxcl5, Ccl8,
Ccl12, and Ccl9/Ccl10 (Fig. 3b). Interestingly, chemo-
kine profile of Col6a1−/− mice showed modest response
to CTX, affecting only a few molecules, including C5/
C5a, Cxcl1, Cxcl10, Ccl8, and Ccl9/Ccl10 (Fig. 3c).
Moreover, the level of induced chemokines was compar-
able between wild-type and Col6a1−/− muscles, with the
exception of Ccl21, C5/C5a, Cxcl10, and Cxcl12
(Table 3). Further analysis of regenerating muscles
showed that the levels of CTX-induced chemokines in
wild-type GCM were reestablished to the baseline values

by 2weeks after injury. In contrast, high levels of CTX-
induced chemokines in Col6a1−/− mice persisted for 2weeks
until they restored to the basal level by week 3 (Table 3).

Chemotaxis-mediated recruitment of ADSC to skeletal
muscles in vivo
Our previous FACS-based assessment of receptor activ-
ity in minimally cultured primary stem cells showed that
ADSC have very limited percentage of cells with func-
tional chemokine receptors, accounting for their inef-
fective recruitment into muscles [21]. Because homing
of systemically infused ADSC to the muscle could be en-
hanced via the use of cells uniformly expressing princi-
pal receptor, ADSC engineered to express Ccr2 were
systemically transplanted into NCr nude mice followed
by localized intramuscular administration of the mouse
recombinant Ccl2 chemokine into the left GCM. As ex-
pected, mice transplanted with heterogeneous ADSC
(less than 6% of cells positive for Ccr2 receptor) showed
significant cell entrapment in lungs during first 24 h,
with no detectable engraftment into chemokine-treated
or untreated limbs (Fig. 4a). In the next 48–72 h, control
mice did not show any appreciable signals, indicating
exiting of cells along unspecific axes within the body
(Fig. 4b, c). In sharp contrast, as early as 24 h after trans-
plantation, migration of Ccr2-postive ADSC along cre-
ated chemotactic gradient was observed in the
chemokine-treated GCM but not in untreated right limb
(Fig. 4d). Additional 48 h led to a more robust migration
of the receptor-expressing cells from the circulation to the
chemokine-treated muscle, as revealed by the marked in-
crease in red fluorescent signal (Fig. 4e, f). Direct im-
munofluorescence analysis of muscle biopsies showed
preferential colonization of Ccr2-positive ADSC around
blood vessels (data not shown). Taken together, these
findings strongly support our hypothesis that engagement
of stem cell receptor with tissue-derived chemokine is a
critical step in cell recruitment into muscle tissue.

Chemotactic recruitment of ADSC to CMD-affected
muscles
Comparative proteome analysis of human and mouse
CMD samples as well as pairwise matching of identified
chemokines and their cognate receptors allowed us to
identify few common chemotactic axes, including
CXCL7/CXCL1,2,3-CXCR2 and CCL2-CCR2, as poten-
tial gradients for targeting of ADSC into CMD muscles.
Chemotactic activity of ADSC uniformly expressing
CMD muscle-specific chemokine receptors was assessed
in a pre-clinical setting using the COL6 deficient mouse
model. Reinstatement of COL6 deposition in skeletal
muscles was examined after systemic transplantation of
selected Ccr2- and Cxcr2-positive ADSC (1.5–2 × 106/
injection/mouse) fluorescently labeled with DiOC18

