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Abstract

Duchenne Muscular Dystrophy (DMD) is a lethal disease caused by mutations in dystrophin encoding gene, causing pro-
gressive degeneration of cardiac, respiratory, and skeletal muscles leading to premature death due to cardiac and respiratory
failure. Currently, there is no cure for DMD. Therefore, novel therapeutic approaches are needed for DMD patients.

We have previously reported functional improvements which correlated with increased dystrophin expression following
administration of dystrophin expressing chimeric (DEC) cells of myoblast origin to the mdx mouse models of DMD.

In the current study, we confirmed dose-dependent protective effect of human DEC therapy created from myoblasts of
normal and DMD-affected donors, on restoration of dystrophin expression and amelioration of cardiac, respiratory, and
skeletal muscle function at 180 days after systemic-intraosseous DEC administration to mdx/scid mouse model of DMD.
Functional improvements included maintenance of ejection fraction and fractional shortening levels on echocardiography,
reduced enhanced pause and expiration time on plethysmography and improved grip strength and maximum stretch induced
contraction of skeletal muscles. Improved function was associated with amelioration of mdx muscle pathology revealed by
reduced muscle fibrosis, reduced inflammation and improved muscle morphology confirmed by reduced number of centrally
nucleated fibers and normalization of muscle fiber diameters. Our findings confirm the long-term systemic effect of DEC
therapy in the most severely affected by DMD organs including heart, diaphragm, and long skeletal muscles.

These encouraging preclinical data introduces human DEC as a novel therapeutic modality of Advanced Therapy Medicinal
Product (ATMP) with the potential to improve or halt the progression of DMD and enhance quality of life of DMD patients.
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Background

Duchenne Muscular Dystrophy is an X-linked recessive neu-
romuscular disorder caused by mutations in the dystrophin
gene with the incidence of approximately 1 in 3,500-5,000
newborn boys [1].

Due to the lack of dystrophin, a large structural pro-
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of chronic inflammation and fibrosis [3, 4]. Over time, the
majority of DMD patients develop dilated cardiomyopa-
thy, which is accompanied by deterioration of respiratory
function leading to significant morbidity and premature
death around the age of 20 due to the cardiac and respira-
tory failure. Despite significant scientific efforts, there is
no cure for DMD patients. Currently, the available treat-
ment options addressing cardiac and pulmonary problems
include corticosteroids, vasodilators, antioxidants and
supportive measures such as respiratory muscle training
and non-invasive respiratory support [4—8]. Since the sup-
portive measures and clinical management of DMD have
not improved or halted progression of the disease, new
therapeutic approaches are needed in order to restore the
cardiac, respiratory, and skeletal muscles function to clini-
cally relevant levels [9—11]. Different approaches targeting
the genetic defect have been investigated including exon
skipping therapy [4, 12], gene editing via viral vectors
[13-16] and genome editing using CRISPR technology
[14, 16]. Since gene therapies are usually targeting very
specific mutations, they are not applicable to all DMD
patients [17, 18]. Although the preliminary results for
genetic correction are encouraging, the clinical efficacy is
still debatable due to the safety concerns for the “off-target
mutations”, tumorigenicity and sensitization [15, 19, 20].
Recent reports on the microdystrophin AV V-based therapy
are promising, however side effects related to the dose-
dependent immune response are of concern [21]. Cell-
based therapies including myoblasts or mesoangioblasts
transplantation, aiming for regeneration of the damaged
muscles, have shown early promising results [22-25].
However, the reported limitations included the short-term
cell engraftment, allogeneic immune response, and the
side effects of the supportive immunosuppressive therapy
[3, 26, 27]. Therefore, the optimal cell-based therapy
should be characterized by low immunogenic phenotype,
accessibility, proper expansion, and high transplanted cell
survival rate which is crucial for the maintenance of the
long-term engraftment without the need for immunosup-
pression [17, 22, 28-34]. We have addressed these specific
unmet needs for cell-based therapies using a new chimer-
ism-based tolerance inducing strategy for bone marrow
and vascularized composite allotransplantation (VCA) and
generated new chimeric cell lines of hematopoietic, mes-
enchymal and myoblast lineage origin for DMD therapy
[35-39].

Moreover, we have applied the chimeric cell therapy
concept to muscular dystrophy and created Dystrophin
Expressing Chimeric (DEC) Human cells by fusion of
human myoblasts (MB) derived from normal and DMD-
affected donors (MB"/MBPMP). Administration of DEC
therapy to the mdx mouse models of DMD resulted in res-
toration of dystrophin expression which correlated with

significant improvement of cardiac, respiratory and skel-
etal muscle function [39, 40].

Furthermore, we have investigated the systemic effect
of DEC therapy and confirmed restoration of dystrophin
expression and reduced mdx muscle pathology which cor-
related with improvement of cardiac, pulmonary and skeletal
muscle function at 90 days after systemic-intraosseous DEC
administration [41]. Currently, the major challenge, preclud-
ing routine application of cell-based therapies in DMD is the
lack of maintenance of long-term engraftment and function.

Therefore, considering the dynamic progression of DMD
and to bring DEC technology closer to the clinical appli-
cation, in the current study we have assessed a long-term
(180 days) efficacy of human DEC therapy after systemic-
intraosseous administration. Our goal was to assess the pro-
tective effect of DEC therapy in the most affected by the
DMD organs before severe progression of the disease and
before development of the overt DMD -related cardiomyopa-
thy or pulmonary failure, to make it more clinically relevant,
since once organ failure occurs, treatment with stem-cell
based therapies would not reverse damage created by DMD
disease.

Thus, in this study, the maintenance of long-term engraft-
ment of DEC correlating with restoration of function was
confirmed by normalized muscle morphology, reduced
pathology, and improved function in the most severely
affected by DMD organs including heart, diaphragm, and
long skeletal muscles. This encouraging preclinical data
introduces human DEC as a novel Advanced Therapy
Medicinal Product (ATMP) with the potential to improve
or halt progression of the disease and enhance quality of life
of DMD patients.

Materials and Methods
Mice and Animal Care

This study was approved by the Institutional Animal Care
and Use Committee (IACUC) of University of Illinois at
Chicago, which is approved by the American Association for
the Accreditation of Laboratory Animal Care (AAALAC).
All animals received humane care in compliance with the
‘Principles of Laboratory Animal Care’ formulated by the
National Society for Medical Research and the ‘Guide for
the Care and Use of Laboratory Animal Resources’. Six-
to eight-week-old male mdx/scid mice—the animal model
for Duchenne Muscular Dystrophy (B10ScSn.Cg-Prkdc*c
Dmd™®/J, stock number 018018) with respective back-
ground wild type mice (C57BL/10ScSnJ, stock number
000476) were purchased from Jackson Laboratories. Ani-
mals were kept in a pathogen-free environment on a light/
dark cycle. Prior to study initiation, aged matched male
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mdx/scid mice were ear tagged and randomized into fol-
lowing experimental groups: vehicle control injected with
60 ul phosphate-buffered saline, PBS (n=4), DEC therapy
group injected with 1x 10% DEC cells suspended in 60 pl
PBS (n=>5), and DEC therapy group injected with 5x 10°
DEC cells suspended in 60 ul PBS (n=5).

Cell Culture

Normal human myoblasts (MB) were purchased from Lonza
Bioscience (Mapleton, IL, USA), and DMD-affected myo-
blasts were purchased from Creative Bioarray Ltd. (Shirley,
NY, USA). Myoblasts (MB) were cultured in Skeletal Mus-
cle Cell Growth Medium-2 (Lonza Clonetics, Mapleton,
IL, USA) supplemented with the human Epidermal Growth
Factor (hEGF); Fetal Bovine Serum (FBS); Dexamethasone;
Gentamicin/Amphotericin B (GA) (Lonza Clonetics, Maple-
ton, IL, USA). Upon reaching 60-70% confluence, myo-
blasts were harvested using 0.25% trypsin/EDTA (Sigma-
Aldrich, MO, USA). Enzymatic activity was inhibited with
10% serum-supplemented culture media. Human MBs were
harvested between passages 3—7, which is optimal for the
ex vivo cell fusion procedure.

