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ABSTRACT

Objective: Transcatheter aortic valve implantation (TAVI) procedures are
increasing rapidly, but the durability of tissue valve and periprocedural complica-
tions are not satisfactory. Immune reaction to the galactose-a-1,3 galactose b-1,4-
N-acetylglucosamine (a-Gal) and conventional processing protocols of cardiac
xenografts lead to calcification. Next-generation TAVI needs to be made with
a-Gal–free xenografts by multiple anticalcification therapies to avoid immune rejec-
tion and enhance durability, and three-dimensional (3D) printing technology to
improve the procedural safety.

Methods: Porcine pericardia were decellularized and immunologically modified
with a-galactosidase. The pericardia were treated by space filler, crosslinked with
glutaraldehyde in organic solvent, and detoxified. The sheep-specific nitinol
(nickel–titanium memory alloy) wire backbone was made from a 3D-printed model
for ovine aortic root. After it passed the fitting test, we manufactured a self-
expandable stented valve with the porcine pericardia mounted on the customized
nitinol wire–based stent. After in vitro circulation using customized silicone aortic
root, we performed TAVI in 9 sheep and obtained hemodynamic, radiological, im-
munohistopathological, and biochemical results.

Results: The valve functioned well, with excellent stent fitting and good coronary
flow under in vitro circulation. Sheep were sequentially scheduled to be humanely
killed until 238 days after TAVI. Echocardiography and cardiac catheterization
demonstrated good hemodynamic status and function of the aortic valve. The xe-
nografts were well preserved without a-Gal immune reaction or calcification based
on the immunological, radiographic, microscopic, and biochemical examinations.

Conclusions: We proved preclinical safety and efficacy for next-generation a-Gal–
free TAVI with multiple anticalcification therapies and 3D-printing technology. A
future clinical study is warranted based on these promising preclinical results.
(JTCVS Open 2020;3:14-24)
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Transcatheter aortic valve from a-Gal–free porcine
pericardia on customized nitinol stent.
CENTRAL MESSAGE

Next-generation a-Gal–free
transcatheter aortic valve im-
plantation with multiple antical-
cification therapies and 3D
printing technology enhances
durability of valve and minimize
complications.
PERSPECTIVE
This preclinical study demonstrated that a-Gal–
free xenografts by multiple anticalcification thera-
pies were well preserved without immune
reaction, and nitinol wire–based stent customized
by 3D printing technology enhanced accurate fix-
ation inside aortic root. A future clinical study for
next-generation transcatheter aortic valve im-
plantation is warranted based on these promising
preclinical results.

See Commentary on page 25.
Video clip is available online.

Transcatheter aortic valve implantation (TAVI) has been
predominantly used for treatment of symptomatic severe
aortic stenosis, and indications for TAVI have been
expanded from patients at high risk or with old age toward
low-risk or young patients.1 However, durability, hemody-
namics, periprocedural safety, and long-term adverse events
associated with TAVI have not been satisfactory.2,3 Conven-
tional management strategies are less efficient due to time-
dependent and frequent structural valve degeneration of
transcatheter heart valves consisting of thrombus formation,
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Abbreviations and Acronyms
3D ¼ 3-dimensional
a-Gal ¼ galactose-a-1,3 galactose b-1,4-N-

acetylglucosamine
a-Gal KO ¼ a1,3-galactosyltransferase knockout
BSA ¼ bovine serum albumin
GA ¼ glutaraldehyde
TAVI ¼ transcatheter aortic valve implantation
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endothelial hyperplasia, fibrosis, tissue remodeling, and
calcification.3-6

Immune reaction to the galactose-a-1,3 galactose b-1,4-
N-acetylglucosamine (a-Gal) of cardiac xenografts leads
to calcification.7,8 Conventional glutaraldehyde (GA)
crosslinking and anticalcification protocols of cardiac xe-
nografts don’t avoid bioprosthetic valve failure caused
by immune rejection9,10 and deleterious effects of tissue
phospholipids, conformational changes in collagen, and
free aldehyde groups.11 Therefore, future directions for
TAVI should include the avoidance of immune rejection
by a-Gal–free xenografts7,8 and enhanced durability by
multiple anticalcification therapies and novel tissue
treatments.11-13

