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Tissue	 decellularization	 produces	 a	 three-	dimensional	 scaffold	 that	 can	 be	 used	 to	
fabricate	functional	liver	grafts	following	recellularization.	Inappropriate	cell	distribu-
tion	and	clotting	during	blood	perfusion	hinder	the	practical	use	of	recellularized	livers.	
Here	we	aimed	to	establish	a	seeding	method	for	the	optimal	distribution	of	parenchy-
mal	and	endothelial	cells,	and	to	evaluate	the	effect	of	liver	sinusoidal	endothelial	cells	
(LSECs)	 in	 the	decellularized	 liver.	Primary	 rat	hepatocytes	and	LSECs	were	seeded	
into	decellularized	whole-	liver	scaffolds	via	 the	biliary	duct	and	portal	vein,	 respec-
tively.	Biliary	duct	seeding	provided	appropriate	hepatocyte	distribution	into	the	pa-
renchymal	space,	and	portal	vein–seeded	LSECs	simultaneously	lined	the	portal	lumen,	
thereby	maintaining	 function	 and	morphology.	Hepatocytes	 co-	seeded	with	 LSECs	
retained	 their	 function	compared	with	 those	 seeded	alone.	Platelet	deposition	was	
significantly	 decreased	 and	 hepatocyte	 viability	 was	 maintained	 in	 the	 co-	seeded	
group	after	extracorporeal	blood	perfusion.	 In	conclusion,	our	seeding	method	pro-
vided	optimal	cell	distribution	into	the	parenchyma	and	vasculature	according	to	the	
three-	dimensional	 structure	 of	 the	 decellularized	 liver.	 LSECs	 maintained	 hepatic	
function,	and	supported	hepatocyte	viability	under	blood	perfusion	in	the	engineered	
liver	graft	owing	to	their	antithrombogenicity.	This	recellularization	procedure	could	
help	produce	practical	liver	grafts	with	blood	perfusion.
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1  | INTRODUCTION

Liver	 transplantation	 is	 the	 only	 curative	 and	 established	 treatment	
for	end-	stage	liver	disease.	However,	patients	who	could	benefit	from	
this	successful	procedure	are	restricted	by	a	severe	donor	organ	short-
age.	Although	 alternative	methods	 such	 as	 cell	 transplantation	 and	
bioartificial	livers	have	been	explored,	these	treatments	have	not	yet	
substituted	liver	transplantation	due	to	their	limited	efficacy.1,2	Thus	
engineering	a	transplantable	and	functional	liver	represents	an	attrac-
tive	strategy	to	resolve	these	problems.

Decellularized	 liver	 scaffolds	 have	 recently	 been	 reported	 for	
application	 in	 whole-	liver	 engineering.3-5	 The	 decellularized	 three-	
dimensional	 (3D)	 liver	 scaffold	 consists	 of	 an	 extracellular	 matrix	
(ECM)	forming	a	microvasculature	for	nutrient	and	gas	transport,	and	
molecules	that	may	promote	cell	attachment	and	tissue	generation.6,7 
A	decellularized	liver	scaffold	 is	a	promising	material	for	tissue	engi-
neering;	 however,	 no	 clinically	 relevant	 recellularized	 liver	 graft	 has	
yet	been	achieved.	In	addition	to	the	lack	of	abundant	cell	sources	to	
ensure	sufficient	and	effective	 recellularization,	 the	main	challenges	
include	an	inappropriate	cell	distribution	in	the	complex	3D	liver	scaf-
fold	 and	 clotting	 during	 blood	 perfusion,	which	 lead	 to	 insufficient	
liver	function	 in	vivo.	Therefore,	efficient	reestablishment	of	the	pa-
renchyma	and	vasculature	needs	 to	be	achieved	 to	produce	a	 func-
tional	and	transplantable	recellularized	liver.

In	 previous	 studies,	 the	 portal	vein	 (PV)	was	 used	primarily	 as	 a	
seeding	 route	 for	parenchymal	cells.3-5,8	However,	mechanical	 stress	
caused	by	the	perfusate	 is	 inevitable,	 lasting	several	days	during	the	
migration	process	of	recellularized	cells	into	the	parenchymal	space.3 
In	addition,	parenchymal	cells	seeded	via	the	PV	disturb	portal	blood	
flow	into	the	portal	lumen,	and	prevent	the	engraftment	of	endothe-
lial	cells	along	the	vasculature.	We	have	previously	reported	the	effi-
cient	repopulation	of	parenchymal	cells	through	the	biliary	duct	(BD).9 
Because	 of	 direct	 contact	 between	 the	 parenchymal	 space	 and	 the	
biliary	tree,	BD	seeding	of	parenchymal	cells	represents	an	appealing	
method	not	only	 to	 avoid	 injury	 caused	by	 the	pressure	of	 the	per-
fusate	 on	 the	 PV,	 but	 also	 to	maintain	 the	 portal	 lumen,	which	 can	
then	be	used	as	a	seeding	route	for	endothelial	cells	to	prevent	clotting	
during	blood	circulation.

