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INTERVENTIONS FOR VALVULAR DISEASE AND HEART FAILURE

Percutaneous pulmonary valve replacement using completely
tissue-engineered off-the-shelf heart valves: six-month in vivo
functionality and matrix remodelling in sheep

Boris Schmitt'*, MD; Hendrik Spriestersbach!, MD; Darach O h-Ici', MD; Torben Radtke';
Marco Bartosch!, Dipl. Ing.; Heiner Peters', Dipl. Ing.; Matthias Sigler?, MD, PhD;

Laura Frese®, PhD; Petra E. Dijkman?®, PhD; Frank P. T. Baaijens*, PhD;

Simon P. Hoerstrup®, MD, PhD; Felix Berger!, MD, PhD

1. Department of Congenital Heart Disease and Paediatric Cardiology, Deutsches Herzzentrum Berlin, Berlin, Germany;

2. Department of Paediatric Cardiology and Paediatric Intensive Care Medicine, Georg-August University, Gottingen, Germany,
3. Division of Surgical Research, University and University Hospital Ziirich, Ziirich, Switzerland, 4. Department of Biomedical
Engineering, Eindhoven University of Technology, Eindhoven, The Netherlands

This paper also includes supplementary data published online at: http://www.pcronline.com/eurointervention/98th_issue/12

B. Schmitt and H. Spriestersbach are joint first authors and contributed equally to this work.

S.P. Hoerstrup and F. Berger are joint last authors and contributed equally to this work.

Abstract

Aims: The objective was to implant a stented decellularised tissue-engineered heart valve (sdTEHV) percu-

KEYWORDS

o cardiac taneously in an animal model, to assess its in vivo functionality and to examine the repopulation and remod-
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elling of the valvular matrix by the recipient’s autologous cells.

Methods and results: Prototypes of sdATEHV were cultured in vitro, decellularised and percutaneously
implanted into the pulmonary position in 15 sheep. Functionality was assessed monthly by intracardiac
echocardiography (ICE). Valves were explanted after eight, 16 or 24 weeks and analysed macroscopically,
histologically and by electron microscopy. Implantation was successful in all animals. Valves showed nor-
mal pressure gradients throughout the study. Due to a suboptimal design with small coaptation area, stent

pulmonary valve
replacement
o tissue engineering

ovality led to immediate regurgitation which continuously increased during follow-up. Analyses revealed
complete endothelialisation and rapid cellular repopulation and remodelling of the entire matrix. Valves
were free from endocarditis, calcification and graft rejection.

Conclusions: sdTEHV can be safely implanted percutaneously. The fast autologous recellularisation and
the extensive matrix remodelling demonstrate the valve’s potential as a next-generation percutaneous pros-
thesis with the capacity for tissue self-maintenance and longevity. Regurgitation may be prevented by valve
design optimisation.
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Abbreviations

CT computed tomography

ECM extracellular matrix

ICE intracardiac echocardiography
PA pulmonary artery

RVOT  right ventricular outflow tract

SATEHV stented decellularised tissue-engineered heart valve
SEM scanning electron microscopy

SMA smooth muscle actin

Introduction

Many congenital heart defects affect the pulmonary valve'?2
Patients with such defects often undergo multiple interventions, as
current valve prostheses are not durable enough to last a lifetime.

Surgical pulmonary valve replacement can be avoided in selected
patients by implanting pulmonary valve prostheses percutaneously?.
These prostheses are made from glutaraldehyde-fixed bovine tis-
sue*’. They degrade with time, as the leaflet tissue cannot be main-
tained or renewed by the body®. A valve with regenerative capacity
would overcome these limitations. Attempts to use in vitro tissue-
engineered living heart valves failed in preclinical studies due to
leaflet shortening caused by cell-mediated traction forces’™.

