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Living autologous tissue engineered vascular-grafts (TEVGs) with growth-capacity may overcome the
limitations of contemporary artificial-prostheses. However, the multi-step in vitro production of TEVGs
requires extensive ex vivo cell-manipulations with unknown effects on functionality and quality of TEVGs
due to an accelerated biological age of the cells. Here, the impact of biological cell-age and tissue-
remodeling capacity of TEVGs in relation to their clinical long-term functionality are investigated. TEVGs
were implanted as pulmonary-artery (PA) replacements in juvenile sheep and followed for up to 240 weeks
(~4.5years). Telomere length and telomerase activity were compared amongst TEVGs and adjacent native
tissue. Telomerase-activity of in vitro expanded autologous vascular-cells prior to seeding was <5% as
compared to a leukemic cell line, indicating biological-aging associated with decreasing telomere-length
with each cellular-doubling. Up to 100 weeks, the cells in the TEVGs had consistently shorter telomeres
compared to the native counterpart, whereas no significant differences were detectable at 240 weeks.
Computed tomography (CT) analysis demonstrated physiological wall-pressures, shear-stresses, and flow-
pattern comparable to the native PA. There were no signs of degeneration detectable and continuous native-
analogous growth was confirmed by vessel-volumetry. TEVGs exhibit a higher biological age compared to
their native counterparts. However, despite of this tissue engineering technology related accelerated
biological-aging, growth-capacity and long-term functionality was not compromised. To the contrary,
extensive in-vivo remodeling processes with substantial endogenous cellular turnover appears to result in
“TEVG rejuvenation” and excellent clinical performance. As these large-animal results can be extrapolated
to approximately 20 human years, this study suggests long-term clinical-safety of cardiovascular in vitro
tissue engineering and may contribute to safety-criteria as to first-in-man clinical-trials.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

malformations including abnormalities of the left and right
ventricular outflow tract and great arteries often require complex

Congenital cardiovascular malformations are a major cause of
morbidity and mortality and occur in 1% of live births [1]. These
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and reconstructive surgical interventions and the use of artificial
vascular graft prostheses. However, a critical limitation of the
currently available artificial (non-living) graft prostheses is their
inherent lack of growth [2] often requiring repetitive and high-risk
surgical interventions during childhood associated with substan-
tially increased morbidity and mortality. These shortcomings have
been addressed by evolving tissue engineering concepts, focusing
on the in vitro creation of living autologous tissue engineered
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replacements with the capacity of growth and regeneration [3—6].
Previously, we have demonstrated that in vitro tissue engineered
vascular-grafts (TEVGs) based on autologous cells exhibit func-
tionality and growth in a growing sheep-model, approximating
their native counterparts as to morphology, microstructure, cellular
profiles and mechanical properties [3].

However, the multi-step in vitro production of TEVGs requires
extensive ex vivo cell manipulations including cell isolation,
primary cell culture, cell expansion, cell seeding on the vascular
graft and maturation in a bioreactor system [7,8] potentially leading
to adverse effects that may compromise clinical safety. In particular,
accelerated cell aging has been associated with tissue engineering
concepts. Variations in telomere length have been shown to affect
tissue function due to senescence if telomeres become too short
[9—19]. This might compromise clinical safety through accelerated
aging phenomena with potential adverse effects on the long-term
in vivo functionality of the TEVGs [10—12,16—19] as cells are
extensively expanded prior graft production. In the present study,
we investigated the clinical long-term functionality in relation to
the biological cell age and tissue remodeling of TEVGs in a growing
sheep model over the period of up to 240 weeks (~4.5 years),
representing the complete growth cycle of this preclinical large
animal model.

2. Materials and methods

The analysis performed here and the results presented in this study are partly
based on tissue samples generated in a previous study focusing on functional
growth of tissue engineered arteries in long-term juvenile sheep model [3].