Several	studies	attempting	the	transplantation	of	a	recellularized	
liver	 in	vivo	have	demonstrated	blood	 clotting	 in	 the	 scaffold.4,10-12 
Clotting	 in	the	vasculature	of	a	decellularized	 liver	 is	a	serious	 issue	
for	 its	 practical	 use	 in	 vivo.	 To	 control	 clotting	 and	 blood	 leakage	
into	the	parenchymal	space,	the	bare	lumen	of	the	vasculature	must	
be	 covered	with	endothelial	 cells.	Thus	 far,	various	endothelial	 cells	
such	 as	 rat	 cardiac	microvascular	 endothelial	 cells,	 human	 umbilical	
vein	 endothelial	 cells	 (HUVECs),	MS1	 cells,	 and	endothelial	 progen-
itor	 cells	have	been	described	as	potential	 cell	 sources	 for	 re-	endot
helialization.3,4,11,13	 Liver	 sinusoidal	 endothelial	 cells	 (LSECs),	 which	
constitute	part	of	the	nonparenchymal	cells	in	the	liver,	have	not	yet	
been	reported	as	a	potential	source	for	this	purpose.	However,	in	ad-
dition	to	providing	a	physical	barrier	between	hepatocytes	and	blood,	
LSECs	serve	also	as	scavenger	cells,	immune	cells,	and	regulatory	cells	

interacting	with	hepatocytes.14-18	These	functions	suggest	their	great	
value	for	fabricating	the	vasculature	in	an	engineered	liver.

To	produce	functional	 liver	grafts	 for	blood	perfusion,	we	devel-
oped	a	new	seeding	method	for	the	optimal	distribution	of	parenchy-
mal	cells	with	BD	seeding	and	of	endothelial	cells	with	PV	seeding	in	
the	decellularized	liver,	and	evaluated	the	effect	of	LSECs	in	fabricat-
ing	the	vasculature	in	an	engineered	liver	graft.

2  | MATERIALS AND METHODS

2.1 | Animals

Male	Lewis	rats	or	transgenic	rats	carrying	the	green	fluorescent	
protein	(GFP)	gene	(SLC,	Hamamatsu,	Japan)	weighing	250-	300	g	
were	used	for	preparing	the	3D	liver	scaffold	and	primary	cell	iso-
lation.	Male	Lewis	rats	 (SLC)	weighing	approximately	400	g	were	
used	for	extracorporeal	perfusion.	The	rats	were	maintained	on	a	
standard	 laboratory	 diet	 and	water	 ad	 libitum,	 and	were	 housed	
in	 a	 temperature-		 and	 humidity-	controlled	 environment	 under	 a	
constant	 12-	hour	 light/dark	 cycle	 in	 the	 animal	 facility	 at	Kyoto	
University.	 All	 animal	 experiments	 were	 approved	 by	 the	 Kyoto	
University	 Animal	 Experimentation	 Committee	 and	 were	 per-
formed	 in	 accordance	 with	 Kyoto	 University	 Animal	 Protection	
Guidelines.

2.2 | Liver harvest and decellularization

Liver	harvesting	and	preparation	of	 the	3D	 liver	 scaffold	were	per-
formed	 according	 to	 our	 previous	 report.9	 In	 brief,	 the	 harvested	
liver	previously	 cannulated	with	 a	24-	gauge	 cannula	 in	 the	BD	and	
an	18-	gauge	cannula	in	the	PV	was	washed	with	phosphate-	buffered	
saline	 (PBS).	 Subsequently,	 the	 liver	 was	 perfused	 with	 a	 0.02%	
trypsin/0.05%	 ethylene	 glycol-	bis-	(β-	aminoethyl	 ether)-	N,N,N’,N’-	
tetraacetic	acid	(EGTA)	solution	at	37°C	for	1	hour	at	a	flow	rate	of	
1	mL/min	to	detach	cells	from	the	ECM,	followed	by	perfusion	with	a	
detergent	solution	(1%	Triton	X-	100/0.05%	EGTA)	for	18-	24	hours	at	
a	flow	rate	of	1	mL/min	to	decellularize	the	organ.	The	decellularized	
liver	was	sterilized	with	0.1%	peracetic	acid	perfusion	for	2	hours,	fol-
lowed	by	washing	with	PBS.

2.3 | Isolation of primary hepatocytes and LSECs

Hepatocytes	were	obtained	using	a	2-	step	collagenase	perfusion	tech-
nique	as	described	previously,19	and	LSECs	were	 isolated	by	Percoll	
centrifugation	with	minor	modifications.18,20	Details	of	the	cell	isola-
tion	procedure	are	provided	in	Supporting	Information	and	Figure	S1.

2.4 | Recellularization and re- endothelialization of 
liver scaffolds

A	 decellularized	 liver	 scaffold	 was	 placed	 in	 a	 100-	mm	 culture	
dish	 and	 then	 perfused	 with	 20	mL	 of	 co-	culture	 medium	 for	
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hepatocytes	 and	 LSECs	 through	 the	 PV	 prior	 to	 recellularization.	
The	 co-	culture	medium	 consisted	of	RPMI	1640	medium	 (Sigma-	
Aldrich,	 St.	 Louis,	 MO)	 with	 10%	 fetal	 calf	 serum	 (ICN,	 Aurora,	
OH),	 0.6	μg/mL	 insulin	 (MP	 Biomedicals,	 Santa	 Ana,	 CA),	 10	ng/
mL	 VEGF	 (R&D,	 Minneapolis,	 MN,	 USA),	 10	ng/mL	 epidermal	
growth	 factor	 (PeproTech,	 London,	 UK),	 100	 U/mL	 penicillin	 G	
and 100 μg/mL	streptomycin	(Meiji	Seika,	Tokyo,	Japan),	20	μg/mL	
gentamycin	(Sigma-	Aldrich),	and	50	ng/mL	amphotericin	B	(Wako,	
Osaka,	 Japan).	 For	 recellularization	 into	 the	 parenchymal	 space,	
we	introduced	a	total	of	3	×	107	hepatocytes	suspended	in	30	mL	
of	 the	 culture	medium	 into	 the	 scaffold	 through	 the	 BD.	 For	 re-	
endothelialization	 into	 the	vasculature,	a	 total	of	1.5	×	107	LSECs	
or	HUVECs	suspended	in	3	mL	of	the	culture	medium	was	injected	
into	 the	 scaffold	 through	 the	 PV.	We	 seeded	 rat	 hepatocytes	 at	
a	dose	sufficient	to	be	distributed	 in	each	 lobe	of	the	whole-	liver	
scaffold,	 and	 LSECs	 at	 a	 quantity	 sufficient	 to	 cover	 the	 portal	
lumen	including	microvasculature.	At	each	step,	we	injected	the	cell	
suspension	into	the	scaffold	at	a	flow	rate	of	1	mL/min.