Table 2 Proteome analysis of chemokines in muscle biopsies of
dyW mice

Chemokine Fold difference/controla

Time since birth, weeks

1 2 3 4 5 6

CCL21 3.4 2.1 3.8 6.0 6.4 4.7

CXCL13 1.5 0.2 0.7 2.7 1.3 0.6

CCL6 5.6 6.6 6.0 7.1 7.0 17.0

C5/C5a 6.8 6.3 23.1 12.3 6.8 14.0

CCL28 1.5 2.6 3.5 3.7 4.0 3.2

RARRES2 1.6 1.9 6.3 8.6 7.4 76.2

CCL27 9.7 6.6 10.3 19.6 8.0 14.2

CXCL16 2.5 1.8 2.5 3.0 2.7 4.1

CCL11 5.1 1.3 2.5 3.8 1.3 3.2

CX3CL1 53.6 1.2 1.4 4.4 1.6 2.2

IL-16 4.2 3.9 4.3 9.9 7.3 20.1

CXCL10 2.6 2.4 4.0 7.9 4.6 6.5

CXCL11 2.1 3.8 2.8 3.7 2.0 4.8

CCL2 6.5 5.5 4.2 9.5 5.5 15.2

CXCL1 7.4 6.3 7.3 10.8 5.1 12.5

CXCL5 2.0 1.0 4.9 6.0 1.7 2.5

CCL8 7.7 11.4 18.3 3.0 4.4 23.5

CCL12 5.5 5.1 4.0 8.0 5.7 11.3

CCL22 12.7 3.0 4.9 9.9 10.5 5.6

CXCL9 3.5 2.6 3.7 4.2 5.2 4.0

CC3/CCL4 14.6 2.2 4.3 3.9 8.5 13.0

CCL9/CCL10 11.5 15.0 41.2 10.6 14.2 47.3

CXCL2 5.4 1.6 8.1 1.5 3.3 3.1

CCL5 1.6 0.9 12.6 4.6 2.6 2.2

CXCL12 11.7 4.3 7.0 12.1 6.0 14.1
aData represented as fold difference of dyW muscle vs muscle from age-
matched wild-type counterpart (control). Each protein array was processed in
an identical manner and the number represents an average of triplicate
experiments from 5 pooled muscle biopsies. Fold difference does not
reflect quantity
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under physiological and CTX-induced inflammatory
conditions, respectively. The right GCM was injected
with CTX and left GCM was injected with PBS and
served as control for natural homing followed by cell
transplant 24 h after injury. To compare potential of se-
lected ADSC in normal and muscle-damaged condition,
mice were also treated with unselected ADSC in a simi-
lar fashion. Live imaging of both CTX-treated and con-
trol limbs was performed at 4 (dorsal view), 14, and 21
(ventral view) days after cell transplantation. The experi-
mental animals were concluded 3 weeks after a single
transplant. The mice transplanted with heterogeneous
ADSC did not show any appreciable signals (data not
shown). Contrary, the red fluorescent signals of
DiOC18/Ccr2- and DiOC18/Cxcr2-positive ADSC were
detectable in all transplanted animals and persisted for
the entire study, suggesting the efficient homing and en-
graftment of cells in the muscle environment under the
influence of chemokines in both physiological and CTX-

injured conditions (Fig. 5a). Moreover, the detected
fluorescent signals were significantly higher in the limbs
treated with CTX. Interestingly, the transplantation with
Cxcr2-positive ADSC (Cxcl1/Cxcr2, Cxcl2/Cxcr2, and
Cxcl5/Cxcr2 axis) resulted in more efficient migration
than Ccr2-positive ADSC (Ccl2/Ccr2 axis) (Fig. 5a, b).
This is in good agreement with our chemokine protein
array profiles showing the significant induction of Cxcl1,
Cxcl2, and Cxcl5 chemokines after CTX injury, which are
all potent chemoattractants for Cxcr2-positive inflamma-
tory cells. Direct immunofluorescence analysis of muscle
biopsies at 21 days after transplant revealed significant
presence and wide distribution of DiOC18-ADSC in
muscle interstitium (Fig. 5c). Co-immunostaining with
antibodies against COL6 and LAMA2, which is an integral
component of the muscle basement membrane, showed
overlapping fluorescent signals of both proteins at the
basement membrane of individual myofibers in both
Ccr2- and Cxcr2-positive transplants. Morphometric

Fig. 3 Proteomic screens of chemokines in muscles of Col6a1−/− mice under physiological and pro-inflammatory conditions. a Data were
collected from independent arrays with duplicate measurements for each chemokine using muscle biopsies from wild-type and Col6a1−/− mice,
respectively, under physiological conditions (−CTX). b, c Data were collected from independent arrays with duplicate measurements for each
chemokine using muscle biopsies from wild-type (b) and Col6a1−/− (c) mice, respectively, under pro-inflammatory conditions (+CTX). Post-injury
time points (days) are indicated in the key. Chemokines are listed below the columns. Data are presented as a mean pixel density ± SD. Statistical
significance (p < 0.05) is indicated by asterisk. d, day(s)
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analysis showed that the number of COL6-labeled myofi-
bers was greater in Cxcr2-positive ADSC transplanted
mice (Fig. 5d). Together, these findings strongly suggest
that stem cells uniformly expressing specific receptors can
be efficiently targeted to the CMD-affected skeletal muscle
under influence of the CMD muscle-derived chemotactic
signals.

Discussion
CMD pathogenesis is associated with the lack or dys-
function of the ECM, which provides support and pro-
tection from the shearing forces of muscle contraction.
We have suggested that ADSC known to produce vari-
ous ECM molecules, including collagen VI, could be
used as cellular therapeutics for this hereditary disorder.

Our prior studies on localized transplantation of ADSC
into CMD-affected muscle of mice mimicking Col6a1-
dependent COL6RM confirmed feasibility of ADSC-
based therapy. Considering an involvement of the whole
body musculature in the pathogenesis of this disorder,
systemic approaches are needed for an effective clinical
application. The primary challenge in the therapeutic ap-
plication of stem cells for CMD is the inefficient recruit-
ment of therapeutic cells to the damaged muscles. The
precise mechanisms responsible for adult stem cell mi-
gration to skeletal muscles in normal and pathological
conditions are still largely unknown but recent studies
suggested that chemokines are important players in skel-
etal muscle regeneration [23]. It was shown that experi-
mentally injured skeletal muscles and dystrophic
muscles of mdx mice are characterized by an inflamma-
tory “molecular signature” in which CC and CXC che-
mokines are prominent [15, 16]. To date, no sufficient
data is available regarding chemotactic signatures in
CMD-affected muscles either in patients or in animal
models. Chronic inflammation plays an important role
in the pathogenesis of CMD. One of the critical features
of inflamed muscle tissue is continuous infiltration of
muscles with leukocytes under the guidance of chemo-
kines, which define type and degree of inflammation. In
this study, we investigated chemotactic gradients of
CMD-affected muscle tissues from CMD patients and
CMD animal models, and defined chemotactic axes,
which could be employed for the targeting of therapeutic
ADSC to inheritably weakened muscle tissue.
Comparative proteome analysis indicates that levels of

