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ecellularization of Decellularized Allograft
caffolds in Ovine Great Vessel Reconstructions
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Background. Decellularized allograft tissues have been
dentified as a potential extracellular matrix (ECM) scaf-
old on which to base recellularized tissue-engineered
ascular and valvular substitutes. Decreased antigenicity
nd the capacity to recellularize suggest that such con-
tructs may have favorable durability. Detergent/enzyme
ecellularization methods remove cells and cellular de-
ris while leaving intact structural protein “scaffolds.”
llograft pulmonary artery tissues decellularized with

n anionic detergent/enzyme methodology were tested in
long-term implantation model that used arterial wall

epairs in the great vessels of juvenile sheep.
Methods. Twelve test sheep were implanted (n � 4) for

ach of three different scaffold protocols that compared
raditional dimethylsulfoxide cryopreservation, cryo-
reservation followed by decellularization, and decellu-

arization of fresh tissue. Four additional sheep served as
ontrols (n � 2 sham, n � 2 fresh tissue). Patches were
ashioned and implanted into pulmonary artery and

ortic defects. Panel reactive antibodies (PRA) were mea-
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ured over time (10 to 20 weeks). Explant histopathology
etermined recellularization morphology as well as cal-
ium, collagen, and elastin distribution within explanted
issue.

Results. Unlike traditionally cryopreserved tissues, the
ecellularized tissues contained no residual cells or cellular
ebris before implantation, which correlated with measur-
ble reductions in PRA. Decellularized explants demon-
trated time-dependent migration of recipient cells through
atrix, typically staining positive for �-smooth muscle

ctin with no calcification.
Conclusions. The properties demonstrated seem consis-

ent with characteristics necessary for implantable tissue-
ngineered scaffolds. The decellularization method de-
cribed appears to create a biologically suitable ECM
caffold for in vivo migration of phenotypically appropriate
ells while avoiding antigenicity and calcification.

(Ann Thorac Surg 2005;79:888–96)

© 2005 by The Society of Thoracic Surgeons
imitations in growth and the reparative potential of
current bioprosthetic valves and vascular recon-

truction materials, as well as the acknowledged limited
urability of cryopreserved allograft tissue, suggest a
eed for alternative substitute that would ideally recel-

ularize in vivo, resulting in a structure analogous to
ative tissue [1, 2]. A tissue-engineered vascular scaffold

hat recellularizes appropriately has numerous theoreti-
al advantages over nonviable materials including, but
ot limited to, the ability to grow, to repair itself, and to
esist calcification. One approach to a tissue-engineered
ascular scaffold is to decellularize allograft tissues.
Processing allograft tissues with detergents and en-

ymes may provide scaffolds that have the necessary
iological and geometric recellularization potential [3].
dequate decellularization should decrease antigenicity,
void allosensitization, and remove cellular remnants
hat may serve as nidi for calcification and its associated
onsequences. Physical, metabolic, and synthetic charac-

ccepted for publication Sept 2, 2004.

ddress reprint requests to Dr Hopkins, Rhode Island and Hasbro
eristics of migrating autologous cells (recellularization of
cellular tissues) theoretically should provide the neces-
ary structural and functional characteristics to sustain
ngineered tissue longevity and durability.
Various decellularization methodologies have been ex-

lored. Results have been mixed because cells and cel-
ular debris remain and serve as nidi of calcification and

ay allosensitize the recipient [4, 5]. Such residua may
romote increased innate and cellular immune re-
ponses, thus contributing to the failure of organized
igration of phenotypically appropriate cells and com-

romising long-term remodeling of an acellular graft.
lternatively, robust thorough decellularization pro-

esses may degrade the physical characteristics of the
atrix, leading to biomechanical and degenerative fail-

re. These potentially adverse outcomes suggest the
eed to augment the in vitro assessment of acellular

issues with appropriate in vivo long-term testing and
xposure to clinically relevant hemodynamic stresses.
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A new strategy was devised to decellularize allograft
atrices. This decellularization method utilizes an an-

onic detergent, recombinant endonuclease, and ion ex-
hange resins to minimize processing reagent residuals
n the tissues. The resulting acellular vascular scaffolds

acroscopically appear similar to native tissue but are
evoid of intact cells and contain virtually no residual
ellular debris.