An alternative approach uses decellularised in vitro tissue-engi-
neered heart valves'®!. Decellularisation prevents leaflet retraction
by removing contractile cells, leaving the extracellular matrix (ECM)
behind'*%. Decellularisation substantially simplifies the process from
valve production to implantation as valves are less immunogenic and
can be stored. This makes it possible to produce the valve as a human
cell-derived homologous off-the-shelf product®. Such valves have
shown self-repair capacity in primates and sheep: they were swiftly
populated with host cells and demonstrated matrix remodelling'*!.

In these studies, the valves were integrated into self-expanding
stents and implanted using a right ventricular transapical approach.
As the next step towards human application, we developed a deliv-
ery system for percutaneous transvenous implantation'. We dem-
onstrated the principal feasibility of replacing the pulmonary valve
using our delivery system and sdTEHVs in three sheep.

Editorial, see page 11

In the study presented here, the focus was on the in vivo functional-
ity and histologic results of siTEHV up to six months after percuta-
neous implantation in the pulmonary position in a series of 15 sheep.

Methods

STUDY DESIGN

Approval for this animal experiment was given by the responsi-
ble body (Regional Office for Health and Social Affairs Berlin,
LAGeSo). Animals were treated according to the guidelines of the
European and German Societies of Laboratory Animal Science
(FELASA, GV-SOLAS).

Fifteen adult grey horned heaths were randomly divided into
three groups of five animals with a follow-up period of eight, 16
and 24 weeks. CT scans were performed before valve implantation,
one week after implantation and one week before explantation.

Six-month results of percutaneously implanted sdTEHV

Valve function was evaluated by intracardiac echocardiography
(ICE) every four weeks. Anaesthesia and perioperative procedures

have been described previously.

HEART VALVE FABRICATION AND IMPLANTATION PROCEDURE
The valves were produced from ovine vascular-derived cells
seeded on a fast degrading polyglycolic acid scaffold coated with
poly-4-hydroxy-butyrate and integrated into 30x30 mm nitinol
stents (pfim medical ag, Cologne, Germany). After decellularisa-
tion and sterilisation they were stored at 4°C'*® and implanted
8.5+£5.9 weeks after manufacture. Production was carried out by
XELTIS BV (Eindhoven, The Netherlands).

The implantation procedure has been described previously.
Briefly, native pulmonary valve function was assessed by ICE.
Angiography and pressure measurements were performed in the
right atrium, ventricle and pulmonary artery. The sdTEHV was
inspected and the leaflets were separated with a scalpel. The
sdTEHV was crimped in a stepwise fashion to a minimal diam-
eter of 8 or 10 mm using a crimping tool (Edwards Lifesciences,
Irvine, CA, USA). The crimped sdTEHV was loaded into a cus-
tom-made delivery system!’ with a shaft of 22 Fr (outer diameter)
and a capsule at the distal end with an inner/outer diameter of
either 8/8.6 mm (26 Fr) or 10/10.6 mm (32 Fr) (Figure 1). The
size of the capsule was selected with respect to animal weight,
jugular vein size and the individual crimpability of the sdTEHV.

The delivery system was inserted without a sheath into the jugular
vein. In the ovine model the jugular access must be used, as — dif-
ferent from humans — the femoral veins are too small. The delivery
system was advanced under fluoroscopic guidance to the pulmonary
valve position over an ultra-stiff guidewire (Amplatz Ultra-Stiff Wire
Guide, Ultra-Stiff 2, Curved — PTFE-Coated Stainless Steel; William
Cook Europe, Bjaeverskov, Denmark). By withdrawing the capsule,
the self-expanding sdTEHV was released, overstenting the native
pulmonary valve. After implantation, the position and function of the
sdTEHV were assessed using angiography, invasive pressure meas-
urements and ICE (Figure 2). Anticoagulation was continued for five
days using acetylsalicylic acid 100 mg/d per os (ASS-ratiopharm®;
ratiopharm GmbH, Ulm, Germany) and dalteparin 5,000 IU/d sub-
cutaneously (Fragmin®; Pfizer Pharma GmbH, Berlin, Germany).