CCL5, CXCL6, CXCL7, CCL2, and GRO are signifi-
cantly elevated in muscle biopsies from COL6RM and
MDC1A patients as compared to control muscle. These
data suggest that this set of chemokines is available to
provide an appropriate chemotactic gradient to direct
therapeutic ADSC to patients’ muscle tissue. All identi-
fied molecules are prominent chemotactic factors that
activate and attract various inflammatory leukocytes.
In contrast to the CMD patients, proteome analysis of

muscle biopsies from dyw and Col6a1−/− mice revealed
the significant induction of many chemokines. These
findings in the dyw model are consistent with observa-
tions that the dyw model presents with a severe pheno-
type correlating to the pathology of human MDC1A.
This is in contrast to the Col6a1−/− mouse model, which
produces no detectable COL6 protein, but displays a
mild phenotypic severity when compared to human
UCMD and more similar to the milder BM. Therefore,
to explore chemotactic recruitment of ADSC from the
systemic compartment, induction of the inflammatory
process in the Col6a1−/− mouse was accomplished
through administration of a myonecrotic agent, the Naja
mossambica mossambica venom CTX, which causes

Table 3 Proteome analysis of chemokines in muscle biopsies of
Col6a1−/− mice

Chemokine Fold difference/controla

Time after CTX treatment, days

0 1 3 7 14 21

Ccl21 4.0 3.8 3.3 2.7 6.3 5.5

Cxcl13 1.1 1.1 1.1 1.1 1.1 1.1

Ccl6 1.3 1.2 1.1 0.9 2.0 1.6

C5/C5a 18.1 3.0 9.6 19.9 80.2 23.0

CCL28 1.1 1.2 1.1 1.2 1.1 1.3

RARRES2 8.4 1.5 3.0 4.8 7.7 6.0

Ccl27 13.9 3.2 8.3 5.5 6.0 3.0

SRPSOX 1.1 1.2 4.8 1.1 1.2 1.1

Ccl11 1.1 1.2 1.1 1.1 1.2 1.1

Cx3cl1 1.1 1.1 1.1 1.1 1.1 1.1

IL16 11.9 1.1 1.5 5.1 36.4 14.6

Cxcl10 10.5 39.6 45.6 10.2 1.1 1.1

Cxcl11 1.1 1.1 1.1 1.1 1.1 1.1

Ccl2 29.3 12.2 15.4 18.9 13.1 16.7

Cxcl1 1.2 1.1 1.1 1.2 1.1 1.2

Cxcl5 1.2 4.3 1.1 1.2 1.1 1.2

Ccl8 8.7 1.6 4.4 1.2 48.7 7.5

Ccl12 22.3 1.5 14.7 6.8 35.9 20.9

Ccl22 1.1 1.1 1.2 1.1 1.2 1.1

Cxcl9 1.1 1.1 1.2 1.1 1.2 1.1

Ccl3/Ccl4 1.1 1.1 1.2 1.1 1.2 1.1

Ccl9/Ccl10 0.9 1.3 1.1 0.9 5.4 1.6

Cxcl2 1.2 1.1 1.2 1.1 1.2 1.1

Ccl5 1.1 1.1 1.2 1.1 1.2 1.1

Cxcl12 42.6 38.4 182.8 47.7 45.6 47.7
aData represented as fold difference of Col6a1−/− muscle vs muscle from age-
matched wild-type counterpart (control). Each protein array was processed in
an identical manner and the number represents an average of triplicate
experiments from 5 pooled muscle biopsies. Fold difference does not
reflect quantity
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selective damage by targeting myofibrils and inducing
inflammation, as previously shown in the same model
[22]. After CTX administration, many chemokines identi-
fied in LAMA2-deficient muscles were also present in
CTX-damaged muscle of Col6a1−/− mice, suggesting that
both diseases share similar chemotactic signals in mice.
Rapid induction and sustained expression of identified
chemotactic molecules in CTX-injured muscles suggest
that chemotaxis could serve as a primary mechanism for
continuous and selective recruitment of chemokine
receptor-positive inflammatory and therapeutic cell.
Although a precise role of the identified chemotactic

molecules in CMD pathology remains to be identified, it
is likely that the pattern and the level of specific chemo-
kines in different CMD pre-define inflammatory infil-
trate and degree of muscle injury. Our data showing
elevated levels of several CC-motif-containing chemo-
kines extend prior studies showing increased expression
CCL2, CCL3, and CCL4 in muscle biopsies obtained
from animal models and human patients suffering from
muscular dystrophy or inflammatory myopathies [23].
Besides playing a role in CMD pathology, some of these

