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Abstract

Myoblast transplant for cardiac repair offers an alternative therapeutic modality for cardiac
repair. This novel cell based approach has the potential for replacing cardiomyocytes dam-
aged during the disease process. Studies in the small and large animals and human phase-I
trials have shown that myoblast transplantation into damaged myocardium results in the
improved myocardial function and hemodynamic parameters. However, many aspects of
myoblast transplantation such as the mechanism by which myocardial function improves
and the fate of the transplanted myoblasts remain unclear, shrouding the success of
myoblast transplantation therapy. The survival of the donor cells post transplantation is an
obstacle to overcome. We studied the fate of human myoblasts xenograft carrying therapeu-
tic and reporter genes in porcine heart models of chronic ischemia and infarction with en-
couraging results. The salient feature of our study was the long-term survival of the xeno-
myoblasts for up to 7 months of observation using a minimal dose of Smg/kg cyclosporine
transiently. The immunosuppression starting 5 days prior to and continuing for six weeks
post cell transplantation effectively supported the long term survival of the xenomyoblasts
carrying exogenous genes. Histochemical and immunohistochemical data revealed no infil-
tration of host immune cells at the site of xenograft. Furthermore, the transplanted cells
contributed towards improvement in hemodynamic parameters and global cardiac perform-
ance. We conclude that transient immunosuppression using cyclosporine is effective for
successful myoblast therapy for cellular cardiomyoplasty.
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Left ventricular dysfunction in a failing heart is pri-
marily due to extensive cardiomyocyte loss [23]. The
problem is further accentuated due to the limited capac-
ity of the myocardium to regenerate in the event of in-
jury due to the absence of satellite cells and lack of
DNA telomeric repeats in the cardiomyocytes. Cellular
therapy for myocardial reconstruction using myogenic
cells exploits their intrinsic repair ability and has
emerged as a promising approach in cardiovascular
therapeutics [12, 34]. Cells from various sources have
been used for this purpose including fetal and adult car-
diomyocytes, bone marrow stem cells and embryonic
stem cells [9, 31, 37, 38]. In terms of application, how-
ever, skeletal myoblasts have superior characteristics
and desirable traits (Table I). The aim of myoblast
transplantation is to provide sufficient number of the
myogenic cells which may compensate for the cardio-
myocyte loss [8]. Further more, these cells are expected
to differentiate into myotubes and form muscle fibers
that replace the scar. Myoblast transplantation results in
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stable grafts and improved global cardiac performance
[4, 7, 21, 32, 33, 44, 52]. The methodology however, is
far from been optimized and is fraught with problems,
the most significant of which is the profound and acute
cell death in the initial phase post-transplantation related
with host immune response [11, 42].

It is well known that the organ and cell transplantation
between different individuals of the same species is
poorly tolerated without immunosuppression. Xeno-
transplantation is even more problematic with rapid rejec-
tion if transplanted without immunosuppression. Immu-
nity to xenograft is often thought to be difficult to deceive
as compared to allografts due to the fact that all individu-
als have a strong innate immune mechanism comprised
of xenoreactive antibodies, complement system and natu-
ral killer cells. Further to this, xenografts usually carry a
diverse set of antigens which may trigger a stronger re-
sponse. This phenomenon is evident even with the use of
autologous cells if they are expanded for too long in vitro
due to the expression of neo-antigens [41]. However, re-
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Table I. Advantages of skeletal myoblast transplantation
for cardiac repair.

o Safety of the skeletal myoblast transplantation.

e Ability of undifferentiated myoblast amplification in vitro.

o Skeletal muscle cells are more resistant to ischemia
than the cardiomyocytes.

e There are no availability problems and ethical issues
involved in their use.

e The use of autologous skeletal myoblast circumvents
the problem of graft rejection and alleviates the need
for immunosuppression.

e Continued proliferation when grafted in injured myo-
cardium. The in-put of small number of cells ulti-
mately develop in to large grafts.

e The grafted myoblasts may establish some satellite
reserves to counter subsequent injury.

o There is no probability of unbridled growth as the pro-
liferation of skeletal myoblast in vivo has been shown
to stop after about one week of transplantation.

