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Abstract

Duchenne muscular dystrophy (DMD) is a progressive and lethal disease, caused
by X-linked mutations of the dystrophin encoding gene. The lack of dystrophin
leads to muscle weakness, degeneration, fibrosis, and progressive loss of skeletal,
cardiac, and respiratory muscle function resulting in premature death due to the
cardiac and respiratory failure. There is no cure for DMD and current therapies
neither cure nor arrest disease progression. Thus, there is an urgent need to
develop new approaches and safer therapies for DMD patients. We have previ-
ously reported functional improvements which correlated with increased dystro-
phin expression following transplantation of dystrophin expressing chimeric (DEC)
cells of myoblast origin to the mdx mouse models of DMD. In this study, we dem-
onstrated that systemic-intraosseous transplantation of DEC human cells derived
from myoblasts of normal and DMD-affected donors, increased dystrophin
expression in cardiac, respiratory, and skeletal muscles of the mdx/scid mouse
model of DMD. DEC transplant correlated with preservation of ejection fraction
and fractional shortening on echocardiography, improved respiratory function on
plethysmography, and improved strength and function of the limb skeletal mus-
cles. Enhanced function was associated with improved muscle histopathology,
revealing reduced mdx pathology, fibrosis, decreased inflammation, and preserved
muscle morphology and architecture. Our findings confirm that DECs generate a
systemic protective effect in DMD-affected target organs. Therefore, DECs repre-
sents a novel therapeutic approach with the potential to preserve or enhance mul-
tiorgan function of the skeletal, cardiac, and respiratory muscles critical for the

well-being of DMD patients.
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1 | INTRODUCTION

Duchenne muscular dystrophy (DMD) affects about 1 in 3500 to
5000 live male births and represents the most severe congenital form
of muscular dystrophy caused by mutations in the dystrophin
encoding gene. Dystrophin is a vital structural link between the extra-
cellular matrix and the cytoskeletal proteins and plays an essential role
in several important biochemical extracellular signaling pathways.
Dystrophin deficiency clinically manifests as skeletal, cardiac, and
respiratory muscle weakness as myofibrils undergo damage, inflamma-
tion, and fibrosis. This results in the devastating multiorgan failure,
first manifested by the gradual loss of skeletal muscle strength and
motor function affecting the ability to walk, followed by the
development of cardiomyopathy, deterioration of cardiac function
corresponding with progressive respiratory failure, all leading to the
premature death. Currently, there is no cure for DMD patients.*

Since DMD is a chronic, progressive disease and the age of onset
of clinical manifestations and the subsequent organ failure varies
between DMD patients depending on gene mutation, this represents
a significant challenge for the currently tested DMD therapies.

Several potential gene therapies aiming at dystrophin restoration,
such as exon skipping, microdystrophin gene delivery via adeno-
associated viruses (AAV),2 and gene editing therapies using clustered reg-
ularly interspaced short palindromic repeats (CRISPR) system,®” have
their limitations and safety concerns. The CRISPR therapies are targeting
only very specific and limited populations of DMD patients. The micro-
dystrophin AAV delivery therapies show promising results?; however, the
AAV9 approach still poses a risk of an adverse immune response, which is
often dose-related.® Moreover, the efficacy of concomitant dystrophin
restoration in all affected muscles including limb skeletal muscles, dia-
phragm as well as cardiac muscle to the clinically relevant levels has been
limited using these gene therapy approaches.®>7-12

Additionally, the past clinical trials testing gene-based therapies
reported improvements in functional outcomes measured by standard
motor tests, with relatively limited evidence of concomitant improve-
ment of cardiac or pulmonary function during the course of ther-
apy.11"2% In contrast, current clinical trials using systemic delivery of
microdystrophin are reporting promising results and improvements in
the skeletal muscles as well as cardiac function.2141¢
Relatively low levels of dystrophin expression are reported in

some of the clinical trials.” In contrast, cell-based therapies are
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Duchenne muscular dystrophy (DMD) is a lethal disease, caused by X-linked mutations of dys-
trophin encoding gene. Currently there is no cure for DMD. A novel approach was developed
and dystrophin expressing chimeric (DEC) human cells derived from myoblasts of normal and
DMD-affected donors for treatment of DMD was created. The efficacy of DEC therapy after
systemic-intraosseous transplant to mdx mice model of DMD was tested. This study confirmed
that DECs improve the function and reduce the pathology in DMD-affected target organs.
Therefore, DECs represent a novel therapeutic approach with the potential to ameliorate the

function of cardiac, respiratory, and skeletal muscles critical for well-being of DMD patients.

organ-specific and are either targeting skeletal muscles by local intra-
muscular injections of the allogenic myoblasts (MBs) to the selected

skeletal muscle groups®?

or are organ-specific and target cardiac
muscle via intracoronary infusion of cardiosphere-derived cells to pre-
vent the development of cardiomyopathy and progression to cardiac
failure.?° Pulmonary function in DMD patients is maintained by stan-
dard supportive measures including administration of prednisone, glu-
cocorticosteroids, idebenone, or deflazacort.2%2?

