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Abstract
Cell therapy is fast emerging as a potential therapeutic option in cardiovascular therapeutics. Because
of their inherent myogenic differentiation potential, skeletal myoblasts (SkMs) have been extensively
assessed in preclinical and clinical studies for their feasibility, safety and effectiveness for myocardial
repair. Bioheart Inc is developing MyoCell, autologous SkMs delivered by MyoCath and MyoStar
catheter delivery systems for the treatment of cardiovascular diseases such as myocardial infarction
and congestive heart failure. MyoCell is undergoing phase II/III clinical development and has so far
demonstrated safety and efficacy, including improvements in cardiac function in phase I/II clinical
trials.

Introduction
Cardiovascular pathologies in general and heart failure in particular remain the leading cause
of morbidity and mortality in developed countries. In 2005, an estimated 80,700,000 American
adults (one in every three) suffered from one or more types of cardiovascular pathologies and
one out of every 2.8 deaths in 2004 in the US was caused by this disease [954444]. Ischemic
heart disease is characterized by extensive loss of functioning myocytes. In large infarcts, the
intrinsic repair mechanism of the heart fails to compensate for the lost myocytes, which initiates
a vicious cycle of remodeling. The conventional surgical intervention, coronary artery bypass
grafting (CABG), and pharmacological treatments (eg, β-blockers and ACE inhibitors) provide
only symptomatic relief and fail to address the underlying cause of the problem, the
characteristic extensive myocyte loss. Heart transplantation, which is considered to be the gold
standard in treatment for heart failure, is limited by the disparity between the number of donors
and recipients, graft rejection and the undesired effects of immunosuppression. The intrinsic
repair mechanism in the heart through scar formation subsequent to an infarction episode is
similar to that observed in other tissues. The massive myocyte death by apoptosis and necrosis
provokes a local inflammatory response that typically triggers the release of inflammatory
cytokines and recruitment of inflammatory cells to the area of infarct [951489], [951493].
Because of the release of cytokines and inflammatory cells, matrix metalloproteins are elevated
and lead to the formation of granulation tissue. Failure of the terminally differentiated
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cardiomyocytes to enter the cell cycle and the inadequacy of resident cardiac stem and
progenitor cells to generate myocytes to compensate for the massive loss allows scar tissue
formation, which limits left ventricle contractile function [951489], [951493].

Therapeutic MyoCell

Originator Bioheart Inc

Status Phase III Clinical

Indications Congestive heart failure, Ventricular tachycardia

Actions Angiogenesis stimulator, Cardioprotectant

Technologies Autologous stem cell, Injectable formulation, Muscle stem cell

Synonyms Autologous cell-based therapy (MyoCath/MyoStar, cardiovascular diseases),
autologous cell-based therapy (SR-200/MyoStar, cardiovascular diseases), autologous
skeletal myoblast therapy (MyoCath/MyoStar, cardiovascular diseases), autologous
skeletal myoblast therapy (SR-200/MyoStar, cardiovascular diseases), MyoCell VT, tissue
regeneration therapy (MyoCath/MyoStar, cardiovascular diseases), tissue regeneration
therapy (SR-200/MyoStar, cardiovascular diseases)