cent reports from various research groups and our own
experience with myoblast transplantation in porcine heart
models of chronic ischemia and infarction have generated
some interesting data. Leichty and coworkers have
documented implantation of bone marrow derived human
mesenchymal stem cells into the fetus of the sheep [30].
The cross-species cellular graft survived for up to 13
months in the host tissue without immunosuppression.
Even more intriguing results have come from Saito and
colleagues [47]. They have managed xenograft of MHC-I
and II expressing mesenchymal stem cells derived from
mice bone marrow into rats. The donor cells have not
only survived in the immunocompetent hosts, rather they
were recruited to repair injured myocardium. These re-
ports highlight the immuno-privileged nature of the mes-
enchymal stem cells.

A similar report has documented mouse embryonic
stem cells for transplantation into immunocompetent rat
heart thus exploiting the immuno-privileged nature of the
embryonic stem cells [37]. The same researchers have co-
transplanted human fetal cardiomyocytes and human
mesenchymal stem cells in a model of myocardial infarc-
tion [36]. The human cell xenograft survived for up to six
weeks in a porcine host. Donor specific tolerance was
achieved by immunosuppression using 15mg/kg daily
dose of cyclosporine. Our experience in porcine heart
models of chronic ischemia and infarction has revealed
the feasibility and effectiveness of cyclosporine admini-
stration for transplantation of human myoblasts [7]. A
salient feature of our study is the long term survival of the
donor myoblast xenograft in the host myocardium using
transient cyclosporine immunosuppressive therapy at the
time of myoblast transplantation. Our results reveal the
‘conditionally’ immuno-priviledged nature of human
myoblasts. The use of human myoblasts expressing lac-z
reporter gene enabled us to assess histologically the in

vivo fate of the donor cells post transplantation. The
xenomyoblasts were observed for up to 7 months post
transplantation in the host tissue.

Human Skeletal Myoblasts

Skeletal myoblasts are the precursors of the skeletal
muscle (Figure 1). Some of the important characteristics
of myoblasts are listed in Table I. Unlike cardiomyocytes,
they are capable of extensive mitosis without any loss of
myogenicity or development of tumorigenicity. In re-
sponse to injury, myoblasts have the intrinsic ability to re-
enter cell cycle and give rise to two types of the cell
populations [56]. One of these after achieving fusion
competence through the expression of the surface pro-
teins integral to the myoblast fusion, fuse and differenti-
ate into myotubes. These myotubes are subsequently in-
tegrated into the muscle architecture and deposit actin,
myosin, troponin and tropomyosin that eventually organ-
ize into sarcomeres, the structural units of muscle con-
traction. The other progeny of myoblasts leaves the cell
cycle and forms new satellite cells found between the
basement membrane and the plasma membrane of every
skeletal muscle fiber.

The purity of myoblast preparation before transplanta-
tion is imperative. A common pitfall of myoblast culture
is fibroblast contamination. From previous dose re-
sponse studies in muscular dystrophies, it is estimated
that the dose of one billion pure myoblasts is optimal to
produce the regenerative heart. This conjecture still has
to be tested in future studies.

The contaminating population of the cells in the
myoblast preparation is one of the factors that trigger the
cell graft rejection post transplantation. Human myoblasts
during the present study were manufactured according to
Cell Therapy Inc., Singapore SOP’s with a license of the
U.S. Patent No. 5,130,141 [28]. The biopsy site on the
rectus femoris of the donor was injured by repeated punc-
ture under local anesthesia. Three days later, 3-5 g skele-
tal muscle biopsy was obtained from the injured site and

Figure 1. Phase contrast photomicrograph of human
myoblasts culture at 72 hours after seeding
(magnification = 200x).
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processed by the patented procedure to generate
myoblasts. The cells were expanded in 225mm’ tissue
culture flasks (5x10° cells/flask) pre-coated with collagen
using patented Super Medium at 37°C and 5% CO, until
confluent. Myoblasts were >95% pure as determined by
desmin staining (Figure 2). For donor cell identification
post-transplantation, the cells were labeled with lac-z re-
porter gene using retroviral vector carrying lac-z reporter
gene. As a monolayer culture, they were incubated with
supernatant from FLY-A4 cells containing 1x10° viral
particles/ ml for 8 hours. Transduction procedure was re-
peated three times at 24 hour interval.

