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Abstract

Muscular dystrophies are a heterogeneous group of genetic disorders characterized by progressive
muscle degeneration of variable distribution and severity. There is no known definitive treatment.Cell
therapy holds promise as an interim treatment approach that can improve the quality of life of these
patients.We reviewedthe published literature,assessing the safety and efficacy of autologous bone
marrow mononuclear cell therapy in muscular dystrophy. An online search revealed 13 studies includ-
ing 3 case series and 10 case reports with a total of 257 patients. All the preliminary studies met the
prespecified criteria for quality and were of fair to good quality.All the studies administered cell therapy
using intrathecal and intramuscular routes. There were no procedure related major adverse events in
any of the studies. Manual muscle test,Functional Independence Measure and Brooke and Vignos scales
were the most commonly used outcome measures in the studies. All the studies demonstrated improve-
ment on functional scales and 12 studies demonstrated improvement in muscle strength post interven-
tion. The studies showed that cell therapy using autologous bone marrow mononuclear cellsis safe and
effective inslowing down disease progression, and maybe an effective interim treatment option.
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Introduction different component proteins of an elaborate

dystrophin glycoprotein complex (DGC) that
Muscular dystrophies are a heterogenous group bridges the inner cytoskeleton and the
of genetic disorders characterized by progressive  oyiracellular matrix of a muscle fiber [2]. The
muscle degeneration of variable distribution and resulting disruption of the complex, causes
severity. They are inherited as X-linked,  {estabilization of the muscle membrane,
autosomal recessive, or dominant disease. There  jcreased muscle fragility and wasting. Repeated
are seven major forms of (MD) including cycles of injury and repair follow which exhaust
Duchenne muscular dystrophy (DMD); Becker  the resident stem cell pool and muscle is eventu-
muscular dystrophy (BMD) ; Emery-Dreifuss; ally replaced by fibrofatty tissue [3]. Standard
Fascioscapulohumeral; Oculopharyngeal; Limb management is symptomatic. DMD has shown to
Girdle muscular dystrophy (LGMD) and  penefit to an extent with use of steroids [4]. But,
Congenital muscular dystrophy (CMD) [1]. The  there is no known satisfactory cure and treatment
genetic basis of all types of MD involves defectsin  jvolves complex, long-term health services



putting an emotional and financial burden on the
families [5].

Newer therapies such as gene therapy and cell
therapy are being widely explored as treatment
options. Gene therapy using viral and non-viral
vectors is restricted due to immune responses and
safety issues [6]. Use of antisense nucleotides
approach of gene therapy continues to have
limitations such as poor cellular uptake, low
efficacy in target tissues, risk of toxicity and high
treatment cost [6]. Eteplirsen has received
approval for treatment of DMD patients with a
mutation of dystrophin gene amenable to exon 51
skipping. This contributes to only 13% of the DMD
population and, its clinical efficacy is yet to be
established [7].

Through its capacity for self-renewal and contri-
bution to the replenishment of stem cell pool, cell
therapy has the potential to slow the disease
progression. Moreover, although the causative
factor is genetic in origin, the progression of the
disease is attributed to the loss of the regenerative
capacity of muscles, making it necessary to target
replenishing the resident stem cell pool to achieve
therapeutic benefits. Autologous stem cell ther-
apy is not posed with the risk of immune response.
Though, the ideal cell type for transplantation in
MD remains elusive, the ability of the bone mar-
row mononuclear cells (BMMNCs) to reach the
site of muscle injury and contribute to the replen-
ishment of stem cell pool [8] makes them
anattractive alternate treatment strategy. This
review aims at amalgamating existing evidence of
safety and effectiveness of autologous BMMNC
transplantationin MD.

Materials and Methods

We conducted an online search of published
clinical studies of administration of BMMNCsas
treatment in MD. Search terms included,
autologous bone marrow derived cells,
autologous bone marrow mononuclear cells,and
autologous bone marrow derived stem cells.
These search terms were combined with MD,

muscle disorders, DMD, BMD, LGMD,
Facioscapulohumeral Muscular Dystrophy, CMD,
Dystrophinopathy, Sarcoglycanopathy. Research
articles in English including all methodologies that
provided the relevant data, were included.
PubMed, Google and Google scholar were the
databases that were searched.

Inclusion criteria

Due to lack of randomized studies evaluating the
safety and/or efficacy of autologous BMMNC
transplantation in MD; case reports, and case
series were included. Studies that used any route
of administration were included.

Exclusion criteria

Studies that involved ex vivo genetic correction of
autologous BMMNCs were excluded. Also,
reviews were excluded to avoid duplication. We
identified one ongoing clinical study, which is
being conducted to study the safety and efficacy of
bone marrow derived autologous stem cells in
DMD. This was excluded from the review as it is
an ongoing trial and results are unknown [9].

Information gathered

Data on the year of publication, type of MD,
number of patients, number of patients lost to
follow up, age and gender, reported adverse
events, outcome measures and the clinical results
was then extracted.

Assessment of quality of the clinical studies

Quality of the studies was assessed based on
factors such as presence/absence of clear and
well-defined objectives, a clear description of the
inclusion and exclusion criteria, justified sample
size, adequate description of the methodology of
intervention, outcome measures and the statistical
toolsused (Appendix 1, Appendix II)[10,11].

Results

Characteristics of the studies identified A total of



13 studies [12-24]were identified that met the
inclusion criteria. These were published between
2012 and 2017. The intervention involved admin-
istration of autologous BMMNC by the intrathecal
and intramuscular routes followed by
neurorehabilitation. There were 3 open label single
arm case series that included 247 patients; 1 open
label study using autologous BMMNCs in neuro-
logical disorders in the pediatric population [12],
another study using autologous BMMNC trans-
plantation in patients with MD [13] and 1 open
label study using autologous BMMNC transplan-
tation in LGMDs [14].10 studies were case reports.
The MDs included in the studies were; DMD,
BMD, CMD and LGMD. The mean age, propor-
tion of male-female patients and follow up dura-
tion of the open label studies could not be com-
puted for lack of data. Mean age of the included
case reports was 21.8410.8 yearsand the mean
follow-up duration was 18.5+10.3 months. All the
preliminary studies met the prespecified criteria
for quality and were of fair to good quality.