Stem cell-based therapies for de novo myocardial regeneration by augmentation of
cardiomyocyte numbers either via mobilization or engraftment of stem cells are under
development [951496], [951498], [951502], [951506]. For example, ACY-001, which is
undergoing phase I clinical development by Arteriocyte Inc, is a therapy that uses autologous
hematopoietic stem cells as an adjunct to bypass therapy to stimulate angiogenesis [648482].
Despite promising results from experimental animal studies and clinical trials, there are
parameters that require optimization to establish stem cell therapy as a clinical option. Donor
cells from different sources, such as bone marrow, skeletal muscle, myocardium, cord blood
and embryos, and with different therapeutic potential have been used for transplantation into
the heart [651633], [951973], [951979], [952132], [952154], [952193], [952204]. Most of
these studies have demonstrated engraftment of donor cells and regeneration of the heart
structures, including cardiomyocytes and blood vessels, and most of these changes have been
associated with improved heart function. The intrinsic similarity of structure,
electrophysiology and contractile properties of fetal cardiomyocytes allow them to functionally
integrate with the host myocardium after engraftment [951979], [952132]. Nevertheless, poor
availability because of the difficulty in obtaining donor fetal hearts and ethical issues involved
in their use has hindered their clinical application. The use of embryonic stem cell-derived
cardiomyocytes is gaining popularity and has demonstrated that engraftment behavior of these
cells is similar to the endogenous cardiomyocytes [651633], [952193]. In addition, the use of
resident cardiac stem and progenitor cells has produced encouraging data [952193],
[952204]. However, bone marrow-derived stem cells and skeletal myoblasts (SkMs; muscle
progenitors that can undergo mitosis and differentiate into mature muscle) are the best studied
in experimental animal models and clinical trials. Numerous studies have examined their
potential therapeutic effects on myocardial function and regeneration [952205], [952210],
[952212], [952213]. While many of these studies have added to the mounting evidence for
extensive myocardial regeneration [951506], [951973], some have shown poor or even no
differentiation of bone marrow stem cells into cardiomyocytes [952214], [952217]. SkMs have
many advantages over other cell types, including availability without ethical issues, ease of in
vitro expansion to large numbers without loss of differentiation potential, increased resistance
to ischemia and inherent myogenic ability. In addition, transplantation of autologous SkMs
eliminates the risk of cell graft rejection without the use of immunosuppressants.
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Therapy with SkMs has gained recognition with the demonstration that SkMs survive and form
contractile myofibers in the infarcted heart post engraftment. SkMs isolated from various
animal species, such as mice, rat, rabbit, sheep and pig, have been characterized and extensively
studied for their reparability in experimental settings using small and large animal models. To
summarize the results of preclinical studies, SkM transplantation is safe and effective in
generating myocytes in the infarcted heart. Nevertheless, unlike earlier reports that the
engrafted SkMs had cellular features implying their possible differentiation into
cardiomyocytes or cardiac-like cells, it has now been established that SkMs do not
transdifferentiate to adopt cardiac phenotypes and fail to develop electromechanical links with
the host myocytes [952218], [952228], [952232]. Despite these observations, the functional
consequences of SkM transplantation are improvement in systolic and diastolic functions, and
attenuated ventricular remodeling by the graft serving as a scaffold to prevent left ventricular
dilatation. These beneficial effects have been largely observed on echocardiographic and
sonomicrometric determinations, validated by MRI and pressure-volume loops and supported
by relevant data depicting angiomyogenic responses in the heart [952359]. SkM-induced
hypertrophy of remnant myocyte cells in the infarcted area of rats aided in the recovery of the
contractile force of the hibernating myocardium or attenuated the upregulation of renin-
angiotensin and endothelin systems [952252]. SkM transplantation was as efficient as neonatal
cardiomyocytes in rabbits [952263] and bone marrow cells in cardiac repair in rats [952267],
[952268].

The preclinical data paved the way for early clinical trials of the autologous myoblast cell
therapy, which have confirmed the feasibility and safety of this strategy; however, development
was suspended following a phase II clinical trial (called MAGIC: myoblast autologous raft in
ischemic cardiomyopathy) conducted by MG Biotherapeutics LLC/Genzyme Corp because
the likelihood that the trial would result in the hypothesized improvements in heart function
was low [651895]. Menasche et al first reported SkM transplantation by epicardial injections
as an adjunct procedure to CABG in a 72-year old patient with history of myocardial infarction
(MI) [952299]. The procedure was uneventful and without any complication. A 5-month
follow-up revealed left ventricular ejection fraction (LVEF) improved from 21 to 30%. At 17
months after cell engraftment, when the patient died, the heart tissue was processed for
histological and immunohistological studies, which showed islands of myofibers in the
infarcted heart [952302]. Encouraged by the results of their pioneering study, Menasche et
al then conducted SkM transplantation on nine more patients [952304]. Unlike the first trial,
the cell engraftment procedure was not uneventful as five patients developed ventricular
tachycardia associated with the cell transplantation procedure. However, the combined
procedure of CABG and cell therapy yielded some encouraging data; LVEF increased from
23.8 to 32.1%, wall thickness improved and there was an average improvement in New York
Heart Association (NYHA) class from 2.7 to 1.6 [952304]. This was followed by multiple
clinical trials to transplant SkMs as an adjunct of CABG or implantation of left ventricular
assist device (LVAD). In a trial that involved the use of human heart tissue to assess the fate
of SkMs post engraftment, an interesting approach was adopted, which involved using SkM
transplantation in patients with ischemic heart disease undergoing implantation of LVAD as a
bridge to heart transplantation [952309]. Later, the hearts of these patients were removed during
transplantation and subjected to histochemical and immunohistochemical analysis. The cells
survived in the infarcted heart and underwent myogenic differentiation. Since publication of
this report [952309], more than 200 patients have received SkM engraftment in various medical
centers around the world.

MyoCell, being developed by Bioheart Inc, uses autologous skeletal muscle-derived stem cells
for engraftment into the infarcted heart [745596] and represents a leap forward in stem cell
technology. After nearly two decades of intense research, MyoCell is being investigated for
the treatment of MI and congestive heart disease and is currently in phase II/III clinical
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development [872586], [954700]. Moreover, the use of MyoCath and MyoStar catheter
systems, an autologous SkM delivery system from Biologics Delivery Systems Group, Cordis
Corporation, allows target-specific delivery of autologous SkMs into the infarcted myocardium
[745596].

Synthesis and SAR
Bioheart has developed a standard operating procedure to process autologous skeletal muscle
biopsies obtained from the patient for purification of SkMs [853498], [952338]. The procedure
involves mincing of the muscle biopsies followed by enzymatic digestion. The digestate is then
filtered to obtain a single-cell suspension which is plated in cell culture dishes in SkM basal
growth medium supplemented with 15 to 20% fetal bovine serum, recombinant human EGF
(10 μg/ml) and dexamethasone (2 μg/ml). The cells are passaged three to five times to achieve
the required cell number. After 17 to 19 days of culture, the cells are then assessed for purity,
viability and sterility before transfer into 30-ml bags in a specially formulated injectate/
transport medium. The medium is formulated to support cell survival for 96 h under controlled
conditions [853498], [952338].