There are limited reports providing evidence that currently tested
gene therapies are leading to functional improvements in all major target
organs responsible for the progressive decline of the DMD patients. 2%

Cell-based therapies of either autologous or allogenic stem cell
origin have shown promising results as an alternative method for
DMD treatment, however limited or short-term cell engraftment, allo-
genic immune response, and side effects of supportive immunosup-
pressive therapy challenged routine clinical application of stem cells
for the treatment of DMD patients.*®172434 Thus, there is an urgent
need for the development of novel therapies and approaches which
will elicit systemic effects irrespective of gene mutation, the stage of
the disease or the patient's age.

Based on our 20 years of experience with the application of
chimerism-based strategies for tolerance induction in bone marrow

3540 we have

and vascularized composite allograft transplantation,
addressed the limitations of current stem cell therapies, by introducing
chimeric cells as a novel therapeutic approach for DMD.

Hence, we applied the concept of cell fusion technology to create
human chimeric cell lines of MB origin as a novel, dystrophin delivery
platform, presenting the allogeneic donor in the context of “self” in
order to minimize the immune response and eliminate the need for
immunosuppression.**3

We have previously reported in both the mdx and mdx/scid
mouse models of DMD that local transplantation of DEC cells signifi-
cantly improved dystrophin expression which correlated with signifi-
cant improvement of muscle strength and function.**2 Moreover,
systemic intraosseous DEC transplantation confirmed protective
effect on cardiac function by the rebound effect on the ejection frac-
tion (EF) and fractional shortening (FS).*®

In the current study, we aimed to demonstrate that systemic-
intraosseous transplantation of human DEC cells will elicit target organ-
oriented systemic effect and will protect the DMD-affected cardiac,

respiratory, and skeletal muscles from progressive functional decline.
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First, we have created human DEC cell lines via PEG-mediated
fusion of MBs from normal and DMD-affected donors. Next, the
long-term efficacy of engraftment and systemic effect of human DEC
cells was assessed at 90 days after intraosseous transplant to the
mdx/scid mouse model of DMD. After DEC transplant, we have
addressed the problem of multiorgan failure observed in DMD
patients#*45 by assessment of functional outcomes, histology, and
mdx muscle pathology in the most affected by DMD progression
organs, including cardiac, respiratory, and skeletal muscles.

We have also posed the question, if systemic DEC transplant will
delay or slow progression of cardiac and respiratory failure via syn-
chronized stabilization of skeletal muscle's function, leading to the
maintenance of cardiac and respiratory function at the baseline levels,
thus changing the dynamics of DMD progression.

In this study, we have confirmed that systemic intraosseous
transplant of human DEC cells restored dystrophin expression and
improved mdx pathology which correlated with the amelioration of
cardiac, respiratory, and skeletal muscle's function. This study intro-
duces DEC as a potential drug candidate for the treatment of DMD

with protective systemic effect in the DMD-affected organs.

2 | MATERIALS AND METHODS

21 | Mice and animal care

This study was approved by the Institutional Animal Care and Use Com-
mittee of University of lllinois at Chicago, which is accredited by the
American Association for the Accreditation of Laboratory Animal Care.
All animals received humane care in compliance with the “Principles of
Laboratory Animal Care” formulated by the National Society for Medi-
cal Research and the Guide for the Care and Use of Laboratory Animal
Resources. Six- to 8-week-old male mdx/scid mice—animal model for
DMD (B10ScSn.Cg-Prkdc*® Dmd™®/J, stock number 018018) with
respective background wild-type (WT) mice (C57BL/10ScSnJ, stock
number 000476)—were purchased from Jackson Laboratories (Mount
Desert Island, Maine). Animals were kept in pathogen-free environment
on light/dark cycle. Prior to study initiation, aged matched male mdx/
scid mice were ear-tagged and randomized into experimental groups:
vehicle (n = 5, 60 pL phosphate-buffered saline [PBS]), fused MBN/
MBP™P DEC (n = 13) 0.5 x 10° in 60 L PBS, and fused MBN/MBP™P
DECn=5,1 x 10%in 60 pL PBS).

2.2 | Creation of human DEC cells

221 | Cellculture

Normal human MBs were purchased from Lonza Bioscience
(Mapleton, lllinois), and DMD-affected MBs were purchased from
Axol Bioscience Ltd. (Little Chesterford, UK). MBs were cultured in
Skeletal Muscle Cell Growth Medium-2 (Lonza Clonetics, Mapleton,
lllinois) supplemented with (Lonza Clonetics): human epidermal

growth factor, fetal bovine serum (FBS), dexamethasone, gentamicin/
amphotericin B. Upon reaching 60% to 70% confluence, MBs were
harvested using 0.25% trypsin/EDTA (Sigma-Aldrich, St. Louis, Mis-
souri). Enzymatic activity was inhibited with serum-supplemented cul-
ture media. Human MB were harvested between passages 3 and
7, which are optimal for ex vivo cell fusion procedure.

222 | Cell fusion

After harvesting, staining, and viability assessment with 0.4% Trypan
Blue (Gibco-Thermo Fisher Scientific, Waltham, Massachusetts), par-
ent MBs (MBN and MBPMP) were washed in serum-free media sup-
plemented with antibiotics (1% Antibiotic-Antimycotic solution,
Gibco-Thermo Fisher Scientific). Then, cell fusion was performed. As
previously described.3¢38 parent MBs (MBN and MBP™P) were fluo-
rescently labeled using PKH26 or PKH67 (Sigma-Aldrich) membrane
dyes according to manufacturer's instructions. Prior to fusion, parent
cells were mixed, washed, and fusion was performed using 1.46 g/mL
PEG solution (PEG 4000, EMD) containing 16% DMSO (Sigma).3¢-38
Fused cells were transferred to fluorescently activated cells sorting
(FACS) buffer 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, California) and
used for in vitro analysis or transplanted to mdx/scid mice.