Current commercialized TAVI also causes serious
complications, which include paravalvular leakage, aortic
regurgitation, aortic stenosis, complete atrioventricular
block requiring permanent pacemaker implantation, stent
migration, coronary obstruction, and myocardial infarc-
tion.2,3 The complication of new-onset atrioventricular
and intraventricular conduction block is most common,1,14

and the complication of prosthesis dislocation is the most
important.1,15 Alternative strategies are needed to avoid
such complications.1-3,14,15

To solve current issues related to periprocedural safety,
a stented valve for TAVI should be customized by
3-dimensional (3D) printing technology.16 In this study,
we proved the first preclinical safety and efficacy for
next-generation TAVI.

MATERIALS AND METHODS
Decellularization

Porcine pericardia were washed in 0.9% normal saline, and then 0.1%

peracetic acid with 4% ethanol in distilled water for 1 hour and then

washed for 2 hours with distilled water. These tissues were initially

treated with hypotonic buffered solution containing 0.25% sodium do-

decyl sulfate for 24 hours at 4�C and washed with distilled water for

1 hour. Later, they were treated with hypotonic solution containing

0.5% Triton X-100 for 24 hours at 4�C and washed with distilled water

for 12 hours at 4�C. These tissues were then treated with isotonic solution

for 24 hours at 4�C and were finally treated with hypertonic buffered so-

lution (II) for 6 hours at 4�C and washed with phosphate-buffered saline

(PBS) for 1 hour at 4�C.
Construction and Preparation of a1,3 Galactosidase
From Bacteroides thetaiotaomicron

The gene for a-galactosidase from B thetaiotaomicron (designated

BtGal110B) was amplified from the corresponding genomic DNAs by

polymerase chain reaction and was introduced into the pET28a vector

for expression of the His6-tagged proteins using appropriate restriction

sites for protein expression in Escherichia coli Rosetta2 (DE3; Nova-

gen, Madison, Wis). E coli was grown in Luria–Bertani media supple-

mented with 34 mg/mL chloramphenicol and 30 mg/mL kanamycin

induced at an A600 nm�0.6 with 1 mm isopropyl-1-thio-b-d-galacto-

pyranoside. The harvested cell pellet was lysed in a lysis buffer

(50 mM NaH2PO4, 300 mM NaCl, and 10 mM imidazole) using an

Ultrasonicator (Misonix Inc, Farmingdale, NY). The crude lysates

were centrifuged for 20 minutes at 13,000 rpm, at 4�C and the

expressed protein was purified using a Nickel-NTA agarose

column (QIAGEN, Valencia, Calif) according to the manufacturer’s

instruction.

Immunologic Modification by Inactivating
Xenoantigens (a-Gal)

The porcine pericardia were treated with 0.1 units/mL a-galactosidase

for 24 hours at 4�C.

Space-Filler Treatment
The porcine pericardia were treated with 30% polyethylene glycol

(1000 MW) in 0.01 M PBS (pH 7.4) for 1 day at 4�C.

GA Fixation in Organic Solvent
The porcine pericardia were initially fixed with 0.5% GA for 3 days at

room temperature, additionally fixed with 0.25% GA in organic solvent of

75% ethanol þ 5% octanol for 2 days at room temperature, and finally

fixed in 0.25% GA for 7 days at room temperature.

Detoxification
After completion of fixation, the porcine pericardia were treated with

0.2M glycine solution (PBS, pH 7.4) at room temperature for 24 hours.