The MyoCath and MyoStar delivery systems comprise a 115-cm long injection catheter with
a deflectable tip that can be controlled with a hand piece. The hand piece enables control of
needle depth and advancement and has ports for infusing SkMs and heparin/saline wash to
prevent blocks [892763], [952338].

Preclinical development
Delivery of human SkMs to the left ventricle of an anesthetized pig was demonstrated using
the NOGA catheter injection system (Biosense Webster) and replicated using Bioheart
catheters. Catheter administration of 20 injections of 0.1, 0.2, 0.3, 0.5 or 1.0 ml containing 1
× 108/ml human SkMs caused no significant changes in heart rate, ECG or temperature.
Histological examination demonstrated that human SkMs were observed throughout the apex
and lateral wall of the left ventricle [892764].

A model of chronic, stable heart failure was induced in dogs by coronary artery micro-
embolization to investigate the effect of autologous SkM transplantation [920362]. The
MyoCath catheter was used to percutaneously inject 5.4 ± 2.1 × 108 SkMs, saline or fibroblasts
(as a non-contractile control) into the infarcted region of six, five and three dogs, respectively,
while surgical injection of SkMs or saline was administered to five and three dogs, respectively.
Left ventricular peak systolic pressure increased by 7, 10, 11, 9 and 8% at weeks 2, 4, 6, 8 and
10, respectively (p = 0.089, 0.031, 0.001, 0.027 and 0.013, respectively), after percutaneous
SkM injection, but no other changes in left ventricular systolic pressure, arterial pressure or
heart rate were significant. Administration of percutaneous autologous SkMs significantly
increased LVEF from 41 to 47% at 10 weeks, compared with a decrease from 43 to 40% in
saline control animals. Pressure-volume loop changes that indicated normalization of systolic
function were observed 10 weeks after SkM administration, but not after saline administration.
End-diastolic dimension was significantly decreased by 7.3 and 7.5% in surgical and
percutaneous autologous SkM groups, respectively, while regional stroke work increased by
9.8 and 13%, respectively [920362].

An increase in diastolic blood pressure was induced in dogs (n = 13) via daily coronary micro
embolisms. SkMs (n = 8) or saline (n = 5) were injected into the infarcted region. There was
a significant increase in maximum/minimum rate of left ventricular pressure difference (dP/
dtmax), mean aortic pressure and end-systolic elastance from chronic heart failure values
following SkM injection compared with saline (10.3 ± 8.3 versus -0.2 ± 6.3%, 8.7 ± 5.1 versus
1.9 ± 3.0%, and 9.5 ± 8.1 versus -4.6 ± 14.9%, respectively) [952358].
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A swine model of chronic MI was used to compare percutaneous and surgical transplantation
of autologous SkMs [920350]. Following induced MI, six pigs were transplanted with a median
of 407 ± 115 × 106 SkMs by direct surgical injection, six received percutaneous SkM transplant
and four received culture without cells (two via surgery and two via percutaneous access).
There was a significant increase in LVEF in animals administered SkMs compared with control
animals, with no difference between the percutaneous and surgery groups. Morphology,
bromodeoxy-uridine staining and MY-32 antibody labeling were utilized to detect myoblasts
in 11 out of 12 transplanted animals. The identified cells did not contain markers for
cardiomyocytes, but did co-localize with antibodies to smooth muscle actin, suggesting that
some of the transplanted cells contributed to the formation of new blood vessels. The area of
smooth muscle-actin-positive blood vessels was significantly higher in the transplanted
animals than in control animals. Transplanted animals achieved significant reductions in
infarct-area fibrosis (collagen volume fraction of 30.9 and 32.3% in surgical and percutaneous
groups, respectively) compared with control animals (45.9%) [920350].

Toxicity
No specific studies on the toxic nature of SkMs in general and MyoCell in particular have been
published so far. In pigs and dogs administered SkMs of approximately 1 × 108 and above, no
toxic effects were observed [892764], [920362].

Metabolism and pharmacokinetics
No metabolism and pharmacokinetics data of MyoCell were available at the time of
publication.

Clinical development
Phase I

The feasibility and safety of MyoCell was investigated in patients (n = 5) with NYHA class
greater than 2 who had had an anterior wall MI [853498]. SkMs were administered via
endoventricular injection using the NOGA-guided catheter system and MyoStar injection
catheters in the infarcted myocardium. Subsequent to electromechanical mapping of the left
ventricle, 16 ± 4 injections each containing 16.6 × 106 SkM cells were made endocardially in
the areas exhibiting low voltage and linear local shortening. Patients were followed up for 6
months. At 3 months, angiography but not nuclear or MRI assessment demonstrated a
statistically significant increase in LVEF from 36 ± 11 to 41 ± 9%. At 6 months LVEF was
increased, but this was not significant. MRI analysis demonstrated significant increase in wall
thickening at the injected segments [853498]. Despite it being challenging to derive a firm
conclusion, the study results highlighted the feasibility of endovascular cell delivery in the
clinic.