chemokines could be attractive for the targeting of
therapeutic ADSC from circulation into chronically in-
jured CMD-affected muscles. For example, CCL2-
mediated chemotaxis is critical for tissue recruitment of
monocytes/ macrophages upon inflammation and infec-
tion. It exerts its activity via interaction with CCR2 receptor
and plays a pathogenic role in chronic inflammatory dis-
eases, including multiple sclerosis, atherosclerosis, and
rheumatoid arthritis [24]. Conversely, CCL2-mediated in-
flammatory response is essential for repair of acute skeletal
muscle injury. Ccr2−/− mice and mice receiving antibodies
against CCL2 show markedly reduced macrophage infiltra-
tion in response to acute muscle injuries induced by ische-
mia or myotoxic agents, and the diminished inflammatory
response is accompanied by poor muscle regeneration [25].
CCL5, also known as RANTES (Regulated upon activation,
normal T cell expressed, and secreted), plays an essential
role in leukocytes (monocytes, macrophages, T cell subsets,
DCs, eosinophils, and basophils) homing to the sites of in-
flammation [26]. It can also stimulate eosinophils to secrete
eosinophil cationic protein and stimulate basophils to re-
lease histamine. In collaboration with T cell-derived

Fig. 4 Representative live imaging of Ccl2/Ccr2-mediated recruitment of systemically transplanted heterogeneous ADSC (a, c, e) and Ccr2-positive
ADSC (b, d, f) into the GCM of NCr nude mice. Mouse recombinant Ccl2 chemokine was administered into the left GCM immediately after cell
transplant. Cell recruitment to the muscle was assessed by luciferase fluorescence at 24, 48, and 72 h after transplantation, respectively. Oval
demarcates luciferase-ADSC fluorescence. Asterisk in oval indicates Ccl2 chemokine injection site
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cytokines (e.g., IL-2 and IFNγ), it can also activate NK cell.
This chemokine plays an important role in a large number
of inflammatory, allergic, autoimmune, or infectious dis-
eases. CCL5 mediates its chemotactic activity through bind-
ing to CCR1, CCR3, and CCR5 receptors on the cell
surface. As CCR5 serves as HIV-1 co-receptor, a number of
inhibitors have been design to block CCR5. However, only
a few studies aimed at development of CCL5 inhibitory
strategies for different inflammatory disorders were con-
ducted [27]. Our data showing significantly elevated CCL5
level in CMD-affected muscles, suggest that CCL5 could be
a novel therapeutic target for CMD and that its inhibition
could attenuate CMD-associated inflammation and fibrosis.
This view is indirectly supported by our data showing that
CCL5 levels are associated with CMD severity with the

lowest levels in BM samples and the highest LAMA2 biop-
sies. Although these observations also support a prognostic
value of this chemokine for CMD severity assessment, fur-
ther evaluation and biostatistical analysis of this chemo-
kines in biopsies and blood samples of a larger cohort of
patients will be required. Other upregulated CC-motif con-
taining chemokines including RARRES2 (also known as
chemerin), CCL8, CCL9/CCL10, and CCL6 (identified only
in rodents) are potent chemoattractants for different leuko-
cytes including monocytes, macrophages, eosinophils, baso-
phils, NK, and T cells. Majority of these ligands are
chemotactic to cells expressing CCR1, CCR2, and CCR5
receptors.
Assessment of chemotactic signals in CMD-affected

muscles also showed that the majority of significantly

Fig. 5 Systemic transplantation of selected ADSC into Col6a1−/− mice. a Representative in vivo images showing the hindlimbs of mice receiving
Ccc2-positive ADSC and Cxcr2-positive ADSC transplants under physiological (−CTX) and pro-inflammatory (+CTX) conditions, respectively. IVIS
live imaging was performed at 4, 14, and 21 days post-transplant. b Quantitative analysis of fluorescence detected by live imaging from differently
treated cohorts of mice (n = 3 per time point) at 3 time points (as indicated below the columns). Data are presented as radiant efficacy ± SD and
as fluorescent area ± SD, respectively. Color-coding for Ccr2-positive ADSC and Cxcr2-positive ADSC is shown in the key. Dotted trend lines
illustrate time-dependent changes in differently treated mice, as indicated in the key. Statistically significant differences in Ccr2- and Cxcr2-
positive ADSC-treated mice (p < 0.05) are indicated with asterisks (***). c Immunofluorescent analysis of GCM tissue from untreated and CTX-
treated muscle biopsies was performed 21 days after transplantation. Co-localization of the ADSC-donated COL6 and basement membrane-
associated type IV collagen was detected with α1(VI) collagen (AlexaFluor488, green) and LAMA2 (AlexaFluor594, red) antibodies. Images were
taken from representative sections at low and high (20x) magnification, respectively. Nuclei were stained with DAPI (blue). Scale bar, 100 μm (low
magnification) and 25 μm (high magnification), respectively. d Quantitative assessment of COL6-positive myofibers on sections of muscle tissue
from mice treated with unselected ADSC, Ccr2-positive ADSC, and Cxcr2-positive ADSC, respectively. Data are presented as the percentage of
COL6-positive myofibers per microscopic field ± SD. Time points of tissue collection and treatments are indicted below the columns. Statistical
significance (p < 0.05) is indicated with asterisks (***)
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upregulated CXC-motif-containing chemokines transmit
their chemotactic activity via CXCR1 and CXCR2 che-
mokine receptors. This group includes GRO family che-
mokine (CXCL1, CXCL2, CXCL3), CXCL7, and CXCL8.
All of them involved in neutrophils, macrophages and
others cell of myeloid origin. The functions suggest that
these chemokines could not only exacerbate CMD
muscle inflammation but also promote its chronicity by
constitutively attracting and activating these cells. As
shown in models of muscular dystrophies and other my-
opathies, both neutrophils and macrophages have a cap-
acity to kill muscle cells [28], and their presence was
associated with an aggravated of muscle pathology [29].
These data along with our findings are in a good agree-
ment with a recently published study showing that mus-
cles of UCMD patients are significantly infiltrated with
M2 macrophages [30]. CXCL12 is another CXC-motif
chemokine upregulated in mouse CMD muscles. This
molecule is chemotactic for T cells and monocytes dur-
ing acute inflammatory responses [31]. CXCL12 stimu-
lates migration of monocytes and T-lymphocytes
through its receptors, CXCR4, and plays a significant
role in regulating migration of both proliferating and
terminally differentiated muscle stem cells. Inhibition of
this axis was associated with impaired migration and in-
creased apoptosis of skeletal muscle progenitor cells dur-
ing embryogenesis [32].
Considering proteome data, we suggested that CCR2