Manufacture of Sheep-Specific Transcatheter Aortic
Valve

Sheep underwent electrocardiographic-gated cardiac computed to-

mography studies. After converting the Digital Imaging and Communica-

tions in Medicine images for ovine aortic root into 3D image using

Mimics Base version 16 (Materialize, Leuven, Belgium), the segmented

3D image was stored as a stereolithography file (Figure 1). The file

was then sent to 3D printer (uPrint; Stratasys Ltd, Eden Prairie, Minn)

and 3D model of the aortic root was printed (Figure 2). For the fitting

test and in vitro mock circulation, a hollow elastic model with both cor-

onary arteries was made by painting liquid silicone evenly on the surface

of 3D-printed model (Figure 2). The customized jig was made from 3D-

printed model for ovine aortic root, and sheep-specific nitinol (nickel–ti-

tanium memory alloy) wire backbone was made from the jig. The nitinol

stent was inserted inside customized silicone aortic root, and fitting test of

the stent was performed. After passing the fitting test, a-Gal–free porcine

pericardia treated by our anticalcification protocols were mounted on the

customized self-expandable nitinol wire–based stent (Figure 3). The

valve design for the key dimensions of the prostheses was customized ac-

cording to the ovine aortic root, and average total axial length was

45 mm, average target implant diameter was 24 mm, average outflow

flare diameter was 26 mm, and average length of the sheet height was

19 mm (Figure 3).
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FIGURE 1. Three-dimensional (3D) computed tomography images (A-B) and segmented 3D image stored as a stereolithography file (C-D) for ovine aortic

root.
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In Vitro Mock Circulation
We developed a specially designed mock circulation model17 to eval-

uate stent fitting, valve motion, and coronary patency of the stented

valve in vitro. The stented valve was inserted inside customized silicone

aortic root, which was connected to our mock circulation circuit and

placed under in vitro circulation. The circulation solutions contained

normal saline (0.9% NaCl) and 0.1% GA. A pulsatile pressure of

120/80 mm Hg was repetitively provided to the stented valve at a con-

stant interval of 60 rpm in one direction to reproduce in vivo circulation.

Both coronary arteries were connected into 3-way stopcocks with exten-

sion tubing, and coronary flow returned into in vitro mock circulation

(Figures 2 and 4).
Preclinical Study
This study was approved by the Institutional Animal Care and

Use Committee of the Clinical Research Institute, Seoul National Uni-

versity Hospital. This facility is accredited by the Association for

the Assessment and Accreditation of Laboratory Animal Care
16 JTCVS Open c September 2020
International. Sheep aged approximately 24 months (Daegwanryung,

Kangwon-do, Republic of Korea) were prepared, and the weight range

was 41�55 kg. Cefazolin was administered intravenously at 20 mg/kg.

The sheep were injected intramuscularly with 5 mg/kg Zoletil and

0.25 mg/kg Rompun, as preanesthetics. The sheep were endotracheally

intubated and anesthetized with 1.3�2.0% enflurane in O2 and instru-

mented for hemodynamic monitoring. The sheep were placed in the

left lateral decubitus position under general anesthesia. The right cer-

vical area was cut to expose the common carotid artery. After insertion

of a 5-Fr sheath in the carotid artery, routine hemodynamic study and

angiography were performed. The self-expandable valved stents of

23� 26 mm diameter were loaded into 18�22 Fr delivery system

and were implanted using a retrograde transarterial approach. Angiog-

raphy, fluoroscopy, and echocardiography were used to guide the

deployment into a good position inside the aortic root by controlling

the catheter handle meticulously. After the self-expandable valved stent

implantation, transthoracic echocardiography and cardiac catheteriza-

tion were performed to evaluate hemodynamic changes. The care

after TAVI consists of continuous routine monitoring with the



FIGURE 2. Three-dimensional (3D)–printed models (A-B) for ovine aortic root and hollow elastic model with both coronary arteries (C-D)made by paint-

ing liquid silicone evenly on the surface of 3D model.
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electrocardiogram, oxygen saturation, blood pressure and central

venous pressure, and administration of drugs and fluid. The sheep

was transferred to the cage after vital signs were stabilized. The clin-

ical courses such as dietary intake, systemic conditions, thromboem-

bolic events, and heart failure were closely observed. Cefazolin

(20 mg/kg, once/day for 3 days) was administered intravenously.