Cell Fusion Procedure

After harvesting, staining and viability assessment with
0.4% Trypan Blue (Gibco-ThermoFischer, Waltham, MA,
USA), parent myoblasts (MBY and MBPMP) were washed in
serum-free media supplemented with antibiotics (1% Antibi-
otic—Antimycotic solution, Gibco-ThermoFischer, Waltham,
MA, USA). Next cell fusion procedure was performed. As
previously described [38—-40] parent myoblasts (MBN and
MBPMP) were fluorescently labeled using PKH26 or PKH67
(Sigma-Aldrich, St. Louis, MO) membrane dyes respec-
tively, according to manufacturer’s instructions. Parent cells
were mixed, washed and fusion was performed using 1.46 g/
mL PEG solution (PEG 4000, EMD) containing 16% DMSO
(Sigma, St. Louis, MO) [42—-44]. Fused cells were trans-
ferred to fluorescently activated cells sorting (FACS) buffers
containing 5% HEPES, 1% EDTA and 5% FBS. Finally, cells
presenting double (PKH26/PKH67) staining were selected
via FACS (MoFlow Astrios, Beckman Coulter, San Jose,
CA, USA) sorter and were used for intraosseous administra-
tion to the mdx/scid mice.

Systemic-Intraosseous DEC Administration

Mice were anesthetized with 2% isoflurane inhalation along
with 1 mL/kg buprenorphine subcutaneous injection. DEC
intraosseous administration was performed as previously
reported [39, 41]. Briefly, a 5 mm incision was made at the
lateral-mid thigh level and muscles were separated to expose
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femoral bone. DEC cells were transferred in a 60 ul volume
of sterile PBS to a tuberculin syringe (cat. ThermoFischer,
Waltham, MA, USA). A 25G needle was used to aspirate
60 pl of bone marrow followed by DEC cells injection
directly into the femur. Bone wax was applied to the injec-
tion site. Next, muscles were approximated, and the wound
was closed with 5-0 nylon sutures. Animals recovered in
a heated environment with post-operative monitoring and
returned to the colony.

Immunofluorescence for Dystrophin Expression
Assessment

For immunofluorescence the optimal cutting temperature
(OCT) frozen sections of the heart, diaphragm and gastroc-
nemius muscle were fixed with ice-cold acetone for 10 min
and blocked for the unspecific binding with 10% normal goat
serum for 60 min in 4 °C. Next, specimens were incubated
with mouse monoclonal anti-human dystrophin (1:50, cat.
ab15277, Abcam, Cambridge, UK) and mouse monoclonal
anti-human spectrin (Leica, Clone RBC2/3D5, Biosystems,
NCL-SPEC1) primary antibodies, followed by incuba-
tion with a goat anti-mouse conjugated AlexaFluor-647
secondary antibody for dystrophin (1:400, cat. A-21241,
ThermoFischer, Waltham, MA, USA) and goat anti-mouse
secondary antibody for spectrin (IgG) Alexa Fluor® 647
(1:400, ab150115, Abcam, Cambridge, UK). Appropriate
positive and negative controls were used. Nuclear counter-
staining was performed using 4',6-diamidino-2-phenylindole
(DAPI) (cat. ab104139, Abcam, Cambridge, UK). A Zeiss
Meta confocal microscope with ZEN software (Carl Zeiss,
Oberkochen, Germany) and Leica DM4000B microscope
were used for fluorescence signal detection and analysis.

Histology for Muscle Pathology Assessment

For histological analysis, the heart, diaphragm and gastroc-
nemius muscles were harvested, fixed in 10% neutral buff-
ered formalin and embedded in paraffin. Next, the paraffin
blocks were cut into 5 pum non-consecutive transverse cross-
sections. Samples were deparaffinized and subsequently
stained with appropriate staining kits, then mounted (Poly-
Mount, PolySciences Inc. Warrington, PA, USA) to analyze
overall muscle morphology, to assess infiltration of inflam-
matory cells, and to quantify the centrally nucleated fibers
(CNF), fibers minimal Feret’s diameter size, and finally to
assess the level of fibrosis. All histological assessments were
done on 12 ROI (region of interest) acquired from three non-
serial cross sections from n=3 mice (12 ROI/organ/mouse
or 36 ROI/organ/group) using ImageJ NIH software. The
digital images were acquired (BX51/IX70 Olympus, Japan)
and processed using Image].
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H&E-stained sections of target organs of heart, dia-
phragm and gastrocnemius muscle of DEC injected mdx/
scid mice were assessed and compared with the vehicle-
injected controls and Wild Type (WT) mice. Inflamma-
tion was assessed by counting the total number of small
(5-9 inflammatory cells) and large (groups of 10 or more
inflammatory cells) foci in the representative images. The
numbers of foci counts were normalized to the area unit
(number of foci/mm?).

For analysis of centrally nucleated fibers, H&E-stained
sections of diaphragm and gastrocnemius muscle were
assessed by counting the number of fibers with centrally
located nuclei, which represent pathological changes in
the muscle tissue. The number of CNF was compared to
the total number of fibers and expressed as a percentage.

Fiber diameters were assessed by minimal Feret’s
diameter on H&E-stained sections of heart, diaphragm,
and gastrocnemius using ImageJ measurement plug-
ins. Average number of fibers falling into 5 um incre-
ments was normalized to the total number of fibers and
expressed as a percentage.

For analysis of cardiac muscle fibrosis, cross sections
of heart samples were stained with Picro-Sirius Red kit
specific for cardiac muscle (Abcam, cat. 245,887, Cam-
bridge, MA, USA). Fibrosis of the diaphragm and gas-
trocnemius muscle was analyzed in the sections, which
were stained with Trichrome Stain kit (Abcam, cat.
ab150686, Cambridge, MA, USA) for visualization of
collagenous fibrotic tissue.

Pixels corresponding to the area stained in red (for
Picro-Sirius), or blue (for Trichrome) or indicating col-
lagenous areas reflecting fibrosis, were normalized to the
total pixel area of the tissue in the assessed image. Results
were expressed as a percentage of collagenous area versus
total tissue area in the region of interest.

Echocardiography for Cardiac Function Assessment

Echocardiography was performed as previously described
[39, 41]. Briefly, mice were anesthetized with isoflurane
(1-3%) and placed on the ultrasound stage. Paws were
taped to the electrocardiograph (ECG) electrodes to moni-
tor heart rate (maintained at 350-450 bmp). Assessments
were made at the baseline—before administration of DEC
and at 30 days, 90 days, and at 180 days endpoint after
intraosseous DEC administration. M-mode echocar-
diographic images were obtained from the parasternal
long axis view through the center of the left ventricle
(FujiFilm, VisualSonics, Vevo 2100, Toronto, Canada)
[45, 46]. Recordings were analyzed using VevoLab (ver.
3.2.0).

Plethysmography for Pulmonary Function
Assessment

Whole body plethysmography was applied for assess-
ment of respiratory function as described elsewhere [41,
47]. Small animal plethysmography set-up (Buxco/DSI,
St. Paul MN, USA) using FinePointe (Buxco/DSI) was
applied. The assessment was performed at the study end-
point of 180 days post-DEC administration. The following
parameters were calculated: Enhanced pause (Penh) and
Expiration time (Te).

Aurora Test for ex vivo Muscle Force Assessment

After animal euthanasia at the study endpoint of 180 days
post-DEC administration, the contractile and passive prop-
erties of the gastrocnemius muscle (GM) were measured
ex vivo using Aurora Scientific test system as described
previously [38]. After dissection of the whole left and
right GM, the Achilles tendon and proximal pole of mus-
cle were attached to the force transducer. Muscle force
was measured after establishing optimal length through
a standardized stimuli pattern until reaching the maximal
wave and maximal strain. Results were averaged for the
right and left gastrocnemius muscles and reported as the
force/muscle weight (g/g).

Grip Strength Assessment

The assessment of mdx/scid mice motor function after sys-
temic-intraosseous administration of DEC cells was tested
by the right hindlimb grip strength test. The function was
monitored up to a 180-day endpoint. The tests were per-
formed weekly, for 26 weeks of follow-up. The order of
animals for test performance was randomly assigned. A
grip meter (Digital Force Gauge, HL-50) was used to
measure the GM-specific force. This test allows forelimb
force measurements, providing information on the muscle
strength. The hook of a grip meter was placed touching
the animal’s toes. Once gripped, it was repeatedly pulled
10 times, and the average maximum peak was used for
further analysis.

Statistical Analysis

Data are expressed as mean + SEM (standard error of the
mean). GraphPad Prism (ver. 9.2.1) software was used to
perform statistical analysis. Two-tailed Student t-test for
group comparisons was used to define statistical signifi-
cance. Results were considered statistically significant for
p <0.05. The graphs represent mean values with standard
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error of mean (SEM), statistical significance is marked
with asterisks: *p <0.05, **p <0.01, ***p <0.001,
*x%k%p <0.0001.

Results

I. The Long-Term Amelioration of the mdx
Pathology in Cardiac, Respiratory and Skeletal
Muscles at 180 days after Systemic-Intraosseous
Administration of Human DEC Therapy to the mdx/
scid Mouse Model of DMD.