Side effects

Adverse events related to the procedure were
observed in 3 of the studies which included nau-
sea, spinal headache, backache, vomiting, pain at
aspiration site, pain at the injection site, fatigue,
pain in upper and lower limbs and neck pain [12-
14]. All these were self-limiting and were relieved
within a week. There were no major procedure
related adverse events.

Outcome measures

Manual muscle test (MMT), Functional
Independence Measure (FIM) and Brooke and
Vignos scales were the most commonly used out-
come measures in the studies. More objective out-
come measures including, muscle strength on grip
dynamometer and pinch meter were used in 3 case
reports [15-17], Musculoskeletal Magnetic
Resonance Imaging (MSK MRI) in 5 case reports [15-
19], Magnetic Resonance Spectroscopy (MRS) in 1
case report [20] and Electromyography/ Nerve

Conduction Velocity (EMG/NCV) studies in 1
case report [19]. Other outcome measures
included 6-Minute Walk Test, North Star
Ambulatory Assessment (NSAA), Berg Balance
Scale (BBS)/ Pediatric Berg Balance Scale (PBS),
Left Ventricular Ejection Fraction (LVEF) and
maximum phonation duration (MPD).
Characteristics of the case series and case reports
areshowninTable1.

Effect of treatment on various outcome measures

Muscle strength changes

Muscle strength as assessed on MMT, pinch
strength and grip strength was used as outcome
measure in 12 of the 13 studies [12-23].
Considering maintenance in muscle strength as a
positive outcome, all the 12 studies reported
positive outcome in muscle strength. The follow-
up duration of the studies ranged from 4 months
to 54 months.

Changes on Functional scales

Function as assessed on FIM was used in 10 stud-
ies [12-16,18,19,21,23,24], Brooke-Vignos scale in 5
studies [12,13,16,19,21], NSAA in 3 studies
[16,21,24] andBBS/PBSin 4 studies [16,21,22,24].
One study used 6-Minute Walk Test [22] and
another used MPD [16] as outcome measures. All
the studies demonstrated improvement in func-
tion. Maintenance of function was considered as
positive outcome to intervention. The follow-up
duration ranged from 9 months to 54 months.

Radiological and electrophysiologicalchanges

5 studies used MSK MRI as an outcome measure
[15-19], 1 study used MRS [20] and another used
EMG/NCYV studies [19] as outcome measures. We
considered no further increase in fatty infiltration
to be a positive treatment outcome. All the studies
that used MSK MRI as outcome measure demon-
strated positive outcometo intervention.
Improvements were also seen on EMG/NCV [19]
and MRS [20]. The follow-up duration ranged
from 4 months to 24 months.



Table 1. Characteristics of studies included in the review

Gender Follow Clinical
Mean Outcom Outcome and
Author, No A (male- Type Route up Adverse e Percentage of
year of 8¢ M, of of duration a8
[Reference] patients mn female- MD administration in events measur . patients
years F) months e 1mProw{ed
/ maintained
Open label single-arm studies
Sharma et 38 Not Not 36 Intrathecal 151 nausea, MMT, | Improvement
al, 2012[12] avail | availab | DMD; | and headache FIM in
able | le 2 intramuscular and and 97% patients
CMD backache. Brooke
&
Vignos
scales
Sharma et 150 DM DMD 125 Intrathecal 1241 Headache, | MMT, | Improvement
al, 2013[13] D:11. | & DMD; | and nausea, FIM in
5; BMD- | 20 intramuscular vomiting and 87% patients
LGM | 130M; | LGM and Brooke
D:34. | LGMD- | D; backache &
4; 14 M 5 Vignos
BMD | &16F BMD scales
273
Sharma et 59 32 39 LGM | Intrathecal 9-54 nausea, MMT, Improvement
al, 2015[14] M20F | D and headache, FIM in 84-100%
intramuscular pain at on MMT,
aspiration 97% on FIM
site, in1SCT
pain at the group;
injection 90-100%
site, on MMT,
fatigue, 96% on FIM
painin in
upper and 2 SCT group;
lower 3 of 4 on
limbs, MMT
neck pain. and FIM.
Case Reports: Becker’s Muscular Dystrophy (BMD)
Sharma et 1 39 M BMD | Intrathecal 24 none MMT, | 100%
al, 2013[18] and FIM, improvement.
intramuscular MSK
MRI Improvement
on MMT,
FIM;
no
increase in
fatty

infiltration on
MSK MRI




Sharma et 1 28 M BMD | Intrathecal 21 none Grip 100%
al, 2013[15] and strengt | improvement.
intramuscular h
on Improvement
Dyna | ongrip
mome | dynamometer,
ter
FIM, FIM,
MSK reduction
MRI in fatty
infiltration on
MSK MRI
Sharma et 1 20 M BMD | Intrathecal 9 none MMT, | 100%
al, 2016 [21] and NSAA | improvement.
intramuscular FIM,
BBS, Improvement
Brook | on MMT,
e& maintained
Vigno | NSAA, FIM,
S BBS, Brooke
&Vignos
scores
Sharma et 1 21 M BMD | Intrathecal 19 none MPD, 100%
al, 2016 [16] and MMT, | improvement.
intramuscular pinch
strengt | Increased
h, MPD, pinch,
MSK BBS,
MR], FIMand
FIM, LVEF;
BBS, maintained
NSAA | NSAA and
, Brooke &
Brook | Vignos
e& scores,
Vigno | MSKMRI
sscale, | showed no
LVEF | increase in
fatty
infiltration.
Case Reports: Duchenne Muscular Dystrophy (DMD)
Sharma et 1 18 M DMD | Intrathecal 4 none MMT, | 100%
al, 2012 [17] and Grip improvement.
intramuscular strengt
hon Improvement
dyna on MMT, grip
mome | dynamometer
ter, and MSK
MSK MRI