2.1. In vitro production and implantation of tissue engineered vascular grafts

Production and implantation of pulmonary artery replacements is described in
detail previously [3]. All procedures were conducted according to Swiss regulations
on animal welfare and permission granted by the ethical committee (Permission No.
71/2002, 91/2004). Briefly, endothelial cells were obtained from segments of carotid
artery, saphenous vein and/or jugular vein derived from Swiss White Alpine lambs
(44 + 2 days old, 15.58 + 5.55 kg; n = 6) using collagenase digestion. Myofibroblasts
were extracted from the remaining de-endothelialized vessel segments [3]. There-
after, myofibroblasts were seeded in three times onto PGA/P4HB composed arterial
scaffolds (18 mm + 1 mm, inner diameter) in 24 h intervals (4.5—5.5 x 10° cells per
cm?) under static culture conditions using Dulbecco’s modified Eagle’s medium
(DMEM, Invitrogen, Carlsbad, CA) supplemented with 10% lamb serum (GibcoBRL;
Cat. No. 16070096 Lot. No. 6050576D), Penicillin/Streptomycin (GibcoBRL) and
10 mwm ascorbic acid. Thereafter, the conduits were covered with endothelial cells
(1 x 10° per cm?). After additional 3 days grown under static culture conditions,
the vascular grafts were placed into a pulse duplicator bioreactor system [6], and
grown under gradually increasing flow conditions (50 mL/min—550 mL/min, 1 Hz)
for 14 days. The culture medium was changed every 3—4 days.

The tissue engineered vascular grafts were implanted into lambs (n = 14) as
previously described [3]. Experimental duration was up to 240 weeks, representing
the full biological growth cycle of this animal model. Animals included in this study
were analyzed after 5, 50, 100 and 240 weeks post mortem.

2.2. “Re-growing” of myofibroblasts

Tissue sections (23 x 5 mm in size) of explanted TEVGs and adjoining tissues
were obtained. Specimens were rinsed with PBS (Kantonsapotheke, Zurich,
Switzerland) and placed in cell culture dishes (Nunc, Denmark). In order to obtain
myofibroblasts, endothelial cells were removed using collagenase as described
before [3]. The remaining de-endothelialized vessel segments were minced into
pieces (3 mm x 3 mm) and placed in cell culture dishes and cultured in advanced
DMEM (GIBCO, NY, USA) supplemented with 10% lamb serum, 2 mm Glutamax
(GIBCO, NY USA) and 50 pg/ml gentamycin (GIBCO, NY USA.) under humidified
incubator conditions (37 °C, 5% CO,). After myofibroblast migration onto the dishes
(5—7 days), the cells were serially passaged and expanded. After 14—16.5 doublings,
cells were harvested using trypsin digestion (GIBCO, NY USA.) and cell phenotypes
by FACS, telomere length as well as cell morphology were analyzed.

2.3. Flowcytometry (FACS)
For quantification of antigen expression of TEVG-derived cells and their native

counterparts FACS-analysis was performed using antibodies against vimentin (clone
3B4), desmin (clone D33), a-smooth muscle actin (a-SMA, clone 1A4; all from

DakoCytomation, Glostrup, Denmark). Therefore, cells were fixed and permeabilized
using an inside stain kit (Miltenyi, Biotech, Bergisch Gladbach, Germany) following
the manufacturer’s instructions. Primary antibodies were detected with fluorescein
isothiocyanate (FITC)-conjugated goat anti-mouse antibodies (Boehringer Man-
nheim, Indianapolis, IN). Analysis was performed on a Becton Dickinson FACScan
(Sunnyvale, CA). Irrelevant isotype-matched antibodies (IgG1MOPC-21, Buchs,
Switzerland; 1gG2a, cloneUPC-10, Sigma, Switzerland) served as negative controls
and human vascular-derived fibroblasts as positive controls. Geometric mean fluo-
rescence intensity ratios (MFIR) were calculated as:

MFlap;
MFlagc

(1)

ABI: Antibody of interest; ABC: Corresponding control antibody, MFI, Mean fluo-
rescent intensity.

2.4. Histo and immunohistological analysis

Immunohistochemistry was performed using the Ventana Benchmark auto-
mated staining system (Ventana Medical Systems, Tuczon, Arizona) and following
primary antibodies: anti-desmin (clone D33, DakoCytomation, Glostrup, Denmark)
and anti-a-smooth muscle actin (¢-SMA, clone 1A4; Sigma Chemical Company, St.
Louis, MO). Primary antibodies were detected with the Ventana iVIEW DAB detec-
tion kit, resulting in a brown reaction product. Slides were counterstained with
hematoxylin and covered with a glass cover slip.