Immunoassay
Blood samples were taken from the sheep. An enzyme-linked immuno-

sorbent assay was used to measure the specific serum antibody concentra-

tions (IgM and IgG) against a-Gal in the sheep. Microtiter plates were

coated with 100 mL per well of bovine serum albumin (BSA) conjugating

synthesized a-Gal (a-Gal-BSA; Dextra Laboratories, Reading, United

Kingdom) in PBS (pH 7.4) (at 1 mg/mL for the IgM and IgG isotypes)

and incubated at 37�C for 1 hours. Then, the plates were washed with

PBS containing 0.05% (v/v) Tween 20. Sheep sera (100 mL per well)

were added to the a-Gal-BSA–immobilized wells in BSA-Tween 20

(PBS, pH 7.4, 3% BSA, 0.01% Tween 20), and the plates were incubated

for 1 hour at 37�C. Horseradish peroxidase-conjugated rabbit anti-sheep

IgM and IgG (AbD SeroTec, Oxford, United Kingdom) were used as the

secondary antibody (1:10,000) at the IgM and IgG dilution in BSA-

Tween 20. A color reaction was developed with 3,30,5,50-tetramethylbenzi-

dine solution (BD Biosciences, San Diego, Calif). Absorbance was

measured at 450 nm in an enzyme-linked immunosorbent assay reader.
Radiologic Confirmation by Quantifying
Calcification

After the sheep were humanely killed, harvested stent valves were cut

longitudinally for a thorough visual inspection and tested for radiologic

confirmation with simple radiographs.
Calcium Analysis
Harvested tissue samples were washed in normal saline, dried at 70�C

for 24 hours, and weighed. The samples were then hydrolyzed with 5.0N

HCl solution. The calcium content of the hydrolysate was measured color-

imetrically using the o-cresolphthalein complex-one method and an auto-

matic chemistry analyzer (Hitachi 7070, Tokyo, Japan). Calcium content

was expressed as mg/mg dry weight.

Microscopic Examination
Representative tissue samples were examined under light microscopy.

The tissue samples were fixed in 10% formalin, embedded in paraffin,

and 2- to 4-mm-thick sections were stained with hematoxylin–eosin, Mas-

son’s trichrome, and the von Kossa method.

Immunohistochemistry Staining
Representative tissue samples were stained for sheep macrophages and

T cells. The primary antibodies used were anti-sheep F4/80 antigen (eBio-

science, San Diego, Calif) at 1:3000 dilution (marker for sheep macro-

phages) or anti-sheep CD4 (eBioscience) at 1:1000 dilution (marker for

sheep T-cells). The secondary antibody used was horseradish

peroxidase–conjugated rabbit anti-sheep IgG (AbD SeroTec, Oxford,

United Kingdom) at 1:500 dilution. Diaminobenzidine was used as a chro-

mogen and hematoxylin was used for counterstaining.

Statistical Analysis
Statistical analyses were performed with the SPSS software package

(version 25.0; IBM Corp, Armonk, NY). Data were expressed as

mean � standard deviation. The change in the antibody titer against

a-Gal was compared according to the duration after TAVI using

repeated-measures analysis of variance (Video 1).
JTCVS Open c Volume 3, Number C 17



FIGURE 3. Customized jigmade from a 3-dimensional–printedmodel for

ovine aortic root (A), fitting test of sheep-specific nitinol (nickel–titanium

memory alloy) wire back bone made from the jig inside the customized sil-

icone aortic root (B), and side view (C) and top view (D) of prototype for

self-expandable transcatheter aortic valve made from a-Gal–free porcine

pericardium mounted on the customized nitinol wire–based stent.

FIGURE 4. Photograph (A-B) of in vitro mock circulation. A pulsatile

pressure of 120/80 mm Hg was repetitively provided to the transcatheter

aortic valve at a constant interval of 60 rpm in one direction to reproduce

in vivo circulation,12 and good valve motion with excellent fitting of valved

stent inside customized silicone aortic root was identified. Both coronary

arteries were connected into 3-way stopcocks with extension tubing, and

good coronary flow was identified to return into in vitro mock circulation

(B). Bottom view (C) and top view (D) of gross findings 196 days after

transcatheter aortic valve implantation. All aortic valve leaflets were well

mobile without degeneration and calcification (C-D), stent was well endo-

thelialized (C), and both coronary arteries (see 2 forceps inserted into both

coronary arteries) were patent above aortic valve (D).