2.3 | Systemic-intraosseous DEC transplantation

Mice were anesthetized with 2% isoflurane inhalation along with 1 mL/kg
buprenorphine subcutaneous injection. DEC intraosseous transplant was
performed as previously reported.3>#24%47 Briefly, 5 mm incision was
made in lateral-mid thigh and muscles were separated to expose femur.
DECs were transferred in 60 pL volume of sterile PBS to tuberculin
syringe (BD). 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 injection site, next muscles were reapproximated and wound
was closed with 5-0 nylon sutures. Animals recovered in a heated envi-

ronment with postoperative monitoring and returned to the colony.

24 |
analysis

Histological and immunofluorescence (IF)

For histological analysis of heart, diaphragm and gastrocnemius mus-
cle (GM) paraffin blocks were cut at 5 pm nonconsecutive transverse
cross-sections. Samples were deparaffinized and subsequently stained
with H&E and mounted (Poly-Mount, PolySciences Inc, Warrington,
Pennsylvania) to analyze muscle structure and to quantify centrally
nucleated fibers (CNFs) which were normalized to the total number of
nuclei in the region of interest. Fiber diameters were assessed by min-
imal Feret's diameter using Image)J measurement plug-ins. Average

number of fibers falling into 5 pm increments was normalized to the
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total number of fibers and expressed as a percentage. Inflammatory
foci were analyzed on H&E sections by counting total number of
small (5-9 inflammatory cells) and large (group of 10 or more inflam-
matory cells) within representative images. The number of foci
counts were normalized to area unit (number of foci/mm?). To ana-
lyze fibrosis, gastrocnemius and diaphragm sections were stained
with trichrome stain kit for visualization of collagenous fibrotic tis-
sue. For cardiac muscle fibrosis, cross-sections of heart samples
were stained with Picro-Sirius red kit specific for cardiac muscle
(Abcam, cat. 245887, Cambridge, Massachusetts). The digital images
were acquired (BX51/1X70 Olympus Japan) and processed using
ImageJ (NIH). Pixels corresponding to the area stained in blue (for
trichrome) or red (for Picro-Sirius) indicating collagenous areas for
fibrosis assessment were normalized to the total pixel area of the
tissue in image, and results were expressed as a percentage of
fibrotic area vs total tissue area.

For IF, OCT frozen sections of heart, diaphragm, and gastrocne-
mius were fixed with ice-cold acetone for 10 minutes and blocked for
the unspecific binding with 10% normal goat serum for 30 minutes in
4°C. Next, specimens were incubated with mouse monoclonal anti-
human dystrophin primary antibody (abcam15277, 1:50, Abcam),
followed by incubation with a goat anti-mouse secondary conjugate
AlexaFluor-647 antibody (1:400, Thermo Fisher Scientific). Nuclear
counter-staining was performed using 4’,6-diamidino-2-phenylindole
(DAPI; Abcam, cat. 104139). A Zeiss Meta confocal microscope with
ZEN software (Carl Zeiss, Oberkochen, Germany) and Leica
DM4000B microscope were used for fluorescence signal detection

and analysis.

2.5 | Assessment of cardiac muscle function

251 | Echocardiography

Echocardiography was performed as previously described.*® Mice
were anesthetized with isoflurane and placed on ultrasound stage.
Paws were taped to the electrocardiograph electrodes to monitor
heart rate (maintained at 350-450 bmp). Assessments were made at
day 0, 30, and 90 after intraosseous DEC transplant. M-mode echo-
cardiographic images were obtained from the parasternal long axis

view through the center of left ventricle.*8->°

2.6 | Assessment of respiratory muscle function

2.6.1 | Plethysmography

Whole body plethysmography was applied for the assessment of
respiratory function as described elsewhere.>* Small Animal Plethys-
mography setup (Buxco/DSI, St. Paul MN) using FinePointe (Buxco/
DSI) was applied. The following parameters were calculated: enhanced
pause (PENH), expiratory time (Te), tidal volume (Tv), and breathing
frequency (F).

# TRANSLATIONAL MEDICINE

2.7 | Assessment of skeletal muscle's function

271 | Grip strength test

Mice motor function was monitored weekly up to 90-day endpoint
with a grip meter (Digital Force Gauge, HL-50) as described previ-
ously.**#? This test allows for forelimb force measurements, providing

information on muscle strength of DEC-injected vs control mice.

2.7.2 | Exvivo muscle force test

After animal euthanasia, the contractile and passive properties of the
GM were measured ex vivo using Aurora Scientific test system as
described previously.*? After whole GM dissection, the Achilles ten-
don and proximal pole of muscle were attached to the force trans-
ducer. Muscle force was measured after establishing optimal length
through a standardized stimuli pattern until reaching maximal wave
and maximal strain. Results are reported as force/muscle weight (g/g).

2.8 | Statistical analysis

Data are expressed as mean + SEM (standard error of the mean).
GraphPrism software was used to perform statistical analysis. Two-
tailed Student t tests or one-way analysis of variance with Tukey post
hoc test for group comparisons were used to define statistical signifi-

cance. Results were considered statistically significant for P < .05.