Our optimized multiple transduction method yielded
highly efficient 75-80% lac-z positive cell population
(Figure 3). Dye exclusion test using trypan blue re-
vealed over 95% cell viability at the time of injection.
The study was conducted with a license of the Singa-
pore Patent No. 34490 (WO 96/18303) [29]. Our pre-
sent study is the first ever attempt to assess the in vivo
behavior of donor human myoblasts as a graft in animal
models for cellular cardiomyoplasty.

Animal Models

Various organ xenotransplantation models have been
studied and applied clinically with little success; models
of cellular xenotransplantation have been less well stud-
ied [5, 51, 55]. The successful creation of a xenotrans-
plantation model for human myoblast transplantation into
the heart allowed the study of human cells in pathophysi-
ological environment such as ischemia or infarction. This
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Figure 2. Immunostaining of human myoblasts for des-
min expression. The cells were cultured on poly-
lysine coated microscopic glass slides for 24
hours. Immunostaining was performed using
primary mouse anti-human desmin monoclonal
antibody (Sigma) and secondary rabbit anti-
mouse polyclonal antibody conjugated with
horseradish peroxidase enzyme. The desmin
positive cells were visualized by diamnoben-
zidine substrate (magnification = 400x).
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Figure 3. Histochemical staining for B-gal activity in
human myoblasts in vitro. The cells were trans-
duced with lac-z reporter gene using a retroviral
vector construct with nuclear localization signal.
The cells were stained with x-gal substrate. The
figure shows green stained nuclei of the
myoblasts (Magnification = 200 X 1.5x).

also raises the possibility of using non-human cells with
favorable characteristics to be used in human subjects.

The in vivo behaviour of human myoblasts with respect
to cellular cardiomyoplasty in heart failure patients has
been less well studied due to the ethical issues difficulties
of using human subjects as models. Most of the informa-
tion in this regard could be based on data from the post
mortem samples of the myocardium taken from the pa-
tients who died after receiving myoblast cellular grafts or
from the biopsies taken from Duchene Muscular Dystro-
phy patients getting myoblast transplantation therapy.

We have created porcine heart models of chronic
ischemia and infarction by placement of ameroid ring
around the left circumflex coronary artery (LCx) at its
proximal most position and by the ligation of a branch
of the LCx using prolene suture respectively. Both the
models were confirmed for ischemia or infarction us-
ing Tc’*™-MIBI rest and stress nuclear scans before
transplantation of the myoblasts. The complete occlu-
sion of the ligated coronary blood vessel was assessed
by coronary angiography by the injection of the con-
trast agent (Hypaque-76, Nycomed Inc., New York).
The injection of donor myoblast in the heart was car-
ried out by intramyocardial injection in the free wall of
the left ventricle under direct vision. Twenty injections
of 0.25 ml each, containing total of 300 million cells
were injected in and around the area of infarct. The
control animals were injected with the same volume of
injection solution, however, without cells.

Immunobiology of Myoblast Therapy

Limiting factors in the myoblast grafting for tissue re-
pair include extensive early cell death, poor overall cell
survival rate and limited translocation from the site of in-
jection [18, 43, 46]. The initial decline in the donor cell
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number may be attributed to maladaptation or possible
anoxia at the site of injection [10]. A second phase of cell
death has also been described and ascribed to non-
specific inflammatory response initiated due to tissue
damage and the donor cell specific immune response.