This study assessed the long-term (180 days) effect of DEC
therapy after systemic-intraosseous administration to the
mdx/scid mice. At the study baseline, the six to eight-weeks
old mdx/scid mice were randomly assigned to two therapy
groups of 1x10% and 5x 10° dose of human DEC cells in
the respective groups. Following intraosseous administration
of DEC, animals were monitored up to the study endpoint
of 180 days, when they were assessed for muscle pathology
and by the ex vivo and in vivo functional tests.

All animals tolerated well the intraosseous administration
of both dosages of human DEC therapy into the femoral
bone. The injections were performed under surgical micro-
scope magnification of 20X and the PBS-based DEC cell
solution was injected without any spill or leakage. There
was no presence of hematoma, inflammation, or infection
observed at the surgical site after injection and no side
effects were observed during the entire follow-up period up
to 180 days.

Human DEC Therapy Increases Dystrophin
Expression in Cardiac, Respiratory and Skeletal
Muscles at 180 Days after Systemic Administration

We previously reported restoration of dystrophin expression
which correlated with short-term protection of cardiac and
skeletal muscle function after systemic-intraosseous admin-
istration of murine and human DEC cells to the mdx mice
[39, 41]. In the current study, to test the therapeutic and
clinical potential of human DEC cell line we tested func-
tional efficacy of long-term engraftment and dose—response
of two doses of human DEC cells (1 x 10° or 5 x 10°). Immu-
nofluorescence (IF) staining confirmed long-term (180 days)
engraftment and increased dystrophin expression in the
selected target organs of heart, diaphragm and gastrocne-
mius muscle (GM) of mdx/scid-injected mice. The IF images
of heart sections of both DEC therapy groups (Fig. 1A),
revealed long-term significant increase in dystrophin expres-
sion in 1x 10° (8.27% +0.65%) and 5 x 10° (7.52% +0.35%)
DEC doses when compared to the vehicle-injected controls
(2.32% +0.21%) (Fig. 1B).
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The diaphragm IF sections (Fig. 1C) confirmed sig-
nificant increase in dystrophin expression in both DEC-
injected groups of 1x 10° (5.34% +0.36%) and 5 x 10°
(7.29% +0.52%) DEC cells when compared to the vehicle-
injected controls (2.68% +0.36%). Moreover, a significant
increase in dystrophin positive fibers was observed in 5 x 10°
dose when compared to 1x 10° DEC indicating a dose-
dependent effect of DEC therapy on restoration of dystro-
phin in the diaphragm of mdx/scid mice (Fig. 1D).

Assessment of gastrocnemius muscle IF sections
(Fig. 1E) revealed increase of dystrophin expression in both
DEC-injected groups of 1x 10° (7.09% +0.46%) and 5 x 10°
(8.67% +0.50%) DEC cells when compared to the vehicle-
injected controls (2.57% +0.24%) (Fig. 1F). In addition,
co-localization of dystrophin expression with expression of
the human-specific spectrin (red) in the heart, diaphragm
and GM samples of the mdx/scid hosts injected with both
doses (1x 10° and 5% 10%) of human DEC cells confirms
the long-term engraftment of DEC and human origin of the
dystrophin positive muscle fibers (Fig. 1G).

DEC Therapy Reduces Inflammation

in the DMD-Targeted Organs of Heart, Diaphragm,
and GM at 180 days after Intraosseous
Administration

We have previously confirmed short-term reduction of
the inflammatory response at 90 days after systemic DEC
administration [41]. Since inflammation is the hallmark of
DMD progression, thus in this study, we assessed the long-
term effect of DEC therapy on amelioration of inflammation
in the DMD affected organs of heart, diaphragm and skeletal
muscle.

Histological assessment of the number of small, large and
total inflammatory foci (combined small and large) in the
H&E sections of heart, diaphragm and gastrocnemius mus-
cle confirmed reduced inflammation at 180 days after intra-
osseous administration of human DEC (1 x 10° and 5 x 10°)
cells to the mdx/scid mouse. In the cardiac muscle sections
(Fig. 2A) the number of small and large inflammatory foci
was reduced after administration of both doses (1 x 10° and
5% 10% of human DEC. The number of small inflamma-
tory foci was significantly decreased after administration of
5% 10° of human DEC (21.05 +4.57 foci/mm?) compared
to the vehicle-injected controls (44.80+5.48 foci/mm?).
There was a dose-dependent reduction of inflammatory
foci observed in higher DEC dose of 5x 10° (21.05 +4.57
foci/mm?) compared to 1x 10° (35.25 +4.04 foci/mm?)
dose. Interestingly, there were no large inflammatory foci
observed in heart samples of mice injected with 5x 10® DEC
(0.00 +£0.00) compared to 1x 10° dose (4.25 + 1.56 foci/
mm?) and vehicle-injected controls (7.45 +2.96 foci/mm?)
(Fig. 2B). Assessment of the total number of inflammatory
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Fig.1 Systemic-intraosseous administration of human DEC (1 x 10°
and 5% 10°) cells confirms long-term DEC engraftment and increased
dystrophin expression in the heart, diaphragm and gastrocnemius
muscle at 180 days after DEC transplant to the mdx/scid mice. Immu-
nofluorescence images of dystrophin expression in the heart (A),
diaphragm (C) and gastrocnemius muscle (E) after systemic DEC
transplant compared to vehicle and WT controls. White arrows indi-
cate positive fibers, showing differences between the therapy groups
and the vehicle control; Magnification 25X, scale bar=50 pm; for
merge: dystrophin (green), human spectrin (red), DAPI nuclei coun-
terstaining (blue). (G) Representative immunofluorescence images of
human spectrin (red) expression in the heart, diaphragm and gastroc-

foci revealed a significant and dose-dependent decrease in
the number of inflammatory foci in heart sections of DEC-
injected mice with 1 x 10° (39.50 +4.74 foci/mm?) and the
5% 10° (21.64 +4.68 foci/mm?) cells when compared to the
vehicle-injected controls (52.25 + 6.20 foci/mm?) (Fig. 2C).
In the diaphragm sections (Fig. 2D) significantly reduced
number of small inflammatory foci was observed in mice
injected with both DEC doses of 1 x 10° (55.44 +5.18 foci/
mm?) and 5x 10° (26.72 + 1.48 foci/mm?) when compared
to the vehicle-injected controls (140.60 +23.92 foci/mm?).
Analysis of large foci counts revealed a dose-dependent

Gastrocnemius

5x10° DEC MB/MmBOM©

nemius muscle samples of the mdx/scid hosts injected with human
DEC (1x10° and 5x 10%), dystrophin (green), nuclei counterstained
with DAPI (blue); Magnification 140X, scale bar 20 pm (ZEISS 710
META, Oberkochen, Germany). (B, D, F) Significant increase of dys-
trophin expression in target organs of: heart (B), diaphragm—dose-
dependent effect (D), and gastrocnemius muscle (F) of DEC-injected
compared to vehicle injected mdx/scid mice, n=3/group, 10 ROI/
organ/mouse. Dystrophin-positive fibers were counted and normal-
ized to the total number of fibers. All data presented as mean+ SEM.
One-way ANOVA with post-hoc Tukey’s test. *¥*p<0.01, **%*
p<0.001

reduction in the number of inflammatory foci after both
DEC doses of 1x10° (15.00+2.21 foci/mm?) and 5 x 10°
(22.14 +1.08 foci/mm?) when compared to the vehicle-
injected controls (50.02+11.90 foci/mm?) (Fig. 2E).
Assessment of total number of inflammatory foci revealed
a significant decrease of foci number in diaphragm sections
of mdx/scid mice injected with both DEC doses of 1x 10°
(70.45 +4.83 foci/mm?) and 5x 10°® DEC (48.86 +1.52
foci/mm?) compared to the vehicle-injected controls
(190.60 + 31.92 foci/mm?) (Fig. 2F). Analysis of gastrocne-
mius muscle (Fig. 2G) sections revealed reduced numbers of
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Fig.2 Administration of human DEC therapy (1x10° and 5x10°)
results in reduced inflammation in the heart, diaphragm and gas-
trocnemius muscle at 180 days following DEC administration. Rep-
resentative images of Hematoxylin and Eosin (H&E) stained cross-
sections of heart (A), diaphragm (D), and gastrocnemius muscle (G)
confirmed reduced muscle inflammation in both DEC groups com-
pared to vehicle-injected controls. Magnification 40x (heart panel)
20x (diaphragm and gastrocnemius muscle), scale bar 50 pm, n=3/
group, 12 ROl/organ/mouse. (B) In heart H&E sections the number
of small and large foci was significantly reduced in both DEC groups
and was dose-dependent. No large foci were seen in the 5x 10° group.
(C) Dose-dependent reduction of total number of inflammatory foci
was observed in cardiac muscle in both DEC groups but not in vehi-

both, the small and large inflammatory foci in DEC-injected
mdx/scid mice. Specifically, significantly reduced number of
large inflammatory foci was observed in DEC dose of 5x 10°
(3.45+0.93 foci/mm?) compared to the vehicle injected
controls (8.42 +2.01 foci/mm?) (Fig. 2H). Total number of
inflammatory foci assessed in gastrocnemius muscle sam-
ples revealed a significant decrease in 1x 10° DEC dose
(19.09 +2.14 foci/mm?) compared to vehicle-injected con-
trols (29.88 +4.19 foci/mm?) (Fig. 2I).