The primary hypothesis is that adequately decellular-
zed tissues should avoid pronounced immune responses
nd nonspecific inflammation with consequential scar-
ing and ultimately, mineralization, the avoidance of
hich allows for the migration and proliferation of phe-
otypically appropriate cardiovascular interstitial cells

ie, recellularization of the scaffold). To test our hypoth-
sis, decellularized allograft tissues were used to recon-
truct oval defects in pulmonary artery and aorta in a
ong-term ovine model. Physical and histologic evalua-
ions of preimplant and postimplant tissues were per-
ormed to assay critical defining characteristics for the
ecellularization process that could determine structural
nd functional performance.

aterial and Methods

issue Procurement and Dissection
heep tissues were obtained from Animal Technologies

Tyler, TX). Hearts were transported on wet ice in Ro-
well Park Memorial Institute (RPMI) 1640 medium sup-
lemented with polymyxin B. Warm ischemic time was

ess than 3 hours, and cold ischemic time didn’t exceed 24
ours. Twenty-four pulmonary conduits were dissected

rom the heart and truncated immediately distal to the
eaflets. They were then placed in RPMI 1640 supple-

ented with polymyxin B, cefoxitin, lincomycin, and
ancomycin at 4°C for 24 � 2 hours. Representative 1 cm2

issue sections were placed in phosphate buffered water
nd vigorously vortexed, and 8 mL was injected into
naerobic and aerobic bottles (BacT/ALERT, bioMérieux,
arcy l’Etoile, France) and analyzed for 14 days for

acterial or fungal growth.

ryopreservation
ight pulmonary trunks were cryopreserved according to
tandard clinical tissue bank practices in RPMI 1640
upplemented with 10% fetal calf serum and 10% di-
ethylsulfoxide. The temperature was reduced by 1°C/
in until �40°C was achieved; then the pulmonary

rucks were transferred to vapor phase liquid nitrogen (�
120°C) until used [2].

ecellularization
fter the thawing and removal of cryoprotectant from the

issues, previously cryopreserved conduit tissue was de-
ellularized using a detergent/enzyme/water decellular-
zation process developed at LifeNet (Virginia Beach, VA,
S Patent 6,743,574). The grafts were placed in a decel-

ularization flow-through chamber containing detergent
N-lauroyl sarcosinate [NLS]), enzyme (Benzonase, No-

agen, Madison, WI), antibiotic (polymyxin B) solution, a
nd Tris buffer (decellularization solution). A peristaltic
ump was used to circulate this solution through the

issue for 24 to 36 hours. After decellularization, the
ecellularization solution was drained from the system
nd sterile water was circulated through the tissue cham-
er and a cartridge of hydrophobic adsorbent resin and
nion exchange resin beads for 24 to 36 hours. For
ecellularization of the eight “fresh” tissues, the se-
uence was identical except not preceded by
ryopreservation.

etergent Residuals
etergent residuals that remain in tissue after decellu-

arization can be cytotoxic and inhibit cell adhesion,
igration, and proliferation. A radiolabeled NLS deter-

ent assay was conducted to validate that the described
ecellularization process resulted in tissues with minimal
oncytotoxic detergent residuals. Tissue samples were
ecellularized in the presence of tritiated NLS at 1�Ci
er 64 �mol/mL according to normal protocol, then
igested in 4 mL of 1N NaOH at 90°C for 4 hours, cooled,
nd vortexed. Aliquots (0.1mL) from this were added to
iquid scintillation cocktail and the disintegrations per

inute (DPMs) determined using a liquid scintillation
ounter. The protein concentration in each sample was
etermined using the Pierce bicinchoninic acid (BCA)
rotein assay (Rockford, IL). The DPMs were converted

o total nanomoles of NLS and normalized using the total
rotein content of the samples. It was determined that

here was greater than a 2-log reduction in the amount of
LS, indicating the detergent was reduced by the water/

esin washout procedure to insignificant residual tissue
evels.

NA Quantitation
esidual DNA was quantified after decellularization by
sing a Nucleon HT DNA extraction assay (Amersham
iosciences, Piscataway, NJ). Tissue samples (25 mg)
ere crushed over liquid nitrogen and digested with a
etergent solution and proteinase K at 50°C for 3 hours.
he DNA was separated from contaminating proteins
nd lipids by adding-* sodium perchlorate, chloroform
nd Nucleon resin (Amersham Biosciences). The ex-
racted DNA was precipitated with cold ethanol, centri-
uged into a pellet, and resuspended in buffer. PicoGreen
ye (Molecular Probes, Eugene, OR) was added to the
esuspended pellet and the extractable DNA quantified
uorometrically. The amount of extractable DNA was
alculated per wet weight of tissue and expressed as a
ercent reduction in extractable DNA relative to nonde-
ellularized tissues. All decellularized tissues used in this
tudy had 99.8% or greater reduction in DNA content.