3 | RESULTS

3.1 | Intraosseous DEC transplantation results in
dystrophin expression and reduced pathology of
cardiac, respiratory, and skeletal muscles

We have previously reported that systemic-intraosseous transplant of
murine DEC cells resulted in the restoration of dystrophin expression
which correlated with the protection of cardiac function in the mdx mice.*®
In the current study, to test the therapeutic clinical potential of DEC, we
created human DEC cell line and tested functional efficacy of engraftment
after systemic-intraosseous transplant of two doses of human DEC cells
(0.5 x 10% or 1 x 10°) to the mdx/scid mice (Figure 1A). IF staining con-
firmed long-term engraftment and dystrophin expression in the selected
target organs of heart, diaphragm, and GM of mdx/scid-injected mice at
90 days after systemic transplant of human DEC (Figure 1B; Figure S1).”8
Restoration of dystrophin was dose-dependent and reveled significantly
increased expression in heart (16.44% + 0.94%; Figure 1C), diaphragm
(17.83% + 1.11%,; Figure 1D), and GM (13.00% * 0.66%; Figure 1E) of
DEC-injected compared to the vehicle-injected mdx/scid controls.

To further test the potential beneficial effect of DEC therapy on
reducing muscle pathology, we assessed the number of CNFs representing

the hallmark of mdx pathology on hematoxylin and eosin (H&E) sections of
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diaphragm (Figure 1F, upper panel) and GM (Figure 1F, lower panel) and There was also significant dose-dependent (32.07% + 1.37% for

confirmed significant reduction of CNF in the diaphragm of DEC-injected 0.5 x 10° vs 26.44% + 1.24% for 1 x 10° dose) reduction of CNF in
(0.5 x 10%,17.33% + 0.74% and 1 x 10%, 16.36% + 0.75%) compared to GM muscles of DEC-injected compared to vehicle injected mdx/scid
vehicle-injected mdx/scid controls (37.78% + 1.22%; Figure 1G). mice (65.45% + 1.22%) (Figure 1H).
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3.2 | Systemic DEC transplant protects cardiac
function which correlates with reduced fibrosis,
inflammation, and amelioration of EF and FS

Since dilated cardiomyopathy-dependent heart failure is the major
cause of death in DMD patients, we have assessed the systemic

effect of DEC therapy on cardiac muscle fibrosis and inflammation.

TRANSLATIONAL MEDICINE

More importantly, we tested the correlation between reduced muscle
pathology and cardiac function by echocardiography at baseline,
30, and 90 days after DEC transplant (Figure 2).

Assessment of cardiac fibrosis by Picro-Sirius staining
(Figure 2A) revealed significant reduction in collagenous, fibrotic
tissue distribution in DEC-injected vs vehicle-injected mdx/scid

mice (Figure 2B).

(A) DEC DEC (B) Fibrosis - heart (C) - Fiber size - Heart
Vehicl MB"/MmB°M° MBY/MBOV® g —
wr ee 0.5x10° 1x106 . B3 Vehicle
%Al 1 = 4 = ve"/mMB°M° 0.5x10°
) 7 E_:' 2 =3 MBYMBMP 1x10°
3 -
7 o S
E : 2 & on "
Q A ‘s g T
T ) 8 H ~
7 k| S o 5 Q
Vo i 8 a i ::
— Wit i olan
Qb‘f“ & s@“ qm@’ '&ﬁf {Va‘ ‘@f
DEC DEC
(D) wr Vehicle MB"/MB® BY/MB® (E) (F)
0.5x10° 1x10°
= Small
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FIGURE 2 Intraosseous DEC transplant protects cardiac function via reduced fibrosis and inflammation, normalized fiber size, and

amelioration of ejection fraction and fractional shortening at 90 days. A, Picro-Sirius staining of heart cross-sections assessing fibrosis after DEC
therapy compared to vehicle and WT, fibrotic collagenous tissue (red), muscle fibers (yellow), magnification 20x, scale bar = 50 um, n = 3/group,
12 ROI/organ/mouse. B, Significant decrease of fibrosis after DEC transplant, indicating reduced cardiac pathology. Fibrosis was measured and
normalized to total tissue area; two-tailed Student's t test. C, Feret's diameter measurements reveled rightward shift in fiber size distribution
toward WT phenotype, bars represent means + SEM; unpaired t test. D, H&E heart sections confirmed reduced inflammation in DEC-injected
groups, magnification 40x, scale bars = 100 pm, n = 3/ group, 12 ROI/organ/mouse. E, Number of small foci was reduced in both DEC groups;
no large foci were seen in 1 x 10° group. F, Total number of inflammatory foci was reduced in DEC-injected but not vehicle-injected mice. G, M-
mode of LV parasternal long axis after DEC transplant. Vehicle-injected mice demonstrated gross thickening of the posterior LV wall and reduced
LV size compared to DEC-injected mice. H,l, Echocardiography reveled maintenance of EF (H) and FS (I) values over 90 days in both DEC-injected
groups indicating protective DEC effect, while vehicle-injected mice revealed significant drop of EF and FS, indicating progressive impairment of
cardiac function. All data are presented as mean + SEM. DEC, dystrophin expressing chimeric; EF, ejection fraction; FS, fractional shortening;
H&E, hematoxylin and eosin; LV, left ventricle; ROI, region of interest; WT, wild type; *P < .05, **P < .01
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Feret's diameter measurements revealed a rightward shift in fiber
size distribution toward WT phenotype in DEC-injected mice com-
pared to vehicle-injected controls (Figure 2C).