A second small study was designed to carry out a more in-depth investigation of hemodynamic
changes using pressure-volume loop analysis following MyoCell administration [920357].
Patients (n = 5) had an NYHA class greater than 2, reduced LVEF and a previous anterior wall
MI. MyoStar injection catheter was used to deliver 15 endocardial injections (apart from in
one patient who only received ten injections) each containing approximately 10 × 106 cells.
Patients were evaluated at 6 and 12 months using angiography, left ventriculography and right
and left heart catheterization. The mean NYHA class was 2.4 ± 0.9, 1.8 ± 0.4 and 2.2 ± 0.4 at
baseline, 6 and 12 months; however, none of these differences were significant. There was a
significant increase from baseline in cardiac output at 6 and 12 months (from 4.6 ± 0.9 to 5.6
± 1.6 and 5.4 ± 1.5 l/min, respectively), which was because of non-significant reduced end-
systolic volume and increase in heart rate. Ejection fraction was significantly increased at 6
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months (from 33 ± 7 to 41 ± 11%) and dP/dtmax was significantly increased at 12 months (from
1025 ± 236 to 1281 ± 328 mmHg/s). The end-systolic pressure-volume relationship was
significantly reduced at 6 and 12 months (from 190 ± 95 to 150 ± 107 and 157 ± 75 ml,
respectively) [920357].

A stand-alone trans-catheter-based SkM engraftment procedure was conducted in patients (n
= 6) with coronary artery disease and myocardial dysfunction because of prior MI, and an
NYHA class of 2 or above [952338]. The trial also included six patients, as a matched control,
who were not administered SkMs. The muscle biopsies obtained from the patients were
processed according to the standard operational procedures of Bioheart, which produced high-
purity desmin-positive SkMs (70 ± 21%). The viability of the cells was 96.6 ± 1.7% at the time
of injection. Endovascular engraftment of 210 ± 150 × 106 SkMs was conducted using the
MyoCath injection catheter with an average of 19 ± 10 injections. After the 12-month follow-
up, there was no change in left ventricle end-diastolic diameter in the SkM-treated group, while
the control group demonstrated significant myocardial remodeling with left ventricle end-
diastolic diameter increasing from 68.3 ± 4.9 to 72.3 ± 5.0 mm. LVEF significantly improved
12 months after SkM injection from 24.3 ± 6.7 to 32.2 ± 10.2%, while in the control group,
LVEF decreased. Wall motion score index significantly improved following inotropic
challenge in the SkM-treated group compared with baseline and the control group. The patients
receiving SkM engraftment had significantly improved NYHA class (from 3.17 ± 0.41 to 1.67
± 0.82) during the 12-month follow-up, while NYHA class remained the same in the control
group (3 ± 0). There was a significant increase in the walking distance for the SkM group in
the 6-min walk test [952338].

The phase I, multicenter, non-randomized MYOHEART (myogenesis heart efficiency and
regeneration trial, NCT00054678) US clinical trial was initiated with a primary objective to
evaluate the safety of MyoCell engraftment using MyoCath in patients (n = 20) who had
previously experienced MI at least 12 weeks before the initiation of the trial [954669]. Patients
were divided into four cohorts of five patients each to receive escalating doses of 25, 75, 225
and 675 × 106 SkM cells with increasing number of injection sites (between 2 and 27). The
efficacy endpoints were changes in left ventricular wall thickness and function. There was
general but insignificant improvement in LVEF, quality-of-life score and the 6-min walk test.
It was observed that the new contractile muscle formed from immature myoblast injections
served as a scaffold within the scar tissue [954669].

Similarly, a phase I/II European clinical trial in patients (n = 20) with cardiac pathologies with
1-year follow-up was completed (no treatment schedule was available) [744962]. There was
a significant 75% reduction in emergency hospitalizations and premature ventricular
contractions dropped from 1.89% at baseline to 0.04% at 1 year. Annual mortality rates were
2.8% compared with 20% for historical controls. An overall 80% of patients had improved one
heart failure class and 33% of patients improved two heart failure classes. At least 50% of the
patients included in the study had greater than 4% improvement in LVEF and 15.3% had an
improvement in motion score index under stress [744962].