INTRACARDIAC ECHOCARDIOGRAPHY, PRESSURE
MEASUREMENTS AND CT
We performed ICE via the jugular vein using commercially
available 8 or 10 Fr ultrasound catheters (AcuNav™; Siemens,
Erlangen, Germany) and a Vivid q echo machine (GE Healthcare,
Tirat Carmel, Israel). Measurements and classification of regurgi-
tation and stenosis were carried out in accordance with interna-
tional guidelines. The vena contracta, a semiquantitative measure
for regurgitation, was expressed as a percentage of the inner diam-
eter of the tissue-engineered conduit.

Invasive pressure measurements were conducted using a 5.2 Fr
pigtail catheter connected to a monitor (Eagle 4000; Marquette
Hellige, Freiburg, Germany).
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Figure 1. sdTEHV and delivery system. At delivery, the leaflets were fused (A). After leaflet separation, a gap of up to 2 mm was present

between the leaflets at full stent expansion to 30 mm (B). Crimping to 27 mm gave slight leaflet coaptation (C). The 26 Fr version of the

delivery system, loaded with an sdTEHV (D).

ECG-triggered flash CT scans (Somatom® Definition Flash;
Siemens AG, Erlangen, Germany) with a slice thickness of 0.75 mm
and contrast infusion of 2 to 2.5 ml/kg (Iomeron® 400 MCT; Bracco
Imaging, Constance, Germany) were performed. Measurements
were carried out with the syngo software (VE31H; Siemens AG).

Figure 2. Implantation. The jugular vein was used for implantation.
The self-expanding stent was deployed by withdrawing the capsule
and outer part of the shaft (both parts not visible under fluoroscopy)
(A). The position and function of the sdTEHV was assessed by

angiography (B).

A diastolic transverse section of the native pulmonary valve and the
stent’s mid portion were used to measure the minimal and maximal

diameter as well as the circumference and area.

EXPLANTATION AND MACROSCOPIC EVALUATION OF THE
sdTEHV

ICE, angiography and pressure measurements were repeated. An
additional dose of heparin of 100 IU/kg was given. After sacrifice,
the heart was explanted and the sdTEHV was dissected in one
piece including the attached RVOT and PA.

(IMMUNO-) HISTOLOGY AND SCANNING ELECTRON
MICROSCOPY (SEM)
These methods are described in the Online Appendix.

Statistics

Normal distribution of the data was assessed using histograms,
QQ plots and the Shapiro-Wilks test. Values are expressed as
meantstandard deviation. In the case of non-normally distrib-
uted data or sample sizes lower than 10, values are expressed as
median and interquartile range. Non-parametric tests were per-
formed. Related samples were tested using the Wilcoxon signed-
rank test. Spearman’s rank correlation coefficient was used to
correlate the grade of insufficiency with the grade of stent oval-
ity. Page’s L test'” was applied to test whether the vena contracta
increased during the follow-up. A p-value <0.05 was considered
statistically significant.

Results
PERCUTANEOUS PULMONARY VALVE IMPLANTATION
The sheep had a mean weight of 47.3+5.8 kg and a mean pulmo-
nary valve diameter of 24.6+2.5 mm.

The sdTEHV delivered to the catheterisation laboratory had
homogeneous and smooth tissue. The leaflets were of equal



dimensions and concave with a curvature in circumferential but
not in radial orientation (no hyperbolic shape). After separation,
the leaflets slightly retracted leaving a gap of 1-2 mm between
the margins. Coaptation was again achieved when the stent was
crimped to 27 mm (Figure 1).

Crimping was successful in all but one valve, which was dam-
aged during crimping; this valve was not implanted. In 10 animals
the sATEHV was loaded into an 8 mm capsule. In the five remain-
ing animals a 10 mm capsule was used.

Implantation was successful in all 15 animals. All but one
sdTEHV were successfully positioned over the native pulmonary
valve. One sdTEHV was placed distally which resulted in a “dou-
ble valve” with preserved native pulmonary valve closure. This
valve was excluded from functional analysis.

