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Cellular Transplantation for the Treatment of Heart Failure.
State of the Art
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Thetechnique of transplanting muscle cellsinto the
myocardium hasbeen devel oped over thepast few yearsin
different animal models, with the aim of repopulating the
impaired cardiac musclewith functional tissue. A clinical
trial isnow underway in Franceto assessthereal benefit of
thisnew therapy.

Heart failureisbecoming amajor public health pro-
blem, and considering theincreased longevity rates of the
world population, itisexpectedto betheprevailing cardiac
disease of the next century. Thisisbasically caused by the
progressin cardiol ogy, which has reduced mortality from
acute myocardial infarction, and hasbeeninterpreted asan
“ironicfailureof success’. When thisdisease becomesre-
fractory to pharmacological therapy, available surgical
treatmentsappear, themost radical being thereplacement of
theentirefailing organ, asin cardiac transplantation. Howe-
ver, thistechnique hassomelimitationsinherent to the pro-
cedure, such as organ shortage and graft vascul opathy.
Wemust consider thefact that thistreatment option cannot
be proposed to all potential candidates. Theintrathoracic
implantation of circulatory assist devicesistill primarily
considered asabridgetotransplantationinthemost critical -
lyill patients. Another interesting option isxenotransplan-
tation, whichisstill confined to the experimental stage, in
particular becauseof thedifficulty in adequately addressing
major safety issues.

Among the less aggressive surgical techniques pro-
posed?, thegreat majority attempt to changethe geometry
and the dilatation of theleft ventricle. To maintain cardiac
output, the left ventricleincreasesits volumeloosing its
normal oval shape and acquiring arounded aspect. Resha-
ping theleft ventricle could be very attractive considering
the Starling law, but it doesnot correct theunderlying disea-
sethat triggered theremodeling process, that iscardiomyo-
cyte death, often responsible for the development of pro-
gressive congestive heart failure.
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With the objective of increasing ventricular mass,
L eriche and Fontaine? proposed, in an experimental study
towraptheheart with askeletal muscle, thelatissmusdorsi.
Fivedecadeslater dynamic cardiomyopl asty wasborn®and
wasused asan optionfor te restoring myocardial contracti-
lity. However, it hasyiel ded rather inconsistent resultsbasi-
cally owingto skeletal muscleatrophy.

Inthissetting, over these past years, cellular transplan-
tation hasemerged asan attractiveal ternatetherapy for severe
heart failure. This approach was encouraged by the re-
cognition that normal myocardium could be successfully co-
lonized by avariety of contractile cells. The engraftment of
cardiomyocyteshasbeendemongrated by injecting cellstaken
from transgenic mice expressing the 3-gal actosidase gene*?,
which could then beidentified by specificstaining. Likewise,
the presence of allogenei c-dystrophin-positive cellsin the
heartsof dogssuffering from Duchenne muscular dystrophy,
whichischaracterized by alack of dystrophin, has brought
additiond evidencefor thecapacity of transplanted cellstobe
harbored andintegratedintotherecipient myocardium®within
the cardiac tissue, as demonstrated by the formation of
intercalated discs between host and recipient cells*. Finally,
fetd cardiomyocyteshavebeen showntobeabletosurvivein
the bordering zone of amyocardial infarction ¢ opening the
possihility of colonizingischemicmyocardium.

Inasecond step, different studieshaveassessed whe-
ther cellular transplantation could effectively improvethe
function of ischemically diseased myocardium. A positive
answer tothisquestion hasbeen achieved by Li and cowor-
kers”who haveshown, inarat model of cryoinjury-induced
myocardial infarction, that theintramyocardial i njection of
fetal cardiomyocytesimproved systolic and diastolic
function up to 2 months after transplantation, as assessed
by ex vivo Langendorff perfusion studies. To thisend,
Scorsin and coworkers?® devel oped a protocol of echocar-
diography allowing an accurate analysis of two-dimensio-
nal echocardiographic imagesrecorded in these fast-bea-
ting animals (approximately 300 bests/minute). Inareperfu-
sedinfarcted areainrats, fetal cardiomyocyteswereintra-
myocardially implanted, and, 1 monthlater, functionwasfo-
und to be significantly improved (as reflected by higher
valuesin gjection fractionand cardiac output) in transplan-
ted animal s, when compared with controlsthat had only
received an equivalent volumeof culturemediumalone.
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Another important issue was to determine whether
functional benefitsof cellular transpl antation, documented
inamodel of regional ischemia, could beextendedtotheset-
ting of global heart failure. Tothisend, inamousemode! of
anthracycline-induced toxic cardiomyopathy °, it waspossi-
bleto show that injected fetal cardiomyocytesalsoimpro-
ved cardiac function 1 month after transplantation, ascom-
pared with control nontransplanted animals.