DEC Therapy Reduces Percentage of Centrally
Nucleated Fibers in the Diaphragm

and Gastrocnemius Muscle at 180 days

after Systemic -Intraosseous Administration

The central location of cell nuclei is a hallmark of DMD dis-
ease and is characteristic for immature fibers, while mature

@ Springer

cle-injected group and was dose-dependent. (E) In diaphragm, signif-
icant dose-dependent reduction of small and large inflammatory foci
was observed in DEC-injected compared to vehicle-injected mice.
(F) Total number of inflammatory foci in diaphragm was significantly
reduced in both DEC groups when compared to vehicle-injected con-
trols and was dose-dependent. (H) In gastrocnemius muscle signifi-
cant reduction of the total number of inflammatory foci was observed
in both DEC-injected mice when compared to vehicle-injected con-
trols. (I) Total number of inflammatory foci in GM was reduced in
DEC-injected compared to vehicle-injected groups. Data presented as
mean + SEM. One-way ANOVA with post-hoc Tukey’s test *p <0.05,
*#p<0.01, *** p<0.001, **** p<0.0001

muscle fibers have nuclei located peripherally. Thus, to fur-
ther confirm potential beneficial effect of DEC therapy on
reduction of muscle pathology, we assessed the number of
centrally nucleated fibers (CNF), an indicator of mdx pathol-
ogy in the diaphragm and gastrocnemius muscles at 180 days
after systemic DEC administration. Histology specimens of
diaphragm (Fig. 3A) confirmed significant decrease of CNF
in mdx/scid mice injected with both doses of human DEC
therapy 1x 10% DEC cells (26.15% +7.46%) and 5 x 10°
DEC cells (18.25% +4.81%), when compared to vehicle-
injected controls (44.90% + 11.41%). Furthermore, reduc-
tion of CNF fibers count was dose-dependent revealing sig-
nificant drop in 5 x 10° dose compared to 1x 10 DEC dose
(Fig. 3B). Moreover, the protective effect of DEC therapy
was confirmed in gastrocnemius muscle of DEC-injected
mdx/scid mice (Fig. 3C), where a significant decrease of
CNF was observed after administration of 1x 10° DEC
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Fig.3 Systemic-intraosseous transplantation of human DEC (1 x 10°
and 5x10°% improves muscle pathology via reduced number of
Centrally Nucleated Fibers (CNF) at 180 days after administration
to mdx/scid mice. Representative images of Hematoxylin and Eosin
(H&E) stained transverse sections of diaphragm (A) and gastrocne-
mius muscle (C) confirmed reduced number of centrally nucleated
fibers (CNF) in DEC-injected groups compared to vehicle controls.

(36.51% +7.52%) and 5 x 10° DEC (37.51% +9.91%), when
compared to the vehicle-injected controls (71.16% +11.38%)
(Fig. 3D).

Intraosseous Administration of Human DEC
Therapy Normalizes Muscle Fiber Diameters
in the DMD-Targeted Organs of mdx/scid mice
at 180 days after DEC Transplant

Presence of variations in the muscle fiber diameter size rep-
resents characteristic features of muscles affected by DMD.
We reported short term normalization of fiber size after DEC
therapy [41]. Thus, in this study to further assess clinical
applicability of DEC, we used Feret’s method to measure
both, the overall change and the maintenance of normali-
zation of fiber size diameters at the long-term (180 days)
follow-up after systemic DEC administration.

In the heart sections of the mdx/scid mice injected
with both DEC doses, (Fig. 4A) a significant increase
was observed in in the fiber size range within 20-25 pm
(15.67% +4.86%) and 25-30 um range (7.34% +2.89%)
and was corresponding with the decrease in the number
of smaller fibers within 10-15 um range (33.41% +5.74%)
when compared with the vehicle-injected controls
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Magnification 20x, scale bar 50 pm, n=3/group, 12 ROl/organ/
mouse. Significant dose-dependent reduction of CNF in diaphragm
(B) and gastrocnemius muscle (D) in both DEC-injected, but not
vehicle-injected mice. Number of CNF was normalized to the total
number of fibers. CNF were marked with black arrows. Data pre-
sented as mean + SEM. One-way ANOVA with post-hoc Tukey’s test.
**% p<0.001, **¥** p <0.0001

(11.03% +1.2%, 3.43% +0.21%, and 39.31% +1.77%,
respectively). This shift represents a normalization of fiber
size approaching the wild-type phenotype (Fig. 4B). Histo-
logical assessment of diaphragm sections (Fig. 4C), revealed
significant increase in fiber size diameters in the range of
15-20 um (34.05% +3.61%) as well as 20-25 um range
(22.63% +3.40%) for both DEC doses when compared to
the vehicle-injected controls. Interestingly, administration
of higher DEC dose of 5 x 10° cells, revealed increase in the
third compartment of measured fiber diameters in the range
of 25-30 um, thus confirming dose dependent effect of DEC
therapy on the maintenance of long-term normalization of
fiber size diameters (22.79% +4.28%, and 19.08% + 3.40%
respectively),15-20 um (25.12% + 3.80%) range, 20-25 um
(22.63% + 1.88%) range and 25-30 um (12.99% + 1.35%)
(11.73% +0.59% at 25-30 um range) (Fig. 4D). Similar find-
ings were confirmed in the gastrocnemius muscle samples
(Fig. 4E), where a shift in fiber size distribution towards
larger fibers was observed in mdx/scid mice injected with
both doses of DEC therapy: 5x 10° DEC (13.26% +0.27%)
and 1x10° DEC (12.04% +0.82%), when compared to
the vehicle-injected controls (10.76% = 1.70%). The pre-
sented data demonstrated a trend towards a dose-dependent
response, where the higher DEC dose showed a stronger
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Fig.4 Human DEC (1x10° and 5x10% administration improves
muscle morphology via normalized fiber size and homogeneity in
the heart, diaphragm and gastrocnemius muscle at 180 days after
systemic DEC administration. Representative histology images of
Hematoxylin and Eosin (H&E) stained cross-sections of the cardiac
(A), diaphragm (C) and gastrocnemius muscle (E) of mdx/scid mice
at 180 days after systemic-intraosseous administration of DEC ther-
apy compared with vehicle-injected and WT controls. Magnification
40x, scale bar 50 pm (heart); magnification 20x, scale bar 100 pm
(diaphragm and gastrocnemius muscle), n=23/group, 12 ROl/organ/
mouse (B) Feret’s diameter measurements in the heart revealed a

right-ward shift (towards increased mean fiber diameter) in
the fiber size distribution over the lower DEC treatment dose
(Fig. 4F).

Systemic Administration of Human DEC Therapy
Reduces Fibrosis in Cardiac, Respiratory and Skeletal
Muscles at 180 days after DEC Transplant

Muscle fibrosis is the hallmark of muscular dystrophies and
is progressing over the course of the disease. We have pre-
viously confirmed reduction of cardiac fibrosis in the mdx
and mdx/scid mice models of DMD as well as amelioration
of fibrosis in the diaphragm and gastrocnemius muscle at
90 days after systemic human DEC administration [39, 41].
In this study, the goal was to assess the long-term effect of
DEC therapy on reduction of muscle fibrosis in the most
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right-ward shift in fiber size distribution towards larger fibers in both
DEC injected groups, bars represent means + SEM. (D) Fiber size in
the diaphragm was increased after DEC therapy when compared to
vehicle controls, bars represent mean+SEM. (F) In the gastrocne-
mius muscle there was a significant increase in the fiber size of DEC-
injected compared to vehicle injected mice specifically in the fiber
size increment between 30-35 pm. Fibers diameters were marked
with black arrows. Data presented as mean+ SEM. Two sample t-test
assuming unequal variances. *p<0.05, **p<0.01, *** p<0.001,
Ak p<0.0001

severely DMD- affected organs of heart, diaphragm and gas-
trocnemius muscle.