MRI




Sharma et 1 9 M DMD Intrathecal 36 none MMT, 100%
al, 2014 [19] and Brook improvement.
intramuscular e&
Vigno | Maintained
s, strength
FIM, on MMT,
MSK improvement
MRI, on
EMG Brooke&
Vignos,
FIM scales,
EMG/ NCV
and no
increase in
fatty
infiltration on
MSK MRI.
Sharma et 1 10 M DMD Intrathecal 13 none FIM, 100%
al, 2017 [24] and NSAA | improvement-
intramuscular , BBS
Improved
FIM, and
maintained
NSAA and
BBS scores.
Sharma et 1 8 M DMD Intrathecal 12 none MMT, 100%
al, 2017 [22] and Gower | improvement.
intramuscular ’s
time, Decrease in
pediat | Gower’s
ric time,
BBS, maintained
6- pediatric BBS,
MWT 6- MWD

Case Reports: Limb Girdle Muscular Dystrophy (LGMD)

Sharma et 1 39 M LGM Intrathecal 36 none MMT, 100%

al, 2017[23] D and FIM improvement.
intramuscular Improvement
on MMT,
maintained
FIM

Sharma et 1 26 F LGM Intrathecal 9 none MMT, | 100%

al, 2016 [20] D and MR improvement.
intramuscular Spectr | Improvement
oscop on MMT,
y reduced area
under the
curve

in EMCL
peak and
decrease in
IMCL/Cr
ratio.

Table 1.Stem Cell therapy: SCT; Manual Muscle Testing: MMT; Functional Independence Measure: FIM;
Musculoskeletal Magnetic Resonance Imaging (MSK MRI); North Star Ambulatory Assessment: NSAA; Berg
Balance Scale: BBS; Maximum phonation duration: MPD;Electromyography: EMG, Nerve Conduction
Velocity: NCV; 6-MWT: 6-Minute Walk Test; Extramyocellular lipid: EMCL; Intramyocellular lipid: IMCL;
Creatine: Cr



Discussion

Studies have suggested that deficiency of
sarcolemmal-associated proteins in MD induce
conformational changes in calcium channels
resulting in increased intracellular calcium and
mitochondrial dysfunction [25]. This may lead to
muscle cell death and muscle weakness [1].
Recent studies have also revealed that the intrinsic
defects in MD reduce the generation of the
myogenic progenitors necessary for muscle
regeneration [26]. The muscle wasting in MD is
caused not only by the abnormal interaction
between the sarcolemmal-associated proteins and
calcium channels but also by the impaired
regeneration resulting from the intrinsic satellite
cell dysfunction. Continuous cycles of injury and
repair overexposes the environment to
inflammatory cytokines leading to chronic
inflammation whichover time, endsin fibrosis and
muscle atrophy [27,28]. Thus, effective treatment
of MD will require aiming at replenishment of the
stem cell pool and facilitating muscle repair.
Effectiveness of cells used for transplantation
depends on several factors such as obtaining
sufficient number of cells, minimal invasiveness
of procedure, myogenic potential of cells, ability
of cells for migration and homing into the site of
muscle degeneration, and ability to restore the
stem cell pool [29].

Cell types for cell therapy

Several studies have used intramuscular
injections for myoblast transplantation, but none
of these demonstrated clinical benefits [30-42].
Muscle side populationis unable to participate in
long term regeneration and currently do not
contribute to being an appropriate cell source in
treating MDs [8].Bone marrow derived cells are
easy to isolate,are excluded from ethical concerns,
areeasy to access and transplant [43], and are
marked by a lower risk of immunogenecity and
tumorigenicity [44,45]. Various pre-clinical
studies have demonstrated that the bone marrow
derived stem cells possess neurogenic potential

[46] andcan differentiate into the myogenic
lineage [47,48]. Also, they possess the ability to
migrate to the area of muscle injury and
degeneration, to repopulate the stem cell pool
promoting regeneration of damaged muscle fibers
[47,48] and can survive in the injected muscles for
long periods of time [8].

Postulated mechanism of action of BMMNCs for
treating muscular dystrophy

BMMNCs constitute a combination of cells
including mesenchymal or stromal cells,
hematopoietic stem cells and endothelial
progenitor cells [49]. As mentioned
aboveBMMNCs may exert therapeutic effects
through myogenesis, neurogenesis,
replenishment of stem cell pool and secretory
paracrine effects [46-48,50]. The cells secrete a
broad spectrum of cytokines and growth factors
which promote angiogenesis, inhibition of
apoptosis, anti-inflammation,
immunosuppression, homing of endogenous
satellite cells and regulation of specific metabolic
pathways [50,51]. The muscle degeneration
associated with MD is followed with an invasion
of inflammatory cells such as macrophages and T-
lymphocytes [52]. T-cells play a role in the fibrosis
which further reduces the ability of the muscle to
regenerate.Given the anti-inflammatory effect of
bone marrow stromal cells, these cells may offer
protection from the damage caused by T-
lymphocytes [53]. Membrane-derived vesicles
arising from BMMNCs may result in transcript
transfer from the stem cells to the injured cells,
causing the injured cells to re-enter cell cycle thus
facilitating tissue repair [54,55].