2.5 | Perfusion culture of the recellularized 
liver graft

After	3	hours	of	static	culture	for	cell	attachment,	we	transferred	the	
recellularized	liver	graft	into	a	customized	chamber	for	in	vitro	perfu-
sion	 culture.	The	 cannula	 inserted	 into	 the	PV	of	 the	 recellularized	
liver	graft	was	connected	to	a	recirculation	circuit	and	continuously	
perfused	with	 the	co-	culture	medium	for	1	week	using	a	peristaltic	
pump	 at	 a	 sub-	physiological	 flow	 rate	 of	 0.5	mL/min,	 to	 attenuate	
shear	 stress	 to	 seeded	 hepatocytes,	 as	 described	 previously.9	 The	
medium	was	changed	every	48	hours,	and	samples	were	obtained	to	
analyze	protein	secretion	levels.	Histological	analysis	of	the	cultured	
recellularized	livers	was	performed	on	day	2	and	day	6	of	perfusion	
culture.

2.6 | Extracorporeal blood perfusion of the 
recellularized liver graft

We	placed	the	recellularized	liver	graft	in	the	extracorporeal	blood	
perfusion	system	using	a	live	rat	to	evaluate	the	antithrombotic	abil-
ity	of	endothelial	cells	and	the	feasibility	of	our	recellularized	 liver	
for	 blood	 perfusion.	 The	 extracorporeal	 perfusion	 system	 incor-
porated	with	our	 fabricated	 liver	graft	 (Figure	S2)	was	established	
based	on	the	circuit	of	an	extracorporeal	bioartificial	liver.21	Under	
general	 anesthesia	with	 isoflurane	 (Wako),	 cannulation	 of	 the	 left	
carotid	artery	and	the	right	 jugular	vein	was	performed	using	a	PE	
50	polyethylene	tube	(Becton	Dickinson	and	Co.,	Sparks,	MD)	and	
a	 0.5	×	1	mm	 silicone	 tube	 (As	 One,	 Osaka,	 Japan),	 respectively.	
The	 circuit	 was	 primed	 with	 heparinized	 (10	 units/mL)	 saline	 so-
lution,	 and	 then	 after	 2	 days	 of	 perfusion	 culture,	 our	 fabricated	
liver	graft	was	put	in	the	extracorporeal	perfusion	system.	The	rats	
were	 administered	 100	 units	 heparin	 intravenously	 5	minutes	 be-
fore	 the	 start	 of	 extracorporeal	 perfusion.	 To	 compensate	 for	 the	
dead	volume	of	the	circuit,	5	mL	of	fresh	rat	blood	was	transfused	

immediately	before	perfusion.	Subsequently,	the	arterial	and	venous	
lines	were	 connected	 to	 the	 extracorporeal	 circuit.	 Arterial	 blood	
was	pumped	into	the	PV	cannula	inserted	in	the	recellularized	liver	
graft	at	a	flow	rate	of	1.0	mL/min,	which	is	slower	than	the	physi-
ological	flow	to	minimize	the	shear	stress	to	the	engrafted	cells.	The	
blood	through	the	liver	graft	was	drained	from	the	inferior	vena	cava	
(IVC)	and	returned	to	the	jugular	vein	at	the	same	flow	rate	by	digital	
variable-	speed	infusion	pumps	(Top,	Tokyo,	Japan).	During	the	per-
fusion,	heparinized	 saline	 solution	 (40	units/mL)	was	 continuously	
administered	just	before	the	recellularized	liver	graft	at	a	flow	rate	of	
0.3	mL/h	to	prevent	coagulation	in	the	graft	and	circuit	due	to	blood	
perfusion.	Histological	analysis	of	 liver	grafts	was	performed	after	
3	hours	of	extracorporeal	blood	perfusion.	The	deposition	of	plate-
lets	was	compared	between	the	group	co-	seeded	with	hepatocytes	
and	LSECs	(Hep	+	LSEC),	the	group	co-	seeded	with	hepatocytes	and	
HUVECs	 (Hep	+	HUVEC),	 and	 the	group	 seeded	with	hepatocytes	
alone	 (Hep),	 by	measuring	 the	 average	 fluorescence	 intensities	 of	
integrin	αIIb	 (5	 random	periportal	and	central	vein	areas	of	3	sec-
tions;	n	=	3	livers	per	group)	using	ImageJ	software,	as	evaluated	in	
previous reports.4,11

2.7 | Scanning electron microscopy examination

Re-	endothelialized	 liver	 grafts	with	 LSECs	 after	2	days	of	perfusion	
culture	were	perfused	with	2%	glutaraldehyde	and	4%	paraformalde-
hyde	(PFA)	in	PBS,	and	cut	into	5-	mm3	pieces.	The	samples	were	fixed	
in	2%	glutaraldehyde	and	4%	PFA	in	PBS	at	4°C	overnight,	and	then	
ion-	sputter-	coated.	 Samples	 were	 observed	 with	 a	 Hitachi	 S-	4700	
scanning	electron	microscope	(Hitachi,	Tokyo,	Japan).