issue Storage
he decellularized tissues were cryoconserved for stor-
ge at 4°C. Cryoconservation is the process of sublimat-
ng water from frozen tissue after it has been decellular-
zed (LifeCell, Branchburg, NJ) (US Patent 5,336,616). The
issue was immersed in 75% maltodextrin for 24 hours

nd then frozen at �80°C. To sublimate the water, the



t
d
t
�

T
T
B
t
d
e

S
T
s
l
c
m
5
D
w
A
e
G
I

S
n
p
a
(
d
t
a
a
(
e
a
(

w
E
o
m
e
p
p

P
W
a
b
v
(
L
h
c
c
a
w

a
m
d
w
m
fi
e

H
M
s
w

M
S
s
a
i
r
i
p
1
s
m
s
t
b
m
d
v
V
a

A
E
p
p
d
s
q
d
N
p
m
h
t
L
N
t
i
t
t
H
t

S
D
c
e

890 KETCHEDJIAN ET AL Ann Thorac Surg
RECELLULARIZED TISSUE PATCHES 2005;79:888–96

C
A

R
D

IO
V

A
S

C
U

L
A

R

issue was aseptically packaged and placed in a freeze
ryer in which the temperature was lowered by 2°C/min

o �45°C, pulling a vacuum to 3000 mT, and drying at
50°C.

haw/Dilution and Rehydration of Cryoconserved
issues
efore implant, the tissues were placed into a flow-

hrough chamber and the cryoprotectant was serially
iluted with Ringer’s lactate solution (LifeNet, US Pat-
nts 6,326,188 and 5,879,876)

urgical Model
welve 30-kg juvenile sheep were used for patch recon-
tructions of great vessel defects. The juvenile sheep
ong-term implant model was chosen as it has been
onsistently recommended as the most relevant to hu-
an cardiovascular biological valve performance (ISO

840:1996 and FDA Replacement Heart Valve Guidance
ocument: 1994). Animal handling was in accordance
ith guidelines from the Brown University Institutional
nimal Care and Use Committee, which approved the
xperimental procedures. All studies conformed to the
uide for the Care and Use of Laboratory Animals (National

nstitutes of Health publication 85-23, revised 1985).
Anesthesia was induced with propofol (2 mg/kg.).

tandard aseptic surgical techniques and cardiopulmo-
ary bypass support were used. Each sheep received two
atches (one descending aortic arch and one pulmonary
rtery) fashioned from one of the test material types
cryopreserved, cryopreserved/decellularized, or fresh
ecellularized). Surgical defects were created for implan-

ation in the descending thoracic aorta and pulmonary
rtery. Elliptical patches of matching size were fashioned
nd sutured into the defects using 4-0 polydioxanone
Ethicon, Summerville, NJ). All animals received postop-
rative antibiotics (5 mg/kg amoxicillin and 5 mg/kg
mikacin, twice daily) for 2 weeks and buprenorphine
1 amp twice daily) analgesia for 3 days.

Two sheep per test material were explanted at 10
eeks and another 2 sheep were explanted at 20 weeks
xplantation was performed through the same thoracot-
my incision. Once the patch length and width were
easured under physiologic pressures, the animals were

uthanized for tissue harvest by the administration of
henobarbital (324 mg/mL) 15 mL/100 pounds through
eripheral intravenous access.

anel Reactive Antibodies Assay by Flow Cytometry
e have previously reported a modified panel reactive

ntibodies (PRA) assay useful for ovine implants [6]. In
rief, serial blood samples were collected from the jugular
ein. Serum was purified with a HiTrap purification system
Amersham Biosciences), and incubated with beads (One
ambda Inc, Canoga Park, CA) seeded with 30 major
istocompatibility complex (MHC) class I and 30 MHC
lass II antigen isotypes for 30 minutes in the dark with
ontinuous gentle shaking, washed with buffer solution,
nd centrifuged at 11,500 rpm for 2 minutes. Supernatant

as removed and the beads were incubated with a rabbit u
ntisheep fluorescein isothiocyanate antibody (Jackson Im-
uno-Research, West Grove, PA) for 30 minutes (in the

ark) with continuous shaking. The beads were washed
ith buffer solution and centrifuged at 11,500 rpm for 2
inutes. Supernatant was removed and the beads were

xed in 10% formalin and analyzed on a FACS flow cytom-
ter (Becton Dickson, Franklin Lakes, NJ).

istology
ovat’s pentachrome, hematoxylin and eosin (H&E)

taining (Vector, Burlingame, CA) and alizarin staining
ere performed by standard histologic methods.

