
The	Future	of	Regenerative	Medicine	in	
Cardiac	surgery
Alireza A. Ghavidel MD
Professor of Cardiovascular Surgery

Rajaei cardiovascular Medical & Research Center

Tir 1397 July 2018

rhc.ac.ir



Regenerative treatments will emerge but will be most useful in areas where
more traditional approaches leave voids of unmet needs; thus, progress in other 
fields will play a major role in determining where regenerative
breakthroughs can occur





In 2001, Orlic et al. reported that bone marrow stem cells injected into the
infarcted myocardium

Unfortunately,	although	some	randomized	clinical	trials	disclosed	a	functional	
improvement	due	to	bone	marrow-derived	stem	cells,	the	initial	enthusiasm	
for	heart	regeneration	by	stem	cell	transplantation	has	since	been	dampened	
by	the	modest	clinical	benefits	observed	to	date	

injected	stem	cells	do	not	persist	for	long	in	the	myocardium	and	do	not	work	
through	a	transdifferentiation	process	into	new	cardiomyocytes	but	rather	
through	paracrine	effectors	



Many	clinical	studies	have	conducted	using	these	somatic	stem	cells	so	far:	TOPCARE-
AMI,	BOOST,	REPAIR-AMI,	LateTime (Bone	marrow	hematopoietic	stem	cells),	REGENT	
(endothelial	progenitor	cells),	POSEIDON	(mesenchymal stem	cells),	MAGIC	 CAuSMIC
(skeletal	myoblasts),	CADUCEUS,	SCIPIO	(cardiac	stem/	progenitor	cells)	and	so	on	

Acute	ischemic	injury	and	chronic	cardiomyopathies	lead	to	permanent	loss	of	cardiac	
tissue	and,	consequently,	heart	failure.	Cell	transplantation	is	thought	to	be	an	ideal	
therapeutic	method	for	replacing	lost	myocardium	

Death	Valley



It is commonly believed that the low rates of grafted cell survival and engraftment
diminish their potential and are serious technical limitations of stem cell therapy. Over 70%
of injected cells have been reported to die progressively during the first 48 hours after
needle injection due to the hypoxic, inflammatory, and/or fibrotic environment.

Therefore, new strategies such as combining the cells with bioengineering techniques have
been developed and shown improvement of the efficiency of stem cell therapies

Starting	with	initial	experiments	performed	by	combining	the	cell	injection	with	injectable	
biomaterials	(collagen,	fibrin,	gelatin	or	Matrigel),	brand-new	techniques	such	as	the	
creation	of	microtissues (cell	sheets,	patches	or	engineered	cardiac	tissue)	are	now	being	
developed	in	order	to	enhance	both	cell	survival	and	the	homogeneous	and	organized	
distribution	of	the	cells.	



We have utilized a scaffold-free cell sheet technology using culture dishes covalently
grafted with the temperature-responsive polymer poly (N-isopropylacrylamide)
(PIPAAm), which enables the preparation of cell sheets without enzymatic digestion

We	showed	that	mouse	embryonic	stem	cell	(ESC)-derived	cell	sheet	transplantation	
to	a	rat	myocardial	infarction	model	improved	cardiac	function	through	indirect	
paracrine	mechanisms	such	as	tissue	neovascularization	

The	direct	mechanical	support	of	the	transplanted	cell	sheets	would	be	desirable	for	
more	effective	cardiac	regeneration.	

However,	no	evidence	of	the	reinforcement	of	contraction	by	the	physical	integration	
of	the	cell	sheet	and	host	myocardium	was	reported	to	date.	

To	realize	that,	more	increased	survival	of	cell	sheets	would	be	essential,	and	
supplemental	strategies	together	with	current	cell	sheet	transplantation,	such	as	
vascularization	of	cell	sheet,	might	be	promising.	



Obtaining sufficient volume of cardiac cells which can survive after transplantation
and creating patches/organs that mimic the structure and function of the heart remain
challenging.