2.8 | Liver function analysis

Albumin	 content	 in	 the	medium	was	measured	 using	 a	 rat	 albu-
min	 enzyme-	linked	 immunosorbent	 assay	 (ELISA)	 quantification	
kit	 (Bethyl	 Laboratories,	 Montgomery,	 TX).	 Urea	 content	 in	 the	
medium	 was	 analyzed	 using	 the	 QuantiChrom	 Urea	 Assay	 Kit	
(BioAssay	Systems,	Hayward,	CA),	 according	 to	 the	manufactur-
er’s	protocol.	Total	bile	acids	were	measured	by	a	standard	spec-
trophotometric	 method	with	 an	 automated	 analyzer	 (JEOL	 Ltd.,	
Tokyo,	Japan).

2.9 | Statistical analysis

Data	are	expressed	as	the	mean	±	standard	error	of	the	mean	(SEM).	
We	performed	statistical	analyses	using	GraphPad	Prism,	version	6.0	
(GraphPad	Software,	La	Jolla,	CA).	Statistical	significance	was	defined	
as P < .05.	 Terminal	 deoxynucleotidyl	 transferase-mediated	 dUTP	
nick	 end-labeling	 (TUNEL)-	positive	 cells	 and	 deposition	 of	 plate-
lets	were	compared	using	Student’s	t-	test.	The	metabolic	activity	of	
recellularized	 liver	 grafts	 was	 compared	 using	 repeated-	measures	
analysis	of	variance	(ANOVA),	followed	by	Bonferroni	post	hoc	tests	
	(additional	information	about	the	materials	and	methods	is	provided	
in	Supporting	Information).



1354  |     KOJIMA et Al.

3  | RESULTS

3.1 | Decellularization of the whole liver

An	 acellular	 whole-	liver	 scaffold	 was	 obtained	 by	 portal	 perfu-
sion	 after	 24	hours	 of	 the	 decellularization	 procedure	 (Figure	1A).	
Histological	 analysis	 confirmed	 the	 lack	 of	 nuclei	 or	 cytoplasmic	
components	 in	 the	decellularized	 liver	 scaffold	 (Figure	1B).	Crystal	
violet	staining	confirmed	that	the	PV	and	BD,	serving	as	routes	for	
recellularization,	were	 retained	 and	patent	 to	 the	 peripheral	 capil-
laries	 after	 decellularization	 (Figure	1C-	F).	 The	 infused	dye	 flowed	
out	from	the	vasculature	and	distributed	into	the	parenchymal	space	
without	 leakage	 from	 the	 surface	 of	 the	 liver	 in	 the	 late	 phase	 of	
both	PV	(Figure	1D)	and	BD	(Figure	1F)	staining,	and	finally	drained	
to	the	IVC.

3.2 | Recellularization of hepatocytes into the 
parenchymal space with BD seeding

Macroscopic	 observation	 of	 the	 liver	 recellularized	 with	 primary	
rat	 hepatocytes	 by	 BD	 seeding	 demonstrated	 that	 hepatocytes	
were	 distributed	 in	 each	 lobe	 of	 the	 whole-	liver	 scaffold	 and	
spread	 outside	 of	 the	 biliary	 tree	 (Figure	2A).	 Hematoxylin	 and	

eosin	 (H&E)	 staining	 of	 the	 recellularized	 liver	 graft	 on	 day	 2	 of	
perfusion	 culture	 revealed	 an	 appropriate	 cell	 distribution	of	 the	
hepatocytes	 into	 the	 parenchymal	 space	 without	 intravascular	
embolus	 (Figure	2B).	 Immunohistochemical	 staining	 after	 2	days	
of	 perfusion	 culture	 showed	 that	 albumin	 and	 UDP	 glucurono-
syltransferase	 1	 family,	 polypeptide	 A1	 (UGT1A1)	 expression	
in	 the	 recellularized	 liver	 was	 similar	 to	 that	 in	 the	 normal	 liver	
(Figure	2C).	Furthermore,	dipeptidyl	peptidase-	4	(DPPIV)	or	CD26,	
a	known	marker	of	bile	canaliculi,	was	detected	in	sections	of	the	
recellularized	liver	graft	(Figure	2C).	This	result	provides	evidence	
that	cell	polarity	of	hepatocytes	was	organized	 in	the	engineered	
liver	 graft,	 possibly	 reproducing	 the	 channels	 through	which	 bile	
acids	were	secreted.22

3.3 | Re- endothelialization of LSECs into the 
vasculature with PV seeding

We	injected	LSECs	by	PV	seeding	after	culturing	them	in	the	presence	
of	VEGF	for	5	days	on	a	collagen-	coated	dish.	Fluorescence	micros-
copy	 showed	GFP+	LSECs	covering	 the	microvasculature	of	 the	PV	
(Figure	3A).	H&E	staining	on	day	2	of	perfusion	culture	demonstrated	
LSECs	 lining	 the	 portal	 lumen	 (Figure	3B,C),	 including	 parts	 where	