Adult: Aortic Valve: Evolving Technology Lim et al
RESULTS
In Vitro Mock Circulation

During the in vitro mock circulation, we confirmed
excellent fitting of the stent inside the customized
18 JTCVS Open c September 2020
silicone aortic root and good motion of stented valve.
Complete alignment of the stent without paravalvular
leakage was confirmed within the aortic root, and risks
for incomplete deployment within the aortic root were
completely avoided under systemic pressure. Both coro-
nary flow was well maintained without obstruction
(Figure 4).



VIDEO 1. Development of next generation a-Gal-free transcatheter aortic

valve implantation withmultiple anticalcification therapies and 3D printing

technology. Video available at: https://www.jtcvs.org/article/S2666-2736

(20)30057-7/fulltext.
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Hemodynamic Study and Gross Findings
After TAVI, 9 sheep were sequentially scheduled to be

humanely killed to compare the safety and efficacy of
�1 month of survival (n ¼ 5) with �5 months of survival
(n ¼ 4). The evaluation of echocardiography and cardiac
catheterization demonstrated clinically better outcomes
with respect to the control18-20 without stent migration in
the same way as in vitro mock circulation for 8 months
after TAVI (Table 1). There was no evidence of subclinical
thrombosis. None of the explanted aortic valve leaflets
showed calcium deposits or plaque and all the explanted
aortic valve leaflets remained mobile on gross inspection.
Stents were well endothelialized, and both coronary arteries
were patent above aortic valve (Figure 4).
Immunological Assay for a-Gal Antibody
The a-Gal IgM antibody titers measured in serum

collected before, just after, 1 day�1 month after, and
5�8 months after TAVI were 0.2298 � 0.0226, 0.2194 �
TABLE 1. Timeline of control groups (n ¼ 28) compared with this study (

Group Position for xenograft implantation

Study Aortic position

Control Aortic position18

Pulmonary position19,20

Total

In the control groups,yy graft failurez{was not clearly identified until 1month after implanta

In the study group, zz all grafts*y remained the same as preoperative status without graft failu

implantation in aortic position (this study). yAt 149, 182, 196, and 238 days after xenogra

plantation in aortic position.18 xAt 40, 40, and 107 days after xenograft implantation in ao

sition.18 {At 2, 3, 3, 7, 17, and 20 days after xenograft implantation in pulmonary position.1

224, 264, 340, 361, 362, 471, 497, 573, 591, 598, and 599 days after xenograft implantat

xenograft without a-Gal removal and multiple anticalcification therapies. zzStudy group u

fication therapies.
0.0181, 0.2221 � 0.0079, and 0.2131 � 0.0173, respec-
tively. The a-Gal IgG antibody titers measured during the
same schedule were 0.2208 � 0.0157, 0.2080 � 0.0120,
0.2098 � 0.0042, and 0.2174 � 0.0126, respectively. No
differences in the a-Gal IgM and IgG antibody titer were
observed according to the duration after TAVI (P>.05).

Specimen Radiography and Analysis of Calcium and
Inorganic Phosphorus
Specimen radiography taken from explanted aortic

valves demonstrated no calcification for 8 months after
TAVI (Figure 5). The calcium and inorganic phosphorus
concentrations of the explanted aortic valve leaflets re-
mained very low with 1.59 � 0.03 mg/mg and 1.58 �
0.05 mg/mg at 2 days after TAVI, and 0.60 � 0.01 mg/mg
and 0.59 � 0.02 mg/mg at 8 months after TAVI.

Microscopic Examination of Explanted Aortic Valve
Leaflets After TAVI
For 8 months after TAVI, the collagen fibers appeared

well preserved with a normally banded structure, and no
specific matrix derangement was noticeable on the hema-
toxylin-eosin–stained specimens. No cellular nuclei were
observed because of complete decellularization. The aortic
valve leaflets on Masson’s trichrome stained specimens had
a compact array of collagen fibers with preserved structural
integrity. The aortic valve leaflets on von Kossa–stained
specimens showed no evidence of calcification (Figure 6).