Furthermore, a phase I, multicenter, non-randomized, open-label clinical trial (NCT00050765)
in patients (n = 15) who have experienced anterior, lateral, posterior or inferior wall MI,
required CABG surgery and who have an implantable cardioverter defibrillator in place had
apparently been completed at the time of publication [744574], [890268]. Patients were divided
into three cohorts and escalating MyoCell injections of 2, 6 and 18 were administered to the
akinetic myocardial scar and safety and cardiovascular effects of MyoCell implantation were
to be assessed [744574]. No further data were available at the time of publication.
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Phase II
A the SEISMIC trial (NCT00375817) was a phase II, multicenter, randomized, open-label
clinical trial sponsored by Bioheart, which was conducted in the US and Europe [744573],
[954661]. The trial involved patients (n = 46; 30 MyoCell- and 16 control-treated) with
congestive heart failure post-MI and was intended to assess the safety and cardiovascular
effects of MyoCell implantation by a catheter delivery system. The primary safety endpoint
was defined as serious adverse events at 3 and 6 months, while the secondary safety endpoints
were hospitalizations, Holter monitoring, 12-lead ECG data, frequency of ventricular
arrhythmias and safety of the use of MyoCath. The primary efficacy endpoint was a change in
LVEF and secondary efficacy endpoints were quality-of-life assessment, 6-min walk, NYHA
class, and improvements in global contractility, wall thickness, coronary perfusion and infarct
size [954661]. Treatment-arm patients were administered 150 to 800 × 106 SkMs cells in 6 to
32 injections using the MyoCath catheter. Over the 6-month period of the trial, 50% of the
treatment-arm patients obtained some improvement in LVEF, while 57% of patients in the
control group had a worsening of LVEF. Similar to the MYOHEART trial, the newly formed
contractile muscle served as a scaffold within the scar tissue. At 6 months, 50% of the treated
patients had improvement in NYHA class score compared with 25% of the control group
[954661].

Data from treated patients (n = 26) and control patients (n = 14) in the SEISMIC trial
demonstrated that at 6 months 84 and 16% of treated and control patients, respectively, had 6-
min walking test scores that were unchanged or improved, while these scores were worse in
16 and 69% of treated and control patients, respectively [891855], [954682], [954700]. In 94%
of treated patients NYHA scores were improved or unchanged, compared with 58% in the
control group, while 42 and 6% of the control and treatment groups, respectively, had worse
NYHA scores [891855], [954682], [954700].

Phase II/III
The encouraging results led to the design of a multicenter, randomized, double-blind, placebo-
controlled phase II/III clinical trial (MARVEL, NCT00526253) in patients (expected n = 390)
with class II or III heart failure who had previously experienced MI. Patients were recruited at
the time of publication and were to receive MyoCell autologous SkMs (400 or 800 × 106 cells)
via injection catheter together with the NOGA XP Cardiac Navigation System [872586],
[954700]. The primary endpoints were patient wellbeing and distance they can walk
[954700].

Side effects and contraindications
In a pilot clinical trial into the feasibility and safety of MyoCell administration, one out of five
patients was hospitalized 6 weeks after treatment because of progressive heart failure and
asymptomatic ventricular tachycardia. However, no adverse events were observed in the other
patients [853498]. In the other clinical trial of five patients, there were no serious adverse
events, however, two patients experienced single episodes of non-sustained ventricular
tachycardia [920357].

In one trial of six patients administered 210 ± 150 × 106 SkMs, there were three incidents of
ventricular tachycardia in two patients. At 1-year follow-up none of these patients
demonstrated repeat ventricular arrhythmia. In addition, three of the control patients
experienced ventricular tachycardia during the follow-up period [952338].

During the MYOHEART trial, one out of five patients administered the highest dose died and
six patients experienced arrhythmias of which four were thought to be related to the treatment.
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There was one case of arthralgia, one patient experienced dizziness and one patient suffered a
pleural effusion [954669].

During the SEISMIC trial, six patients in the treatment arm experienced a total of 12 significant
adverse events, including one death by multiple organ failure, one worsening of heart failure,
one pericarditis, ventricular tachycardia in six patients (five of which were thought to be related
to the treatment and all were resolved –all patients had experienced ventricular tachycardia
prior to the investigation), one hematoma, one herpes zoster and one non-sustained ventricular
tachycardia (this also occurred in one patient in the control arm) [954661]. The incidents of
arrhythmias were the same in treatment and control groups [954682].

Patent summary
In its 2008 annual filing to the SEC, Bioheart stated that it relies primarily on one US patent
for MyoCell, one US patent for its original catheter device MyoCath and a number of patents
for its second-generation catheter MyoCath II. The company's “primary MyoCell patent”,
US-05130141, was in-licensed in February 2000 from Dr Philip K Law and his company Cell
Transplants International. Bioheart says it has no patent protection for MyoCell outside of the
US. The initial MyoCath patent, US-05972013, was in-licensed from Comedicus Inc in January
2000. Technology used in MyoCath II was in-licensed from TriCardia LLC in April 2006 (see
US-06241710, US-06547769, US-06855132 and US-06949087) [745603].

Bioheart's license agreement with Dr Law in 2000 extended to “future developments related
to heart muscle regeneration and angiogenesis”, so may now include Dr Law's WO-00228470,
WO-03085092, WO-2004014302 and/or WO-2005020916: A European equivalent to
WO-00228470 was granted as EP-01324802 in 2006. Law's later filings were still pending
grant by October 2008.

Bioheart has also filed its own claims on catheter-based delivery of cells into the heart:
WO-00204063 (granted as US-06979321), WO-00247753 (still pending grant by October
2008) and WO-00205866 (granted as EP-01301228). In June 2003, Bioheart sold catheter-
related intellectual property rights (including rights under the Comedicus license and filings
that would later be granted as US-07033345) to Advanced Cardiovascular Systems (ACS)
[954725]. As part of the sale, Bioheart was granted a license to continue using this intellectual
property, co-exclusively with ACS (now Abbott Laboratories).