In	this	regard,	induced	pluripotent	stem	cells	(iPSCs)	possess	great	potential	for	
cardiac	regeneration	as	they	can	be	expanded	geometrically	and	repeatedly	in	vitro,	
can	give	rise	to	multiple	cardiac	cell	lineage	cells	once	allowed	to	differentiate,	and	
lack	the	ethical	and	immunogenic	issues	associated	with	the	use	of	ESCs	

numerous	(>108)	heart-composing	cells	might	be	required	to	fully	repair	a	damaged	
human	heart.	This	approach	to	repairing	cardiac	tissue	has	been	tested	in	preclinical	
studies	with	encouraging	results	including	our	result	

However,	no	human	trials	of	the	use	of	ESCs	or	iPSCs for	cardiac	repair	have	been	
attempted	so	far.	



One future direction of regenerative medicine supported by cardiovascular surgery is the 
combination of stem cell therapy and conventional surgical procedures

Concomitant	coronary	artery	bypass	grafting	(CABG)	and	stem	cell	administration	has	
been	studied	in	patients	with	chronic	myocardial	ischemia,	but	the	results	were	too	
marginal	to	justify	full-scale	therapeutic	implementation	

The	combination	of	cell	therapy	and	various	surgical	procedures	other	than	CABG,	such	as	
left	ventricular	assist	device	implantation,	left	ventricular	reconstruction	or	mitral	repair	
for	ischemic	mitral	insufficiency,	might	be	a	promising	strategy	in	the	future	and	could	
provide	hope	for	many	patients,	especially	those	with	severe	chronic	heart	failure	who	are	
ineligible	for	heart	transplantation.	

Another	direction	of	future	research	is	the	further	elucidation	of	the	mechanisms	of	
cardiac	repair	through	cell	therapy	

Previous	studies	of	somatic	stem	cell	therapy	relied	on	injections	of	heterogeneous	cell	
populations,	which	limited	the	insights	they	could	provide	into	the	cellular	and	molecular	
behaviors	and	mechanisms	of	action	of	transplanted	cells.	An	understanding	of	the	roles	
of	each	cell	population	as	well	as	the	various	complex	intercellular	interactions	in	the	
heterogeneous	populations	transplanted	would	be	a	breakthrough	in	the	improvement	of	
cardiac	cell	therapy.	



Utilizing the mouse ESC differentiation system to obtain defined cardiovascular 
populations, we recently found a major cellular mechanism, that is, cardiomyocytes are 
essential for sufficient cardiac restoration after sub-acute myocardial infarction mainly 
through angiogenesis 

There	are	many	promising	approaches	to	cardiac	regeneration	besides	cell	therapies	
discussed	above.

The	generation	of	human	hearts	from	other	animals	by	using	interspecific	chimera	
technology	with	blastocyst	complementation	is	one	such	approach	

.	Another	avenue	of	regenerative	medicine	is	gene	therapy,	which	is	emerging	as	a	
potential	treatment	option	in	patients	suffering	from	a	wide	spectrum	of	cardiovascular	
diseases,	including	coronary	artery	disease,	peripheral	vascular	disease,	vein	graft	
failure,	and	in-stent	restenosis	



MicroRNAs (miRNAs), which are small, non-coding RNAs that regulate gene 
expression in a sequence-dependent manner, are also being investigated as a new 
modality of gene therapy for ischemic heart disease or vascular diseases. 

In	2010,	Ieda et	al.	reported	that	a	combination	of	three	developmental	
transcription	factors	(Gata4,	Mef2c,	and	Tbx5)	directly	reprogrammed	postnatal	
cardiac	or	dermal	fibroblasts	into	differentiated	cardiomyocyte-like	cells	in	vitro	
(direct	reprogramming)	

This	technology	was	recently	applied	to	an	in-vivo	mouse	MI	model	in	which	the	
three	genes	were	delivered	by	a	retroviral	vector,	resulting	in	the	direct	
reprogramming	of	cardiac	fibroblasts	within	the	infarction	site	into	cardiomyocyte-
like	cells	and	the	amelioration	of	cardiac	dysfunction.	Therefore,	despite	concerns	
over	the	ethics	and	safety	of	gene	therapy,	it	is	a	promising	segment	of	the	broad	
field	of	cardiovascular	disease	research.	