Route of delivery of mononuclear cells

Intra-arterial and intravenous routes

The choice of route of administration of cells is
important as it influences the outcome of
treatment. Intravenous and intra-arterial route of
administration results in significant filtration of
cells into the lungs, kidneys and spleen and only a



small fraction of cells reaches the target tissue [56].
Intravenous administration may evoke an
unwanted immune response [57].None of the
clinical trials using autologous BMMNCs in
MD,used this route.

Intrathecalroute

Though, MD is primarily a muscle disorder,
studies have suggested possible nervous system
involvement [58,59].Rosman and Kakulas [58],
observed abnormalities in the brain in cases of
DMD with intellectual disability.Dystrophin is a
structural component of neurons in several
regions in the central nervous system (CNS) [59].
Dastur and Razzak [60] studied muscle biopsy
specimens of 1348 patients of which 179 patients
had MD and 140 patients had anterior horn cell
disorders. The study demonstrated an overlap of
pathological changes in the muscles. Histological
study of the muscle biopsy specimens revealed
small atrophied muscle fibers suggesting a
possible denervation in about one fourth of the
MD patients, suggesting involvement of neural
systems.Stem cells administered intrathecally are
known to survive and migrate to the proximity of
central nervous system abnormality.These
findings support intrathecal administration of
stem cells used in these studies.

In all the reviewed clinical studies, autologous
BMMNCs were administered intrathecally and
intramuscularly at the motor points of
functionally important muscles with weakness.

Intramuscular route

The DGC is abundant at the neuromuscular
junction (NM]) and is known to be required for
neuromuscular homeostasis. Defects in DGC
result in impairment of neuromuscular
transmission and motor end plate abnormalities
[61]. Injecting the cells at motor points, which are
points on the skin overlying the point at which the
innervating nerve enters the muscle, ensures
repair of the innervating nerve, muscle, and

myoneural synapse.

Combination of rehabilitation with cell
transplantation

Another feature of these studies was that the cell
transplantation was followed by
neurorehabilitation. A long term, low-intensity
strengthening and low-load weight-bearing
exercise program may cause a shift in type Il fibers
to type I muscle fibers which are less vulnerable to
degeneration in MD [62]. In response to exercise,
there is an increase in secretion of vascular
endothelial growth factor (VEGF) which is known
to stimulate satellite cell proliferation [63] and
migration [64] thuspromoting my of iber
regeneration [63,65]. Exercise also helps improve
respiratory and cardiac function [66].

Clinical Evidence of safety of BMMNCs in MD

All the included studies were non-randomised,
preliminary studies. All the studies, demonstrated
the safety of cell therapy using autologous
BMMNCs. These studies encountered no
procedure related major complications. 3 studies
reported minor adverse events which included
headache, nausea, vomiting, backache and pain at
injection site [12-14]. These were self-limiting and
resolved within a week.

Clinical Evidence of therapeutic effects

Effect of intervention on muscle strength

Weakness of skeletal muscles is consistent with all
the variants of MD [67]. Though at a variable rate,
there is a progressive decline in muscle strength.
The improvement in muscle strength on MMT [12-
23] thus indicates possibledisease modifying
benefits of autologous BMMNCs coupled with
rehabilitation.

Effect of intervention on functional scales

Along with skeletal muscle weakness, decline in
function is a common finding in all the variants of



MD [68]. There is a progressive decline in the
functional capacity of patients with MD at a rate
that varies among different types of MD.
Improvement was seen on functional outcome
measures such as FIM [12-16,18,19,21,23,24],
Brooke and Vignos scales [12,13,16,19,21], BBS
[16], 6-Minute Walk Test [22] and NSAA
[16,21,24], thus revealing possible disease
modifying benefits of autologous BMMNCs
coupled with rehabilitation. BBS is sensitive to
alterations in balance skills and is a reliable
diagnostic and monitoring tool [69,70]. A
declining score may be an indicator of increased
risk of falls in adults [71]. An improvementon BBS
was reported in a case of BMD [16], thus showing
improved balance skills and a possible decrease in
risk of falls post cell therapy. Retaining of distance
on 6-Minute Walk Test was reported in a case of
DMD [22] over a follow up period of 1 year. 6-
Minute Walk Test decreases with age [72] in DMD,
so a maintained distance on 6-Minute Walk Test
may be considered of positive therapeutic value.
Additionally, Sharma et al reported an
improvement in LVEF from previous 36% to 45%
post intervention [16] as a possible response to
endurance and breathing exercises in 1 case report
[16].

Effect of intervention on radiological and
electrophysiological studies

MSK MRI serves as a biomarker for disease
progression in dystrophinopathies and is
sensitive to disease progression within a 12-month
time frame [67]. Sharma et al reported decrease in
fatty infiltration on MSK MRI in a case of BMD; 6
months post intervention [15] and no further
increase in fatty infiltration in another case of
BMD over a follow up period of 13 months [16]. In
another study, comparative MSK MRI done post
intervention in two of the MD patients revealed a
decrease in fatty infiltration [12]. In the same study
improved electrical activity was seen on EMG in 3
patients. Sharma et al reported similar
improvements on MSK MRI in 6 patients and on
EMG in 9 patients in a clinical trial involving 150

MD patients [13]. Theextramyocellular
lipid(EMCL) and EMCL/ Creatine ratio quantifies
fatcontentin a diseased muscle [27]. A higher ratio
signifies progressive fatty infiltration [27].
Decrease in the ratio with a decrease in EMCL
resonance peak was seen in a case of LGMD [20],
thus demonstrating a positive objective treatment
outcome.