Two valves were damaged during implantation. In one case a leaf-
let ruptured (confirmed at explantation) which resulted in immedi-
ate severe regurgitation. Possible mechanisms of damage include
faulty crimping and withdrawing of the delivery system. In the other
case the sdTEHV was creased during a first implantation attempt in
which the capsule was accidentally detached from the shaft. This
valve showed moderate regurgitation after successful implantation.

All animals completed the follow-up period as planned.

VALVE FUNCTION

The sdTEHV leaflets opened well following implantation. Stenosis
did not occur at any point in time: ICE and invasive pressure
measurements were unchanged compared to those before implan-
tation (p>0.05) and all measurements stayed within the range of
clinically normal values (Table 1, Table 2).

Immediately after implantation, there was no or only mild regur-
gitation in the majority of cases (eight of 14). Severe regurgitation
occurred in two animals, one of which had a ruptured leaflet (men-
tioned above) while the other had severe oval stent deformation.
Immediate regurgitation correlated with stent ovality assessed one
week after implantation (Spearman’s rho=0.64) (Figure 3). At
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week one the stents had expanded to near their maximal diameter.
Stents did not significantly expand further during follow-up, but
became more circular over time (Table 3).

During follow-up we noticed a continuous increase in non-
coaptation, prolapse and significant shortening of the leaflets in
all animals with a corresponding gradual increase in regurgitation
grade and vena contracta (p<0.01) (Figure 4). Paravalvular leak-

age did not occur.

MACROSCOPIC FINDINGS

After eight weeks, broad stable adhesions between the tissue of
the sdTEHV and the native PA and RVOT were present. The con-
duit and leaflets were overgrown by a thin layer of neointima. All
valves were intact, except the one valve damaged during implanta-

tion. No large thrombi were seen.
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Figure 3. Correlation between stent ovality and regurgitation. The
relative difference in diameter expresses the difference between the
maximal and minimal diameter in relation to the mean diameter.
Grades of pulmonary regurgitation: 0, trivial or none; 1, mild; 2,
moderate, 3, severe.

Table 1. Systolic pressure gradient obtained by invasive pressure measurement.

Native pulmonary valve
6.6+2.7 mmHg

sdTEHV after implantation
6.5+2.3 mmHg"

sdTEHV before explantation
7.9+6.3 mmHgns

The pressure gradients of the sdTEHV at different time points were compared with those of the native pulmonary valve. ns: not significant

Table 2. Echocardiographic Doppler measurements of the native pulmonary valve and sdTEHV.

Follow-up, weeks 17T 2 4 g 2
& m=14) | (=14 | ©=13) | (1=13) (n=8)

Vmax, m/s 0.86 0.98 0.88m 0.92n 0.94rs 0.98 1.03n 0.78m
(0.30) (0.40) (0.40) (0.50) (0.30) (0.50) (0.40) (0.70)

PGmax, mmHg 3.0 5.9" SN 3.4 85" SESE 4.3 2.[f'®
(1.8) (3.1) (2.9) (4.0) (2.2) (3.8) (3.6) (5.2)

PGmean, mmHg 14 1.8m 1.5 W55 ESE 1,7/ 11.8/B .2
(0.8) (1.6) (1.2) (1.5) (1.2) (1.7) (1.6) (2.3)

* p<0.05. Values are given as median with the interquartile range in brackets. The measurements obtained from the sdTEHV were compared with those

of the native valve before implantation. n: number of animals; ns: not significant; PGmax: peak pressure gradient; PGmean: mean pressure gradient;

Vmax: peak velocity
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Table 3. Stent dimensions obtained from CT scans.