Ieda M,	Fu	JD,	Delgado-Olguin P,	Vedantham V,	Hayashi	Y,	Bruneau BG,	et	al.	Direct	reprogramming	of	fibroblasts	
into	functional	cardiomyocytes	by	defined	factors.	Cell.	2010;	142:	375-386.	





























































The pediatric heart is more resistant to fibrosis in response
to injury and is defined by increased density of progenitor cells
or cardiomyocytes that retain proliferative potential. Notably,
pressure overload in pediatric RV demonstrate a significant
increase in cardiac stem cells.87 The endogenous regenerative
potential of the youthful heart may not be sufficient to overcome
the challenges of severe CHD, such as HLHS

The	surgical	repair
of	CHD	is	continuously	challenged	by	a	growing	heart	with
increased	physiological	demands.	Therefore,	customized	regenerative
products	that	can	meet	the	emerging	gaps	of	yesterday’s
treatments	will	afford	new	possibilities	to	preserve	and
extent	the	viability	of	each	patient’s	suboptimal	cardiac	tissues.
As



PERSEUS	 trial;
(Cardiac	Progenitor	Cell	Infusion	to	Treat	Univentricular	Heart	Disease)

autologous cardiosphere derived cells and intracoronary delivery of 3.0×105 cells/kgmonths
after either stage 2 or stage 3 palliation

≈6%	increase	of	ejection	fraction	of	the
single	ventricle	by	3	independent	measures



TICAP	trial
(Transcoronary Infusion	of	Cardiac	Progenitor	Cells	in	Patients	With	Single	Ventricle	Physiology)

Patients with HLHS undergoing stage 2 surgical
palliation and having autologous umbilical cord blood collected
and processed may be eligible for direct injections into the
myocardium during the surgical procedure





Poor retention and survival
of transplanted cells in the heart which can decrease
to 39% at 1 h following injection as seen in human
studies

The
increased cell death is swayed by various inflammatory
response mediators, mechanical injury, hypoxia and
ischemia-reperfusion stressors, and influenced as well
by the donor cell source and quality[69]



Nevertheless, the
high morbidity and mortality associated with HLHS remains
unsatisfactory with an emerging epidemic of RV failure in
these patients with no available alternative treatment options.
This challenging clinical scenario presents as an ideal
situation where regenerative medicine approaches can be
applied. Promising preclinical and early clinical evidence
suggest that stem cell therapy may be able to preserve the
function of the pressure-overloaded RV. Initial case reports
and subsequent clinical trials highlight the potential benefits
of regenerative medicine in patients with HLHS, while reminding
us of the challenges that remain to be conquered



Engineering cardiac tissue that mimics native myocardium tissue depends on modulating 
several microenvironmental cues, including biochemical, electrical, spatial and biomechanical 
factors, along with intercellular interactions. The implementation of these different 
microenviromental cues can influence CM differentiation, maturation, organization and 
electrophysiology, in order to improve the engineered cardiac tissue’s functionality and 
ultimately myocardial function. 



























Clinical	Trial	Registration:	 Circ Res.	2014;114:1302-1310



• Preclinical	studies	provide	evidence	that	bone	marrow	
stem	cells	contribute	to	cardiac	function	and	reverse	
remodeling	after	ischemic	damage	acting	both	locally	and	
remotely	(possibly	through	paracrine	mechanisms.

• In	studies	to	date,	investigators	have	either	infused	or	
injected	bone	marrow–derived	cells	in	areas	that	were	
undergoing	revascularization

• Here,	we	test	the	hypothesis	that	intramyocardial
injections	of	autologous	MSCs	delivered	to	segments	of	
myocardium	not	receiving	surgical	revascularization	
improve	regional	cardiac	structure	and	function.



• Methods	and	Results:	patients	were	injected	with	
autologous	MSCs	into	akinetic/hypokinetic	
myocardial	territories	not	receiving	bypass	graft	
for	clinical	reasons.	

• MRI	was	used	to	measure	scar,	perfusion,	wall	
thickness,	and	contractility	at	baseline,	at	3,	6,	and	
18	months	and	to	compare	structural	and	
functional	recovery	in	regions	that	received	MSC	
injections	alone,	revascularization	alone,	or	
neither.