These results appear promising with all the
included studies demonstrating clinical benefits
spanning over a sufficient follow up duration;but
none of them were controlled. Lack of control can
give rise to imbalance of factors that may cause
bias and uncertainty of the estimation of treatment
efficacy. Most studies that evaluated treatment
outcome using objective measures were case
reports. Since, the primary pathophysiology in
MD, is a progressive decline in muscle strength, it
is one of the most important parameters to
assessas outcome of a treatment. But, muscle
strength was compared with natural disease
history only in case reports. Case reports are
valuable in generating hypothesis and a wider
understanding, but they are inadequate in
establishing a cause-effect relationship.
Application of quantitative muscle testing and / or
comparison with the natural history will be useful
in providing an evidence of clinical efficacy.For a
more comprehensive understanding of disease
progression on different functions, comparison
with natural control as well as delay in achieving
certain milestone events, such as time to loss of
ambulationmay be employed in future studies.
Also, survival being a major concern in DMD,
addressing this aspect is essential.

Conclusion

The studies included show that administration of
autologous BMMNCs intramuscularly and
intrathecally is safe in patients with MD. These
also provide preliminary evidence of presumed
efficacy of cell therapy using autologous
BMMNCs coupled with standard
treatment. Autologous BMMNCs possess several



benefits including ease of access, availability,
ability to repopulate the stem cell pool and,
myogenic and neurogenic potential, addressing
the underlying pathology of the disease and may
serve as a useful interim treatment option in MD.
More rigorous research methodologies are needed
to establish its efficacy in MD.

References

1.

Emery AE. The muscular dystrophies. The
Lancet. 2002 Feb 23,;359(9307):687-95.

Worton R. Muscular dystrophies: diseases of
the dystrophin-glycoprotein complex.
Science. 1995 Nov 3;270(5237):755.

Wallace GQ, McNally EM. Mechanisms of
muscle degeneration, regeneration, and
repair in the muscular dystrophies. Annual
review of physiology. 2009 Mar 17;71:37-57.

Moxley R, Ashwal S, Pandya S, Connolly A,
Florence ], Mathews K, Baumbach L,
McDonald C, Sussman M, Wade C. Practice
Parameter: Corticosteroid treatment of
Duchenne dystrophy: Report of the Quality
Standards Subcommittee of the American
Academy of Neurology and the Practice
Committee of the Child Neurology Society.
2017.

Ouyang L, Grosse SD, Fox MH, Bolen J. A
national profile of health care and family
impacts of children with muscular dystrophy
and special health care needs in the United
States. Journal of child neurology. 2012
May;27(5):569-76.

Gorecki DC. Prospects and problems of gene
therapy: an update. Expert opinion on
emerging drugs. 2001 Oct 1;6(2):187-98.

Imbert M, Dias-Florencio G, Goyenvalle A.
Viral vector-mediated antisense therapy for
genetic diseases. Genes. 2017 Jan 26;8(2):51

10.

11.

12.

13.

14.

Price FD, Kuroda K, Rudnicki MA. Stem cell
based therapies to treat muscular dystrophy.
BiochimicaetBiophysicaActa (BBA)-
Molecular Basis of Disease. 2007 Feb
28,1772(2):272-83.

Clinical Traials.gov [Internet]: National
Library of Medicine (US). 2015 Sept. Identifier
NCT03067831, Safety and Efficacy of Purified
Autologous Bone Marrow-Derived Stem Cell
Therapy for Patients With Duchenne
Muscular dystrophy; 2015 Feb 25 [cited 2017
March 1]; [1 page]. Available from:
https:/ /clinicaltrials.gov/ct2/archive/NCT
03067831.

National Heart Lung and Blood Institute.
Quality assessment tool for case series studies.

Hyett N, Kenny A, Dickson-Swift V.
Methodology or method? A critical review of
qualitative case study reports. International

journal of qualitative studies on health and
well-being. 2014 Jan 1;9(1):23606.

Sharma A, Gokulchandran N, Chopra G,
Kulkarni P, Lohia M, Badhe P, Jacob VC.
Administration of autologous bone marrow-
derived mononuclear cells in children with
incurable neurological disorders and injury is
safe and improves their quality of life. Cell
transplantation. 2012 Jan;21(1_suppl):79-90.

Sharma A, Sane H, Badhe P, Gokulchandran
N, Kulkarni P, Lohiya M, Biju H, Jacob VC. A
clinical study shows safety and efficacy of
autologous bone marrow mononuclear cell
therapy to improve quality of life in muscular
dystrophy patients. Cell Transplantation.
2013 Dec17;22(1): S127-38.

Sharma A, Sane H, Gokulchandran N, Gandhi
S, Bhovad P, Khopkar D, Paranjape A,
Bhagwanani K, Badhe P. The role of cell
transplantation in modifying the course of
limb girdle muscular dystrophy: a



15.

16.

17.

18.

19.

20.

longitudinal 5-year study. Degenerative
Neurological and Neuromuscular Disease.
2015;5:93-102.

Sharma A, Sane H, Paranjape A, Badhe P,
Gokulchandran N, Jacob V. Effect of cellular
therapy seen on musculoskeletal magnetic
resonance imaging in a case of Becker's

muscular dystrophy. Journal of Case Reports.
2013 Dec 5;3(2):440-7.

Sharma A, Sane H, Kaur J, Gokulchandran N,
Paranjape A, Yadav ], Badhe P. Autologous
bone marrow mononuclear cell
transplantation improves function in a case of
Becker's muscular dystrophy. American

Based Research Journal. 2016;5(2):1-2.

Sharma A, Kulkarni P, Chopra G,
Gokulchandran N, Lohia M, Badhe P.
Autologous Bone Marrow-derived
Mononuclear Cell Transplantation in
Duchenne Muscular Dystrophy. Indian
Journal of Clinical Practice. 2012;23(3):169-72.

Sharma A, Paranjape A, Sane H, Bhagawanani
K, Gokulchandran N, Badhe P. Cellular
transplantation alters the disease progression
in Becker's muscular dystrophy. Case reports
in transplantation. 2013 Jun 6;2013.