Stent diameter

Absolute diameter

Stent ovality

Relative diameter

difference difference Rialibjcex
CT after implant 27.6+x1.4 mm 3.9+2.8 mm 14.1£9.4% 1.16+0.11
CT before explant 27.9+1.0 mm 2.5+1.9 mm 8.9+6.8% 1.10+0.08
p-value 0.532 0.039 0.041 0.041

The difference between maximum and minimum diameter is given as absolute and relative difference (relative: percentage of the mean diameter).
Ovality index: maximum diameter/minimum diameter. The CTs were performed 1.5+0.4 weeks after implantation and 1.3+0.7 weeks before
explantation. In the CT before explantation, the diameter and ovality of the stent were equal among the different follow-up groups.
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Figure 4. Progression of pulmonary regurgitation shown by
echocardiography. Grade of pulmonary regurgitation (A): the
numbers in the charts indicate the number of animals; one was
excluded due to preserved native valve function. Three different
sheep lacked one follow-up each. In the animals sacrificed at eight
weeks, regurgitation was moderate in three and severe in two and at
16 weeks it was moderate in two and severe in three. Vena contracta
(B): thin lines indicate individual animals. The bold red line
represents the median. There was a significant increase of vena
contracta over time (p<0.01).

Leaflet shortening occurred in all animals in all follow-up
groups. At eight weeks the commissural parts of the free leaflet
margins still coapted. Leaflets were shortened at 16 weeks with
a gap of several millimetres between the leaflets. At 24 weeks the
leaflets were prolapsed and deformed with a wide central orifice
(Figure 5).

Two factors contributing to leaflet shortening were observed:
firstly, fusion of the leaflet with the conduit and secondly, leaf-
let retraction. Fusion of the hinge portion with the wall was the
most obvious cause of leaflet shortening. It was more pronounced
at 16 and 24 weeks than at eight weeks. Leaflet-wall fusion also
occurred at the commissures, leading to a discontinuation of the
intercommissural triangles after 24 weeks. Tissue retraction was
seen at 16 weeks and had increased by 24 weeks (Figure 5).

MICROSCOPIC FINDINGS

In the non-implanted sdTEHV no cellular remnants were seen.
The conduit and leaflet of this non-implanted valve were covered
by a layer of collagenous ECM, with scattered remnants of scaf-
fold throughout. This layer was most evident in the sinus of the
valve. The hinge of the leaflet was fused with the wall for approxi-
mately 2 mm with a fine strip of ECM in between (Figure 6).

After eight weeks, the explanted sdTEHV's showed endotheliali-
sation of all parts except the leaflet’s ventricular surface and tip.
After 16 weeks, the entire sdATEHV was covered by a confluent
lining of endothelial cells (Figure 7).

Matrix host cell repopulation and remodelling were already
seen after eight weeks. This process was first observed in the con-
duit wall, followed by the hinge area and finally the leaflet. Cells
were identified as endothelial cells, macrophages, foreign body
type cells, fibroblasts and lymphocytes.

After eight weeks, cells were found in highest densities in the
wall and in lower densities in the hinge area and leaflet. After
16 and 24 weeks the density of cells in the leaflet and hinge
area had increased while it had decreased again in the wall.
In the wall, cells stained positive for a-SMA at eight weeks.
In the leaflet, a-SMA positive cells were first found at 16
weeks and their number had increased by 24 weeks (Figure 8).
Macrophages and foreign body giant cells were found next to the
scaffold remnants in all cases. Scaffold material was progres-
sively replaced by muscular matrix, but remnants remained at
24 weeks (Figure 6). Elastic fibres were detected in all explants
with increasing density over time, starting in the wall, followed
by detection in the hinge area after 16 weeks (Figure 8). No
granulocytes were seen. Lymphocytes were homogenously dis-
tributed all over the valve. Proportions of B-cells and T-cells
were equal, as revealed by CD79 and CD3 staining (data not
shown). Only one animal of the eight-week follow-up group
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Figure 5. Macroscopic findings. The explanted valves had white and shiny homogeneous neo-tissue without any signs of intima hyperplasia,
major thrombus formation, calcification or endocarditis. The leaflets progressively shortened, firstly due to a fusion of the leaflet bottom with
the wall (blue line indicates the original position of the leaflet bottom and the black line the position of the leaflet bottom in the explanted
valve) and secondly, due to tissue retraction (note the position of the free leaflet margin in rvelation to the black dashed line, which indicates the

height of the commissures).

showed stronger infiltration of CD3-positive cells at the border
between conduit and native wall.