HC I and II Immunohistochemical Staining
egments of preimplant tissue patches were flash frozen,
tored at �80°C until sectioning, fixed with cold acetone,
nd stored at �20°C until staining. Slides were incubated
n serum-free protein blocking solution (Dako, Carpinte-
ia, CA) for 15 minutes at room temperature and rinsed
n deionized water. Mouse antisheep MHC I and II
rimary antibodies (VMRD, Pullman, WA) were diluted
:50 in 0.1 mol/L phosphate buffer with 5% fetal bovine
erum. Slides were placed in primary antibody for 30
inutes. Slides were rinsed with deionized water and

ubsequently incubated with a secondary antibody, bio-
inylated mouse immunoglobulin G (Vector ABC [avidin-
iotin complex], Vector Labs, Burlingame, CA) for 30
inutes. Slides were incubated in Vector diaminobenzi-

ine (DAB) peroxidase substrate for 5 to 10 minutes to
isualize the target antigen, then rinsed and stained with
ector Hematoxylin for 5 minutes, rinsed, dehydrated
nd CitriSolv fixed (Fisher Scientific, Pittsburgh, PA).

ctin Immunohistochemical Staining
xplanted allograft materials were fixed in 10% phos-
hate buffered formalin, processed, and embedded in
araffin. Specimens were sectioned at 8 �m, and stan-
ard histologic techniques were used to prepare the
lides. Endogenous peroxidases in the tissue were
uenched using a 0.03% hydrogen peroxide solution in
eionized water for 5 minutes at room temperature.
onspecific protein binding was blocked using phos-
hate-buffered saline (PBS) with bovine serum albu-
in (BSA) (Ameresco, Solon, OH) plus 5% normal

orse serum (NHS) for 30 minutes at room tempera-
ure. Mouse anti-�-smooth muscle actin (Sigma, St.
ouis, MO) was diluted 1:20,000 in PBS/BSA plus 5%
HS. Slides were rinsed in deionized water three

imes, and then incubated in Vector Nova Red perox-
dase substrate for 5 to 10 minutes to visualize the
arget antigen. Slides were rinsed in deionized water
hree times for 5 minutes and stained using Vector

ematoxylin, Gill’s formulation for 5 minutes, and
hen rinsed, dehydrated, and mounted.

tatistical Analysis of Changes in Patch Dimensions
imensional areas are expressed in mm2. Ratios for

hange in patch area were calculated by dividing the
xplant dimensional values by implant dimensional val-

es. The mean of each subgroup was compared and
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nalyzed by analysis of variance (ANOVA) (SigmaStat,
ersion 2.03, Systat Software, Inc, Point Richmond, CA)
sing the Student-Newman-Keuls method with statisti-
al significance determined at p less than 0.05.

esults

ulmonary allograft patches were prepared for implant
y three different methodologies: (1) classically cryopre-
erved (control) tissue, (2) cryopreserved, thawed, then
ecellularized tissue and (3) fresh, decellularized tissue.
issues in groups 2 and 3 were cryoconserved for storage
efore implant. At explant surgery, all patches appeared

o be nicely incorporated into the great vessel repairs
ithout aneurysms or infection. Animals were sacrificed

t the 10-week and 20-week designated postimplantation
ntervals.

able 1. Dimensional Measurements of Implants and Explant

Implan
Dimensions

atch Type: Aortic position at 10-weeks
Cryopreserved 17 � 10
Cryopreserved 28 � 22
Fresh decell 23 � 14
Fresh decell 25 � 18
Cryo decell 20 � 15
Cryo decell 15 � 14

atch Type: Pulmonary position at 10-weeks
Cryopreserved 20 � 12
Cryopreserved 31 � 14
Fresh decell 30 � 19
Fresh decell 30 � 12
Cryo decell 29 � 20
Cryo decell 27 � 16

atch Type: Aortic position at 20-weeks
Cryopreserved 30 � 20
Cryopreserved 25 � 20
Fresh decell 21 � 14
Fresh decell 25 � 15
Cryo decell 27 � 24
Cryo decell 20 � 14

atch Type: Pulmonary position at 20-weeks
Cryopreserved 35 � 25
Cryopreserved 30 � 25
Fresh decell 30 � 20
Fresh decell 30 � 20
Cryo decell 35 � 25
Cryo decell 30 � 25

able records patch dimensional measurements in millimeters (mm). Ar
tatistical difference between the means in each group by analysis of vari
.8 20 wk pulmonary).