Sharma A, Sane H, Paranjape A, Bhagawanani
K, Gokulchandran N, Badhe P. Autologous
bone marrow mononuclear cell
transplantation in Duchenne muscular
dystrophy-a case report. The American
journal of case reports. 2014;15:128.

AlokS, Amruta P, Ritu V, HemangiS, Nandini
G, JasbinderKaur, Prerna B. Functional
Improvements and Musculoskeletal
Magnetic Resonance Imaging with
Spectroscopy Changes following Cell
Therapy in a Case of Limb Girdle Muscular
Dystrophy. International Journal of cell
Science & molecular biology. 2017;2(4):

21.

22.

23.

24.

25.

26.

555595.

Sharma A, Sane H, Gokulchandra N, Sharan
R, Paranjape A, Kulkarni P, Yadav J, Badhe P.
Effect of cellular therapy in progression of
Becker's muscular dystrophy: a case study.

European journal of translational myology.
2016 Feb 23;26(1).

Sharma A, Gokulchandran N, Sane H,
Lakhanpal V, Kulakarni P, Badhe P, Paranjape
A. Stabilization of Disease Progression in a
Case of Duchenne Muscular Dystrophy with
Cellular Transplantation. Stem Cell:
Advanced Research and Therapy,
2017;2017(3):J112.

Alok S, Hemangi S, Pooja K, Dhara M,
Jasbinder K, Nandini G, Khushboo B, Prerna
B. Effect of autologous bone marrow
mononuclear cell transplantation coupled
with rehabilitation in limb girdle muscular
dystrophy-A case report. INTERNATIONAL
JOURNAL OF MEDICAL RESEARCH &
HEALTHSCIENCES. 2016 Jan 1,5(12):1-7.

Sharma A, Badhe P, Sane H, Suhasini P,
Kulkarni P, Bhagwanani K, Gokulchandran
N. Halting of functional decline in a case of
duchenne muscular dystrophy after cell
therapy. International Journal of Recent
Advances in Multidisciplinary Research. 2017
Feb;4(2):2293-97.

Carlson C. The Dystrophinopathies: An
Alternative to the Structural Hypothesis.
Neurobiology of Disease. 1998;5(1):3-15.

Dumont NA, Wang YX, Von Maltzahn J, Pasut
A, Bentzinger CF, Brun CE, Rudnicki MA.
Dystrophin expression in muscle stem cells
regulates their polarity and asymmetric

division. Nature medicine. 2015
Dec;21(12):1455.

. Farini A, Sitzia C, Erratico S, Meregalli M,

Torrente Y. Influence of immune responses in



28.

29.

30.

31.

32.

33.

34.

gene/stem cell therapies for muscular
dystrophies. BioMed research international.
2014;2014.

Bittner R, Schofer C, Weipoltshammer K,
Ivanova S, Streubel B, Hauser E, et al.
Recruitment of bone-marrow-derived cells by
skeletal and cardiac muscle in adult

dystrophic mdx mice. Anatomy and
Embryology.1999;199(5):391-396.

Negroni E, Gidaro T, Bigot A, Butler[/Browne
GS, Mouly V, Trollet C. Invited review: Stem
cells and muscle diseases: advances in cell
therapy strategies. Neuropathology and
applied neurobiology. 2015 Apr 1;41(3):270-
87.

Law P, Bertorini T, Goodwin T, Chen M, Fang
Q, Li HJ, Kirby D, Florendo JA, Herrod H,
Golden G. Dystrophin production induced by
myoblast transfer therapy in Duchenne
muscular dystrophy. The Lancet. 1990 Jul
14,336(8707):114-5.

Neumeyer AM, Cross D, McKenna-Yasek D,
Zawadzka A, Hoffman EP, Pegoraro E,
Hunter RG, Munsat TL, Brown RH. Pilot
study of myoblast transfer in the treatment of
Becker muscular dystrophy. Neurology. 1998
Aug1;51(2):589-92.

Law PK, Goodwin TG, Fang Q, Chen M, Li H]J,
Florendo ], Dana S, Kirby BS. Myoblast
transfer therapy for Duchenne muscular

dystrophy. Pediatrics International. 1991 Apr
1,33(2):206-15.

Mendell JR, Kissel JT, Amato AA, King W,
Signore L, Prior TW, Sahenk Z, Benson S,
McAndrew PE, Rice R, Nagaraja H. Myoblast
transfer in the treatment of Duchenne's

muscular dystrophy. New England Journal of
Medicine. 1995 Sep 28;333(13):832-8.

Karpati G, Ajdukovic D, Arnold D, Gledhill
RB, Guttmann R, Holland P, Koch PA,

35.

36.

37.

38.

39.

40.

Shoubridge E, Spence D, Vanasse M, Watters
GV. Myoblast transfer in Duchenne muscular

dystrophy. Annals of neurology. 1993 Jul
1,34(1):8-17.

Law PK, Goodwin TG, Fang Q, Duggirala V,
Larkin C, Florendo J, Kirby DS, Deering MB,
Li HJ, Chen M, Yoo TJ. Feasibility, safety, and
efficacy of myoblast transfer therapy on
Duchenne muscular dystrophy boys. Cell
transplantation. 1992 Jan 1;1(2-3):235-44.

Gussoni E, Pavlath GK. Normal dystrophin
transcripts detected in Duchenne muscular
dystrophy patients after myoblast
transplantation. Nature. 1992 Apr
2;356(6368):435.

Tremblay JP, Malouin F, Roy R, Huard J,
Bouchard JP, Satoh A, Richards CL. Results of
a triple blind clinical study of myoblast
transplantations without
immunosuppressive treatment in young boys
with Duchenne muscular dystrophy. Cell
transplantation. 1993 Mar 1,2(2):99-112.