Immunohistochemistry Staining of Explanted Aortic
Valve Leaflets After TAVI
In the porcine pericardial tissues implanted into the aortic

root of sheep, F4/80 staining revealed no or rare macro-
phages, and CD4 staining revealed no or rare T cells for
8 months after TAVI (Figures 7 and 8 and Video 1).

DISCUSSION
Currently, TAVI procedures are increasing rapidly, but the

durability for tissue valves are not satisfactory, and the
n ¼ 9)

Number according to experiment duration

�1 M 1-5 M �5 M

5* 4y
2z 3x 3k
6{ 1# 13**

8 4 16

tion, but graft failurek**was clearly confirmed from 5months after implantation.18-20

re even after 5months after implantation. *At 1, 2, 18, 23, and 29 days after xenograft

ft implantation in aortic position (this study). zAt 5 and 31 days after xenograft im-

rtic position.18 kAt 363, 411, and 636 days after xenograft implantation in aortic po-
9,20 #At 102 days after xenograft implantation in pulmonary position.20 **At 147, 195,

ion in pulmonary position.19,20 yyControl groups underwent implantation of porcine

nderwent implantation of a-Gal–free porcine xenograft treated by multiple anticalci-

JTCVS Open c Volume 3, Number C 19

https://www.jtcvs.org/article/S2666-2736(20)30057-7/fulltext
https://www.jtcvs.org/article/S2666-2736(20)30057-7/fulltext


FIGURE 5. Specimen radiographic findings taken from explanted aortic valve after TAVI. Side view: 2 (A), 8 (B), 23 (C), 29 (D), 149 (I), 182 (J), 196 (K),

and 238 (L) days after TAVI. Top view: 2 (E), 8 (F), 23 (G), 29 (H), 149 (M), 182 (N), 196 (O), and 238 (P) days after TAVI. TAVI, Transcatheter aortic valve

implantation.
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complications such as paravalvular leakage, aortic regurgi-
tation, aortic stenosis, complete atrioventricular block
requiring permanent pacemaker implantation, stent migra-
tion, coronary obstruction, and myocardial infarction are
still challenges to be solved.1-3 In this study, we performed
the first in vivo large animal study under aortic position for
this a-Gal–free substitute with multiple anticalcification
therapies and succeeded in proving the preclinical safety
and efficacy for next-generation TAVI. This preclinical
20 JTCVS Open c September 2020
study showed that the function of aortic valves was well
maintained without subclinical thrombosis after TAVI with
this biocompatible substitute, and the xenografts were well
preserved without calcification based on the radiographic,
microscopic and biochemical examinations.

In contrast, control experiments of the fresh porcine xeno-
grafts18 implanted to the aortic position of goat resulted in
severe calcification, fibrosis, and tissue degeneration. Addi-
tional treatment with decellularization also only reduced



FIGURE 6. Microscopic findings taken from explanted aortic valve leaflet 2 (A, B, C, G, H, I), 29 (D, E, F, J, K, L), 182 (M, N, O, S, T, U), and 196 (P, Q, R,

V, W, X) days after TAVI. Hematoxylin–eosin staining (A, D, G, J, M, P, S, V), Masson’s trichrome staining (B, E, H, K, N, Q, T, W), von Kossa staining (C,

F, I, L, O, R, U, X), 3100 (A-F, M-R), and 3400 (G-L, S-X). Staining showed well-preserved collagen fibers with normally banded structure, no specific

matrix derangement, compact array of collagen fibers with preserved structural integrity, and no calcification for 8 months after TAVI.

FIGURE 7. Immunohistochemistry stainings taken from explanted aortic valve leaflet 2 (A, B, E, F), 29 (C, D, G, H), 182 (I, J, M, N), and 196 (K, L, O, P)

days after TAVI. F4/80 (macrophage) staining (A, C, E, G, I, K, M, O), CD4 (T-cell) staining (B, D, F, H, J, L, N, P), 3100 (A�D,I�L), and 3400

(E�H,M�P). Staining revealed no or rare immune cells for 8 months after TAVI.

