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Research	Interests:	
	
Cell-assembled	extracellular	matrix	(CAM)	
	
My	interests	have	always	been	centered	on	the	use	of	
human	cells	to	produce	tissue-engineered	constructs	for	
therapeutic	applications.	1,	2		My	experience	has	been	
focused	on	the	field	of	cardiovascular	tissue	engineering	
but	I	like	to	also	dabble	in	other	areas.		For	30	years,	I	have	
worked	on	using	the	extracellular	matrix	produced	by	
normal	human	cells	in	culture.		This	Cell-Assembled	Matrix	
(CAM)	is	a	unique	material	that	can	have	remarkable	
mechanical	strength	when	produced	in	the	right	culture	
conditions.		I	have	used	this	CAM	to	produce	small-
diameter,	tissue-engineered	vascular	grafts	(TEVG)	that	
display	burst	pressures	similar	that	of	native	human	blood	
vessels,	but	without	the	need	for	any	exogenous	
scaffolding	such	a	synthetic	polymers	or	animal/cadaveric	
tissues.	2-4		Because	they	do	not	include	foreign	materials,	
because	the	CAM	is	not	chemically	or	otherwise	
denatured,	and	because	the	CAM	is	of	human	origin,	we	
would	not	expect	constructs	build	following	this	approach	
to	trigger	a	response	from	neither	the	adaptive	nor	the	
innate	immune	system.		I	spent	15	years	as	the	co-founder	
and	Chief	Scientific	Officer	of	Cytograft	Tissue	Engineering	
(San	Francisco,	California)	driving	the	R&D	effort	to	bring	
these	TEVGs	to	the	clinic.		These	autologous	CAM-based	
TEVGs	were	the	first	completely	biological	TEVGs	to	be	
implanted	in	humans	and	the	first	TEVGs	to	be	implanted	in	the	high-pressure	arterial	system.	6,	7		
These	TEVGs	have	shown	remarkable	patency	as	arteriovenous	shunt	for	hemodialysis	of	end	stage	
renal	disease	patients	with	durability	of	up	to	3	years.	9	Allogeneic	and	non-living	TEVGs	have	also	
been	successfully	used	in	patients.	10,	11	
	
This	last	development	suggest	that	allogeneic	tissues	can	be	used	as	the	basic	strategy	to	develop	
CAM-based	therapies.	This	approach	is	much	more	commercially	feasible	than	an	autologous	
approach,	which,	while	possibly	better,	has	become	economically	unrealistic	considering	today’s	
regulatory	requirement.	Consequently,	our	approach	also	includes	using	“devitalized”	tissues	(non-
living).	In	a	recent	paper,	we	have	shown	that	devitalization	by	freeze/thaw	and	air-
drying/rehydration	appears	to	preserve	the	quality	of	the	extracellular	matrix.	12	Another	advantage	
of	working	from	a	bank	of	donor	cells	is	to	avoid	inter-individual	variability	in	the	ability	of	cells	to	
produce	ECM	in	vitro.	One	of	our	recent	papers	has	shown	the	variability	in	strength	and	composition	
of	the	CAM	in	GMP	conditions	produced	by	21	patients.	13[Magnan,	2018	#8273]	While	these	
differences	can	be	managed	with	the	right	quality	control	strategy,	using	a	more	controlled	cell	line	is	
certainly	an	advantage.	
	
A	CAM	sheet	can	also	be	used	to	build	heat	valves	(project	driven	by	Dr.	Kawecki).	It	can	also	be	used	
as	a	“biopaper”	to	print	cells	on	it	and	assemble	then	in	more	complex	structures	by	stacking.	14	The	

A	 sheet	 of	 human	 CAM	 is	 a	 true	 bio-
material	 that	 can	 have	 remarkable	
mechanical	 properties	while	 avoiding	
immune	 and	 inflammatory	 reactions.	
(from	review8)	



CAM	could	be	wrapped	around	or	otherwise	used	to	mask	a	synthetic	implant	to	control	its	
interaction	with	the	immune	system	and	or	the	blood	of	the	patient	(2	projects:	one	driven	by	Dr.	
Schlund,	one	in	collaboration	with	an	artificial	heat	company).		
	
Thread-Based	Tissue	Engineering:	or	how	to	make	Human	Textiles.	
	