In August 2005, Bioheart announced the imminent grant of US-06988004, covering electrical
stimulation technology that could be used to increase blood supply to transplanted MyoCell
muscle cells [745599].

In February 2006, Bioheart announced a patent licensing agreement with Cleveland Clinic of
Cleveland, Ohio, to additionally enhance its MyoCell technology [745601]. The agreement
provides Bioheart with the worldwide exclusive rights to five pending US patent applications
and corresponding foreign filings related to the repair of scarred heart tissue damaged from a
heart attack. The pending patents cover methods of repairing damaged heart tissue by
transplanting muscle stem cells that have been gene-modified to overexpress therapeutic
proteins capable of recruiting other stem cells within a patient's own body to the cell
transplanted area [745601].

Current opinion
There is a general perception that temporal changes observed in the indices of cardiac
performance correlate well with the extent of donor cell engraftment. Even a small degree of
SkM engraftment may form a more compliant scar such that stiffness decreases and diastolic
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properties are enhanced. A higher number of the engrafted SkMs is therefore required to fully
replace the scar and reverse the reduction in contractile function [952236]. Moreover, the site
of SkM delivery with respect to the infarct significantly influences the outcome of the
procedure. While centrally delivered SkMs dose-dependently contributed to increased left
ventricular end-systolic volume, end-diastolic volume and mass attenuated negative left
ventricle remodeling was observed after engraftment of SkMs in the periphery of the infarct
[952241]. These observations necessitate site-specific engraftment of cells rather than random
injections into the free wall of the left ventricle. MyoCath and MyoStar in this regard can ensure
that the cells are engrafted at a site where engraftment is the most beneficial.

Other SkM therapies in development include autologous SkM therapy (Advanced Cell
Technology Inc) involving transplantation of autologous cells delivered via catheters to treat
heart failure, which has reached phase I clinical development [832822], and skeletal muscle-
derived pluripotent stem cell therapy (Cybios LLC) under preclinical development for MI
[736075]. In the light of preclinical data and results from clinical trials, improvement in the
indices of left ventricular remodeling and contractile function can be achieved by
transplantation of SkMs. The magnitude of SkM engraftment and the functional outcome of
the procedure show significant correlation. However, massive early cell death and poor donor
cell survival in the early stage after implantation significantly lowers the effectiveness of the
procedure. Hence there is a requirement to adopt remedial measures that can promote the
survival of SkMs at the site of the cell graft. Despite the proliferative potential of SkMs, their
rate of division is not enough to compensate for the apoptotic loss of cell graft during the acute
phase after engraftment. Various strategies, including genetic modification of cells,
pretreatment with growth factors and cytokines, and the use of immunosuppressants, have been
developed to address this issue, albeit with limited success.

Pharmacological preconditioning and cell transduction with pro-survival genes may be the
more logical options to achieve this goal. SkMs are excellent carriers of therapeutic genes and
genetically modified SkMs, using viral and nonviral vectors, are therapeutically more effective
in cardiac repair [952270], [952272]. This property of SkMs can be exploited for a combined
gene and cell therapy strategy to deliver therapeutic genes to the cardiomyocytes, which are
more resistant to gene transduction. Genetically modified SkMs thus serve as a reservoir of
the transgene product of interest to achieve non-fluctuating therapeutic levels in the
myocardium and enhance therapeutic effectiveness of the cells. Genetic modification of SkMs
not only improves their angiogenic potential, it also improves the survival of transplanted SkMs
in an ischemic heart [952273], [952279], [952280]. A study using human SkMs transduced
with adenoviral-VEGF-165, which are under preclinical development by the National
University of Singapore to treat MI, peripheral vascular disease and heart failure [744120],
[744123], [744124], demonstrated that the cells were able to express VEGF-165 for 30 days
[744120]. A significantly higher angiomyogenic response was observed in the animal hearts
treated with genetically modified cells compared with the cell medium-injected or non-
transduced SkM-injected controls [744120]. The proposal by Bioheart, under license from the
Cleveland Clinic, to study the effectiveness of MyoCell SDF-1, a therapy utilizing autologous
cells genetically modified to express additional growth factors [889936], is a step in the right
direction and has demonstrated promising results in preclinical studies [927830]. None of the
previous clinical trials have adopted this approach, which may yield better prognosis.
Alternatively, a combined therapeutic strategy of using growth factor treatment with SkM
engraftment is expected to improve donor cell survival in the ischemic heart.