Small thrombi were seen at the hinge point in five animals. These
were covered by a fibromuscular matrix and were mainly seen in
the short follow-up group (four at eight weeks, one at 24 weeks).

16 weeks

Non—impla nted 8 weeks

24 weeks

Figure 6. Extracellular matrix. Movat pentachrome staining of
plastic embedded samples. In the non-implanted valve, scaffold
remnants (light blue) are covered by collagenous ECM (light green)
and approximately 2 mm of the bottom leaflet was fused to the wall
(arrows). With time, scaffold remnants were replaced by muscular
matrix (ved) and the leaflet shortened due to retraction and
leaflet-wall fusion. Scale bars represent 2 mm.

All other animals showed collagenous fibre formation in this area
corresponding to the macroscopic fusion of leaflet and wall.

No calcification occurred in any of the siTEHV, demonstrated
by the absence of positive Von Kossa staining in all explanted
valves (data not shown).

Discussion

The goal of the past two decades of heart valve tissue engineering has
been to develop a heart valve replacement that replicates the native
valve. This includes not only the appropriate physiological functions
of opening and closing, but also the capability of the valvular tissue
actively to maintain and repair itself. The recent development of an
“off-the-shelf” tissue-engineered decellularised homologous valve,
which after implantation is populated with the patient’s autologous
cells, is a promising step towards attaining this goal.

Percutaneous xenogeneic valve replacement is now widespread
in clinical practice in selected patients despite known chronic valve
degeneration. For a population of younger patients with complex
cardiac malformations requiring multiple cardiac interventions,
xenogeneic valves can only be an interim solution. A percutane-
ous valve which does not degenerate is the ultimate aim.

This study represents a milestone in the development towards
clinical application of both percutaneous valve replacement tech-
nology and tissue engineering. We successfully developed a tis-
sue-engineered valve that can be taken “off-the-shelf” and that is
implanted percutaneously and completely populated by the recipi-

ent’s cells in vivo.
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Figure 7. Endothelialisation. At 16 weeks the entire sdTEHV was covered by a confluent lining of endothelial cells. Von Willebrand factor
staining of plastic-embedded samples (top), scale bars represent 200 um. Scanning electron microscopy (bottom), scale bar represents 10 ym.

We achieved an acceptable crimping ratio of the valve, smaller
than in a previous transapical study'* and comparable to that of
early commercial systems for transfemoral pulmonary valve pros-
theses'®. By size, a translation from jugular access in sheep to fem-
oral access in humans seems feasible. Implantation was successful
in all animals. Nevertheless, two valves were damaged during
implantation due to initial delivery system problems, which were
corrected during the course of the study.

The sdTEHV opened excellently with normal pressure gra-
dients. However, immediate valvular regurgitation occurred in
nearly half of the animals. Over time, all valves developed pro-
gressive regurgitation. Immediate and progressive valvular regur-
gitation was caused by several factors. In our opinion, the most
important and central reason for regurgitation was the suboptimal
valve design and the in vitro culture technique.

The problematical aspects of valve design were a lack of curva-
ture in the radial orientation of the leaflets (no hyperbolic shape),
a short coaptation zone and non-coaptation at full stent expansion.
These design deficits resulted from the in vitro culture technique
which was unable to preserve curved tissue shapes in the presence
of cellular traction forces: the valves were cultured as living heart
valves using myofibroblasts'®. During culture, these cells exerted
traction, causing shortening and compaction of the tissue unless
a constraint was present'>. Although leaflets were fused at their
free margins to prevent retraction'®, there was no physical con-
straint to maintain a curved shape. Therefore, the leaflets flattened
where possible, and neither a hyperbolic shape nor a longer coap-
tation zone was present.