JTCVS Open c Volume 3, Number C 21
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FIGURE 8. Development of next generation a-Gal–free TAVI with multiple anticalcification therapies and 3D printing technology. 3D, 3-dimensional;

TAVI, transcatheter aortic valve implantation; a-Gal, galactose-a-1,3 galactose b-1,4-N-acetylglucosamine.
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immune reaction to change pathologic findings from neutro-
phil to lymphocyte infiltration but did not improve long-term
durability at all. To improve durability of xenograft, we
applied themultistep anticalcification protocols and the syn-
ergy mechanisms are as follows: (1) cross-linkage of xeno-
graft tissue with GA obtains stabilization of collagen and
suppresses host immunologic reactivity11; (2) detoxification
with amino acids neutralizes the residual free aldehyde
groups of GA, forming a Schiff base11; (3) organic solvent
removes phospholipids and is preferentially bound to hydro-
phobic residues within collagen and elastin11; and (4) decel-
lularization suppresses residual antigenicity.11 The in vivo
experiments for small animals proved that our anticalcifica-
tion protocols of xenograft tissuewere effective.11 In pulmo-
nary position, the large-animal long-term circulatory model
also proved the safety and efficacy for optimalGA crosslink-
ings of porcine19 and bovine21 xenograft tissue with our
anticalcification treatments compared with those without
treatments.19,20

The animal immune response may play an important role
in structural damage of the currently commercially avail-
able bioprosthetic valves.7,9,10 We demonstrated that
removing a-Gals from the surface of the xenogenic tissue
valves can improve the durability of the xenogenic tissue
valves in the experiments for a-Gal KO mice to mimic
the human immunologic environment.8 In pulmonary posi-
tion, the large-animal long-term circulatory model also
demonstrated the safety and efficacy for our anticalcifica-
tion protocols including immunologic modification22

compared with control groups.19,20

Space filler prevents calcification of GA-pretreated car-
diac xenograft by filling the interstitial void spaces with a
macromolecular substance.12 In vivo small animal experi-
ments confirmed the synergistic anti-calcification effect of
22 JTCVS Open c September 2020
space filler for xenograft tissue,12 and the experiments for
humanized (a-Gal KO) mice finally proved that our novel
combined anti-calcification protocols including space filler
and immunologic modification for xenograft tissue were the
most effective.13 The large-animal long-term circulatory
model demonstrated the preclinical safety and efficacy in
pulmonary23 and mitral17 position for our novel combined
anticalcification protocols including space filler and immu-
nologic modification compared with control groups.18-20

The clinical study demonstrated the safety and efficacy in
pulmonary position for our novel combined anticalcifica-
tion protocols including space filler and immunologic
modification.24,25 The a-Gal–free bioprosthetic valves
were successfully commercialized for the first time in the
world, and have been implanted to the pulmonary position
of the patients. Currently, clinical trials (The PULSTA
Transcatheter Pulmonary Valve Pre-Approval Study,
ClinicalTrials.gov Identifier: NCT03983512) for our a-
Gal-free bioprosthetic valves to the pulmonary position
are also in progress for 5 European countries (Germany,
Italy, Netherlands, Spain, Turkey; https://clinicaltrials.
gov/ct2/show/NCT03983512). In the next step, this preclin-
ical study demonstrated that our a-Gal–free bioprosthetic
valves to the aortic position were safe and effective. Specific
details are described in the results section.

Humans lack animal antigens (a-Gal), which causes
significant animal immune rejection following implanta-
tion of porcine or bovine bioprosthetic heart valve. To
avoid immune rejection and dramatically improve the
durability for bioprosthetic valves, it is necessary to use
xenografts from primates or a-Gal KO pigs, which
are immunologically similar to humans. However, this
commercialization is impossible due to lack of economic
feasibility and difficulty of mass production. Instead, we