Assessment of fibrosis in the heart sections of mdx/scid
mice by Picro-Sirius staining (Fig. 5A) revealed a significant
reduction in the percentage of fibrotic changes after admin-
istration of both DEC doses of 1x10° (1.41% +0.13%)
and 5x 10° DEC cells (1.10% +0.12%), when compared
to the vehicle-injected controls (2.26% +0.24%) (Fig. 5B).
Assessment of diaphragm fibrosis by Trichrome Blue stain-
ing (Fig. 5C) confirmed significant decrease in the col-
lagenous and fibrotic tissue deposits in the DEC-injected
1x 10° DEC cells (24.88% +1.43%) and 5x 10° DEC cells
(20.66% + 1.16%) when compared to the vehicle-injected
(30.43% +0.93%) mdx/scid mice.

Moreover, this effect was dose-dependent showing lower
percentage of fibrosis in the mice injected with higher dose
of 5x 10° DEC cells (Fig. 5D). Furthermore, protective
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Fig.5 Intraosseous DEC (1x 10° and 5% 10° administration results
in reduced fibrosis in the heart, diaphragm, and gastrocnemius muscle
at 180 days after transplant. (A) Picro-Sirius staining of heart cross-
sections assessing fibrosis after DEC therapy compared to vehicle and
WT controls; fibrotic collagenous tissue (red), muscle fibers (yellow).
Magnification 20x, scale bar=50 um, n=3/group, 12 ROI/organ/
mouse. (B) In the cardiac muscle, significant reduction of fibrosis was
observed in both DEC-injected groups compared to vehicle-injected
controls. Trichrome stained cross-sections of diaphragm (C) and gas-
trocnemius muscle (E) confirmed significantly reduced fibrosis in
both DEC-injected mice compared to vehicle-injected controls. Blue-

effect of DEC therapy was confirmed by reduction of fibro-
sis on the Trichrome stained gastrocnemius muscle sam-
ples (Fig. 5E) of mice injected with both DEC doses of
1x 10% DEC cells (3.81% +0.53%) and 5x 10° DEC cells
(2.77% £ 0.21%) when compared to vehicle-injected mdx/
scid mice (6.98% +0.48%) (Fig. 5F), thus, confirming
amelioration of fibrosis at 180 days after systemic DEC
administration.

Fibrosis - Heart

stained areas represent collagenous tissue (fibrosis) and red-stained
areas represent muscle fibers. Magnification 20x, scale bars =100 um.
(D) In the diaphragm sections, significant, dose-dependent reduc-
tion of fibrosis was observed in both DEC-injected but not vehicle-
injected mice. (F) In gastrocnemius muscle, significant decrease
of fibrosis was observed in both DEC-injected groups compared to
vehicle-injected controls. Fibrosis was measured and normalized to
total tissue area. Data presented as mean+SEM. Two sample t-test
assuming unequal variances. Abbreviations: *p<0.05, **p<0.01,
% p<0.001, #*** p <0.0001

Il. Long-term Functional Improvement of Cardiac,
Respiratory and Skeletal Muscles at 180 Days
after Systemic—Intraosseous Administration

of Human DEC Therapy to the mdx/scid mouse
model of DMD.

Echocardiography Reveals Improvement of Cardiac
Functional Parameters at 180 days after Human DEC
Administration

Since progressive cardiomyopathy is responsible for prema-
ture death of DMD patients, evaluation of cardiac function
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Fig.6 Administration of human DEC (1x10° and 5x10°) results
in long-term maintenance of cardiac function up to 180 days after
systemic DEC transplant to the mdx/scid mice. (A) M-mode of the
left ventricular (LV) parasternal long axis and LV tracing measure-
ment after DEC administration compared to vehicle control. Vehi-
cle-injected mice demonstrated gross thickening of the posterior LV
wall and reduced size of the LV compared to DEC-injected mdx/
scid mice. VEVO 2100 system (VisualSonics) and a 30-MHz cardiac
probe (RMV707B), VEVO Lab ver. 3.2.0. (B) Echocardiography at
180 days post-transplant revealed maintenance of Ejection fraction
(EF) after 1x 10° DEC dose and significant dose-dependent increase
of EF after administration of 5% 10° DEC dose. In contrast, vehicle-
injected mice revealed a significant drop in EF indicating progres-
sive impairment of cardiac function. (C) At day 180 post-transplant,
significant dose-dependent increased EF values were observed in the
5% 10° DEC group compared to vehicle-injected controls, confirming
long-term protective effect of DEC therapy. (D) Fractional shorten-
ing (FS) in the 1x 10° DEC group was maintained at baseline values
throughout 180 days follow-up, whereas significant dose-dependent

is essential for assessment of disease severity and progno-
sis. We have reported the protective effect of DEC therapy
on cardiac function in mdx and mdx/scid mouse models of
DMD at 90 days after systemic DEC administration [39, 41].
In the current study, to check the potential clinical value of
the systemic application of DEC therapy, we have assessed
the dose-dependent effect of human DEC cells (1 x 10° and
5% 10° dose) on cardiac function monitored by echocardi-
ography over the entire follow-up period from the baseline
over and at day 30, day 90 and day 180 after systemic-intra-
osseous injection of DEC.
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increase in FS values was observed after administration of 5x 10°
DEC dose. In contrast, vehicle-injected mice revealed a significant
drop in FS. (E) At day 180 post-transplant significant, dose-depend-
ent increase of FS was observed in the 5x 10® DEC injected mice
confirming long-term protective effect of DEC therapy. (F) Stroke
volume (SV) in the 1x10° DEC group was maintained at base-
line values throughout 180 days, whereas administration of higher
DEC dose of 5x 10° DEC cells revealed continuous and significant
increase in SV values from day 30 up to day 180. (G) At day 180
SV in the 5x 10® DEC-injected mice was significantly increased, con-
firming long-term and dose-dependent protective effect. (H) Cardiac
output (CO) in the 1x10%° DEC group was maintained at the base-
line values throughout 180 days follow-up whereas administration
of higher DEC dose of 5x10° DEC cells revealed continuous and
significant increase in SV values from day 30 up to day 180. (I) At
day 180 the CO in the 5x 10° DEC injected mice was significantly
increased compared to vehicle-injected controls confirming long-term
and dose-dependent protective effect. Data presented as mean+ SEM.
Mann—Whitney test, n=4. *p <0.05

The long-axis brightness B-mode view through the center
of the left ventricle was used to perform M-mode echocar-
diography for the assessment of morphometric parameters
using the VEVO Lab software. M-mode imaging at 30-,
90- and 180-days post-transplant revealed gross thicken-
ing of the posterior left ventricular wall in the control mice
and reduced left ventricular chamber size in DEC-injected
mdx/scid mice (Fig. 6A). The images at 30, 90 and 180 days
after intraosseous human DEC transplant confirm a protec-
tive effect of DEC therapy on the maintenance of LV func-
tion, and morphology in mdx/scid mice injected with two
doses of human DEC cells. The morphometric parameters
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Table 1 Echocardiographic assessment of morphometric cardiac
parameters at baseline and in response to DEC therapy at 30, 90,
and 180 days after systemic-intraosseous administration of DEC
therapy into mdx/scid mice. Morphometric parameters: LVESD =left
ventricular end systolic diameter, LVEDD=Ileft ventricular end
diastolic diameter, LVESV =left ventricular end systolic volume;

LVEDV =left ventricular end diastolic volume; There were no sig-
nificant differences observed in the morphometric parameters of
DEC-treated versus vehicle injected control mice as assessed by
M-mode measurements by VevolLab software. All data presented
as mean=+ SEM, non-parametric, unpaired Student's t-test were per-
formed