and CXCR2 could be the key receptors to direct CMD
muscle-specific migration and homing of ADSC. The
capacity of systemically administered ADSC to partici-
pate in regeneration of skeletal muscle was evaluated
using the CTX-induced myonecrosis model with actively
ongoing regeneration and remodeling of muscle tissue.
Our data clearly demonstrated that both CCR2 and
CXCR2 receptors provided directional migration of the
systemically administered ADSC into injured muscles.
Both, CCR2- and CXCR2-positive ADSC were retained
in the muscle for a considerable time (3 weeks of obser-
vations), suggesting that transplants were homed to the
tissue. However, based on quantitation of live imagings,
CXCR2-positive ADSC were twice more effective in
homing into muscles than CCR2-positive cells. As illus-
trated by the trend lines (Fig. 5b), CXCR2 receptor pro-
vided sustainable presence of ADSC in muscle tissue. In
part, this could be explained by a higher number of up-
regulated CXCR2 ligands in CTX-injured muscles. This
sustainability could also result from different molecular
events involved in recruitment of cells from circulation
into the tissue. This process involves chemokine-
mediated binding of cells to the endothelial lining of the
lumen of the blood vessels following extravasation of
cells through the vessel wall and migration within the
tissue [33]. Considering that CXCR2 ligands are released

by endothelial cells of vasodilated blood vessels to re-
cruit leukocytes to the sites of inflammation, it is plaus-
ible that extravasation of CXCR2-positive cells is more
efficient than CCR2-positive ADSC due to stronger ex-
travasation signals provided by CXCR2 ligands. More-
over, COL6-producing CXCR2-posotive ADSC migrated
intramuscularly more efficiently. As illustrated by the
trend lines (Fig. 5b), there is a continuous increase in
the area covered by CXCR2-positive ADSC. This obser-
vation suggests that CXCR2 ligands, which are widely
expressed throughout the damaged muscle, also provide
sufficient chemotactic signals for intramuscular migra-
tion of the transplanted cells. In addition, CXCR4-
CXCL12 chemotactic axis may also play an important
role in the intramuscular migration of ADSC. Our ana-
lysis showed elevated expression of CXC12 in CTX-
injured and CDM muscles. Taking together these data
with prior observations showing CXCL12-mediated in-
duction of its receptors on ADSC [34], it is plausible that
once ADSC are recruited to the damaged muscles,
CXCL12-CXCR4 axis could enhance intramuscular mi-
gration of the therapeutic cells. This notion is indirectly
supported by prior data showing that CXCL12-CXCR4
axis regulates migration of both proliferating and ter-
minally differentiated muscle cells [35].
Significant impact of chemokine receptor-mediated

targeting of systemically infused ADSC on the thera-
peutic effect is also supported by the assessment of the
COL6-positive myofibers in differently treated mice.
Thus, very few COL6-positive myofibers were found in
CTX-injured muscles treated with unselected ADSC,
whereas more than 60% of COL6-positive myofibers
were found in CTX-injured muscles 14 days after trans-
plantation of CXCR2-positive ADSC (Fig. 5d). Sustain-
ability of COL6 donation to the myomatrix of injured
muscles for at least for 21 days of observation period
strongly supports the utility of stem cell therapy for
COL6RM, which exhibits substantially more severe myo-
pathology than the mouse model.