F IGURE  1 Preparation	of	the	
decellularized	whole-	liver	scaffold	
and	evaluation	of	the	seeding	route.	
(A)	Acellular	whole-	liver	scaffold	
cannulated	into	the	portal	vein	(PV)	
and	biliary	duct	(BD).	(B)	Hematoxylin	
and	eosin	staining	of	the	decellularized	
liver	showing	no	nuclei	or	cytoplasm	in	
the	scaffold.	(C)	PV	dyeing	with	300	μL.	
(D)	PV	dyeing	with	3	mL.	(E)	BD	dyeing	
with	300	μL.	(F)	BD	dyeing	with	3	mL.	Scale	
bars	=	10	mm	(A)	and	100	μm	(B)	[Colour	
figure	can	be	viewed	at	wileyonlinelibrary.
com]

A B

C D

E F

www.wileyonlinelibrary.com
www.wileyonlinelibrary.com
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cell-	cell	junctions	of	endothelial	cells	could	be	observed	under	higher	
magnification	(Figure	3C,	arrowheads).	Scanning	electron	microscopy	
examination	showed	LSECs	attached	to	the	portal	lumen	of	the	decel-
lularized	liver,	which	retained	their	fenestrations	to	permit	the	selec-
tive	 passage	 of	 proteins	 and	metabolites	 (Figure	3D).	 Furthermore,	
immunohistochemistry	revealed	sustained	expression	of	the	hepatic	
sinusoidal	 endothelial	marker	 (SE-	1)	 and	 stabilin-	2,	 known	biomark-
ers	 for	 the	 LSEC	 phenotype	 (Figure	3E).	 In	 contrast,	 expression	 of	
the	 ubiquitous	 endothelial	 marker	 CD31	 on	 LSECs	 was	 very	 low	
(Figure	3E).	We	 also	 detected	 almost	 no	 expression	 of	 other	mark-
ers	for	hepatic	nonparenchymal	cells	such	as	Kupffer	cells	or	stellate	
cells	 in	 the	 liver	 scaffold	 seeded	with	 LSECs	 (Figure	 S3).	 These	 re-
sults	 indicate	 that	 the	 characteristic	 phenotype	 and	morphology	 of	
LSECs	 were	 well	 maintained	 and	 reproduced	 on	 the	 decellularized	
liver	 scaffold.	We	confirmed	 the	completely	opposite	expression	of	
SE-	1,	stabilin-	2,	and	CD31	in	HUVECs	seeded	in	the	same	manner	as	
LSECs	(Figure	3E).

3.4 | Co- seeding of hepatocytes and LSECs: 
optimal cell distribution and maintenance of 
hepatic function

After	 recellularization	of	 hepatocytes	 into	 the	parenchymal	 space	
with	BD	seeding,	we	performed	re-	endothelialization	of	LSECs	into	
the	vasculature	with	PV	seeding,	and	proceeded	with	perfusion	cul-
ture	for	1	week	 (Figure	4A,B).	H&E	staining	on	day	2	of	perfusion	

culture	showed	an	appropriate	cell	distribution	of	hepatocytes	into	
the	 parenchymal	 space	 and	 of	 LSECs	 into	 the	 portal	 vasculature	
(Figure	4C).	Thus	the	hepatocytes	recellularized	via	BD	seeding	did	
not	 obstruct	 the	 portal	 lumen,	 allowing	 for	 proper	 attachment	 of	
LSECs.

To	 assess	 the	 interaction	 between	 LSECs	 and	 hepatocytes,	 we	
compared	metabolic	activity	between	the	Hep	+	LSEC	and	Hep	groups	
during	perfusion	culture.	Cumulative	albumin	secretion	and	urea	syn-
thesis	levels	were	significantly	higher	in	the	Hep	+	LSEC	group	than	in	
the	Hep	group	 (P = .006	 and	 .003,	 respectively;	 Figure	5A,B).	These	
results	suggest	that	LSECs	maintained	hepatocyte	function	during	the	
perfusion	culture.	Although	total	bile	acids	secretion	levels	were	higher	
in	the	Hep	+	LSEC	group	than	in	the	Hep	group,	the	difference	was	not	
statistically	significant	(P = .313;	Figure	5C).	We	further	compared	the	
metabolic	activity	between	the	Hep	+	HUVEC	and	Hep	groups	during	
the	perfusion	culture.	Cumulative	albumin	secretion	and	urea	synthe-
sis	 levels	were	 higher	 in	 the	Hep	 +	HUVEC	 group	 than	 in	 the	Hep	
group;	however,	differences	between	groups	were	not	statistically	sig-
nificant	(P = .068	and	.516,	respectively;	Figure	5A,B).	Similarly,	there	
was	 no	 statistically	 significant	 difference	 in	 total	 bile	 acid	 secretion	
levels	(Figure	5C).

The	 numbers	 of	 TUNEL-	positive	 cells	 among	 hepatocytes	were	
higher	 in	the	Hep	group	than	 in	the	Hep	+	LSEC	group	on	day	2	of	
perfusion	culture,	with	a	large	disparity	observed	by	day	6;	however,	
differences	 between	 the	 groups	 were	 not	 statistically	 significant	
(P = .408	and	.100,	respectively;	Figure	5D).