2.5. Flow FISH

To determine the relative telomere length (RTL) of expanded myofibroblasts
flow fish analysis was performed according to manufacturer’s protocol (DakoCyto-
mation). Briefly, myofibroblasts were harvested from cell culture flasks using stan-
dard cell culture protocols. The single cell solutions were washed twice with
phosphate buffered saline and the hybridization solution (DakoCytomation) con-
taining the FITC-labeled PNA probe, targeted to the repetitive telomere sequence
TTAGGG, added. Afterward the DNA was denatured for 15 min at 82 °C and
hybridized over night at room temperature. Following hybridization the cells were
washed twice with wash solution (DakoCytomation) for 10 min at 40 °C and
resuspended in DNA-staining solution containing propidium iodide (PI) and RNase
A. After incubation of at least 2 h at 4 °C samples were measured using a fluorescent
cell sorter (Beckman Coulter, Cytomics FC500, Fullerton, CA) and analyzed with CXP
software (Beckman Coulter). PI was used to detect cells in GO/G1 cell cycle state. As
control cell line tetraploid human lymphoblastic T cell line 1301 (obtained from
Interlab Cell Line Collection (IST), Genova, Italy) was used. Relative telomere length
(RTL) was calculated as:

(MFlyi with pna — MFIME without PNA)*2DNAINdex1301 10 — RTL @)
MFl301 with pNa — MFl1301 without PNA

MFI: mean fluorescent intensity; MF: sheep myofibrolasts; PNA: FITC-labeled telo-
mere PNA probe; RTL: relative telomere length; 1301: leukemic human control cell
line with high telomerase activity.

2.6. Telomeric Repeat Amplification Protocol (TRAP)

Telomerase activity was measured using the telomeric repeat amplification
protocol (TRAP) according to the kit's manufacturer (TeloTAGGG Telomerase PCR
ELISA, Roche Diagnostics GmbH, Switzerland). Cell pellets consisting of 2x10E5 cells
were stored at —80 °C. The samples were resuspended in Lysis reagent (Roche-
Diagnostics) and incubated on ice for 30 min. Afterward, the lysate was centrifuged
at4 °Cand 16000 x g for 20 min before performing the TRAP reaction. For negative
controls, cell extracts were heat treated for 10 min at 85 °C prior to the TRAP
reaction. 3 ul of the cell extract were used for the reaction. As positive controls cell
lysates provided by the supplier as well as from the leukemic cell line 1301 were
used. The reaction mixture (Roche Diagnostics) containing Telomerase substrate,
primers, nucleotides and Taq polymerase were transferred to Eppendorf tubes
suitable for PCR amplification. The amplification was performed using an Eppendorf
Mastercycler (Eppendorf, Netheler, Germany). The elongation of a biotin-labeled
synthetic primer by the telomerase enzyme leads to non-uniform “elongation
products” (telomerase specific 6 nucleotide increments). These were then amplified
by Taq DNA Polymerase. The amplification product was denatured and incubated for
10 min at room temperature (Denaturation reagent, Roche Diagnostics), then
hybridized over 2 h at 37 °C (Hybridization buffer, Roche Diagnostics) to
digoxigenin-labeled detection probes. The hybridization mixtures were transferred
to streptavidin-coated microplate modules and incubated for an additional hour at
37 °C. The wells were washed (washing solution, Roche Diagnostics) three times
before Anti-DIG-POD working solution (containing anti-digoxigenin-peroxidase,
Roche Diagnostics) was added. The plate was covered with foil and incubated for
30 min at room temperature while shaking at 300 rpm. The samples were rinsed 5
times (washing solution, Roche diagnostics) and TMB substrate solution (Roche
diagnostics) containing the POD substrate 3,3’,5,5'-tetramethyl benzidine was
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added. After 20 min of color development at room temperature, the stop reagent
(Roche diagnostics) was added and the absorbance at 450 nm was measured against
blank of 750 nm using a microplate reader (BioTek Instruments, Inc, VT, US) within
20 min after addition of the stop reagent.