Inflammatory response assessed on H&E heart sections
(Figure 2D) presented significant decreases in small inflammatory foci
(30.67 £ 4.94 vs 4516+ 4.73 foci/mm?) for both DEC doses
(Figure 2E) and significant drop in total number of inflammatory foci
in DEC-injected (29.26 + 4.83 foci/mm?) compared to vehicle-injected
mice (51.25 + 5.16 foci/mm>; Figure 2F). Interestingly, there was a
lack of large inflammatory infiltrates observed only in DEC-injected
mdx/scid heart sections at both doses (Figure 2E).

M-mode imaging at 30- and 90-days post-transplant revealed
gross thickening of the posterior left ventricular wall in the control
mice and reduced left ventricular chamber size in DEC-injected mdx/
scid mice. The images at 30 and 90 days after intraosseous human
DEC transplant confirm a protective effect of DEC therapy on the
maintenance of LV function, and morphology in mdx/scid mice
injected with two doses of human DEC cells (Figure 2G).

Echocardiography assessments at 90 days after systemic DEC
transplant revealed protective effect of DEC therapy on cardiac func-
tion, confirmed by maintenance of EF at baseline levels for 1 x 10°
DEC dose (baseline —56.11% + 3.73% vs day 90-52.74% + 3.30%;
Figure 2H). Similar trend was observed for FS values which were
maintained at baseline level (baseline 56.11% + 3.73% vs day
90-52.74% + 3.30%; Figure 2I) over 90 days follow-up after DEC
transplant to mdx/scid mice. In contrast significant drop of EF and FS

values was observed in vehicle-injected mdx/scid controls
(Figure 2H,).
3.3 | Intraosseous DEC transplantation results in

preservation of respiratory function and amelioration
of diaphragm pathology

Since pulmonary fibrosis and respiratory failure is significantly con-
tributing to the premature death of DMD patients, we assessed
fibrotic and inflammatory changes in diaphragm following intra-
osseous DEC transplant (Figure 3A-D). Furthermore, to evaluate
the potential correlation between reduced diaphragm pathology
and improved function, we evaluated pulmonary function via pleth-
ysmography at the baseline and at 90 days (Figure 3E-H).

Assessment of muscle fibrosis by Trichome staining (Figure 3A)
revealed significant reduction of interstitial fibrosis observed in the
diaphragm of DEC-injected compared with vehicle-injected mdx/scid
controls: 0.5 x 10° and 1 x 10° doses of DEC (9.90% * 1.27% and
11.55% + 0.86%, respectively) when compared to vehicle-injected
controls (18.50% + 1.53%; Figure 3B).

Reduced fibrosis correlated with reduced inflammation assessed
on diaphragm H&E sections (Figure 3C) which revealed significant
decrease in total number of inflammatory foci in diaphragm sections
of 1 x 10° DEC-injected (43.87 + 3.40 foci/mm?) compared to
vehicle-injected (59.25 * 4.14 foci/mm?) mdx/scid controls assessed

at 90 days postsystemic DEC transplant (Figure 3D).

Assessment of pulmonary function via plethysmography con-
firmed significant reduction in PENH (3.98 + 0.45; 4.07 £ 0.79) in
DEC-injected mdx/scid mice compared to vehicle-injected controls
(4.82 £ 0.65) at 90days after intraosseous DEC transplant
(Figure 3E). There was a significant decrease of expiration time
observed in DEC-injected mice, likely due to reduced diaphragm
fibrosis, indicating amelioration of passive exhalation (Figure 3F).
The tidal volume was significantly increased for both, 0.5 x 10°
and 1 x 10® DEC doses (0.30 mL + 0.04 mL and 0.25 + 0.03 mL,
respectively), indicating enhanced contraction of the diaphragm
(Figure 3G). Significant increase of respiratory frequency was
observed in both DEC-injected groups (378.95 + 23.12 breaths/
min, and 361.87 = 34.09 breaths/min for 0.5 x 10 and 1 x 10°
doses, respectively) when compared to vehicle-injected controls
(322.49 £ 9.02 breaths/min; Figure 3H). Increased breath fre-
quency in two treatment groups reflects less fibrosis and overall

faster inhalation and exhalation rates.

3.4 | DEC transplant reduces dystrophic muscle
pathology and improves skeletal muscle strength and
function

Deterioration of skeletal muscle's function in DMD patients is often
the first sign of developing DMD pathology. Thus, we evaluated both
the pathological changes in GM muscles as well as the progression of
functional deterioration via standard in vivo grip strength and ex vivo
Aurora tests (Figure 4).

GM fibrosis assessed by Trichome staining (Figure 4A) revealed
reduced fibrosis for both DEC-injected doses (0.5 x 10° and
1 x 109
(Figure 4B).

Assessment of small and large inflammatory foci on H&E gastroc-

compared to vehicle-injected mdx/scid controls

nemius specimens (Figure 4C) presented a significant dose-dependent
decrease in the large inflammatory foci seen in DEC-injected mice
(Figure 4D). Moreover, we observed dose-dependent decrease of
total number of inflammatory foci for both doses (0.5 x 10° and
1 x 10°) in DEC-injected (21.08 + 2.25 foci/mm?, and 14.34 + 1.22
foci/mm?, respectively) compared to vehicle-injected mdx/scid con-
trols (33.38 + 2.99 foci/mm?; Figure 4E).