F IGURE  2 Recellularization	of	
hepatocytes	into	the	parenchymal	
space	with	biliary	duct	(BD)	seeding.	
(A)	Macroscopic	observation	of	the	
recellularized	liver	following	BD	seeding	
of	hepatocytes.	(B)	Hematoxylin	and	
eosin	staining	of	the	normal	liver	(top)	and	
recellularized	liver	on	day	2	of	perfusion	
culture	(bottom).	(C)	Immunohistochemical	
analyses	of	the	normal	liver	(top)	and	
recellularized	liver	on	day	2	of	perfusion	
culture	(bottom)	stained	for	albumin,	
UDP	glucuronosyltransferase	1	family,	
polypeptide	A1	(UGT1A1),	and	dipeptidyl	
peptidase-	4	(DPPIV).	DPPIV	staining	
of	the	recellularized	liver	demonstrates	
hepatocyte	polarity.	Scale	bars	=	10	mm	
(A),	100	μm	(B,	C;	left	and	middle),	and	
40	μm	(C;	right)	[Colour	figure	can	be	
viewed	at	wileyonlinelibrary.com]
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3.5 | Evaluation of the engineered liver graft after 
extracorporeal blood perfusion

Following	2	days	of	perfusion	culture,	we	placed	the	engineered	liver	
grafts	 in	 an	 extracorporeal	 perfusion	 system	 (Figure	6A)	 and	 per-
formed	blood	circulation	into	the	liver	graft	for	3	hours.	All	of	the	rats	
tolerated	 the	extracorporeal	 perfusion	 and	no	death	was	observed.	

The	blood	filled	into	the	scaffold	in	about	10	minutes	via	the	PV	and	
finally	drained	to	the	IVC	(Figure	S2).	Although	some	clots	were	ob-
served	in	the	gross	appearance	of	recellularized	liver	grafts	after	extra-
corporeal	perfusion	(Figure	6B-	D),	blood	clotting	that	did	occur	in	the	
liver	grafts	was	not	sufficiently	severe	to	stop	blood	flow	during	extra-
corporeal	perfusion	in	any	of	the	Hep	+	LSEC,	Hep	+	HUVEC,	and	Hep	
groups.	 Furthermore,	PBS	 injected	 into	 the	PV	after	 extracorporeal	

F IGURE  3 Re-	endothelialization	of	LSECs	and	HUVECs	into	the	vasculature	with	portal	vein	(PV)	seeding.	(A)	Left:	Macroscopic	observation	
of	the	re-	endothelialized	liver	with	LSECs	by	PV	seeding.	Middle:	Microscopic	observation	of	the	framed	part	of	the	macroscopic	photograph.	
Right:	Fluorescence	microscopic	observation	in	the	same	part;	GFP+	LSECs	covered	the	microvasculature	of	the	PV.	(B,C)	Hematoxylin	and	eosin	
staining	of	the	re-	endothelialized	liver	on	day	2	of	perfusion	culture.	Arrowheads	indicate	cell-	cell	junction	of	endothelial	cells.	(D)	Scanning	
electron	microscopy	examination	of	the	re-	endothelialized	liver	scaffold.	Arrows	indicate	retained	fenestrations.	(E)	Hepatic	sinusoidal	
endothelial	marker	(SE-	1),	stabilin-	2,	and	CD31	expression	in	LSECs	and	HUVECs	on	day	2	of	perfusion	culture.	Scale	bars	=	1	mm	(A),	
100 μm	(B),	40	μm	(C),	and	100	μm	(E)	[Colour	figure	can	be	viewed	at	wileyonlinelibrary.com]

F IGURE  4 Co-	culture	of	hepatocytes	
recellularized	with	biliary	duct	(BD)	
seeding	and	LSECs	re-	endothelialized	
with	portal	vein	(PV)	seeding.	(A)	Protocol	
for	recellularization	with	hepatocytes	
and	LSECs,	and	perfusion	culture.	
(B)	Recellularized	liver	grafts	were	
connected	to	the	recirculation	circuit	by	
a	cannula	inserted	into	the	PV	and	were	
continuously	perfused	with	co-	culture	
medium.	(C)	Hematoxylin	and	eosin	
staining	on	day	2	of	perfusion	culture.	
Arrowheads	indicate	LSECs	attached	on	
the	portal	lumen.	Scale	bars	=	100	μm	(C;	
left)	and	40	μm	(C;	right)	[Colour	figure	can	
be	viewed	at	wileyonlinelibrary.com]
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perfusion	was	drained	to	the	IVC	without	obvious	 leakage	from	the	
surface	of	the	recellularized	liver,	suggesting	the	presence	of	patent	
routes	 through	 which	 blood	 could	 flow;	 moreover,	 the	 polarity	 of	
perfusion	 from	the	PV	to	 IVC	was	maintained.	After	extracorporeal	
blood	perfusion,	the	liver	graft	of	the	Hep	group	(Figure	6B)	showed	
a	 tendency	 to	 shrink	 compared	with	 those	 of	 the	Hep	+	LSEC	 and	
Hep	+	HUVEC	 groups	 (Figure	6C,D).	 This	 observation	 suggests	 that	
appropriate	blood	circulation	could	be	maintained	in	the	endothelial-
ized	liver	grafts	during	extracorporeal	perfusion.

Histological	analysis	revealed	that	several	of	the	major	portal	lu-
mens	 retained	 their	 patency,	 and	 LSEC	 functional	 SE-	1	 expression	
was	maintained	even	after	extracorporeal	blood	perfusion	(Figure	6E,	
Figure	S4).	To	evaluate	the	antithrombotic	ability	of	endothelial	cells,	
we	quantified	platelet	deposition	by	measuring	fluorescence	intensity	
of	integrin	αIIb.	The	Hep	+	LSEC	and	Hep	+	HUVEC	groups	showed	
significantly	 reduced	 platelet	 deposition	 compared	 with	 the	 Hep	
group	 (P < .001;	 Figure	6F).	 Furthermore,	 the	 Hep	+	HUVEC	 group	
exhibited	significantly	lower	platelet	deposition	than	the	Hep	+	LSEC	
group	(P < .001;	Figure	6F).	At	the	same	time,	no	significant	difference	
between	the	3	groups	was	observed	in	terms	of	platelet	deposition	in	
the	central	vein	system,	which	was	not	re-	endothelialized	(Figure	S5).