Conclusion
Analysis of human and mouse CMD-affected muscles
revealed a number of upregulated chemokines that could
play an important role in CMD pathology and that
CCL5-CCR1/3/5, CCL2-CCR2, and CXCL1/2/7/8-
CXCR1,2 chemotaxis axes could be used for the target-
ing of therapeutic cells to the injured CMD muscles.
Comparison between CCR2- and CXCR2-positive ADSC
populations demonstrated that both receptors provided
muscle-specific homing of therapeutic cells. Moreover,
CXCR2-mediated recruitment was more potent in
directing ADSC to the injured muscle, in the intramus-
cular migration, and donation of the therapeutic COL6
protein into the myomatrix. Collectively, our data
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demonstrated that a systemic administration of stem
cells expressing pre-defined set of chemokine receptors
could be beneficial to counteract the disease phenotype
in CMD-affected muscles. Further mechanistic studies
to identify critical factors involved in chemotactic-based
directional migration of the stem cells will hopefully
pave the way for designing rational approaches toward
increasing the disease-site targeting efficiency.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/s13287-020-01979-y.

Additional file 1 Table S1. Patients with confirmed diagnosis of
Bethlem myopathy (BM, n=5), Ulrich congenital muscular dystrophy
(UCMD, n=8) and Merosin-deficient congenital muscular dystrophy type
1A (MCD1A, n=5) [36–41].

Additional file 2 Figure S1. Heat map generated from proteome
analysis of human and mouse chemokines reflecting protein expression
values in human (A) and mouse (B) muscle biopsies. BM, Bethlem
myopathy; UCMD, Ulrich congenital muscular dystrophy; MDC1A,
Merosin-deficient congenital muscular dystrophy type 1A.

Abbreviations
CMD: Congenital muscular dystrophy; UCMD: Ullrich congenital muscular
dystrophy; BM: Bethlem myopathy; COL6: Collagen VI; COL6RM: Collagen VI-
related myopathies; LAMA2: Laminin α2; MDC1A: Merosin-deficient
congenital muscular dystrophy type 1A; ECM: Extracellular matrix;
ADSC: Adipose-derived stem cells; MSC: Mesenchymal stem cells;
PBS: Phosphate-buffered saline; BSA: Bovine serum albumin; DMEM/
F12: Dulbecco’s modified Eagle medium; FBS: Fetal bovine serum;
EDTA: Ethylenediaminetetraacetic acid; FACS: Fluorescence-activated cell
sorting; ALP: Alkaline phosphatase; RT-PCR: Reverse-transcriptase polymerase
chain reaction; H&E: Hematoxylin and eosin; GCM: Gastrocnemius muscle;
CTX: Cardiotoxin

Acknowledgements
We thank Cure Congenital Muscular Dystrophy Foundation for continued
support of our research.

Authors’ contributions
VA, JO, and OI participated in the design of experiments; carried out the
proteome analysis, molecular analysis of cells, cell transplantation into
animals, interpretation, and analysis of in vitro and in vivo data; and helped
to draft the manuscript. VA and OI participated in all experiments involving
animals, including colony maintenance, genotyping, collection of biopsies,
histological, and immunofluorescence analyses. VA, PB, LM, and OI conceived
of the study, participated in its design, and helped to draft the manuscript.
VA and OI have been involved in all aspects of the study, including
experimental design, characterization of cells, gene expression study,
transplantation studies, analysis and interpretation of data, and manuscript
writing. All authors read and approved the final manuscript.

Funding
This project was supported by grants from Cure CMD Foundation and
Dean’s Transformational Science Award, Thomas Jefferson University, to OI.

Availability of data and materials
All data generated or analyzed during this study are included in this
published article. Data sharing is not applicable to this article, as no datasets
were generated or analyzed during the current study. However, the data
that support the findings of this study are available from the corresponding
author upon reasonable request.

Ethics approval and consent to participate
All animal experiments were performed in accordance with institutional and
national guidelines and the “Guide for the Care and Use of Laboratory

Animals” promulgated by NIH and were approve by the animal
experimentation ethics committee of Thomas Jefferson University.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1Department of Dermatology and Cutaneous Biology, Jefferson Medical
College, Thomas Jefferson University, 233 South 10th Street, BLSB, Rm. 430,
Philadelphia, PA 19107, USA. 2Departments of Molecular Medicine, University
of Padova, Padova, Italy. 3Department of Biomedical and Neuromotor
Sciences, University of Bologna, Bologna, Italy.

Received: 7 August 2020 Accepted: 16 October 2020

References
1. Bonnemann CG. The collagen VI-related myopathies: muscle meets its

matrix. Nat Rev Neurol. 2011;7(7):379–90.
2. Merlini L, Bernardi P. Therapy of collagen VI-related myopathies (Bethlem

and Ullrich). Neurotherapeutics. 2008;5(4):613–8.
3. Farini A, Razini P, Erratico S, Torrente Y, Meregalli M. Cell based therapy for

Duchenne muscular dystrophy. J Cell Physiol. 2009;221(3):526–34.
4. Meregalli M, Farini A, Parolini D, Maciotta S, Torrente Y. Stem cell therapies

to treat muscular dystrophy: progress to date. BioDrugs. 2010;24(4):237–47.
5. Meng J, Adkin CF, Arechavala-Gomeza V, Boldrin L, Muntoni F, Morgan JE.

The contribution of human synovial stem cells to skeletal muscle
regeneration. Neuromuscul Disord. 2010;20:6–15.