Feret's diameter measurement in GM revealed benefit of DEC
therapy by an increase in diameters and a shift in fiber size distribu-
tion toward larger fiber size of 30 to 35 um in DEC-injected compared
to vehicle-injected mdx/scid mice, further confirming improved fiber
homogeneity and architecture (Figure 4F). Functional testing con-
firmed improved performance in grip strength, which revealed dose-
dependent 2.53-fold increase in 1 x 10° DEC-injected compared to
vehicle-injected mice (Figure 4G). This is correlated with improved
muscle strength assessed by ex vivo Aurora test which revealed signif-
icantly increased muscle force at optimal length in both 0.5 x 10° and
1 x 10° DEC therapy groups (29.78 + 1.67 and 23.22+4.04 g,
respectively) when compared to vehicle-injected controls (8.60

+ 2.04 g; Figure 4H). Furthermore, significantly lower fatigue values
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FIGURE 3 Systemic DEC transplant results in rescue of respiratory function and reduced diaphragm pathology. A, Assessment of fibrosis on

Trichrome-stained transverse sections of diaphragm of mdx/scid mice at 90 day postsystemic intraosseous DEC transplant, compared to vehicle-
injected controls and WT, blue-stained areas represent collagenous connective tissue (fibrosis) and red-stained areas represent muscle fibers,
maghnification 20x, scale bars = 100 pm. B, Significant reduction in percentage of diaphragm fibrosis was observed in DEC-injected mice
compared to vehicle-injected controls, indicating reduced muscle pathology at 90 days postsystemic DEC transplant. C, H&E-stained transverse
sections of diaphragm confirmed reduced inflammation in diaphragm after administration of 0.5 x 10° and 1 x 10° DEC compared with vehicle
controls and WT, magnification 20x, scale bars = 100 um, n = 3/ group, 12 ROI/organ/mouse. D, The total number of inflammatory foci in
diaphragm was significantly reduced in DEC-injected compared to vehicle-injected mdx/scid mice. E-H, Confirmation of reduced mdx-mediated
respiratory disease after DEC transplant assessed by whole body plethysmography: E, significant decrease in PENH (enhanced pause); F, decrease
of expiration time along with reduced diaphragm fibrosis indicates amelioration of passive exhalation; G, increase in tidal volume in DEC-injected
mdx/scid mice compared to vehicle-injected controls indicate more complete contraction of diaphragm and utilization of a larger percentage of
lung's capacities; H, significant increase of respiratory frequency was observed in both DEC-injected groups compared to vehicle-injected mice.
All data are presented as mean + SEM. DEC, dystrophin expressing chimeric; H&E, hematoxylin and eosin; ROI, region of interest; WT, wild type;
*P < .05, **P < .01, ****P < .0001

were seen in DEC-injected compared to the vehicle-injected mdx/scid
controls (Figure 4l). These data were in line with increased muscle
mass in DEC-injected mdx/scid mice (Figure 4J).

4 | DISCUSSION

Despite significant scientific and clinical efforts to introduce new
DMD therapies,®2>> currently there is no cure for DMD. One of the

approaches of regenerative medicine is to enable the correction of
genetic diseases via cellular replacement therapies.>®
The emerging MB and satellite stem cell-based and gene thera-
pies show promising results in clinical trials.* However, limited
engraftment, low cell survival, and the need for immunosuppression
to prevent cell rejection precluded their routine clinical applications.
Recent studies applying genetically modified autologous MBs?> and

52,54

highly proliferative stem cell populations received attention; how-

ever, their routine clinical applications are unclear due to safety concern



1414 | ¢ STEM CELLS SIEMIONOW ET AL.
TRANSLATIONAL MEDICINE
DEC DEC
A B
A) wT Vehicle MB"/MB°"> MB"/MB°¥° B)
Fibrosis - gastrocnemius

Gastrocnemius

Gastrocnemius

DEC

®

1x10°

-

Percentage of fibrosis (%)
N »

o

DEC
MBN/M BDMD

(D : . : _ F).. b .
Inflammation - gastrocnemius Inflammation - gastrocnemius Fiber size - gastrocnemius
60 50 - wr
= Small g - Sy B3 Vehicle
c
S - lage  § o~ g™ =1 vBYMBOM 0.5x10°
® E sg 40 s I3 MBY/MBOM 1x10°
EE EE g
% o £ 3 8
& 2 S 9 5 S
ET > E= 8
- [
o
0 0 ) R 4 R B 1O 1 O 0 Y Y O U)LY B ST o o o
ERREERREERRRERREE
Grip strength Force at optimal length Percent fatigue Muscle weight
100 — Vehidle 40 50 400
—_ 350
80 == MBMMBMP 0.5x10° " 300
Frig DMD 6 30 — =
T & MBN/MBPY 110 - s - 250 -
8 = o 2 S 200
5 40 g [ E s
. € = * 100
20 | 10 50
e e e e Lo o L 0 T T 0 T T b T !
12345678 9101112 & S & @ S S @ S F
Weeks & & ® 3 & & & k3
W N N 4 N N W@ N N
@\& b@¢ @@9 I 6\‘9 \“0
S &® P S &
Jz N J’ N J_,

FIGURE 4 DEC transplant improves skeletal muscle's function via reduced mdx pathology in mdx/scid mice at 90 days. A, Reduced fibrosis in
Trichrome-stained transverse sections of gastrocnemius muscles (GM) after DEC transplant. B, Significant decrease in percentage of GM fibrosis
in DEC-injected mdx/scid mice, indicating reduced muscle pathology, magnification 20x, scale bar = 50 um, n = 3/group, 12 ROIl/organ/mouse.