http://ClinicalTrials.gov
https://clinicaltrials.gov/ct2/show/NCT03983512
https://clinicaltrials.gov/ct2/show/NCT03983512
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used enzymatic removal methods with a-galactosidase for
cardiac xenografts and confirmed that a-galactosidase
effectively removed animal antigens from cardiac xeno-
grafts.7 We chose the Bacteroides thetaiotaomicron–
derived recombinant a-galactosidase expressed in E coli,
which is effective with small amount under physiological
conditions, and advantageous in cost effectiveness.7 The in
vivo study using humanized mice also demonstrated that
the enzymatic removal methods with a-galactosidase
made cardiac xenografts have excellent anticalcification
effects as primate.13,26 Sheep was used as preclinical
model for porcine xenograft implantation instead of pig.
The animal immune response exists between heteroge-
neous species because the differences in the fine speci-
ficity of natural anti-Gal in various species may cause
the multiple B-cell clones to produce anti-Gal antibodies
that have specificities that differ slightly from each other
and thus recognize various “facets” of the a-Gal epitope
in its 3D form.11

In the next step, the in vivo study using humanized mice
demonstrated that the treatment of a-galactosidase made
porcine xenografts more durable than bovine xenografts.27

The clinical study also reported that porcine xenografts
were more durable than bovine xenografts, although animal
antigens still exist in currently commercialized valves.28,29

Therefore, we chose porcine xenografts for the a-Gal–free
bioprosthetic valves instead of bovine xenografts and
demonstrate the preclinical safety and efficacy for the a-
Gal–free porcine xenografts after TAVI in this study.
The a-Gal–free porcine xenografts were well preserved
without a-Gal immune reaction based on the immunologic
examinations.

Self-expandable stents are safer than balloon-expandable
stents because the procedures are simple without balloon
dilation and the risks of wire-based-stent fracture are low.
To improve the completeness of the manufacturing process
for the self-expandable nitinol wire backbone, 3D printing
mock up for ovine aortic root was used for in vitro mock cir-
culation as well as manufacture of the customized jig and
fitting test before the preclinical in vivo study. In this study,
the excellent flexibility of our knitted self-expandable
nitinol wire–based stent customized by 3D printing technol-
ogy enhanced tight and accurate fixation inside the aortic
root after TAVI, which reduced complications including
structural valve deterioration, subclinical thrombosis, para-
valvular leakage, complete atrioventricular block requiring
permanent pacemaker implantation, stent migration, coro-
nary obstruction, and myocardial infarction even under sys-
temic pressure. The manufacture of a customized jig, fitting
test, and in vitro mock circulation using our 3D-printed
model further minimized complications after TAVI. The
detailed planning and presimulation concerning the individ-
ual anatomy and characteristics of the aortic root are essen-
tial, given the wide variety of pathologies. Presimulation
with in vitro mock circulation using 3D printing must be
performed like this study to correct possible problems and
increase the completeness and accuracy of real clinical
application.16

The 3D-printed model should reflect real anatomical
and functional variations of the aortic root. However, the
current study presents several limitations with respect to
its ability to mimic the real aorta. The mechanical proper-
ties of our silicone model, such as the tensile strength,
yield strength, and elastic modulus, are different from hu-
man diseased thoracic aortas. The real thickness, stiffness,
compliance, and distensibility of aortic and leaflet wall
are also not accurately represented. The silicone model
doesn’t have real elasticity, which altered its diameter dur-
ing systole and diastole, and the rigidity and flexibility
don’t mimic actual thickening and calcification. In the
near future, the 3D printers can combine a rigid and a flex-
ible photopolymer, and produce multi-material photo-
polymer for printing a real model for calcified aortic
root.16,30 The patient-specific model should more closely
resemble those of the human diseased thoracic aorta
than the silicone model. This preliminary study is also
limited by finite element analysis simulation for proper
mechanics and small sample size and early results for
TAVI. Much more data are needed to fully evaluate the
new device.

CONCLUSIONS
We developed the a-Gal–free tissue valve for TAVI with

the simultaneous use of multiple anticalcification therapies
such as decellularization, immunologic modification with
a-galactosidase, space filler, organic solvent, and detoxifi-
cation. We proved preclinical safety and efficacy for the
next-generation a-Gal–free TAVI with novel tissue treat-
ments and 3D printing technology. Future investigations
should be directed toward a-Gal–free substitutes such as
our tissue valve for TAVI, and future clinical study for
next-generation TAVI is warranted based on our preclinical
results using in vitro mock circulation and large-animal in
vivo systemic circulatory models.
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