6. Vilquin JT, Guerette B, Puymirat J, Yaffe D, Tome FM, Fardeau M, et al.
Myobla_st transplantations lead to the expression of the laminin alpha 2
chain in normal and dystrophic (dy/dy) mouse muscles. Gene Ther. 1999;
6(5):792–800.

7. De Bari C, Dell'Accio F, Vandenabeele F, Vermeesch JR, Raymackers JM,
Luyten FP. Skeletal muscle repair by adult human mesenchymal stem cells
from synovial membrane. J Cell Biol. 2003;160(6):909–18.

8. Vieira NM, Bueno CR Jr, Brandalise V, Moraes LV, Zucconi E, Secco M, et al.
SJL dystrophic mice express a significant amount of human muscle proteins
following systemic delivery of human adipose-derived stromal cells without
immunosuppression. Stem Cells. 2008;26(9):2391–8.

9. Pinheiro CH, de Queiroz JC, Guimaraes-Ferreira L, Vitzel KF, Nachbar RT, de
Sousa LG, et al. Local injections of adipose-derived mesenchymal stem cells
modulate inflammation and increase angiogenesis ameliorating the
dystrophic phenotype in dystrophin-deficient skeletal muscle. Stem Cell Rev
Rep. 2012;8(2):363–74.

10. Alexeev V, Arita M, Donahue A, Bonaldo P, Chu ML, Igoucheva O. Human
adipose-derived stem cell transplantation as a potential therapy for collagen
VI-related congenital muscular dystrophy. Stem Cell Res Ther. 2014;5(1):21.

11. Eggenhofer E, Luk F, Dahlke MH, Hoogduijn MJ. The life and fate of
mesenchymal stem cells. Front Immunol. 2014;5:148.

12. Binger T, Stich S, Andreas K, Kaps C, Sezer O, Notter M, et al. Migration
potential and gene expression profile of human mesenchymal stem cells
induced by CCL25. Exp Cell Res. 2009;315(8):1468–79.

13. Kalwitz G, Endres M, Neumann K, Skriner K, Ringe J, Sezer O, et al. Gene
expression profile of adult human bone marrow-derived mesenchymal
stem cells stimulated by the chemokine CXCL7. Int J Biochem Cell Biol.
2009;41(3):649–58.

14. Stich S, Haag M, Haupl T, Sezer O, Notter M, Kaps C, et al. Gene expression
profiling of human mesenchymal stem cells chemotactically induced with
CXCL12. Cell Tissue Res. 2009;336(2):225–36.

15. Demoule A, Divangahi M, Danialou G, Gvozdic D, Larkin G, Bao W, et al.
Expression and regulation of CC class chemokines in the dystrophic (mdx)
diaphragm. Am J Respir Cell Mol Biol. 2005;33(2):178–85.

16. Warren GL, O'Farrell L, Summan M, Hulderman T, Mishra D, Luster MI, et al.
Role of CC chemokines in skeletal muscle functional restoration after injury.
Am J Physiol Cell Physiol. 2004;286(5):C1031–6.

17. Pillon NJ, Bilan PJ, Fink LN, Klip A. Cross-talk between skeletal muscle and
immune cells: muscle-derived mediators and metabolic implications. Am J
Physiol Endocrinol Metab. 2013;304(5):E453–65.

Alexeev et al. Stem Cell Research & Therapy          (2020) 11:463 Page 14 of 15

https://doi.org/10.1186/s13287-020-01979-y
https://doi.org/10.1186/s13287-020-01979-y


18. Bonnemann CG, Wang CH, Quijano-Roy S, Deconinck N, Bertini E, Ferreiro A,
et al. Diagnostic approach to the congenital muscular dystrophies.
Neuromuscul Disord. 2014;24(4):289–311.

19. Day JW. Congenital muscular dystrophy in a new age. Neurology. 2008;
71(5):308–9.

20. Bonaldo P, Braghetta P, Zanetti M, Piccolo S, Volpin D, Bressan GM. Collagen
VI deficiency induces early onset myopathy in the mouse: an animal model
for Bethlem myopathy. Hum Mol Genet. 1998;7(13):2135–40.

21. Alexeev V, Donahue A, Uitto J, Igoucheva O. Chemotaxis-driven disease-site
targeting of therapeutic adult stem cells in dystrophic epidermolysis
bullosa. Stem Cell Res Ther. 2016;7(1):124.

22. Urciuolo A, Quarta M, Morbidoni V, Gattazzo F, Molon S, Grumati P, et al.
Collagen VI regulates satellite cell self-renewal and muscle regeneration. Nat
Commun. 2013;4:1964.

23. De Paepe B, De Bleecker JL. Cytokines and chemokines as regulators of
skeletal muscle inflammation: presenting the case of Duchenne muscular
dystrophy. Mediat Inflamm. 2013;2013:540370.

24. Deshmane SL, Kremlev S, Amini S, Sawaya BE. Monocyte chemoattractant
protein-1 (MCP-1): an overview. J Interf Cytokine Res. 2009;29(6):313–26.