2.7. Quantitative fluorescent in-situ hybridisation (Q-FISH)

Paraffin sections of cryopreserved tissue engineered explanted grafts, the
anastomosis site and its adjacent vascular tissue, respectively, were dewaxed and
rehydrated in descending ethanol series and rinsed with PBS. After incubation in
sub-boiling citrate buffer for a cumulative 30 min, the slides were incubated for
10 min in pepsin solution (1 mg/ml,pH 2.0) at 37 °C. After dehydration in ascending
ethanol series, the slides were air dried before adding 15 ul of the hybridization mix
containing 70% formamide, 0.5 ug/ml PNA probe (5 ul/250 ul, 25 ug/ml PNA), 0.5%
Blocking reagent (12.5 ul/250 ul, 10% Solution, Roche), 8.56% Magnesiumchloride
buffer (25 mm Magnesiumchloride, 9 mm Citric acid, 82 mwm Disodium
hydrogenphosphate) and 10% 1 m Tris pH 7.2. DNA was denatured by heat for 3 min
at 80 °C. After hybridization for 2 h in a humid chamber, slides were washed with
70% formamid/10 mwm Tris pH 7.2/0.1% BSA followed by TBS-Tween 1% and PBS. Slides
were dehydrated using ascending ethanol series and air dried. Antifade and DAPI
(Vectashield, Vector #H1200) mounting solution and a cover slip was applied.
Digital images were recorded with a Leica microscope (DM6000, Leica Micro-
systems, Wetzlar, Germany) equipped with a monochromatic digital camera (Leica
Microsystems). Image analysis was performed with TFL-Telo software as describe by
Poon and Landsorp [20].

2.8. Computed tomography analysis

All sheep underwent contrast enhanced Computed Tomography (CT) (Definition,
Siemens Medical Solutions, Forchheim, Germany). Based on these datasets two
different types of analyses were performed: (1) Simulation of flow inside the pulmo-
nary artery to evaluate the changes in wall shear stress and pressure (2) Measurement
of the volume of pulmonary artery replacement to validate the functional growth.

2.9. Flow simulation

Axial CT images were digitally processed to extract geometrical contours rep-
resenting the pulmonary trunk and main plumonary arteries, including the
pulmonary artery replacement.

The lumen of these vessels was semi-automatically segmented using a commer-
cially available software package (Amira 4.1, TGS, Belgium). As a next step, an
unstructured surface mesh of triangles was generated covering the segmented
volume using the marching cube algorithm [21,22]. Manual smoothing and low-pass
spatial filtering was then applied to further reduce fine-scale surface irregularities.
The final model depicted the real 3D geometry of the pulmonary vessels (Suppl Fig. 1).

Geometric computational models were subsequently built with computational
meshes of 800,000—1,000,000 tetrahedral cells for the entire models. This model
was used for pulsatile blood flow simulations for the entire cardiac cycle. The
following model assumptions and boundary conditions were made. The flow for the
simulation was considered transient, 3D, incompressible, and laminar (based on the
low Reynolds number of approximately 300 for small vessels). Corresponding to

A

standard values from the literature [23] the blood was assumed to be Newtonian
with a viscosity of 0.0037 Pa s and a density of 1060 kg/m?>. The walls were taken as
solid and stiff, and a zero-velocity boundary condition was assumed for the walls,
corresponding to a no-slip condition. The flow velocity profile at the different inlets
was based on standard data reflecting the physiologically pulsatile, biphasic blood
flow from the pulmonary artery. The FLUENT software (Ansys Corp., Darmstadt,
Germany) was used to carry out the simulation by solving Navier—Stokes equations.
The calculated flow variables were flow velocities, WSS, and wall pressure. The CFD
Post software (Ansys Corp., Darmstadt, Germany) was used for the visualization of
flow patterns, the quantification of wall shear stress and wall pressure.

2.10. Vessel volumetry

The volume of the pulmonary artery replacement was measured applying
a dedicated software (3surgery, 3mensio, Bilthoven, the Netherlands). To stan-
dardize the measurement a defined length of 2 cm of the TEVG (based on CT
imaging) was included.