The	CAM	is	produced	at	the	bottom	of	culture	
flasks	as	sheets	of	various	shapes	and	sizes.		
The	sheets	can	be	cut,	stacked,	folded	or,	like	in	
the	case	of	the	above-mentioned	blood	
vessel,	rolled	to	create	a	variety	of	tissues.		
In	the	specific	case	of	TEVGs,	the	sheet-
based	approach	has	a	significant	drawback:	
the	need	for	a	long	culture	period	
(maturation)	to	allow	the	cells	to	fuse	the	
different	layers	of	sheets	together.		In	
addition,	fusion	is	limited	to	a	certain	depth	
because	of	transport	issues,	which	entails	a	
multi-step	maturation	strategy	to	create	
thicker	tissues.		At	BioTis,	I	have	been	
developing	a	new	production	method	based	
on	the	use	of	threads	of	CAM	instead	of	
sheets.	5		Taking	advantage	of	various	textile	
technologies	(weaving,	knitting,	braiding),	
we	can	literally	produce	human	textiles	
with	a	wide	range	of	geometries,	porosities,	
(anisotropic)	mechanical	properties,	and	all	
that	with	regional	tunability.		In	addition,	
because	threads	can	be	connected	to	each	
other,	the	size	of	the	constructs	is	no	longer	
limited	to	the	size	of	culture	flasks.		But	the	most	interesting	advantage	of	this	thread-based	approach	
is	the	fact	that	the	cohesion	of	the	constructs	does	not	rely	on	a	maturation	phase	and	is	not	hindered	
by	transport	limitations.		Indeed,	the	textiles	are	ready	for	use	as	soon	as	they	are	assembled,	which	
takes	the	production	time	of	the	TEVG	from	over	6	months	to	about	2	months	(or	even	less).		The	
development	of	a	thread-based	TEVG	is	one	of	the	main	research	projects	in	my	group.		We	have	
shown	that	these	human	threads	have	long	lives	in	vivo.	This	was	shown	in	nude	rats	that	still	have	a	
functional	innate	immune	response	and	can	degrade	denatured	collagen.	15	In	order	to	work	in	large	
animal	models,	we	have	developed	ovine	CAM	(from	ovine	fibroblasts).	16	We	have	built	ovine	TEVG	
and	are	in	the	process	of	testing	them	as	end-to-end	as	well	as	arterio-venous	shunts	in	an	allogeneic	
context	in	the	sheep.	
	

A	thread	of	human	CAM	can	be	spooled	and	used	
as	 a	 suture	 or	 can	 be	 assembled	 in	 a	 complex	
tridimensional	 tissue	 using	 classic	 textile	
technologies	 (weaving,	 braiding,	 knitting)	 to	
create	human	textiles.	



We	have	used	a	Thread-Based	Tissue	Engineering	approach	using	a	different	sheet	of	native	ECM:	the	
human	amniotic	membrane	(HAM).	This	material	can	be	obtained	directly	in	maternity	wards	and,	
without	chemical	denaturation,	can	be	processed	into	sheets	and	threads.	17	This	material	is	obvious	
less	expensive	than	the	CAM	but	has	its	own	limitations	(variability	and	accessibility).	Nonetheless,	
we	have	shown	that	HAM-based	textiles	can	be	produce	and	woven	TEVG	from	this	material	have	the	
mechanical	properties	necessary	to	in	vivo	testing.	18	
	
Because	the	CAM	can	provide	near-native	conjunctive	tissue	in	a	wide	range	of	configurations19,	we	
are	also	exploring	other	applications	in	Regenerative	Medicine	such	as	creating	a	support	tissue	to	
repair	pelvic	organ	prolapse,	producing	an	esophageal	implant,	or	making	surgical	sutures.	
	
Particle-Based	Tissue	Engineering:	moldable	
and	injectable.	
	
Human	CAM	can	also	be	produced	in	the	form	of	
particles	that	can	be	molded	or	injected.		This	
particle-based	approach	can	be	used	to	produce	
porous	structures	for	tissue	engineering	or	can	
even	be	injected	directly	in	vivo	to	create	new	
tissues.		This	has	obvious	aesthetic	applications	
but	also	tissue	reconstruction	and	cell-delivery	
applications.	
	
Below	is	schematic	representation	of	the	
various	building	strategies	we	have	developed	
using	CAM:	
	

Completely	 biological,	 human,	 textile-based,	 tissue-
engineered	 vascular	 grafts.	 A,	 B)	 Automated	
manufacturing	of	a	braided	tube	with	human	threads	
(48	spools).	While	this	demonstrated	the	feasibility	of	
automation,	the	resulting	tube	was	clearly	too	porous	
for	use	as	a	vascular	graft.	C)	Schematic	representation	
of	 the	 basic	 weaving	 technique	 used	 with	 a	 manual	
circular	 loom.	 One	 circumferential	 yarn	 (weft)	 was	
inserted	 between	 a	 movable	 and	 a	 fixed	 set	 of	
tensioned	yarns	(warp)	to	create	 the	woven	tube.	D)	
Production	 of	 the	 TEVG	 with,	 partly	 rehydrated,	
devitalized	 yarns:	 49	 longitudinal	 ribbons	 and	 one	
double-filament	thread	(2	ribbons	twisted	together	at	
5	 rev·cm-1)	 as	 circumferential	 thread.	 E)	 Vascular	
grafts	were	fully		rehydrated	before	removal	from	the	
mandrel	 yielding	 a	 robust	 and	 flexible	 tube.	 F)	 The	
tightly	 packed	 yarn	 produced	 a	 dense,	 homogenous,	
and	 watertight	 wall.	 G)	 The	 ends	 of	 the	 graft	 were	
“finished”	to	produce	a	clear	and	even	ring	for	suturing	
(internal	 diameter	 of	 4.2	 mm).	 H)	 A	 human	 woven	
TEVG	(internal	diameter	4.2	mm)	was	implanted	in	the	
carotid	of	a	sheep	as	interpositional	using	6-0	Prolene®	
using	 standard	 surgical	 techniques	 (inset).	 The	 graft	
was	leak-proof	and	allowed	normal	blood	flow.	(Figure	
6	of	5)	
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