The	number	of	TUNEL-	positive	hepatocytes	increased	after	ex-
tracorporeal	blood	perfusion	in	all	3	groups,	resulting	in	a	significant	
difference	between	the	Hep	and	Hep	+	LSEC	groups,	and	between	
the	Hep	and	Hep	+	HUVEC	groups	(P = .027	and	.004,	respectively;	
Figure	6G).	These	 results	 indicated	 that,	 owing	 to	 their	 antithrom-
bogenicity,	 LSECs	 and	 HUVECs	 might	 contribute	 to	 hepatocyte	
viability	 during	 blood	 perfusion	 in	 the	 engineered	 liver	 grafts.	 No	
significant	difference	in	the	number	of	TUNEL-	positive	hepatocytes	

was	detected	between	 the	Hep	+	LSEC	and	Hep	+	HUVEC	groups	
(Figure	6G).

4  | DISCUSSION

Organ	decellularization	 is	 a	 recently	well-	established	and	 reproduc-
ible	technique,3-5,8,11	allowing	for	a	whole-	liver	decellularized	scaffold	
to	 be	 obtained	 from	 rodent,	 porcine,	 or	 even	 human	 livers.8,11,23-25 
Although	engineered	livers	derived	by	decellularization	were	expected	
to	regenerate	transplantable	liver	grafts,	no	study	has	yet	achieved	its	
practical	use	in	vivo.	One	of	the	essential	issues	for	the	practical	use	
of	decellularized	 liver	grafts	 is	establishment	of	an	efficient	 recellu-
larization	technique	to	reconstruct	the	parenchyma	and	vasculature;	
however,	the	methods	have	not	yet	been	optimized.	Recently,	we	re-
ported	 that	BD	 seeding	of	 parenchymal	 cells	 could	 achieve	 a	more	
efficient	cell	distribution	into	the	appropriate	space	compared	with	PV	
seeding.9	As	shown	in	the	present	study,	BD	seeding	of	parenchymal	
cells	can	maintain	the	vasculature	lumen	empty	to	allow	concomitant	
seeding	of	endothelial	cells	via	the	PV.	Furthermore,	we	demonstrated	
cell	 polarity	 of	 hepatocytes	 using	 DPPIV	 staining	 in	 the	 recellular-
ized	 liver.	Our	 findings	 indicate	 that	hepatocytes	 recellularized	with	
BD	seeding	could	effectively	 reconstruct	 the	structural	polarity	and	
thereby	might	possess	appropriate	tight	junctions	in	the	parenchymal	
space.	Thus	parenchymal	 cells	 recellularized	with	BD	seeding	could	
maintain	viability	and	function	in	their	appropriate	space.

Reconstruction	of	the	vasculature	is	necessary	to	facilitate	blood	
perfusion	 in	 the	 recellularized	 liver	 graft	 without	 blood	 clotting	
and	 leakage	 into	 the	 parenchymal	 space.	 Previously,	 researchers	

F IGURE  5 Comparison	of	metabolic	activity	and	TUNEL-	positive	cells	in	hepatocytes	with	LSECs	(Hep	+	LSEC),	HUVECs	(Hep	+	HUVEC),	
and	cultured	alone	(Hep)	during	perfusion	culture.	Cumulative	albumin	secretion	(A),	urea	synthesis	(B),	and	total	bile	acids	secretion	(C).	
*P = .006	for	albumin,	**P = .003	for	urea,	and	P = .313	for	total	bile	acids	between	the	Hep	+	LSEC	and	Hep	groups.	P = .068	for	albumin,	
P = .516	for	urea,	and	P = .087	for	total	bile	acids	between	the	Hep	+	HUVEC	and	Hep	groups.	(D)	TUNEL-	positive	cells	(arrows),	and	their	
counts	from	day	2	to	day	6	of	perfusion	culture	in	the	Hep	+	LSEC	and	Hep	groups.	Scale	bars	=	100	μm	(D).	All	error	bars	represent	the	
standard	error	of	the	mean	(n	=	3)	[Colour	figure	can	be	viewed	at	wileyonlinelibrary.com]
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transplanted	 decellularized	 liver	 grafts	with	 or	without	 endothelial	
cells	and	evaluated	the	effects	on	platelet	deposition.4,11	These	stud-
ies	demonstrated	a	significant	 role	 for	endothelial	cells	 in	 reducing	
platelet	deposition	in	the	scaffold	without	parenchymal	cells.	Here,	
we	demonstrated	reduced	platelet	deposition	 in	 liver	 recellularized	
concomitantly	with	endothelial	and	parenchymal	cells.	To	the	best	of	
our	knowledge,	no	study	has	previously	evaluated	blood	clotting	in	a	
scaffold	recellularized	with	parenchymal	cells	in	addition	to	endothe-
lial	cells.	This	is	due	to	the	difficulty	in	vascularizing	a	decellularized	
liver	while	simultaneously	reproducing	the	parenchyma	 in	their	ap-
propriate	 locations.	The	problem	was	partially	 resolved	by	 repopu-
lating	endothelial	cells	along	the	portal	tree	via	PV	seeding	as	well	as	
introduction	of	hepatocytes	into	the	parenchymal	space	via	BD	seed-
ing.	Our	seeding	method	could	help	produce	a	practical	recellularized	
liver	graft	with	hepatic	function	under	blood	perfusion	conditions.