25. Kurihara T, Warr G, Loy J, Bravo R. Defects in macrophage recruitment and
host defense in mice lacking the CCR2 chemokine receptor. J Exp Med.
1997;186(10):1757–62.

26. Khalid A, Wolfram J, Mu C, Mai J, Yang Z, Wang F, et al. Recent advances in
discovering the role of CCL5 in metastatic breast cancer. Mini Rev Med
Chem. 2015;15(13):1063–72.

27. Marques RE, Guabiraba R, Russo RC, Teixeira MM. Targeting CCL5 in
inflammation. Expert Opin Ther Targets. 2013;17(12):1439–60.

28. Nguyen HX, Tidball JG. Interactions between neutrophils and macrophages promote
macrophage killing of rat muscle cells in vitro. J Physiol. 2003;547(Pt 1):125–32.

29. Kharraz Y, Guerra J, Pessina P, Serrano AL, Munoz-Canoves P. Understanding the
process of fibrosis in Duchenne muscular dystrophy. Biomed Res Int. 2014;2014:965631.

30. Paco S, Kalko SG, Jou C, Rodriguez MA, Corbera J, Muntoni F, et al. Gene
expression profiling identifies molecular pathways associated with collagen VI
deficiency and provides novel therapeutic targets. PLoS One. 2013;8(10):e77430.

31. Döring Y, Pawig L, Weber C, Noels H. The CXCL12/CXCR4 chemokine
ligand/receptor axis in cardiovascular disease. Front Physiol. 2014;5:212.

32. Raz E, Mahabaleshwar H. Chemokine signaling in embryonic cell migration:
a fisheye view. Development. 2009;136(8):1223–9.

33. Vestweber D. Novel insights into leukocyte extravasation. Curr Olin Hematol.
2012;19(3):212–7.

34. Li Q, Zhand A, Tao C, Li X, Jin P. The role of SDF-1-CXCR4/CXCR7 axis in
biological behaviors of adipose tissue-derived mesenchymal stem cells
in vitro. BBRC. 2013;441(3):675–80.

35. Griffin CA, Apponi LH, Long KK, Pavlath GK. Chemokine expression and control of
muscle cell migration during myogenesis. J Cell Sci. 2010;123(Pt 18):3052–60.

36. Tagliavini F, Pellegrini C, Sardone F, Squarzoni S, Paulsson M, Wagener R, et al.
Defective collagen VI alpha6 chain expression in the skeletal muscle of patients
with collagen VI-related myopathies. Biochim Biophys Acta. 2014;1842(9):1604–12.

37. Lampe AK, Dunn DM, von Niederhausern AC, Hamil C, Aoyagi A, Laval SH,
et al. Automated genomic sequence analysis of the three collagen VI genes:
applications to Ullrich congenital muscular dystrophy and Bethlem
myopathy. J Med Genet. 2005;42(2):108–20.

38. Angelin A, Tiepolo T, Sabatelli P, Grumati P, Bergamin N, Golfieri C, et al.
Mitochondrial dysfunction in the pathogenesis of Ullrich congenital
muscular dystrophy and prospective therapy with cyclosporins. Proc Natl
Acad Sci U S A. 2007;104(3):991–6.

39. Bovolenta M, Neri M, Martoni E, Urciuolo A, Sabatelli P, Fabris M, et al.
Identification of a deep intronic mutation in the COL6A2 gene by a novel
custom oligonucleotide CGH array designed to explore allelic and genetic
heterogeneity in collagen VI-related myopathies. BMC Med Genet. 2010;11:44.

40. Finsterer J, Stollberger C, Keller H, Gencik M. Familial accumulation of sudden cardiac
deaths and the LMNA variant c.868G>A (p.Glu290Lys). Int J Cardiol. 2016;215:84–6.

41. van der Kooi AJ, de Voogt WG, Bertini E, Merlini L, Talim FB, Ben Yaou R,
et al. Cardiac and pulmonary investigations in Bethlem myopathy. Arch
Neurol. 2006;63(11):1617–21.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Alexeev et al. Stem Cell Research & Therapy          (2020) 11:463 Page 15 of 15


	Congenital muscular dystrophy-associated inflammatory chemokines provide axes for effective recruitment of therapeutic adult stem cell into muscles
	Let us know how access to this document benefits you
	Recommended Citation

	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Mouse strains
	Muscle biopsies from CMD-affected patients
	Tissue biopsies from CMD mouse models
	Chemokine antibody arrays
	Isolation of mouse adipose-derived stem cells and tissue culture conditions
	Generation and characterization of Ccr2- and Cxcr2-overexpressing ADSC
	Transplantation of ADSC into mice under physiological and pro-inflammatory conditions
	Statistical analysis

	Results
	Proteomic screens of chemokines in the skeletal muscles of CMD patients
	Proteome analysis of chemokines in LAMA2-deficient mice
	Proteome analysis of chemokines in COL6-deficient mice under physiological and pro-inflammatory conditions
	Chemotaxis-mediated recruitment of ADSC to skeletal muscles in�vivo
	Chemotactic recruitment of ADSC to CMD-affected muscles

	Discussion
	Conclusion
	Supplementary information
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