Fibrotic area was measured and normalized to the total tissue area; two-tailed Student's t test; C, H&E-stained transverse sections of

gastrocnemius confirm reduced inflammation in DEC-injected mice, magnification 20x, scale bars = 100 um, n = 3/ group, 12 ROIl/organ/mouse.
D, The number of small foci decreased significantly in mdx/scid mice injected with either DEC dose; significant dose-dependent reduction of large
inflammatory foci was observed in DEC-injected mice. E, Significant dose-dependent decrease in the total number of foci was seen in both DEC

groups, n = 3/group, 12 ROIl/organ/mouse. F, Feret's diameter measurements reveled rightward shift in fiber size distribution toward larger fibers
in both DEC-injected cohorts with significant difference observed for fiber size increment of 30 to 35 pm. One-way analysis of variance with post

hoc Tukey's test, magnification 20x, scale bar = 50 um. G, Measurements of grip strength revealed significantly increased muscle force in
DEC-injected mice, two-tailed Student's t test. H, Improved muscle force confirmed by ex vivo Aurora test in DEC-injected mice. I, Reduced
muscle fatigue was confirmed in 1 x 10° DEC group. J, GM weight increased in DEC-injected mdx/scid mice (*P < .05). *P < .05, **P < .01,
*p < .001, ****P < .0001. All data are presented as mean + SEM. DEC, dystrophin expressing chimeric; H&E, hematoxylin and eosin; ROI,

region of interest
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of the fate of genetically modified cells including: off-target mutations,
sensitization, and potential carcinogenic transformation.>’>? Recent
reports on application of mesoangioblasts in experimental models and
clinical trials are encouraging, however bear the inherent problems such
as low efficacy of donor cell engraftment and lack of functional
improvements.”

Other approaches include testing of induced pluripotent stem (iPS)
cells as the potential therapeutic option for muscular dystrophies. How-
ever, the major challenge is to achieve satisfactory dedifferentiation of
iPS toward MB lineage.>® Thus, there is an urgent need to develop new,
more effective strategies for DMD patients. To address this unmet need
and to develop a novel cell-based therapy for DMD with unique prereq-
uisites including, MBs phenotype, a low immune profile and tolerogenic
properties, we applied our ex vivo cell fusion technology, which was
established for the creation of chimeric cells of hematopoietic, mesen-
chymal, and MB stem cell lineages.3>#1-436061 \We developed novel DEC
cell lines via ex vivo fusion of normal and dystrophin deficient MBs.
These DEC lines were successfully tested in the preclinical models of
mdx and mdx/scid mice ™ We confirmed increase in dystrophin
expression which correlated with significant improvement of muscle
strength and function at 90 days after DEC transplant.*?

In a search of the “perfect” donor cell for skeletal muscle regener-
ation, researchers agreed that the cell candidate should be easily
accessible, able to expand, engraft, preserve myogenic phenotype,
and display a high survival rate.®2** Moreover, low immunogenic pro-
file is also critical for long-term engraftment without the need for
immunosuppressive therapy. Our DEC cells fulfill the prerequisites of
the preferred MB therapy candidates, since DEC are of MB origin, are
easily accessible and expandable, preserve myogenic phenotype in
culture, and are characterized by long-term engraftment without the
need of supportive immunosuppression.**™+3

However, in order to elicit therapeutic effect, the most important
factors responsible for efficacy of MB-based therapy include long-term
MB engraftment and the route of MB administration. Most of the exper-
imental and clinical studies testing MB therapeutic effect in DMD were
based on local intramuscular MBs delivery.*®%° This resulted only in tran-
sient engraftment without long-term therapeutic effects. Recent studies
on stem cell-based therapies confirmed the crucial role of delivery routes
on the efficacy of therapeutic effect.!”?° To enhance cell engraftment
and systemic therapeutic effect, the intracardiac, intravenous, and intra-
arterial routs of delivery were tested for cardiomyocytes, MSC, iPS, and
mesoangioblasts with different success rates.”29¢5%” To address this
issue, based on our experience and established protocol for intraosseous
delivery of hematopoietic, MSCn and chimeric cells which confirmed
higher engraftment rates and efficacy compared to intravenous cell

delivery’35,46,47

we tested potential systemic effect of DEC therapy fol-
lowing intraosseous administration. We confirmed the protection of car-
diac function which correlated with increased dystrophin expression at
90 days following intraosseous DEC transplant to mdx mice.*® In the cur-
rent study to assess potential clinical applications of DEC, we created
and tested efficacy of human DEC cell line and confirmed our hypothesis
that intraosseous DEC transplant will result in the engraftment to the

selected, DMD-affected target organs leading to amelioration of cardiac,

# TRANSLATIONAL MEDICINE

pulmonary, and skeletal muscle's function in the mdx/scid mouse model
of DMD. Our findings of multiorgan systemic effect observed after intra-
osseous DEC transplant are confirmed by other investigators showing
higher engraftment rate and overall safety and efficacy following intra-
bone transplant of cord blood and MSC in both the adult and pediatric
patients' population.®72 In this study, the long-term systemic effect of
DEC transplant in the selected organs of heart, diaphragm, and GM was
confirmed by histology, IF as well as by functional tests specific for these
organs. IF analysis revealed significant dose-dependent restoration of
dystrophin expression in the heart, diaphragm, and GM of DEC-injected
mdx/scid mice compared to vehicle-injected controls at 90 days post-
DEC transplant.