Alternative cell sources for the treatment of cardiac pathologies that are currently in clinical
development include the above-mentioned ACY-001; autologous endothelial progenitor
(CD34+) cell therapy (Kobe Institute of Biomedical Research and Innovation), which was safe
and effective in patients with chronic critical limb ischemia in a phase I/II clinical trial
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[736534]; t2c-001 (t2cure GmBH/Johann Wolfgang Goethe-Universitat Frankfurt am Main),
an autologous bone-marrow-derived endothelial progenitor cell therapy, which improved
outcomes in patients with MI [871766]; as well as CD-133-rich autologous bone marrow stem
cell therapy (Institute for Regenerative Medicine and Stem Cell Therapy), which is undergoing
phase II clinical trials [752716]. However, as mentioned above, studies have suggested, for
instance, poor differentiation of bone marrow stem cells into cardiomyocytes and SkMs have
advantages such as availability without ethical issues and ease of in vitro expansion to large
number without loss of differentiation potential.

Pharmacological preconditioning combined with SkM engraftment resulted in higher survival
of the preconditioned cells when subjected to oxidant stress and post engraftment in the
experimental heart model of acute coronary artery ligation [952296]. These are important
findings and may go a long way in preventing donor SkM apoptosis post engraftment. SkM
engraftment has additive benefits when conducted together with ACE inhibitor administration
[952248]. Because of the persistence of therapeutic benefits, SkM transplantation better
preserves left ventricular function than ACE inhibitors alone [952252].

Based on available clinical results, there are no specific side effects related to SkM
transplantation except its much purported pro-arrythmogenicity. The data from preclinical and
clinical studies suggest that MyoCell administration itself would be safe and may not initiate
any undesired events except pharmacologically treatable arrhythmias in some cases. However,
as MyoCell transplantation is intended to be a clinically relevant therapeutic option, it would
necessitate ‘on the shelf availability’ of the cells for immediate use. Such an arrangement would
not only be cost effective and logistically more pertinent, this would also help to avoid
unnecessary delay in donor cell availability, which can be caused by the isolation, purification
and propagation of SkMs in vitro. Purification of SkMs for every patient is a labor-intensive
strategy. Moreover, on the shelf availability of SkMs will offer greater flexibility to the doctors
to decide in terms of the time of cell administration after infarction episode. Encouraged by
the results of a xenomyoblast engraftment in a porcine heart model using transient
immunosuppression [744124], [952313], Law et al showed the first allomyoblast engraftment
in three patients was safe and demonstrated the feasibility of non-autologous SkMs [954841].
Alternatively, MyoCell technology can be exploited to isolate the SkMs of an individual and
deposit in cell banks for any probable future use. Similarly, an encouraging outcome of the
ongoing clinical trials will demand larger quantities of viable, sterile, genetically well-defined
and functionally demonstrated SkMs in a ready-to-use form. Such a development will warrant
more economical and efficient production of SkMs.

Despite the beneficial mechanical effects of SkM engraftment on the infarcted heart, failure
of the cell graft to express significant amounts of N-cadherin and connexin-43 prevents the
development of an efficient and functional electromechanical integration with the host
myocardium. This is thought to contribute to the occurrence of postoperative ventricular
tachycardia in some of the early-phase clinical trials and brought up the safety concerns related
to the use of SkMs as donor cells [952299], [952341]. Therefore, more attention is directed at
the electrophysiological consequences of SkM transplantation. In an interesting in vitro study
using a co-culture system, clustering of SkMs resulted in slowing down of conduction velocity
[952344], while SkMs modified for connexin-43 expression had improved electrical impulse
propagation and decreased arrhythmogenesis [952344]. Nevertheless, the in vivo experimental
studies have produced data with discrepancies and inconsistencies [952348], [952352],
[952354]. Studies suggested that induced arrhythmia was primarily caused by infarction and
not by SkM transplantation [952354]. Fouts et al used optimal mapping in the canine left
ventricular wedge preparation and reported that arrhythmia inducibility was not increased by
SkM transplantation [952354]. Postoperative adverse events reported following SkM
engraftment are those commonly encountered in heart failure patients undergoing CABG.
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Moreover, the choice of injection site has greater bearing on arrythmogenic outcome. SkMs
transplanted in the infarct border zone cause more frequent arrhythmias than central scar
injections. This would be consistent with the fact that conduction velocity, which is already
decreased in the border zone, is additionally slowed by the clusters of engrafted cells, thereby
enhancing electrical instability. However, despite these observations and studies suggesting
that SkMs are responsible for cardiac arrhythmias, one should remain conscious about the
arrhythmogenic nature of the scar tissue itself, in and around which the cells are transplanted.

In addition to all these issues, the strategy to deliver SkMs to the heart requires special
consideration. SkM delivery to the endoventricle with the help of a catheter-based system may
be clinically more relevant and more advantageous compared with intravenous or intracoronary
injections. The technology of Bioheart involved in the preparation and development of
MyoCell is based on the use of autologous SkMs delivered to the heart, via the MyoCath and
MyoStar catheter systems, for the treatment of MI and congestive heart failure. Catheter-based
delivery of the cells will be less invasive and permit heart cell therapy to be used as a sole
therapy. As discussed earlier, clinical trials are already underway to assess the feasibility, safety
and efficacy of MyoCell to repair the infarcted heart. However, based on current study results,
it is premature and would be wrong to draw clinically meaningful conclusions pertaining to
the efficacy of SkM transplantation before adequately powered clinical trials have been
completed.