Morphometric parameters

Experimental group/ Timepoint LVESD (mm) LVEDD (mm) LVESV (pl) LVEDV (pl)
Baseline
Vehicle (n=4) 2.30+0.54 3.36+0.29 17.71+£7.33 46.80+9.26
MBN/MBDMD1 x 106 (n=4) 2.50+0.3 3.53+0.39 23.99+8.47 53.27+12.49
MBN/MBDMDS5 x 106 (n=4) 2.01+0.38 3.03+0.39 18.91+10.55 42.33+6.67
Day 30
Vehicle (n=4) 225+043 3.13+0.47 18.88 +7.31 41.00+12.60
MBN/MBDMD1 x 106 (n=4) 2.62+0.32 3.63+£0.37 25.84+8.21 56.50+13.65
MBN/MBDMDS5 x 106 (n=4) 2.66+1.71 3.54+2.69 10.84+11.20 29.08+16.71
Day 90
Vehicle (n=4) 2.79+0.27 3.86+0.14 30.86+6.96 65.26+5.89
MBN/MBDMD1 x 106 (n=4) 2.83+0.17 3.93+0.13 31.17+4.29 67.95+5.49
MBN/MBDMDS5 x 106 (n=4) 2.30+0.34 3.60+0.27 19.39+7.06 55.33+10.11
Day 180
Vehicle (n=4) 2.16+0.28 3.36+0.29 25.53+6.04 53.69+10.68
MBN/MBDMD1 x 106 (n=4) 2.50+0.34 3.53+0.53 23.06+6.85 53.45+16.63
MBN/MBDMD5 % 106 (n=4) 2.65+0.28 3.92+0.19 25.92+7.00 69.61+9.42

are summarized in Table 1 and include LVESD (left ven-
tricular end systolic diameter), LVEDD (left ventricular end
diastolic diameter), LVESV (left ventricular end systolic vol-
ume), LVEDV (left ventricular end diastolic volume). There
were no significant differences observed in the morphomet-
ric parameters of DEC-treated versus vehicle injected mice
as assessed by M-mode measurements by VevoLab software.
Assessment of Ejection Fraction (EF) in mice injected
with 1x 10° DEC cells revealed an increase over the vehi-
cle control EF and revealed maintenance of the EF values
at baseline levels up to 180 days after DEC administration.
Administration of higher DEC dose of 5 x 10° resulted in
significantly higher EF (66.86% +3.13%) at day 90 and at
day 180 (64.40% +3.81%) compared with vehicle-injected
controls (54.41% +2.82% and 52.86% +0.88%, respectively)
(Fig. 6B). In addition, a gradual drop in ejection fraction
which was observed in the vehicle-injected mdx mice, when
compared to baseline (baseline — 64.29% +4.25%; day 30
—56.16% +5.48%), and at day 180 a significant EF drop was
observed (day 180 — 52.86% +0.88%) in the treated mice
(Fig. 6C). This confirms a gradual progression of the DMD
disease and decline of cardiac function over the 26-weeks
follow-up period in the non-injected control mice.
Similarly, echocardiographic evaluation of Fractional
Shortening (FS) confirmed maintenance of FS values at
baseline levels for 1x 10° DEC dose over the entire 180 days
follow-up, whereas administration of 5 x 10° DEC resulted

in a continuous increase in the FS values observed from
the baseline until day 90 (baseline — 33.20% +2.79%; day
30—37.55 +4.32%; day 90 — 39.14 +1.47%). Additionally,
at 90 days, mice injected with 5x 10° DEC dose demon-
strated increased FS compared to the vehicle injected con-
trols (28.05% + 1.70%). The 1 x 10° DEC dose revealed simi-
lar trends (Fig. 6D). At day 180, the FS values increased in
5% 10° DEC dose (34.83% +2.80%) compared with the vehi-
cle-injected controls (26.57% +0.52%). In contrast, a gradual
FS drop was only observed in the vehicle-injected controls
over the entire follow-up period and at 180 days, revealed
significant decrease when compared with baseline values
(baseline — 35.13% + 3.02%; day 180 —26.57% +0.52) con-
firming progression of the DMD disease (Fig. 6E).

Assessment of Stroke Volume (SV) for 1x 10° DEC
dose revealed maintenance of SV at the baseline levels
(baseline — 29.27 +2.38; day 180 — 30.39+5.16 ul) over
the entire 180 days follow-up period. Administration of
higher DEC dose (5 x 10 cells) resulted in continuous
increase in the SV values from day 30 up to day 180 (base-
line — 23.42+4.19 pl; day 30 — 18.23 +2.75 ul; day 90
—35.94+1.93 ul; day 180 — 43.69+4.96) (Fig. 6F) and at
180 days, SV was significantly increased when compared to
the vehicle-injected controls (28.15+2.37 ul) and 1x 10°
DEC dose (30.39 +5.16 pl) confirming the long-term dose-
dependent protective effect of DEC therapy on cardiac func-
tion (Fig. 6G).
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Evaluation of Cardiac Output (CO) after administration of
1x10° DEC cells demonstrated maintenance of CO values
at baseline levels over the entire 180 days period (Fig. 6H).
Administration of higher DEC dose of 5x 10° revealed con-
tinuous increase of CO values from day 30 to day 180 (base-
line — 9.05 +2.34 ml/min; day 30 — 7.07 +2.66 ml/min; day 90
—13.43+2.65 ml/min; day 180 — 17.46 +3.92) and at day 180,
was significantly increased compared to vehicle-injected controls
(10.38 +1.07 ml/min) and 1x 10° DEC dose (10.38 +2.15 ml/
min) confirming the long-term, dose-dependent protective effect
of DEC therapy on cardiac function (Fig. 6I).

Human DEC Therapy Improves Respiratory
Function at 180 days after Systemic-Intraosseous
Administration

Since pulmonary fibrosis and respiratory failure is signifi-
cantly contributing to the premature death of DMD patients,
we evaluated pulmonary function via plethysmography at
the baseline and at 180 days after systemic administration
of two doses (1 x 10° and 5x 10°%) of DEC cells.

Measurement of respiratory function at 180 days after
systemic DEC administration confirmed reduced mdx-medi-
ated respiratory disease confirmed by a drop in the enhanced
pause (Penh, an indicator of fibrosis) in both DEC therapy
groups: 1 x 10 dose (99.60% +7.22) and 5x 10° DEC dose
(93.39% +3.00), when compared to vehicle-injected con-
trols (107.26% + 1.65) for which an increase of Penh was
observed confirming a natural disease progression in the
untreated mice and decreased diaphragm fibrosis after DEC
therapy (Fig. 7A).

In addition, at 180 days, the time of expiration (Te)
was reduced in DEC-injected mice in both: 1x 10° DEC

A Enhanced Pause (Penh) at Day 180
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Fig.7 Systemic-intraosseous administration of human DEC results
in reduced mdx-mediated respiratory disease at 180 days after trans-
plant. Assessment of respiratory function by whole body plethysmog-
raphy revealed: (A) significant decrease in enhanced pause (PENH)
in 5% 10° DEC-injected mice when compared to the vehicle-injected
control at 180 days after DEC transplant (B) Significant decrease
in expiration time (Te) was observed in both DEC-injected groups
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(109.59 s+2.51) dose and was significant in 5 X 10° DEC
dose (95.31 s+0.63) due to reduced diaphragm pathol-
ogy leading to amelioration of passive exhalation after
DEC therapy when compared to the vehicle-injected con-
trols (113.33 s +3.96). A significantly lower Te value was
observed in 5x 10° DEC dose compared to 1x 10° DEC
dose confirming a dose-dependent protective effect of DEC
therapy on pulmonary function (Fig. 7B).

Administration of Human DEC Therapy Improves
Skeletal Muscle Function at 180 days after Systemic
DEC Administration

Deterioration of the skeletal muscle function affects sig-
nificantly daily activities and overall quality of life of DMD
patients; thus, evaluation of muscle function is essential
for assessment of disease progression. We have previously
reported amelioration of gastrocnemius muscle function at
90 days after DEC therapy [41]. Here, we aimed to assess
the long-term effect and dose response of human DEC on the
grip strength and gastrocnemius muscle function assessed
at 180-days after systemic-intraosseous administration of
two doses of DEC cells (1x 10° and 5x 10°) to the mdx/
scid mice.

A significant amelioration of skeletal muscle function
was observed for the critical parameters assessed by Aurora
ex vivo muscle force test (Fig. 8A), which revealed a dose-
dependent increase of maximum stretch induced contraction
of the GM muscle after administration of both doses of DEC,
when compared to the vehicle-injected controls. The maxi-
mum stretch induced contraction was significantly increased
in the 1 x 10° DEC dose (0.23 g+0.02) and in 5 x 10° DEC
dose (0.25 g+0.01), when compared to the vehicle-injected
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compared to the vehicle-injected controls and was dose dependent,
confirming protective effect of DEC therapy on pulmonary function.
Data were normalized to individual animals' Penh and Te values at
baseline (starting at 100% at a baseline for all of the groups, as indi-
cated by the white bars). Data presented as mean + SEM; Two sample
t-test assuming unequal variances. Buxco Instrument. Abbreviations:
p<0.05
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Fig.8 Human DEC therapy (1x10® and 5x 10°) improves skeletal
muscle strength at 180 days after systemic-intraosseous administra-
tion to the mdx/scid mice. (A) At 180 days after DEC transplant the
ex vivo Aurora muscle test identified a significant increase of maxi-
mum stretch-induced contraction of the gastrocnemius muscle in both
DEC-injected groups compared to the vehicle-injected controls. Data
presented as mean +SEM; Aurora Scientific in vitro Muscle Test Sys-

controls (0.18 g+0.01) confirming the long-term, dose
dependent improvement of gastrocnemius muscle strength
after systemic administration of DEC therapy.