rea calculation is based on a formula for an ellipse (oval patches) so A �
1⁄2 width (short axis of oval patch) � radius B.

ryopreserved � traditional dimethylsulfoxide (DMSO) cryopreserva
ulmonary artery wall tissue; cryo decell � pulmonary artery wa
ecellularization protocol.
Dimensional measurements were made at physiologic s
ressures during implants and explants (Table 1). There
ere no statistical differences in the explant/implant

atios for any of the patches treated by these protocols
ompared with the other groups at any time period or
osition (p � 0.40, 10 weeks aortic; p � 0.29, 10 weeks
ulmonary; p � 0.29, 20 weeks aortic; p � 0.80, 20 weeks
ulmonary; ANOVA).
Preimplant H&E staining revealed no intact cells or
icroscopically identifiable debris in either the cryopre-

erved/decellularized or the fresh/decellularized tissues
Fig 1). The classically cryopreserved control tissues dem-
nstrated cellularity throughout (Fig 2). Immunohisto-
hemistry staining for MHC I and II antigens revealed no
ntact cells and only very rare staining of residual cell
ebris (ie, negative in most high power [�200] fields) in

he decellularized tissues compared with the grossly
ositive staining throughout in the classically cryopre-

(Area) mm2
Explant

Dimensions mm (Area) mm2

(133.4) 22 � 12 (207.0)
(438.5) 25 � 22 (431.7)
(252.7) 25 � 20 (392.5)
(353.2) 28 � 20 (439.6)
(235.5) 20 � 15 (235.5)
(164.8) 16 � 14 (175.8)

(188.4) 30 � 20 (471.0)
(340.6) 30 � 20 (471.0)
(447.4) 32 � 22 (552.6)
(282.1) 25 � 18 (353.2)
(455.3) 30 � 25 (588.7)
(339.1) 33 � 20 (518.1)

(471.0) 30 � 40 (942.0)
(392.0) 25 � 33 (647.0)
(230.7) 22 � 15 (259.0)
(294.3) 30 � 25 (588.7)
(508.6) 25 � 25 (490.6)
(219.8) 18 � 10 (141.5)

(686.8) 30 � 30 (706.5)
(588.7) 30 � 35 (824.2)
(471.0) 34 � 30 (471.0)
(471.0) 35 � 30 (824.2)
(686.8) 35 � 25 (686.1)
(588.7) 33 � 28 (725.3)

lculated as mm2. When comparing explant/implant ratios there was no
(p � 0.4 10 wk aortic; p � 0.2 10 wk pulmonary; p � 0.2 20 wk aortic; p �

rB where rA � 1⁄2 length (long axis of oval patch) � radius A; and rB

fresh decell � decellularization protocol using freshly harvested
opreserved with DMSO then thawed, rehydrated and subjected to
s

t
mm

eas ca
ance

� rA

tion;
erved patches.
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Histologic preparations of the explanted patch grafts
tained with H&E and Movat’s pentachrome demon-
trated that classically cryopreserved tissues became
cellular over time (Fig 3). They developed the fibrous
heathing typical for the histologic appearance docu-
ented in both animal and human cryopreserved allo-

raft valve explants consisting of layers of fibroblast cells
hat line the luminal side and encapsulate the adventitial
spects, which may represent a classic foreign body
esponse routinely seen in surgical implants of many
ypes [2]. Both decellularized tissue types (cryopre-
erved/decellularized and fresh/decellularized) dis-
layed time-dependent recellularization.
Ten-week explants of decellularized tissues demon-

trated small numbers of infiltrating fibroblast-like cells
n the pulmonary artery and descending thoracic aorta
mplant sites (Fig 4A). Twenty-week explants of decellu-
arized tissues demonstrated cellularity throughout the

atrix in the pulmonary artery and descending thoracic
orta implant sites (Fig 4B). Movat’s pentachrome stain-
ng of the decellularized explants demonstrated cells
nfiltrating the elastin bands in a similar time-dependent
ashion in the pulmonary artery and descending thoracic
orta implant sites (Fig 5A). �-Smooth muscle actin
mmunohistochemistry staining suggested that most of
hese infiltrating interstitial cells were biologically active

yofibroblasts (Fig 5B). Partial endothelialization along
he luminal portion of the patch graft was seen in some
ections. No differences could be discerned that distin-
uished between decellularized patches with or without
receding cryopreservation.
Alizarin staining demonstrated positive calcification in

he classically cryopreserved patch explants (Fig 6A) after
0 and 20 weeks in both the pulmonary artery and
escending thoracic aorta implantation sites. The cryo-
reserved/decellularized and fresh/decellularized patch
xplants were negative for calcification after 10 and 20
eeks in vivo except around sutures. The results were