Morandi L, Bernasconi I, Gebbia M, Mora M,
Crosti F, Mantegazza R, Cornelio F. Lack of
mRNA and dystrophin expression in DMD
patients three months after myoblast transfer.

Neuromuscular Disorders. 1995 Jul
31;5(4):291-5.

Miller RG, Sharma KR, Pavlath G, Gussoni E,
Mynhier M, Yu P, Lanctot AM, Greco CM,
Steinman L, Blau HM. Myoblast implantation
in Duchenne muscular dystrophy: the San
Francisco study. Muscle & nerve. 1997 Apr
1,20(4):469-78.

Skuk D, Roy B, Goulet M, Chapdelaine P,
Bouchard JP, Roy R, Dugré FJ, Lachance ]G,
Deschénes L, Senay H, Sylvain M. Dystrophin
expression in myofibers of Duchenne
muscular dystrophy patients following
intramuscular injections of normal myogenic



41.

42.

43.

44.

45.

46.

47.

cells. Molecular Therapy. 2004 Mar
31,9(3):475-82.

Skuk D, Goulet M, Tremblay JP. Use of
repeating dispensers to increase the efficiency
of the intramuscular myogenic cell injection

procedure. Cell transplantation. 2006 Jul
1,15(7):659-63.

Skuk D, Goulet M, Roy B, Piette V, Coté CH,
Chapdelaine P, Hogrel JY, Paradis M,
Bouchard JP, Sylvain M, Lachance ]JG. First
test of a “high-density injection” protocol for
myogenic cell transplantation throughout
large volumes of muscles in a Duchenne
muscular dystrophy patient: eighteen months

follow-up. Neuromuscular Disorders. 2007
Jan31;17(1):38-46.

Mikel4d J, Ylitalo K, Lehtonen S, Dahlbacka S,
Niemeld E, Kiviluoma K, Rimpildinen J,
Alaoja H, Paavonen T, Lehenkari P, Juvonen
T. Bone marrow-derived mononuclear cell
transplantation improves myocardial
recovery by enhancing cellular recruitment
and differentiation at the infarction site. The
Journal of thoracic and cardiovascular

surgery. 2007 Sep 30,;134(3):565-73.

Sienkiewicz D, Kulak W, Okurowska-Zawada
B, Paszko-Patej G, Kawnik K. Duchenne
muscular dystrophy: current cell therapies.

Therapeutic advances in neurological
disorders. 2015 Jul;8(4):166-77.

AgadiS, Shetty AK. Concise review: prospects
of bone marrow mononuclear cells and
mesenchymal stem cells for treating status
epilepticus and chronic epilepsy. Stem Cells.
2015 Jul 1;33(7):2093-103.

SanchezIRamos JR. Neural cells derived
from adult bone marrow and umbilical cord
blood. Journal of neuroscience research. 2002

Sep 15;69(6):880-93.

Ferrari G, Angelis D, Coletta M, Paolucci E,

48.

49.

50.

51.

52.

53.

54.

Stornaiuolo A, Cossu G, Mavilio F. Muscle
regeneration by bone marrow-derived
myogenic progenitors. Science. 1998 Mar
6;279(5356):1528-30.

LaBarge MA, Blau HM. Biological
progression from adult bone marrow to
mononucleate muscle stem cell to

multinucleate muscle fiber in response to
injury. Cell. 2002 Nov 15;111(4):589-601.

Hou L, Kim JJ, Woo Y], Huang NF. Stem cell-
based therapies to promote angiogenesis in
ischemic cardiovascular disease. American

Journal of Physiology-Heart and Circulatory
Physiology. 2016 Feb 15;310(4):H455-65.

Gnecchi M, Zhang Z,Ni A, Dzau V]. Paracrine
mechanisms in adult stem cell signaling and

therapy. Circulation research. 2008 Nov
21;103(11):1204-19.

Burdon TJ, Paul A, Noiseux N, Prakash S,
Shum-Tim D. Bone marrow stem cell derived
paracrine factors for regenerative medicine:
current perspectives and therapeutic

potential. Bone marrow research. 2010 Dec
6;,2011.

Arahata K, Engel A. Monoclonal antibody
analysis of mononuclear cells in myopathies.
IV: Cell-mediated cytotoxicity and muscle
fiber necrosis. Annals of Neurology.
1988;23(2):168-173.

Ichim T, Alexandrescu D, Solano F, Lara F,
Campion R, Paris E, et al. Mesenchymal stem
cells as anti-inflammatories: Implications for
treatment of Duchenne muscular dystrophy.
Cellular Immunology. 2010;260(2):75-82.

Turturici G, Tinnirello R, Sconzo G, Geraci F.
Extracellular membrane vesicles as a
mechanism of cell-to-cell communication:
advantages and disadvantages. American
Journal of Physiology-Cell Physiology. 2014
Apr1;306(7):C621-33.



55.

56.

57.

58.

59.

60.

61.

62.

Biancone L, Bruno S, Deregibus MC, Tetta C,
Camussi G. Therapeutic potential of
mesenchymal stem cell-derived

microvesicles. Nephrology Dialysis
Transplantation. 2012 Aug 1;27(8):3037-42.

Cerri S, Greco R, Levandis G, Ghezzi C,
Mangione AS, Fuzzati-Armentero MT,
Bonizzi A, Avanzini MA, Maccario R,
Blandini F. Intracarotid infusion of
mesenchymal stem cells in an animal model of
parkinson's disease, focusing on cell
distribution and neuroprotective and
behavioral effects. Stem cells translational

medicine. 2015 Sep 1,4(9):1073-85.

Fischer UM, Harting MT, Jimenez F, Monzon-
Posadas WO, Xue H, Savitz SI,Laine GA, Cox
Jr CS. Pulmonary passage is a major obstacle
for intravenousstem cell delivery: the
pulmonary first-pass effect. Stem cells and
development.2009 Jun 1;18(5):683-92.