In summary, the data from all these studies clearly show the feasibility, safety and effectiveness
of SkM engraftment in general and a potential for MyoCell to reach the market in particular.
At the time of publication, Bioheart planned to file for European marketing approval for the
use of MyoCell in class III heart failure patients that continued to deteriorate despite treatment
with currently available therapies [947459]. The use of MyoCell is feasible because of the ease
of accessibility and in vitro propagation to achieve the number of cells required for engraftment.
Except for the issue of postoperative episodes of arrhythmias, which remained clinically
manageable and treatable in most of the cases, there has never been a serious safety concern
regarding the use of MyoCell for humans. Moreover, similar to other stem cell preparations,
the issue of its effectiveness remains debatable, with limited improvement in the contractile
function indices, but reduced left ventricular remodeling.
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Developer Country Status Indication Date Reference

Bioheart Inc North America Phase III Congestive heart failure 27-MAR-08 889936

Bioheart Inc Western Europe Phase III Congestive heart failure 25-MAR-05 744573

Bioheart Inc South Korea Phase II Congestive heart failure 31-MAR-07 932231
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Developer Country Status Indication Date Reference

Bioheart Inc US Discovery Ventricular tachycardia 20-NOV-06 745596

Literature classifications
Chemistry

Study type Result Reference

Synthesis SkMs are obtained by mincing muscle biopsies, digesting in enzymes and filtering to obtain a single-cell
suspension. This can be plated in culture dishes with growth medium to increase cell numbers before the
cells are stored for use.

853498

Biology

Study type Effect studied Model Result Reference

In vivo Efficacy Dogs with chronic, stable
heart failure administered
5.4 ± 2.1 × 108 SkMs
percutaneously.

Left ventricular peak systolic pressure
increased significantly by 10, 11, 9 and 8%
at weeks 4, 6, 8 and 10, respectively. LVEF
increased from 41 to 47% 10 weeks after
skeletal myoblast administration and
decreased from 43 to 40% in control
animals.

920362

In vivo Efficacy Swine model of chronic MI
administered a median of
407 ± 115 × 106 SkMs by
percutaneous or surgical
transplantation.

LVEF significantly increased in animals
administered SkMs percutaneously or
surgically compared with control animals.
Transplanted animals had significantly
reduced fibrosis in the infarct area
compared with control animals.

920350

Clinical

Effect studied Model Result Reference

Safety and efficacy Phase I clinical trial in patients (n
= 5) with NYHA class greater than
2 and previous anterior wall MI
administered 16 ± 4 injections
each containing 16.6 × 106 SkM
cells by trans-catheter delivery.

LVEF increased from 36 to 41 (at 3 months) and 45%
(at 6 months) with increased wall thickness. No serious
adverse events were observed. One patient had non-
sustained ventricular tachycardia.

853498

Efficacy Phase I clinical trial in patients (n
= 5) with NYHA class greater than
2, reduced LVEF and a previous
anterior wall MI administered 15
endocardial MyoStar injections
each containing approximately 10
× 106 cells.

The mean NYHA class was 2.4 ± 0.9, 1.8 ± 0.4 and 2.2
± 0.4 at baseline, 6 and 12 months, respectively. Cardiac
output increased from 4.6 ± 0.9 l/min at baseline to 5.6
to 1.6 ± 1.6 and 5.4 ± 1.5 l/min at 6 and 12 months,
respectively. Ejection fraction was significantly
increased at 6 months (from 33 ± 7 to 41 ± 11%) and dP/
dtmax was significantly increased at 12 months (from
1025 ± 236 to 1281 ± 328 mmHg/s). The end-systolic
pressure-volume relationship was significantly reduced
at 6 and 12 months (from 190 ± 95 to 150 ± 107 and 157
± 75 ml, respectively). No serious adverse events were
observed apart from two patients experiencing single
episodes of non-sustained ventricular tachycardia.

920357

Efficacy and safety Phase I clinical trial
(MYOHEART) in patients (n =
20) with MI administered 2 to 27
injections of 25, 75, 225 and 675
× 106 SkM cells.

There was general but insignificant improvement in
LVEF, quality-of-life score and the 6-min walk test. One
out of five patients at the highest dose died and six
patients experienced arrhythmias of which four were
thought to be related to the treatment. Arthralgia,
dizziness and pleural effusion were observed in one
patient each.

954669

Efficacy and safety Phase II clinical trial in patients (n
= 46) with congestive heart failure
post MI administered 6 to 32

Over a 6-month period of the trial, 50% of the treatment-
arm patients obtained some improvement in LVEF,
while 57% of patients in the control group had a
worsening of LVEF. At 6 months, 50% of the treated

954661
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Effect studied Model Result Reference
injections of 150 to 800 × 106 SkM
cells using the MyoCath catheter.

patients had improvement in NYHA class score
compared with 25% of the control group. Observed
adverse events following treatment were ventricular
tachycardia in six patients, one death by multiple organ
failure, one worsening of heart failure, one hematoma
and one herpes zoster.
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