ig 1. Hematoxylin and eosin staining of preimplant decellularized
issue demonstrates no visible cells or debris (�200).
he same in both implantation sites (Fig 6B). w
omment

cellular tissues have been identified as a possible tis-
ue-engineered solution for creating valvular and vascu-
ar tissue replacements. Infiltration of autologous, biolog-
cally active, phenotypically appropriate cells into an
cellular collagen matrix could potentially provide repar-
tive and functional advantages over current clinical
onviable prosthetics. If this recellularization process can
ccur in vivo, then perhaps preimplant bioreactor-based
cell seeding) recellularization methods may be
nnecessary.
We compared traditionally cryopreserved ovine

atches to cryopreserved ovine patches that were thawed
nd decellularized, as well as to ovine patches decellu-
arized from “fresh” tissues. The patches were implanted
nto sites in the pulmonary and aortic circulation of

ig 2. Hematoxylin and eosin staining of preimplant cryopreserved
issue demonstrates an abundance of cells throughout the matrix
�200).

ig 3. Hematoxylin and eosin staining of cryopreserved tissue after
0 weeks of implantation in the pulmonary circulation of ovine
odel. There is fibrous sheathing of luminal and adventitial aspects,

ith a loss of cellularity within the matrix (�200).
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uvenile female sheep to evaluate structural performance
nd their ability to recellularize in vivo at 10 and 20
eeks.
The immunologic, histologic, physical, and functional

ata evaluated suggested that these allografts were po-
entially useful acellular scaffolds. The decellularized
issues did not seem to provoke immune rejection or
alcification and were stable in the surgical reconstruc-
ions for the time period assessed. No aneurysmal
hanges were observed and no patches became infected.
n addition, the decellularized matrices were infiltrated
n vivo with autologous, seemingly phenotypically ap-
ropriate cells over the time course investigated, as
videnced by the H&E staining, Movat’s pentachrome
taining, and �-smooth muscle actin immunohistochem-
cal staining.

ig 4. (A) Hematoxylin and eosin (H&E) staining of decellularized
issue after 10 weeks of implantation in the arterial circulation ovine
odel. Small amounts of cellular infiltration within the matrix are

dentified (�200). (B) H&E staining of decellularized tissue after 20
eeks of implantation in the arterial circulation of ovine model. Cel-

ularity is identified throughout the matrix (�200).
Recellularization of decellularized tissues seemed to t
ccur in a time-dependent fashion. Ten-week explants
emonstrated fibrous sheathing, which appears to be a
ignificant step in the migration of cells, on both the
dventitial and luminal aspects. The adventitial sheath
as greater depth and contains more cells penetrating

nto the tissue than does the luminal sheath. The luminal
heath is more extensive in the aorta, which is likely
econdary to the higher pressure experienced in this
nvironment. Endothelialization of the sheath can occur.
n addition, small numbers of cells were identified pen-
trating into the elastin bands of the implanted acellular
atrix at 10 weeks. By 20 weeks, cells were seen through-

ut the matrix.
Observation of relative cell distributions demonstrated

lower recellularization in the luminal side, suggesting

ig 5. (A) Movat’s staining of decellularized tissue after 20 weeks of
mplantation in the ovine model demonstrated cellular invasion
ithin the elastin bands (�200). (B) Actin staining demonstrates

hat the infiltrating cells are migrating from the adventitial border
nd are biologically active for the synthesis of �-smooth muscle ac-
in. Fissure artifact establishes orientation. Note minimal cell migra-
ion beyond the elastin bands (�200).
hat cells migrate into the matrix primarily from the
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dventitial aspect rather than the lumen and indicating
hat local cells, rather than circulating pluripotent pro-
enitor cells, are the likely source of infiltrating myofi-
roblasts. Migrating fibroblast-like cells were found to
tain positively for �-smooth muscle actin, which is
onsistent with the dual phenotype of vascular and valve
eaflet myofibroblasts [7]. This seems to indicate that a
ecellularized matrix can be conducive to autologous
ecellularization by phenotypically appropriate cells.