Ideally myoblast transplantation should involve the in-
troduction of donor cells in the host myocardium to re-
populate the damaged myocardium. The cells in most
cases have been obtained from autologous sources or they
have been grafted in immunocompatible or the immuno-
suppressed hosts [19, 26]. There is increasing evidence
that the immune response specific for donor myoblasts
occur both in humans as well as animals [20, 45]. The
human myoblasts if injected into inadequately immuno-
suppressed recipient may trigger immune response [19].
Without the immunosuppressive treatment, humoral reac-
tions and antibody production are present within 2 weeks
and the immune reaction leads to rejection of the graft
[53]. After injection into the host, the cultured donor
myoblasts pass through rapid and massive cell death
phase. This is extensive by 48 hours resulting in death of
up to 99% of the injected myoblasts in some cases [1].
The acute and profound cell death is too rapid to be ex-
plained alone on the basis of immunological reactions
[18]. Guerrette and co-workers have shown that the initial
massive cell death is caused by an inflammatory process
[15]. They have demonstrated the infiltration of the in-
jected site by polymorph nuclear cells within one hour of
myoblast injection followed by infiltration by Macl+,
CD4+ CD8+ and LFA1+ [13]. Merly et al have presented
evidence that the non-specific inflammatory reaction was
responsible for the rapid myoblast death of up to 90%
[35]. Infiltration of the injection site has been observed by
neutrophils and natural killer cells within the first 5 hours
of transplantation. The infiltrating cells cause cytotoxicity
against the donor myoblasts. The role of host comple-
ment system in cell graft rejection has also been studied.
Complement activation seems not to be directly impli-
cated in damaging the myoblast graft but plays a secon-
dary role to the cell death by enhancing chemotaxix of
neutrophils and macrophages at the graft site [49]. Nu-
merous studies have implicated the host immune re-
sponse as the cause of cell death although the exact
mechanism is not yet known.

Unlike embryonic stem cells, human myoblast be-
have as ‘conditionally’ privileged cells when they are
grafted in vivo. Immunogenicity of the implanted
myoblasts is expected to decline down the pathway of
differentiation as myoblasts down-regulate the expres-
sion of MHC-I and MHC-II antigens. The skeletal
muscle fibers do not express MHC antigens except for
in the pathological conditions [39].

Strategies to Enhance Donor Cell Acceptability

Having identified acute massive cell death as a major
problem, methods have been designed to modulate both
humoral as well as cellular immune responses or modify
the delivery strategies to enhance donor cells acceptabil-
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ity by the host [14, 40, 43, 50]. The use of anti-
inflammatory agents including glucocorticoids (methyl-
prednisolone) Naproxen and Piroxicam were inadequate
to effectively control the survival of the transplanted
myoblasts [15]. The use of donor specific transfusion is
an attractive alternative to the continued use of such
drugs which have deleterious effects [3]. Treatment with
anti-LFA (lymphocyte function associated antigen) an-
tibodies reduced myoblast death to 18% [16].

Another strategy may be to use multifunctional
growth factors and cytokines such as bFGF and TGFf-1
which play an integral role in immunoregulation [26].
Systemic injection of TGFB-1 or pretreatment of
myoblasts with TGFB-1 results in prolonged survival of
the donor myoblasts. The use of genetically modified
myoblasts will release TGFB-1 locally or the other strat-
egy may be to co-transplant myoblasts and cells carry-
ing TGFB-1 [48]. Similarly, the myoblasts genetically
modulated to produce IL-1 inhibitor may show im-
proved survival rate post transplantation [43].

The use of immunosuppression is routinely practiced in
tissue transplantation. The rejection of the donor cells has
been prevented by the use of various immunosuppres-
sants including FK-506 or its analogues or by the admini-
stration of cyclosporine-A [2, 24, 25, 27, 54]. The degree
of success varies with the mode of immunosuppression
and the effectiveness of immunosuppressive treatment
[53]. The introduction of cyclosporine, alone or in com-
bination with other agents, as the primary immunosup-
pressive agent has resulted in excellent graft cell survival
[6, 55]. Our own results emphasize the importance of
transient immunosuppression to achieve long term sur-
vival of the xenografted myoblasts [17]. Starting immu-
nosuppression a few days prior to cell transplantation
provides a congenial environment for donor cells to ad-
just to the host surroundings. In this study, 6 weeks im-
munosuppression was sufficient for the donor cell sur-
vival; it allowed the myoblasts to differentiate into mature
fibers (Figure 4). Skeletal myoblasts express MHC anti-
gens on their surface until they start to differentiate. Dur-
ing skeletal muscle development and regeneration, ex-
pression of MHC antigens is down-regulated. It is known
that the differentiated muscle fibers do not express MHC-
I and II [22]. The use of cyclosporine successfully pre-
vents antibody formation against the donor myoblasts. It
suppresses host adoptive immune response, thus allowing
differentiation of donor myoblasts into mature muscle
fibers. Secondly, it contributes towards down-regulation
of MHC antigen expression.