Theadvantageof fetal cardiomyocytesascellular grafts
istheir capacity of entering the cell cycle and developing
connectionswith host cells, an essential conditionfor func-
tional improvement. Neverthel ess, avail ability issues, ethi-
cal problemsrelated to the fetal source of these cells, and,
mainly, thenecessity of immunosuppressivetherapy arerea
limitationsfor apotentia clinica applicationof thisalograft
technique. Because of the previously mentioned drawba-
cksassociated with the use of fetal cells, the search for al-
ternate cellular typeswas then refocused ontheideaof a
clinical useof autografts. Amongthecellswiththegreatest
therapeutic potential, bonemarrow stromal cellsand skele-
tal myoblastsappear to bethe most promising.

Bone marrow cells

Bonemarrow containsmultipotential progenitor cells
(mesenchymal stem cells) that arein an undifferentiated
statewith ahighly proliferative capacity. With theuse of in
vitrochemical induction, they candifferentiateintobone, ten-
don, fat, andmuscle. Inavery complex cultureprocedure®®in
which cellswereexposed to 5-azacytidine, 30% of themwe-
reabletochangetheirinitia stemforminto cardiomyocyte-
like cells, including the presence of intercalated disksand
myotubes. Some studies showed ** that stromal bone mar-
row stem cells, without in vitro muscular differentiation,
transplantedinanormal myocardium could undergo® mili-
eu dependant " differentiation and express cardiogenic
phenotype. However, inacryoinjury model of myocardia in-
farctioninrats??, only previously invitro chemicaly in-
duced muscul ar differentiated cellswere ableto improve
function 2 months after transplantation. Despite thisvery
interesting and promising optiontorestoremyocardial via-
bility, use of bone marrow stem cellsraisestwo important
concerns: 1) Themultiplication potentiality and production
of avery large number of differentiated cells invitro has
not yet been demonstrated. Cell duplication and reproduc-
tionisthefirst condition to fully recolonize the diseased
myocardium and thusimprove ventricular function; 2) A
risk ispresent of devel oping other typesof tissue, especial -
ly if undifferentiated stem cellsare used. If the hypothesis
that stromal cells can undergo phenotypic changes accor-
dingtothenhistol ogic characteristic of thehost tissueislegi-
timate, it soundslogical toimaginethat they could bediffe-
rentiated into fibroblastsinstead of cardiomyocyteswhen
transplanted in afibrotic scar, consequently reducing the
therapeutic spectrum of thistype of procedure.
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Skeletal myoblasts (satellite cells)

Theprecursor of skel etal musclefiber, themyoblast 2,
ispresent inadult mammalsasaquiescent cell and may acti-
vate, proliferate, and differentiate upon muscleinjury (in
vivo) or following tissuedissociation (invitro) in culture.

Working on primary myoblast transplantationsinacry-
oinjury model of myocardial infarctionindogs, Chiuetal.
wereableto characterizethedonor cellsinthemyocardium
14 weeksafter injection. Inthisstudy, they identified myo-
blastsshowing a“milieu dependant” differentiation, these
cellshaving lost their characteristic skeletal morphol ogy,
acquiring acardiac-likephenotype. Murry et al. > observed
theformation of myotubesand skel etal musclefiberswithin
thecardiactissue, but they were unabletoidentify cardiac-
specific markerswithinthetissueformed by theinjection of
myoblasts. Morerecently, Taylor et al. 6 obtained functio-
nal improvement, asassessed by sonomicrometry, by trans-
planting myoblastsin acryoinfarcted rabbit heart model
where skeletal muscle cellswere found within the scar
tissue following transplantation. Of noteisthe fact that
functional improvement wasonly seenin thoseanimalsin
whichimplanted cellswerehistologically identified, thereby
providing strong evidencefor acausal relationship betwe-
enthe presence of engrafted cellsand thefunctional outco-
me. Inamyocardial infarction model inratscreated by coro-
nary artery ligation, Scorsin et al.*” documented asignifi-
cantimprovementinfunction, primarily manifested asalimi-
tation of the postinfarctionventricular remodeling, compa-
red with nontransplanted controls. Transplanted cells
could beidentified by a positive staining for embryonic
myosin-heavy chain (whichis specific for skeletal myo-
blasts), and no gap-junctionsweredetected between trans-
planted cells as expressed by the negative staining of the
connexin-43, whichisconsi stent with thestudy by Murry et
al. Performing the same experiment ¥, Scorsinet al. ¥’
comparedthefunctiona outcomebetweenfetal cardiomyo-
cytesand skeletal myoblasts, the latter being as effective
asfetal cardiomyocytesinimprovingthefunction of thein-
farcted myocardium. Thiswasavery important datum con-
sidering that the fetal cardiomyocyte remainsasthe stan-
dard cell intermsof restoring cardiac function. Thefact that
myoblastswerefunctionally equival ent opened theway for
using them asautograftsin an attempt to restoremyocardial
viability inhumans.