If autologous recellularization is not more complete or
xtensive with a longer implant interval (eg, 1 year), then
he process of recellularization may need to be acceler-
ted by preseeding the allograft scaffold with preselected
ell lines that are either derived from the putative recip-
ent or have been rendered nonantigenic within species.
n alternative strategy would be to pretreat the scaffold

ig 6. (A) Alizarin S staining of cryopreserved tissue demonstrated
arying amounts of calcification. Calcification occurred at the suture
ines as well as within the tissue matrix (�200). (B) Alizarin S
taining of decellularized tissue demonstrated calcification isolated to
he suture lines. The tissue matrix was void of mineralization
�100).
ith moieties designed to accelerate in-migration, prolif- b
ration, and differentiation of tissue-appropriate cell
ypes while still functioning effectively as a surgical
mplant to replicate the original native cardiovascular
tructure and function.

That the explant morphology suggested only patchy
eendothelization is of significant interest because the
ell composition of cardiovascular structures is heterog-
nous. The arterial walls contain endothelium, myofibro-
lasts, fibroblasts, smooth muscle cells, dendritic cells,
nd vascular structures in addition to the defined struc-
ural protein elements. Valve leaflets contain predomi-
antly endothelium and myofibroblasts.
It is likely that a well-functioning endothelium re-

uires an appropriate matrix cell population for commu-
ication, leading to cell and tissue functionality as well as
roviding appropriate triggers for cell population main-

enance, migration, and proliferation. For example, the
ndothelium is likely responsible for being responsive to
heer stress and then “signals” the myofibroblast cell
opulation to synthesize more structural protein such as
ollagen and elastin in response to the sheer stress or
igher pressures. The situation is likely even more com-
lex in that the contractile elements of the myofibroblast
ay be responsible for interpreting pressure stress,
hich is then also converted to signals for collagen
roduction, smooth muscle migration, and endothelial
ell proliferation. The developing field of cell signaling
nd cell–cell communication will help clarify these is-
ues, but it is certainly likely that reendothelization of
issue-engineered vascular constructs will, in part, de-
end upon the restoration of an appropriate interstitial
atrix cell population.
Classically cryopreserved allograft tissues such as

enograft bioprosthetics clinically demonstrate de-
reased durability over time, with specific failure modes
articular to the processing methods [2]. Experimental
nd clinical data have implicated immune responses as
ontributing factors to the failure of cryopreserved allo-
rafts and xenograft bioprosthetics [2, 8–16]. Virtually all
ryopreserved homografts demonstrate acellularity
ithin a year of implantation [16, 17]. The lack of cells

nd cellular function limits tissue growth, performance,
nd reparative capacity; such “tissues” typically scar and
hen mineralize, which often leads to dysfunction.

Chronic rejection of cells in classically cryopreserved
llograft tissues promotes the migration of inflammatory
ells, exacerbating tissue degeneration, fibrosis, and func-
ional failure. The cell repopulation of these decellularized
caffolds is unlike the typical fate of cryopreserved allo-
rafts that contain donor cells (as currently used clinically)

n which such recellularization rarely occurs, perhaps as a
onsequence of the presence of necrotic cell debris or even
poptotic cells that block by specific cell signals the repopu-
ation by autologous cells [2].

Or, perhaps the absence of allosensitization by vascu-
ar human leukocyte antigens may help avoid both hu-

oral and cell-mediated chronic rejection [18, 19]. Such
mmune responses may prevent autologous recellular-
zation. As we have previously reported, and supported

y the data reported here, the anionic detergent/
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ndonuclease decellularization method seems to result in
rotein scaffolds that minimize allosensitization [6]. Only

of 8 sheep that received tissues treated by either
ecellularization protocol demonstrated a positive eleva-

ion in PRA to MHC I, and none had PRA elevations for
HC II [6]. Classically cryopreserved tissues had vari-

ble responses (as also seen clinically), with two thirds of
hese animals demonstrating an elevation in PRA, espe-
ially to MHC class I antigens [6, 18]. That these ovine
ecellularized allograft tissues provoke minimal in-
reases in PRA after implantation correlates well with the
inimal amounts of residual MHC I and II antigens

emonstrated in the preimplant tissue samples and dem-
nstrates that a successful decellularization technology
an result in tissue constructs that contain a minimal
ntigen load (within species) [5, 6, 18–23].
Decellularization of allograft tissue results in removal

f cells and proteins, potentially creating defects, spaces,
r voids within the collagen matrix that may lead to
tructural compromise [20]. To evaluate the structural
nd physical responses of decellularized tissues to the
ong-term exposure to physiologic pressure and sheer
tresses, dimensional measurements were compared be-
ween implant and explant materials. There was no
ontraction or dilation of the decellularized tissues that
ould suggest an increased risk for catastrophic failure,