Immunohistochemistry showed no expression of human
MHC-I at 6 weeks post myoblast transplantation (Fig-
ure 5). The long-term survival of myoblasts and lack of
immune response towards the xenograft as evident from
the absence of immune cell infiltration at the site of the
graft, is suggestive that the graft is taken as ‘self’ by the
host immune system. The possible mechanism is sponta-
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Figure 4. Lac-z expression in vivo in a porcine heart trans-
planted with human myoblasts at 6 weeks post hu-
man myoblast transplantation. The cells were trans-
duced with lac-z reporter gene using retroviral con-
struct with nuclear localization signal. The cells
were transplanted by intramyocardial injections un-
der direct vision. The green dots represent the lac-z
positive donor myoblasts nuclei in the host tissue.

neous fusion between the fusion competent myoblasts
and host cardiomyocytes (our unpublished data).

Histological examination of explanted porcine myo-
cardium between 6 to 30 weeks after transplantation of
myoblast showed not only myofibers of human origin,
but also porcine cardiomyocytes having human myonu-
clei with lac-z gene expression. Control muscle stained
sections did not show lac-z expression. Human
myoblasts survived and integrated into the porcine
ischemic myocardium, allowing concomitant cell ther-
apy and genome therapy. Whereas new fiber formation
improves heart contractility, the genetic transformation
of cardiomyocytes in vivo to become regenerative het-
erokaryons through myoblast genome transfer consti-
tutes an exciting new therapy for heart repair.

Future Perspectives

The time lag for the generation of myoblasts from the
skeletal muscle biopsies and their amplification to suffi-
ciently large number for human application is an obstacle
in the clinical implementation of myoblast therapy for
cardiac repair. Like the ‘gene in a bottle’ concept for the
use of DNA as a pharmaceutical product in gene therapy,
the ideal scenario for the use of myoblasts for transplanta-
tion would be to have 'ready-to-use’ myoblast prepara-
tions. The transplantation of cells and organs across the
species barriers is a potential field and a major effort is in
progress to alleviate the concerns regarding their use in
human. The potential of xenotransplantation may be ex-
ploited by genetically engineering the surface antigens on
the donor cells. By genetic manipulation, they may be
made friendlier for the host immune system.

Another important aspect is to adopt counter measures
to meet demand for normal myoblasts. The labor inten-
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Figure 5a-c. Immunostaining of human myoblast trans-
planted lac-z positive porcine cardiac tissue sections
(8 um thickness) for the expression of human major
histocompatibility complex (MHC). Figures 5b and
Sc represent positive controls using human blood
sample smear and human myoblasts cultured in vitro
on microscopic glass slides respectively and immu-
nostained for human MHC-I expression. (Magnifica-
tions: a = 400; b & ¢ = Oil immersion)

siveness and high cost of cell culturing, harvesting and
packaging, and the fallibility of human imprecision will
soon necessitate the production of automated cell proc-
essors capable of manufacturing huge quantities of vi-
able, sterile, genetically well-defined and functionally
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demonstrated myoblasts. This invention will be one of
the most important offspring of modern day computer
science, mechanical engineering, and cytogenetics. The
intakes will be for biopsies of various human tissues.
The computer may be programmed to process tissue(s),
with precision controls in time, proportions of culture
ingredients and apparatus maneuvers. Cell conditions
can be monitored at any time during the process and
flexibility is built-in to allow changes. Different proto-
cols can be programmed into the software for culture,
controlled cell fusion, harvest and package. The outputs
supply injectable cells ready for cell therapy or ship-
ment. The cell processor will be self-contained in a ster-
ile enclosure large enough to house the hardware in
which cells are cultured and manipulated.

Conclusion

The cross species survival of the graft in an immuno-
competent host is not well supported by the prevailing
concepts of immunotolerance. The success of clinical
xenotransplantation of organs and cells depends on
finding the ways of inducing tolerance across the
xenogenic barriers. In view of the emerging reports of
successful xenograft survival, the understanding and
careful elaboration of the fundamental concepts in this
regard will have far reaching implications on trans-
plantation based treatment modalities. Unless the un-
derlying mechanism of the grafted myoblast rejection
is ascertained, it will remain a daunting task to trans-
late myoblast transplantation into a clinical reality.
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