DEC Therapy Improves Grip Strength at 180 days
after Systemic-Intraosseous Administration

Deterioration of the skeletal muscle function in DMD
patients represent the early signs of the disease, thus we
assessed muscle strength in the mdx/scid mice by in vivo
grip strength test which revealed improved performance
after treatment with both doses of DEC cells when compared
with the vehicle-injected controls and at weeks 5-10 and
for 1x 10° DEC dose revealed: (week 5- 17.25+1.36, week
6-18.70+2.57, week 7- 17.35+2.62, week 8- 18.08 +7.00,
week 9- 24.23 +3.44, week 10- 18.32+3.86; and for
5% 10° DEC dose revealed: week 5- 15.86+5.59, week 6-
18.06 +4.89, week 7- 16.65 +3.98, week 8- 15.79+4.14,
week 9- 19.46 +8.02, week 10- 16.72 +3.36 when compared
to the vehicle-injected controls (week 5—14.02 +2.16,
week 6—16.30 +3.56, week 7—16.05 + 3.68,
week 8—17.19+6.29, week 9—15.66 +3.94, week
10—15.94 +6.10). Additionally, mice injected with 1x 10°
DEC dose significantly improved grip strength of the right
limb at 9-weeks (24.23 +3.44) when compared with the
vehicle-injected controls (15.66% +3.94%) (Fig. 8B).

Weeks

tem. * p<0.05. (B) Grip strength analysis at 180 days after systemic-
intraosseous administration of DEC therapy revealed improved grip
strength between 5-10 weeks follow-up period in both DEC-injected
groups compared to the vehicle-injected controls, and significant
grip strength improvement at 9-weeks in 1x 10° DEC-injected group
when compared to the vehicle- injected control. **p <0.01. Data pre-
sented as mean+SEM

Discussion

Duchenne Muscular Dystrophy is a severe, genetic disease,
caused by the lack of functional dystrophin in the affected
muscles. DMD is characterized by progressive course and
premature death, usually due to cardiopulmonary complica-
tions [48, 49]. Despite promising outcomes of the preclinical
studies and recent reports on new approaches targeting the
genetic defect, there is still no cure for DMD [3, 50-52].
Current approaches to treat DMD focus on dystrophin
restoration by replacing and/or repairing the mutated dys-
trophin genes or by application of cell-based therapies [1, 2].
Although some of the gene therapies based on the exon skip-
ping such as eteplirsen and ataluren have been approved for
clinical use and were successfully introduced to the market,
they are only applicable to the limited number of patients
with the specific gene mutations [53, 54]. Another drug,
drisapersen was not approved by the FDA due to the poor
treatment benefits and the uncertain safety profile [2, 55,
56]. The efficacy of AAV-based microdystrophin adminis-
tration [19, 20] in DMD is still understudied, although a
recent clinical trial proved safety and functional improve-
ment after intravenous delivery (www.clinicaltrials.gov/ct2/
show/NCT03375164) [57, 58]. However, there are current
reports on the immune response against the viral vectors,
which is of a significant safety concern and limits repeated
dosing of microdystrophin therapy [24, 58]. The CRISPR/
Cas9 approach was aimed to restore dystrophin defect and
revealed a broad range of dystrophin gene corrections in the
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experimental studies [14], however, this approach is not yet
clinically applicable [13, 17, 50, 59]. Moreover, therapies
involving genetic modification and viral vector application
require a thorough preclinical testing, since low efficacy,
tumorigenesis, sensitization and “off-target” mutations are
still of a significant concern.

In the light of the limitations of gene therapies, the stem
cell-based therapies are considered as the most promising
therapeutic method for DMD patients. This approach aims
for the restoration of dystrophin by distribution of normal,
dystrophin expressing cells to the DMD affected muscles.
Initial studies confirmed safety of human myoblast and stem
cells transplantation, however, a major drawback was the
immune response resulting in low efficacy of engraftment
and the need for immunosuppressive therapy, to prevent
myoblasts rejection [23, 26, 60, 61].

Only a few cell populations with myogenic properties
and regenerative potential were investigated as a source for
cell-based therapies in DMD and the satellite cells, muscle-
derived stem cells and mesenchymal stem cells were found
to be the most promising [62—66]. Initial studies testing
satellite cells (SCs) confirmed dystrophin expression and
improvement of muscle function in dystrophic mice, how-
ever, autologous transplantation of SCs was not clinically
efficient due to insufficient engraftment and low myogenic
potential [26]. Autologous transplantation of mesoangio-
blasts with PiggyBac transposon vector, enabled persistent
full-length dystrophin expression by stable integration of
DNA cargo into the cell genome in mdx/scid mouse model,
however, the level of dystrophin expression was low, and
amelioration of dystrophic muscle function has not been
proven in the in vivo studies [60].

One of the most important factors determining efficacy
of myoblast-based therapy is the route of cell administra-
tion and long-term engraftment. Previous studies testing
systemic, therapeutic effect of mesoangioblasts, cardiomyo-
cytes, MSC and iPS, investigated the intravenous, intramus-
cular, intracardiac and intraarterial routes of delivery with
different efficacy results [23, 25, 34, 67-69].

Interestingly, the intraarterial and intravenous delivery of
cardiomyocytes representing the striated muscles and car-
diosphere-derived cells confirmed improvement of cardiac
function as well as elicited the off-cardiac effects confirmed
by improvement of the upper limb function, thus supporting
the rationale for systemic delivery of cells of muscle tissue
origin [69, 70].

We previously confirmed higher engraftment rates and
better efficacy of chimeric cells following the systemic-intra-
osseous cells administration when compared with intrave-
nous route of cell delivery [35, 71].

Moreover, we reported better engraftment of our Dys-
trophin Expressing Chimeric (DEC) therapy, after systemic
intraosseous administration, when compared to the local

@ Springer

intramuscular DEC delivery [39—41] and intravenous deliv-
ery (unpublished data). Similar findings of higher engraft-
ment rate and amelioration of multi-organ function were
confirmed by other investigators following intraosseous
administration of bone marrow, cord-blood cells and MSC
tested in clinical trials and treatment of blood disorders in
both, the adult and pediatric patients’ population [72-76].
Recent Phase I clinical trial confirmed better efficacy of
engraftment and safety after intra-bone co-administration
of cord blood cells and MSC [77].

Until now, problems of limited engraftment, low dystro-
phin expression, limited cell survival and the need for immu-
nosuppression remain unsolved and limit the routine clinical
application of cell-based therapies. Thus, we have developed
more effective approaches including systemic-intraosseous
route of cell delivery for enhancement and maintenance of
cell engraftment [37].

Furthermore, to improve engraftment without the need
for immunosuppressive therapy, we have created chimeric
cells of hematopoietic, mesenchymal and myoblast stem cell
lineages of murine and human origin [35, 38, 39, 41]. We
developed human Dystrophin Expressing Chimeric (DEC)
cell lines via ex vivo fusion of human myoblasts (MB)
derived from normal and DMD affected donors (MBY/
MBPMP) Intramuscular administration of human DEC
tested in preclinical studies in the mdx and mdx/scid mice
models confirmed high myogenic potential which correlated
with increased dystrophin expression and improved function
[40]. Thus, to make this therapeutic approach more clinically
relevant, we assessed the effect of systemic-intraosseous
administration of human DEC and demonstrated long-term
engraftment which correlated with increased dystrophin
expression, reduced muscle pathology and improved func-
tion of cardiac, pulmonary and skeletal muscles at 90 days
after systemic DEC transplant [41].

In the current study, considering the dynamic progres-
sion of DMD, our goal was to assess the long-term sys-
temic effect of human DEC therapy for potential clinical
applications. Moreover, considering the fact that clinical
reports on assessment of current DMD therapies are tested
in children of age 4-7-12 years old [78, 79] before develop-
ment of severe cardiac or pulmonary problems, thus our goal
in current study was to assess the protective effect of DEC
therapy before severe progression of the disease and before
development of the overt DMD -related cardiomyopathy or
pulmonary failure, since it would be difficult to expect that
either steroids, gene or cell-based therapies will reverse the
organs failure and progression of the DMD disease Thus,
the current preclinical study was performed on 6-8-weeks
old mdx/scid mice which were observed up to 26 weeks
after intraosseous DEC transplant. When considering the
correlation of the age of tested animals and the length of the
preclinical study with the future clinical trials in humans, it
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is estimated that based on this study the conversion of the
age of mice to humans corresponds to the human age span
from children to adults (7-20 years of age) and covers the
age of DMD patients which will be considered in the future
clinical trials [80, 81]. Thus, the reported here findings are
encouraging since they may be relevant to the outcomes of
future clinical studies in the DMD patients.