uch as rupture or calcification/fibrosis, compared with
he cryopreserved control patch grafts. This suggests that
he decellularization method described allows such tis-
ue patches to retain sufficient mechanical strength for
he vascular reconstructions tested, at least for the 20-
eek interval tested.
The interpretation of such data must be done with care.
ne interpretation is that these decellularized patches

re effective because they are incorporated with salubri-
us wound healing without immune rejection and ap-
ear of sufficient strength and durability for the surgical
pplications tested. As such, these acellular scaffolds
ight be a superior choice compared with current inert
anufactured options such as polytetrafluoroethylene or

lutaraldehyde-treated bovine pericardium and are
ikely superior to classic but antigenic, cryopreserved
omograft tissues. Decellularized allograft patches offer

he advantage of favorable surgical conformational char-
cteristics that suggests technical superiority for applica-
ions, such as neonatal and infant great vessel recon-
tructions, for which more rigid prosthetic materials are
roblematic.
Alternatively, these results could be described as au-

ologous recellularization with in-migration of phenotyp-
cally appropriate matrix cells and formation of neoin-
ima, suggesting actual biological incorporation into the
ost matrix structure. These attributes may portend pro-

onged durability, resistance to prosthetic endocarditis,
ell-mediated tissue repair, and protein renewal func-
ions that approach the goals of tissue-engineered con-
tructs but without preseeding or the need for extensive
n vitro bioreactor manipulations.

As tested in a relevant juvenile sheep chronic implant

odel, this anionic detergent/recombinant endonuclease
ethodology seems to result in a tissue-engineered scaf-
old that maintains structural integrity, resists mineral-
zation, and while avoiding allosensitization, tends to
ecellularize with phenotypically appropriate cells. De-
ellularized constructs such as the ones tested in these
xperiments may be fashioned from human tissues, in-
luding previously stored “viable” cryopreserved tissues.
hey may thus be clinically applicable to human nonva-

ve cardiovascular reconstructions such as infant pulmo-
ary arterioplasties and neonatal hypoplastic aortic arch
econstructions. If the process is applicable to valve
eaflets, valve conduit allografts could also potentially be
decellularized,” with the intent of stimulating posttrans-
lant cuspal and conduit wall recellularization.
The results also indicate that such decellularization

echnologies might be used to “reprocess” previously
ryopreserved tissues that would otherwise be destroyed
hen storage time limits are exceeded, thus salvaging

aluable tissue gifted for use in patients.
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NVITED COMMENTARY
his study describes another important attempt to over-
ome the limitations of currently available biomaterials
n cardiac surgery. Decellularization of biomaterials, in
his case ovine pulmonary patches, is thought to reduce
ntigenicity. However the efficiency of various protocols
ay differ importantly. In this study a combined anionic–

nzymatic protocol is used and cells were effectively
emoved. Three groups of vascular patches, cryopre-
erved, cryopreserved–decellularized, and decellularized
ere implanted as vascular patches in the descending

orta and pulmonary artery in juvenile sheep for 10 and
0 weeks. The patches were well incorporated and no
ailures or calcification were observed. The antigenicity
f decellularized samples appeared to be minimal as

ndicated by the absence of panel reactive antibodies.
ells repopulated the decellularized tissue samples in a

ime-dependent fashion and the staining for smooth-
uscle actin suggested that these were myofibroblasts.
Several questions remain. The sheep was used as the

tandard model for the evaluation of heart valves, but it
ay not be the ideal model to transfer results to humans.

heep have a tendency to endothelialize almost any
aterial, whether biological or artificial. This is in sharp

ontrast to humans who seem to lack this ability. In fact,
e have seen no cell repopulation of a decellularized
eart valve implanted in humans up to 1.5 years. Fur-

hermore, in this sheep model the cryopreserved samples
ehaved very differently from decellularized samples
hether cryopreserved or not. It is well known that
he case of this study corresponds to the cryopreserved
llografts. What makes this acellular matrix so different
rom the decellularized material that it does not even
ecome repopulated in sheep? Or in other words, what
akes the decellularized matrix conducive to repopula-

ion? The authors describe “fibrous sheathing of the
issues on the inside and more pronounced on the
utside as part of the healing process” and suggest that
his is important for the repopulation of the matrix.

owever, dense fibrous sheathing was an important
ailure mode leading to severe obstruction seen in the

an implants with a decellularized heart valve.
As the pressure is mounting to develop superior bio-
aterials, especially in pediatric cardiac surgery where

he need is particularly felt, we must remain cautious
ecause experimental results may not be readily trans-

erred to humans. The decellularized tissue may not be as
iologically inert as is frequently suggested by removing

he cells, but it may still elicit an inflammatory response.
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