• After	18	months,	subjects	receiving	MSCs	exhibited	
increased	LV	ejection	fraction	(+9.4±1.7%,	P=0.0002)	
and	decreased	scar	mass	(−47.5±8.1%;	P<0.0001)	
compared	with	baseline.	

• MSC-injected	segments	had	concordant	reduction	in	
scar	size,	perfusion,	and	contractile	improvement	
(concordant	score:	2.93±0.07),	whereas	revascularized
(0.5±0.21)	and	nontreated segments	(−0.07±0.34)	
demonstrated	nonconcordant changes	(P<0.0001	
versus	injected	segments).













































J	Tissue	Eng Regen Med.	2016	Jan	22.	doi:	10.1002/term.2127.	[Epub ahead	of	print]
Engineering	natural	heart	valves:	possibilities	and	challenges.
Namiri	M1,2,	Ashtiani	MK1,	Mashinchian	O1,	Hasani-Sadrabadi	MM1,3,	Mahmoudi	
M4,5,6,	Aghdami	N1,	Baharvand	H1,2.

During	the	past	three	decades,	tissue	engineering-based	approaches	have	shown	
tremendous	potential	to	overcome	these	limitations	by	the	development	of	a	

biodegradable	scaffold,	which	provides	biomechanical	and	biochemical	properties	of	the	
native	tissue.	Among	various	scaffolds	employed	for	tissue	engineering,	the	decellularized

heart	valve	(DHV)	has	attracted	much	attention,	due	to	its	native	structure	as	well	as	
comparable	haemodynamic characteristics.	Although	the	human	DHV	has	shown	optimal	
properties	for	valve	replacement,	the	limitation	of	valve	donors	in	terms	of	time	and	size	is	
their	main	clinical	issue.	In	this	regard,	xenogenic DHV	can	be	a	promising	candidate	for	

heart	valve	replacement.	Xenogenic DHVs	have	similar	composition	to	human	valves,	which	
will	overcome	the	need	for	human	DHVs.	The	main	concern	regarding	xenogeneic	DHV	

replacement	is	the	immunological	reaction	and	calcification	following	implantation,	weak	
mechanical	properties	and	insufficient	recellularization capacity.























The	high	pressure	gradients	and	dynamic	flow	across	the	aortic	valve	leaflets	require	
engineering	a	tissue	that	has	the	strength	and	compliance	to	withstand	high	mechanical	
demand	without	compromising	normal	hemodynamics.	A	long-term	preclinical	
evaluation	of	an	off-the-shelf	tissue-engineered	aortic	valve	in	the	sheep	model	is	
presented	here.	The	valves	were	made	from	a	tube	of	decellularized cell-produced	
matrix	mounted	on	a	frame.	The	engineered	matrix	is	primarily	composed	of	collagen,	
with	strength	and	organization	comparable	to	native	valve	leaflets.	In	vitro	testing	
showed	excellent	hemodynamic	performance	with	low	regurgitation,	low	systolic	
pressure	gradient,	and	large	orifice	area.	The	implanted	valves	showed	large-scale	leaflet	
motion	and	maintained	effective	orifice	area	throughout	the	duration	of	the	6-month	
implant,	with	no	calcification.	After	24	weeks	implantation	(over	17	million	cycles),	the	
valves	showed	no	change	in	tensile	mechanical	properties.	In	addition,	histology	and	
DNA	quantitation	showed	repopulation	of	the	engineered	matrix	with	interstitial-like	
cells	and	endothelialization.	

Biomaterials. 2015	Dec;73:175-84.	doi:	10.1016/j.biomaterials.2015.09.016.	Epub 2015	Sep	11.

6-month	aortic	valve	implantation	of	an	off-the-shelf	tissue-
engineered	valve	in	sheep..

Departments	of	Biomedical	Engineering,	University	of	Minnesota,	United	States.