ROSMAN N, KAKULAS B. MENTAL
DEFICIENCY ASSOCIATED WITH
MUSCULAR DYSTROPHY. Brain.
1966;89(4):769-788.

Anderson ], Head S, Rae C, Morley ]. Brain
function in Duchenne muscular dystrophy.
Brain. 2002;125(1):4-13.

Dastur DK, Razzak ZA. Possible neurogenic
factor in muscular dystrophy: its similarity
to denervation atrophy. Journal of Neurology,
Neurosurgery &amp; Psychiatry. 1973
June1;36(3):399-410.

Pilgram GS, Potikanond S, Baines RA, Fradkin
LG, Noordermeer JN. The roles of the
dystrophin-associated glycoprotein complex
at the synapse. Molecular neurobiology. 2010
Feb1;41(1):1-21.

Sayers S. The Role of Exercise as a Therapy for
Children with Duchenne Muscular
Dystrophy. Pediatric Exercise Science.

63.

64.

65.

66.

67.

68.

69.

70.

2000;12(1):23-33.

Christov C, Chretien F, Abou-Khalil R, Bassez
G, Vallet G, Authier F, et al. Muscle Satellite
Cells and Endothelial Cells: Close Neighbors
and Privileged Partners. Molecular Biology of

the Cell. 2007;18(4):1397-14009.

Germani A, Di Carlo A, Mangoni A, Straino S,
Giacinti C, Turrini P, et al. Vascular
Endothelial Growth Factor Modulates
Skeletal Myoblast Function. The American
Journal of Pathology. 2003;163(4):1417-1428.

Markert CD, Ambrosio F, Call JA, Grange RW.
Exercise and duchenne muscular dystrophy:
Toward evidencellbased exercise

prescription. Muscle & nerve. 2011 Apr
1,43(4):464-78.

Gordon BS, Lowe DA, Kostek MC. Exercise
increases utrophin protein expression in the
mdx mouse model of Duchenne muscular

dystrophy. Muscle & nerve. 2014 Jun
1,49(6):915-8.

Barp A, Bello L, Caumo L, Campadello P,
Semplicini C, Lazzarotto A, et al. Muscle MRI
and functional outcome measures in Becker

muscular dystrophy. Scientific Reports.
2017;7(1).

Mercuri E, Muntoni F. Muscular dystrophies.
The Lancet. 2013;381(9869):845-860.

Franjoine M, Gunther J, Taylor M. Pediatric
Balance Scale: A Modified Version of the Berg
Balance Scale for the School-Age Child with
Mild to Moderate Motor Impairment.
Pediatric Physical Therapy. 2003;15(2):114-
128.

Berg K. Measuring balance in the elderly:
preliminary development of an instrument.
Physiotherapy Canada. 1989;41(6):304-311.

. Baptista C, Costa A, Pizzato T, Souza F,



Mattiello-Sverzut A. Postural alignment in
children with Duchenne muscular dystrophy
and its relationship with balance. Brazilian
Journal of Physical Therapy. 2014;18(2):119-
126.

72. McDonald C, Henricson E, Han ], Abresch R,
Nicorici A, Elfring G, et al. The 6-minute walk
test as a new outcome measure in Duchenne

muscular dystrophy. Muscle & Nerve.
2010;41(4):500-510.

Appendix I

Quality Assessment Tool for Case Series Studies

Criteria

Reference [9] | Reference[10] | Reference[11]

1. Was the study question or objective clearly
stated?

4 4 v

2. Were eligibility /selection criteria for the study
population prespecified and clearly described?

v v

3. Were the participants in the study representative
of those who would be eligible for the test / service
/ intervention in the general or clinical population
of interest?

4. Were all eligible participants that met the
prespecified entry criteria enrolled?

5. Was the sample size sufficiently large to provide
confidence in the findings?

6. Was the test / service / intervention clearly
described anddelivered consistently across the
study population?

7. Were the outcome measures prespecified, clearly
defined, valid, reliable, and assessed consistently
across all study participants?

8. Were the people assessing the outcomes blinded
to the participants' exposures/interventions?

9. Was the loss to follow-up after baseline 20% or
less? Were those lost to follow-up accounted for in
the analysis?

10. Did the statistical methods examine changes in
outcome measures from before to after the
intervention? Were statistical tests done that
provided p values for the pre-to-post changes?

11. Were outcome measures of interest taken
multiple times before the intervention and multiple
times after the intervention (i.e., did they use an
interrupted time-series design)?

Quality Rating (Good, Fair, or Poor): Less than 50%-Poor, 51-70%-Fair, and 71-90%-Good



Appendix I1

Checklist for assessing the quality of a case study report [79]

1.Is thisreporteasy toread?

2. Does it fit together, each sentence contributing to the whole?

3. Does this report have a conceptual structure (i.e., themes or issues)?

4. Areitsissues developed in a series and scholarly way?

5. Have quotations been used effectively?

6. Has the writer made sound assertions, neither over- or under-interpreting?
7. Are headings, figures, artefacts, appendices, indexes effectively used?
8. Was it edited well, then again with alast minute polish?

9. Were sufficientraw data presented?

10. Is the nature of the intended audience apparent?

11. Doesitappear thatindividuals were put at risk?

12.Is the case adequately defined?

13.Is there a sense of story to the presentation?

14.Is thereader provided some vicarious experience?

15. Has adequate attention been paid to various contexts?

16. Were data sources well-chosen and in sufficient number?

17. Do observations and interpretations appear to have been triangulated?
18.1s therole and point of view of the researcher nicely apparent?

19.Is empathy shown for all sides?

20. Are personal intentions examined?

21.Is the case study particular?

22.Is the case study descriptive?

23.Is the case study heuristic?

24. Was study design appropriate to methodology?
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