Since restoration of dystrophin is the major goal of all
current therapies tested for DMD, in this report we have
confirmed increased dystrophin expression in the heart,
diaphragm and gastrocnemius muscle at 180 days after
systemic administration of DEC to the mdx/scid mice.
The increase in dystrophin expression was accompanied
by amelioration of muscle pathology revealed by reduced
fibrosis and inflammation in the assessed target organs of
the DEC-injected mice. Specifically, at the histological
level assessment of heart samples confirmed significantly
reduced fibrosis, improved midventricular myocardium
morphology, less prominent necrosis and decreased num-
ber of inflammatory cell infiltrates. Furthermore, amelio-
ration of inflammation and fibrosis as well as normaliza-
tion of muscle fiber size was observed in the diaphragm,
and gastrocnemius muscle further confirming the multio-
rgan effect of DEC therapy. Moreover, DEC cell migra-
tion and long-term engraftment to the heart, diaphragm
and gastrocnemius muscle of the mdx host was confirmed
by expression of spectrin—the human-specific membrane
protein marker, further confirming human origin of the
engrafted cells at 180 days after systemic intraosseous
DEC administration.

These findings are of clinical importance, since reports
on histopathological assessments reveled that the fibro-fatty
replacement of cardiomyocytes is a significant pathophysi-
ological mechanism in the development of cardiomyopathy
in the mdx mice [7]. Currently only few DMD clinical stud-
ies including assessment of givinostat therapy, reported a
positive effect on muscle fiber regeneration, reduced fibrosis,
and decreased muscle necrosis, however that study has not
confirmed functional efficacy of the therapy [7].

In the current study, we confirmed a complimentary,
multi-level effect of DEC therapy which was observed at
both, the tissue level and the functional level, as confirmed
by improvement of cardiac, respiratory and skeletal mus-
cle pathology and function maintained up to 180 days after
systemic DEC administration. It should be emphasized that
the reported here long-term protective effect was maintained
after a single dose of DEC therapy. These observations are
clinically relevant, since studies assessing cardiomyopathy
linked to DMD in humans, revealed that functional decline
in progressive cardiopulmonary is characterized by the
thinned wall thickness of the left ventricular (LV) and a
progressive decrease in the ejection fraction and fractional
shortening [81]. Thus, to assess the long-term efficacy of

DEC therapy on cardiac function, we monitored echocar-
diographic changes over the entire study follow-up and con-
firmed both, the maintenance of the LV function at the base-
line level up to 180 days post-transplant, as well as the dose
dependent long-term improvement of the ejection fraction
and fractional shortening recorded at 180-days after DEC
administration.

In contrast, the vehicle-injected controls showed gradual
decline of the left ventricular (LV) function leading to the
significant drop in the ejection fraction and fractional short-
ening at 180-days after DEC transplant. Furthermore, there
was a dose-dependent increase of the values of LV func-
tional parameters of the stroke volume and cardiac output
between the baseline and 180-day endpoint observed after
administration of the higher DEC dose of 5x 10° cells, fur-
ther confirming long-term protective effect of DEC therapy,
since these parameters normally decline with age in the mdx
mouse model [80]. In addition, the functional improvements
recorded by echocardiography correlated with the reduced
cardiac muscle pathology evidenced by reduced fibrosis and
inflammation which are considered the leading mechanism
of development of cardiomyopathy [82-84].

Interestingly, the dose-dependent increase of ejection
fraction was observed also at 90 days after DEC administra-
tion, which highlights differences between the current study
and our previous report [41], where the lower DEC doses
(0.5x 10° and 1% 10°) did not show dose dependent effect
on cardiac function.

Importantly, the long-term improvement in cardiac func-
tion correlated with the improvement of respiratory function
represented by the reduction of the enhanced pause (Penh)
and time of expiration (Te) confirmed by plethysmography
at 180-days after DEC transplant.

Finally, the analysis of long-term effect of human DEC
therapy on the functional outcomes of skeletal muscle
revealed increase in the maximum stretch induced contrac-
tion of the gastrocnemius muscle at 180-day study endpoint
further confirming long-term multi-organ protective effect
of DEC therapy after systemic-intraosseous administration.

There are several limitations of the study which should be
addressed. We have based our study on the literature review
of cardiac assessments by echocardiography [46, 85, 86]
and MRI [87] and plethysmography [88, 89] reported by
other investigators, where the number of evaluated animals
(4-5) was similar to our study. Moreover, echocardiography
and plethysmography assessments in mdx mice models were
established in the independent laboratories by experienced
investigators [39, 41] and were comparable with echocardi-
ography [90] and plethysmography reports of other investi-
gators [82, 88, 89, 91].

It should be noted that we have tested DEC therapy in
the immunocompromised animal model since it allows for
assessment of engraftment and efficacy of cells of human
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origin, but limits evaluation of the potential immune
response. However, we have addressed this limitation in our
previous work and have proven in the immunocompetent
mdx mouse model that increased dystrophin expression cor-
related with significant improvement of skeletal and cardiac
muscle function after intramuscular as well as intraosseous
DEC administration, without evidence of side effects and
without the need for immunosuppression [38—41]. Further-
more, the mdx/scid mouse model of DMD provides oppor-
tunity to test human DEC therapy created from normal and
DMD affected donors according to the same manufacturing
protocol which will be tested in the clinical trials. This ful-
fills regulatory requirements for the ex-vivo engineered DEC
therapy as the novel, Advanced Therapy Medicinal Product
(ATMP) [41]. Other investigators used immunocompro-
mised NOD-scid mice model in the preclinical studies vali-
dating new ATMP of human skin-derived ABCBS5 -positive
mesenchymal stromal cells for clinical application (https://
clinicaltrials.gov/ct2/show/NCT04971161) [67].

It is important to highlight, that functional improvements
assessed in heart, diaphragm, and gastrocnemius muscle by
standard functional tests of echocardiography, plethysmog-
raphy and muscle strength tests, correlated with reduced
muscle pathology parameters showing evidence of reduced
interstitial fibrosis and inflammation, a trend towards nor-
malization of the muscle fiber size, and decreased percent-
age of the centrally nucleated fibers in diaphragm and GM
suggesting normalization of mdx muscle pathology in the
selected DMD-affected organs at 180 days after systemic
DEC transplant.

It should be emphasized, that despite the natural progres-
sion of DMD disease in the aging mdx mouse, the proven
efficacy and the protective effect of DEC therapy over the
long-term follow-up period of this study ranging between 6
and 26 weeks after DEC administration, represents valuable
and clinically relevant findings, confirming both, the mainte-
nance of the selected morphological and functional param-
eters at the baseline levels over the entire study follow-up,
indicating the hold on the progression of the DMD disease,
as well as the improvement of the important parameters of
cardiac, respiratory and skeletal muscle function, confirm-
ing the long-term therapeutic effect of DEC therapy on the
mdx pathology.

Conclusions

In this study we have tested the long-term efficacy of DEC
therapy by assessment of morphological, pathological and
functional changes in the selected DMD-affected organs of
heart, diaphragm and skeletal muscles. We confirmed that

@ Springer

systemic-intraosseous administration of human DEC ther-
apy restored dystrophin expression, which correlated with
improved muscle morphology and pathology and long-term
amelioration of function of the heart, respiratory and skeletal
muscles as confirmed by standard echocardiography, ple-
thysmography and muscle strength tests. DEC therapy does
not require immunosuppression, is not limited to the specific
gene mutation, does not cause sensitization and as such is
universal for all DMD patients. These attributes make DEC
therapy unique among other therapeutic approaches for
DMD. Moreover, the long-term (180 days) protective effect
of DEC on functional and morphological outcomes assessed
in the most severely affected by DMD organs of heart, dia-
phragm and limb skeletal muscles, supports future clinical
application of DEC as a safer and potentially more effica-
cious therapeutic approach applicable to all DMD patients
regardless of gene mutation.

To the best of our knowledge, this is the first report
assessing the long-term, multi-organ improvement after
systemic administration of human DEC therapy.

This encouraging preclinical data introduces human
DEC as a novel and universal therapeutic modality of the
Advanced Therapy Medicinal Product (ATMP) with the
potential to improve or halt progression of the disease and
enhance quality of life of DMD patients.
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