After many years of preclinical research studies, the
French health authoriti eshave approved the undertaking of
aphase 1 trial concerning myoblast transplantation in
patients with severe heart failure. The results obtained in
thefirst clinical case® were very promising. After trans-
planting 800 millioncells(Fig. 1) inaninferior wall of a2-
year-old myocardial infarction scar (nonreversibleakinetic
by dobutamine echocardiography, with an absence of viabi-
lity confirmed by positron emissiontomography -PET), the
akineticwall became contractile (echocardiographic positi-
veresponse by 1 grade to dobutamine stress), improving
theleft ventricular gjection fraction from 20to 38% with a
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Fig. 1 - Myoblast transplantation in a patient with a 2-year-old myocardial
infarction. Injection of culture medium containing150x10°cells/mL into the
infarctedarea.

markedincreaseinthemetabolismintheprevioudy nonvia
bleareademonstrated by PET.

Perhapsthisfunctional improvement needsto becau-
tiously analyzed considering that 2 associated coronary
artery bypass surgeries were performed on the | ft side of
theheart. But theeminent fact of thisreport isthefeasibility
of alarge-scale production of autologous myoblasts and
their successful surgical engraftment, confirmed by the
new-onset metabolic activity inthe previously dead zone.

Many questions still need to be clarified, however.
Do skeletal myaoblasts become fatigueresistant? What is
their life span after transplantation? Do they formany kind
of couplingwith host cardiomyocytes? Do they acquirea
cardiac-likephenotype? Researchersaretrying to answer
some of these questions. It has been demonstrated that 2
to 7 weeks after transplantation, ** myaoblasts from fast-
fiber isoforms convert into slow-twitch muscle, whichis
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moreresistant to fatigue. Thefact that grafted myoblasts
wereableto convert thefiber isoformmay indirectly indi-
cate that they were contracting. However, if they do not
form any cardiac-specificjunctionasshownin someexpe-
rimental studies 3%, one possible hypothesisto explain
thisparadox isthat they probably contractinreactiontoa
mechanical stimulusinstead of theclassicelectric stimula-
tion through intercalated disks.

Another important point to be stressed isthe ideal
number of cellsto be transplanted. Based on an experi-
mental study in rats*°, adirect relationship was shown
between thenumber of cellsand theimprovement infunc-
tion. Considering the clinical case mentioned above 8, it
appears that the number of cellsrequired to restore the
viability of amedium-sized myocardial infarction (lossof
20-30% of left ventricle mass) isapproximately 1 billion
cells, which take 2 weeksto grow in amyogenic-specific
culture medium, thusprecluding the use of thistherapy in
an emergency setting.

Finally, looking at heart failurenatural history andthe
severity of theremodeling processintensified over time, the
optimal periodfor patientsto undergo cellular transplanta-
tionstill needsto bedetermined. Inall animal models, cellu-
lar transpl antation has been used with success early after
themyocardial infarction, before end- stageformsof heart
dysfunction appear. Perhaps one of the main advantages of
thistherapy isto stop the left ventricular remodeling pro-
cess, when performedinamedium- dilated | eft ventricle, alo-
wing consequently the hypertrophy of theremainingviable
cardiomyocytesin associationwith thenew engrafted ske-
letal muscletoimproveheart function.

Insummary, itisimportant toemphasizethecons stency
of these experimental data. Regardless of the species(rat 8,
mouse ®, rabbit 6); the type of contractile cells (fetal car-
diomyocytes”5, skeletal myoblasts?6"); themodel (coronary
artery ligation 8, cryonecrosis’, anthracycline-induced global
cardiomyopathy °) and the assessment method (L angendorff
perfusion’, sonomicrometry *¢, echocardiography ©), cellular
transplantation has consistently resulted in a definite im-
provement of function, which providesastrong rationale
for theuse of thistechniquein humans. Thephase 1 clinical
trial (inwhich 9 patientswill betreated) isbeing undertaken
in Francewith theaim of demonstrating thefeasibility and
thesafety of the procedure. If no hazardoussideeffectsare
detected, then alarge multicenter study will beinitiated to
assessthereal placeof thistherapy intheheart failurethera-
peuticarmamentarium.
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