Non-coaptation of the separated leaflets at full stent expan-
sion was caused by different factors: firstly, the s_TEHVs were

cultured on an underexpanded stent to achieve self-anchorage in
the bioreactor. Secondly, it was shown that, despite decellularisa-
tion, tissue will retract by 4% after the release of constraints (here
leaflet separation) due to residual stress in the ECM'. Finally, we
noted that approximately 2 mm of the leaflet’s bottom part was
fused to the wall after culture. Leaflet coaptation was achieved
only when the stent was not fully expanded in a circular shape.
There was no leaflet reserve to compensate for oval deformation
of the implanted valve. These findings underline the suboptimal
preconditions of the siTEHV for immediate function.

Progressive regurgitation occurred due to continuous shortening
of the leaflets, while stent ovality became less over time. Leaflet
shortening was mainly caused by fusion of the leaflet with the
wall; leaflet retraction seemed to be an additional factor. In our
opinion, fusion and retraction were promoted by the design defi-
cits and the resulting regurgitation. These design deficits and con-
sequent acute regurgitation might cause a non-physiologic blood
flow pattern in diastole, and a decrease in load on the leaflets.
This would reduce cell wash-out from the sinuses, promote fusion
between leaflet and wall, and decrease load-induced leaflet strain-
ing. However, this strain is essential to counteract cellular traction
forces to prevent cell-mediated leaflet retraction'®. In accordance
with other studies'*!, ours demonstrated repopulation of the leaf-
lets with contractile cells (a-SMA positive) at 16 weeks that had
increased by 24 weeks. This corresponded with the macroscopic
aspect of increasing leaflet retraction over time.

To achieve longevity of sdTEHVs, sufficient diastolic leaflet
strain is mandatory for the remodelling process. Computational
models showed that a longer coaptation zone, higher commis-
sures and a hyperbolic shape would augment leaflet strain®.
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Figure 8. Cell population and remodelling of the matrix. The histological stainings showed an increase of cell infiltration and collagen
formation over time. a-SMA staining of plastic-embedded samples (top). Elastica van Gieson staining of paraffin-embedded samples (bottom).
Scale bars represent 100 um. White arrows indicate the presence of elastic fibres.

Optimisation of the design in terms of a more perpendicular angle
of the hyperbolic-shaped leaflet in relation to the wall might also
prevent leaflet-wall fusion as well as microscopic thrombi in the
hinge area due to a more physiologic blood flow pattern with an
adequate cell wash-out from the sinuses.

Despite these design deficits, the histologic results are promis-
ing, with complete endothelialisation of the valve and rapid autolo-
gous recellularisation and remodelling of the entire valvular matrix.
As in other studies of sdTEHVs, no adverse reactions such as major
thrombi, intimal hyperplasia, endocarditis, calcification or graft rejec-
tion were seen'*!. Long-term animal studies are needed to prove that
leaflet shortening can be prevented by design optimisation.

Limitations

A prototype was used. The in vitro culture technique needs to be
refined to realise design optimisations in the presence of cellular
traction forces. The sdcTEHVs were implanted in healthy RVOTs.
Cell repopulation from surrounding tissue may differ if the valve
is implanted in a patient with previous pulmonary interventions.

Conclusions

Off-the-shelf sdTEHVs with a diameter of 30 mm can be implanted
as pulmonary valve replacements using a 26 Fr delivery system
in a percutaneous transvenous approach. The fast population with

autologous cells and the extensive matrix remodelling by these
cells demonstrate the potential for matrix self-maintenance and
longevity of the valve. Further design optimisation is required to
prevent leaflet shortening and subsequent regurgitation.