Because	 of	 their	 antithrombogenicity,	 endothelial	 cells	 reduced	
thrombus	 formation	 and	 contributed	 to	maintaining	 hepatocyte	via-
bility	in	the	extracorporeal	blood	perfusion	system.	In	anticipation	of	a	
clinical	application,	we	conducted	a	preliminary	evaluation	of	the	feasi-
bility	of	our	recellularized	livers	in	extracorporeal	perfusion	for	8	hours.	
The	 rats	 could	 tolerate	 8	hours	 of	 extracorporeal	 perfusion	with	 no	
death	 recorded	 over	 the	 long-	term	 after	 the	 procedure.	 Indeed,	we	
successfully	achieved	continuous	blood	flow	into	the	vascularized	liver	

graft	 by	 extracorporeal	 perfusion	 for	 at	 least	 8	hours.	This	 suggests	
that	use	of	re-	endothelialized	liver	with	extracorporeal	perfusion	might	
improve	the	hemocompatibility	of	a	decellularized	liver	graft.	Our	find-
ings	open	the	possibility	of	using	recellularized	livers	with	extracorpo-
real	perfusion	to	support	patients	with	posthepatectomy	liver	failure	
or	patients	with	end-	stage	liver	disease	as	a	bridge	to	transplantation.

Primary	hepatocytes	and	LSECs	tend	to	rapidly	 lose	their	original	
morphology	and	function	after	isolation.26,27	In	the	present	study,	we	
demonstrated	fenestrations	in	addition	to	SE-	1	and	stabilin-	2	expres-
sion,	indicating	that	LSECs	maintained	their	morphology	and	phenotype	
on	the	vasculature	of	the	decellularized	liver.	DPPIV	staining	suggested	
proper	configuration	of	bile	canaliculi	in	the	parenchyma.	Furthermore,	
hepatocytes	co-	cultured	with	LSECs	significantly	retained	their	perfor-
mance	in	the	present	engineered	3D	liver.	Although	we	could	not	com-
pletely	cover	the	hepatocytes	with	LSECs	via	sinusoids,	 the	attached	
LSECs	might	affect	 the	maintenance	of	hepatocyte	 function	 through	
contact	via	the	portal	lumen	and	soluble	factors	secreted	by	endothelial	
cells.28	Liver-	specific	ECM-	to-	liver	cell	 interactions	as	well	as	cell-	to-	
cell	interactions	between	hepatocytes	and	LSECs	might	have	contrib-
uted	to	maintaining	their	function,	phenotype,	and	morphology	in	our	
study.	Our	approach	provides	insight	into	the	development	of	recellu-
larized	liver	grafts	with	better	hepatic	function	for	liver	support,	and	the	
cell	sources	required	for	efficient	recellularization.

F IGURE  6 Functional	LSECs	and	HUVECs	in	the	recellularized	liver	graft	during	extracorporeal	blood	perfusion.	Gross	appearance	of	the	
recellularized	liver	graft	before	extracorporeal	blood	perfusion	(A),	and	after	3	hours	of	extracorporeal	perfusion	with	hepatocytes	seeded	
alone	(Hep)	(B),	together	with	LSECs	(Hep	+	LSEC)	(C),	and	together	with	HUVECs	(Hep	+	HUVEC)	(D).	(E)	Platelet	deposition	evaluated	with	
integrin	αIIb	staining	(arrows)	in	the	Hep	group	(top),	Hep	+	LSEC	group	(middle),	and	Hep	+	HUVEC	group	(bottom).	Arrowheads	indicate	
SE-	1	expression	in	LSECs	(middle)	and	CD31	expression	in	HUVECs	(bottom)	after	extracorporeal	blood	perfusion.	(F)	Quantification	of	
platelet	deposition	based	on	the	average	fluorescence	intensities	of	integrin	αIIb.	(G)	Number	of	TUNEL-	positive	hepatocytes	before	and	after	
extracorporeal	perfusion	in	the	3	groups.	Scale	bars	=	10	mm	(A–D)	and	100	μm	(E).	All	error	bars	represent	the	standard	error	of	the	mean	
(n	=	3).	*P < .001,	†P = .027,	††P = .004;	a.u.,	arbitrary	unit	[Colour	figure	can	be	viewed	at	wileyonlinelibrary.com]
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Besides	LSECs,	we	used	another	vascular	endothelial	cell	source,	
HUVECs,	as	a	comparison.	Although	HUVECs	tended	to	maintain	he-
patocyte	function,	especially	 in	terms	of	albumin	secretion	and	sup-
pressed	thrombus	formation,	more	successfully	than	LSECs,	the	latter	
were	 nevertheless	 better	 at	 maintaining	 hepatic	 function.	 Further	
studies	are	required	to	investigate	the	most	adequate	endothelial	cell	
source	to	ensure	proper	hepatic	function	of	recellularized	liver	grafts	
under	blood	perfusion.

In	conclusion,	our	proposed	seeding	method	provided	optimal	cell	
distribution	into	the	parenchyma	as	well	as	the	vasculature	following	
the	3D	structure	of	the	decellularized	liver.	LSECs	supported	hepato-
cyte	viability	under	blood	perfusion,	maintaining	hepatocyte	function	
and	suppressing	thrombus	formation	in	the	engineered	liver	graft.	The	
recellularization	procedure	described	in	this	study	is	expected	to	help	
produce	functional	liver	grafts	under	blood	perfusion.
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