To	overcome	these	obstacles,	we	have	developed	a	minimally	immunogenic	tissue-
engineered	valve	that	consists	of	an	unfixed,	decellularized porcine	valve	scaffold	capable	
of	being	spontaneously	revitalized	in	vivo	after	implantation.	Porcine	aortic	root	tissue	was	
decellularized using	detergents	such	as	sodium	lauryl	sulfate	and	Triton	X-100.	The	porcine	
valve	was	treated	very	gently	and	plenty	of	time	was	allowed	for	constituents	to	diffuse	in	
and	out	of	the	matrix.	In	a	preliminary	study,	a	piece	of	decellularized porcine	valve	tissue	
was	implanted	into	the	rat	subdermal space	for	14	and	60	days	and	the	structural	integrity	
and	calcification	were	evaluated.	As	an	in	vivo	valve	replacement	model,	the	decellularized
porcine	valve	was	implanted	in	the	pulmonary	valve	position	in	dogs and	functional	and	
histological	evaluation	was	performed	after	1,	2,	and	6	months.	Histological	examination	
showed	that	the	newly	developed	detergent	treatment	effectively	removed	cellular	debris	
from	the	porcine	aortic	tissue.	Decellularized porcine	valve	tissue	implanted	subdermally in	
rats	showed	minimal	inflammatory	cell	infiltration	and	calcification.	In	the	valve	
replacement	model,	spontaneous	reendothelialization and	repopulation	of	the	medial	cells	
were	observed	within	2	months,	and	good	valve	function	without	regurgitation	was	
observed	by	echocardiography	up	to	6	months.	

J	Artif Organs. 2007;10(1):29-35.	Epub 2007	Mar	23.
Minimally	immunogenic	decellularized porcine	valve	provides	in	situ	recellularization as	a	
stentless bioprosthetic valve.
Iwai	S1,	Torikai	K,	Coppin	CM,	Sawa	Y









Abstract
Whole-organ	decellularization and	tissue	engineering	approaches	have	made	significant	inroads	
during	recent	years.	If	proven	to	be	successful	and	clinically	viable,	it	is	highly	likely	that	this	field	
would	be	poised	to	revolutionize	organ	transplantation	surgery.	In	particular,	whole-heart	
decellularization has	captured	the	attention	and	imagination	of	the	scientific	community.	This	
technique	allows	for	the	generation	of	a	complex	three-dimensional	(3D)	extracellular	matrix	
scaffold,	with	the	preservation	of	the	intrinsic	3D	basket-weave	macroarchitecture of	the	heart	
itself.	The	decellularized scaffold	can	then	be	recellularized by	seeding	it	with	cells	and	incubating	
it	in	perfusion	bioreactors	in	order	to	create	functional	organ	constructs	for	transplantation.	
Indeed,	research	into	this	strategy	of	whole-heart	tissue	engineering	has	consequently	emerged	
from	the	pages	of	science	fiction	into	a	proof-of-concept	laboratory	undertaking.	This	review	
presents	current	trends	and	advances,	and	critically	appraises	the	concepts	involved	in	various	
approaches	to	whole-heart	decellularization and	tissue	engineering.

Crit Rev	Biotechnol. 2015	Jul	15:1-11.	[Epub ahead	of	print]

Hearts	beating	through	decellularized scaffolds:	whole-organ	engineering	for	
cardiac	regeneration	and	transplantation.
Zia	S1,	Mozafari	M,	Natasha	G,	Tan	A,	Cui	Z,	Seifalian	AM





Cardiac	stem	cell	therapies	for	congenital	heart	diseases

Shuta Ishigami,	Shunji Sano,	Hidemasa Oh

Future	Cardiol. 2012	Mar;8(2):161-9.	doi:	10.2217/fca.12.13.

Potential	for	stem	cell	use	in	congenital	heart	disease.
Pincott	ES1,	Burch	M.



The	case	study	involves	an	HLHS	newborn	whose	umbilical	cord	
blood	was	collected	at	birth.	The	umbilical	cord	blood	was	then	
processed	to	achieve	mononuclear	cells	and	preserved	at	below	
zero	temperatures	until	the	time	of	delivery.	At	four	days	old,	the	
infant	underwent	the	Stage	I	Norwood	procedure,	allowing	the	
right	ventricle	to	pump	blood	to	the	lungs	and	the	body.	Then,	at	
four	months	old,	the	patient	underwent	Stage	II	surgery,	also	
known	as	the	Glenn	procedure,	and	the	stem	cells	were	injected	
into	the	baby’s	right	ventricle.	During	the	one	and	three	month	
follow	ups,	the	child’s	right	ventricle	function	had	improved.