Impact on daily practice

The concept of homologous tissue-engineered and decellular-
ised off-the-shelf heart valves is a smart one to overcome the
problem of tissue degeneration and the limited durability of
today’s percutaneous xenogeneic replacement valves. This new
technology has the potential to become the next generation
of percutaneous valve prosthesis because, firstly, this valve is
a sterilisable, storable and non-immunogenic off-the-shelf bio-
device which can be produced in all desired sizes. Secondly, it
is thin, flexible and stable enough to be crimped and implanted
via a percutaneous approach. Thirdly, the valve becomes a liv-
ing autologous valve in vivo with the capacity to remodel and
maintain its tissue, thus fulfilling the key criterion for longevity.
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Supplementary data

Online Appendix. Histological methods

PLASTIC EMBEDDING

A block containing half of an sdATEHV leaflet, attached stent and
surrounding native tissue was cut and fixed in formalin. The spec-
imen was embedded in methylmethacrylate (Technovit® 9100;
Kulzer & Co, Wehrheim, Germany), sectioned in slices of 0.5 mm
using a diamond cutter (300 CP; EXAKT GmbH, Norderstedt,
Germany) and ground to 10-30 um using a rotational grinder
(400 CS; EXAKT GmbH). Standard staining was performed using
Richardson blue. For immunohistochemical staining, deplastifica-
tion was performed?'. Binding of primary antibodies was detected
using horseradish peroxidase-conjugated secondary antibodies.
The sections were counterstained with hemalaun. As primary anti-
bodies, we used anti-smooth muscle actin (SMA) to detect a-SMA
positive cells, von Willebrand Factor for endothelial cells, CD3
for T-lymphocytes and CD79 for B-lymphocytes (Online Table 1).
Deplastification was performed for implementation of Movat pen-
tachrome staining (identification of ECM components). An unim-
planted valve served as a control.

CONVENTIONAL HISTOLOGY
Another half of a leaflet was detached from stent and native tis-

sue. Subsequently, it was embedded in paraffin and cut into 7 um

Six-month results of percutaneously implanted sdTEHV

sections. These sections were stained with haematoxylin and eosin
to visualise general tissue morphology and to identify the pres-
ence of cells. Further, Verhoeff-Van Gieson staining was per-
formed to visualise collagen and elastic fibres and von Kossa
staining to detect calcification. To assess the phenotype of the
infiltrated cells in the explanted leaflets and to assess endotheli-
alisation of the valvular surface, immunohistology was performed
using the Ventana BenchMark automated staining system (Ventana
Medical Systems, Tucson, AZ, USA) and antibodies for a-smooth
muscle actin (a-SMA, clone 1A4; Sigma-Aldrich, St. Louis, MO,
USA), vimentin (clone Vim 3B4; DakoCytomation, Copenhagen,
Denmark) and CD31 (ab28364; Abcam, Cambridge, United
Kingdom). Primary antibodies were detected with the Ventana
iVIEW DAB detection kit, yielding a brown reaction product. All
stainings were analysed by normal light microscopy.

SEM

In addition, representative tissue samples of both control and
explanted decellularised TEHV were fixed in 2% glutaraldehyde
(Sigma-Aldrich), platinum-sputtered and subsequently analysed
by scanning electron microscopy (SEM) to assess valvular surface
morphology.

Online Table 1. Antibodies for immunochistochemical staining of plastic-embedded samples.

Primary antibody Dilution Antigen retrieval

Citrate buffer, pH 6, 40
min in a steamer

Mouse anti-human smooth 1:50
muscle actin, clone 1A4 (Dako)

Secondary antibody Target

Rabbit anti-mouse immunoglobulin Smooth muscle cells

antibody (Dako), diluted 1:100

Polyclonal rabbit anti-human 1:400
von Willebrand Factor (Dako)

Citrate buffer, pH 6, 40
min in a steamer

Swine anti-rabbit immunoglobulin Endothelial cells

antibody (Dako), diluted 1:100

Polyclonal rabbit anti-human 1:100
CD3 (Dako)

Citrate pH 6 (Dako), 40
min in a steamer

Polyclonal rabbit anti-goat T-lymphocytes
immunoglobulin/ horseradish peroxidase

(Dako), diluted 1:100

Monoclonal mouse anti-human 1:100

CD79acy, clone HM57 (Dako) in a steamer

Tris/ EDTA, pH 9, 20 min

Rabbit anti-mouse immunoglobulin B-lymphocytes

(Dako), diluted 1:100
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