Moreover, assessment of CNFs representing the hallmark of mdx
pathology’* revealed significant dose-dependent decrease of CNF in
the diaphragm and GMs of DEC-injected mdx/scid mice indicating
reduced dystrophic pathology and further confirming protective sys-
temic effect of DEC therapy.

Histological analysis of cross-sections of heart, diaphragm, and
GM revealed reduced muscle fibrosis and inflammation as evidenced
by the reduced total number of inflammatory foci in DEC-injected
compared to vehicle-injected mdx/scid controls. Interestingly, there
was a lack of large inflammatory foci observed in the higher (1 x 10°)
DEC dose group. We have confirmed that the beneficial effects
observed on histological assessments and morphological improve-
ments showing reduced DMD-pathology, correlated with functional
improvements in the three selected target organs of heart, diaphragm,
and GM, as summarized below.

First, we assessed cardiac function after DEC transplant, since
cardiomyopathy-dependent heart failure is the major cause of death
in DMD patients.”>”® Our echocardiography data revealed mainte-
nance of EF and FS values at 90 days postintraosseous DEC trans-
plant to the mdx/scid mice. In contrast, significant drops of EF and FS
were seen in the vehicle-injected controls. These functional outcomes
correlated with restoration of dystrophin expression, reduced central
nucleation, muscle fibrosis, and inflammation leading to amelioration
of mdx pathology, thus confirming the protective systemic effect of
DEC therapy.

The second organ which we selected to test the efficacy of sys-
temic DEC transplant was the diaphragm, since respiratory failure
contributes significantly to the premature death of DMD patients.?!
We have assessed pulmonary function via whole body plethysmogra-
phy at 90 days after systemic DEC transplant and found significant
dose-dependent improvement in several functional parameters includ-
ing the PENH, increased tidal volume indicating more complete con-
traction of a diaphragm, thus utilizing a larger percentage of the lungs
capacity. Moreover, significant increase of respiratory frequency was
observed, as wells as decrease of the expiration time due to reduced
diaphragm fibrosis indicating amelioration of passive exhalation. These
functional improvements correlated with the restoration of dystrophin
expression and improved muscle pathology as evidenced by reduced
number of CNF as well as reduced fibrosis and inflammation at
90 days after systemic DEC transplant to the mdx/scid mice, con-

firming protective effect of DEC therapy on respiratory function.
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Finally, to further assess the systemic effect of DEC therapy, we
selected GM as the canonical skeletal muscle, since deterioration of
skeletal muscle's function in DMD patients represent the early signs
of the disease. Standard functional tests of grip strength confirmed
beneficial effect of DEC therapy which correlated with significant
dose-dependent improvement of muscle strength and tolerance to
fatigue in GM of systemically DEC-injected compared to the vehicle
injected controls. These functional GM improvements correlated with
restoration of dystrophin expression and significant dose-dependent
reduction of inflammation confirming the anti-inflammatory effect of
systemic DEC therapy. Moreover, reduced dystrophic pathology was
confirmed by reduced GM fibrosis and improved fiber homogeneity
assessed by Feret's diameter measurements further confirming
improved fiber architecture in the DEC-injected mice indicative of
improved dystrophic phenotype after intraosseous DEC transplant.

It should be addressed that testing DEC cell therapy in the immu-
nocompromised animal model allows for the assessment of human cell
engraftment and efficacy, but limits the evaluation of the potential
immune response. However, we have proven in the immunocompe-
tent mdx mouse model that intramuscular DEC transplant resulted in
increased dystrophin expression which correlated with significant
improvement of muscle function, whereas intraosseous DEC injection
confirmed protection of cardiac function without evidence of side
effect and without the need for immunosuppression.*>*® Moreover,
mdx/scid mouse model of DMD allows to test human cell line created
from normal and DMD-affected human donors according to the same
manufacturing protocol which will be used in the clinical scenario and
this is one of the regulatory requirements stating that preclinical effi-
cacy studies should be testing the same type of cell-based therapy
which will be applied in the clinical trials.””

5 | CONCLUSIONS
In this study, we have addressed the problem of multiorgan failure
observed in the DMD patients by assessing morphological, pathologi-
cal, and functional changes in the cardiac, respiratory, and skeletal
muscles representing the most frequently affected organs in DMD
patients. We confirmed that systemic-intraosseous transplant of DEC
cells resulted in increased dystrophin expression, reduction of mdx
pathology, and amelioration of cardiac, pulmonary, and skeletal mus-
cle's function. Therefore, the DEC therapy represents a novel promis-
ing strategy for the prevention of cardiomyopathy and stabilization of
musculoskeletal and pulmonary function in DMD.

To the best of our knowledge, this is the first report confirming
protective effect of DEC therapy on the selected, DMD-targeted
organs of heart, diaphragm, and skeletal muscle after systemic-

intraosseous transplantation.
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