2.11. Statistical analysis

Statistical analysis including histograms and boxplots was carried out with
PASW statistics version 18 for windows (SPSS Inc., Chicago, IL, USA). Q-FISH data
underwent the Mann-Whitney-U-test for statistical significance. The null-
hypothesis was rejected for p-values greater than 0.05.

3. Results
3.1. Telomere shortening and tissue remodeling

To gain sufficient cell numbers for the production of TEVG cells
have to be expanded in vitro extensively, up to 3 x 102 cells are
required for one construct. To assess biological aging during the
expansion phase, myofibroblasts derived from the saphenous and
jugular veins were evaluated with respect to their telomerase
activity and capacity to maintain telomeres during cell expansion.
Telomerase-activity of cultured myofibroblasts was less than 5%
compared to positive controls (lysates provided by the kit supplier
and lysates from 1301 leukemic cells) (Fig. 1A). Although native
telomere-length is genetically determined and varies between
individuals [24], decrease of the telomere-length during cell
expansion in vitro was in direct correlation with increasing pop-
ulation doublings (Fig. 1B).

To compare the biological age of the TEVGs and the native
pulmonary artery, longitudinal sections harboring both specimen
enabled a direct side by side comparison of the telomere-length by
quantitative in-situ (Fig. 2). Up to 10 areas of both specimens were

B RTL grouped by population doublings
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Fig. 1. (A) Telomerase activity of ovine myofibroblasts isolated from saphenous vein (VS) and jugular vein (V]) of 3 individual lambs (OVS1, OVJ2 and OV]3). Telomerase activity was
absent in all three cell isolates as compared to the control lymphocyte cell line 1301. (B) Even if there are differences in the initial relative telomere length (RTL), its decrease with
incremental population doublings during in vitro cell expansion which is comparable for all cell isolations.
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Fig. 2. Exemplified images taken from the TEGVs and adjacent native pulmonary artery used for the TRAP analysis. Comparison was performed always on the same section. Nuclei
are shown in blue (DAPI) and telomeres in white (TRAP) (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.).

imaged and the fluorescence intensity quantified. Over a total
period of 240 weeks ( ~4.5 years), it was demonstrated that up to
100 weeks, the cells in the TEVGs have consistently shorter telo-
meres compared to cells in the corresponding native artery. The
Mann-Whitney-U-Test confirmed statistical differences for the
distribution with a p-value below 0.01 for the samples derived after
5, 20 and 100 weeks. However, after 240 weeks no significant
differences were detectable anymore (Table 1). The relative telo-
mere length in the specimen displayed no shift of the TEVG cell
populations toward the native cell population. Up to 100 weeks
after implantation the cells within the TEVGs displayed an
approximately 60% lower relative telomere length than their native
counterparts (Table 1). After 240 weeks there is no significant
difference observed, however the signal intensity in the native PA
displayed a lower value as at the earlier explant time points
(Table 1). To confirm that similar cell population were investigated
myofibroblasts from the TEVGs and native pulmonary artery were

Table 1

Quantification of measured fluorescence intensity obtained by the telomeric repeat
amplification protocol (TRAP) from specimens 5, 20, 100 and 240 week explants.
Telomere length of cells of the tissue engineered and native areas was performed
always on the same section. The Mann-Whitney-U-Test confirmed statistical
differences for the distribution with a p-value below 0.01 for the samples derived
after 5, 20 and 100 weeks. However, after 240 weeks, no significant difference could
be detected.

TEVG Native TEVG Native

5 weeks 20 weeks

Mean 1386 2149 Mean 1595 2996

Median 1004 1211 Median 954 1622

Std. deviation 1122 2502 Std. deviation 1727 3400
100 weeks 240 weeks

Mean 1245 1967 Mean 1012 1033

Median 856 1114 Median 664 660

Std. deviation 1255 2376 Std. deviation 1038 1116

isolated and regrown for FACS analysis. The cellular phenotypes of
both cell populations displayed comparable expression levels of
vimentin and 2-SMA and the lack of Desmin indicating similar cell
composition in both populations (Fig. 3).

In addition to the accelerated cell aging during the expansion-
phase in vitro, substantial in vivo remodeling processes of the
TEVGs associated with increased DNA and extracellular matrix
contents were detected [3]. Histological specimens from the sites of
anastomosis suggest that the tissue engineered construct is
increasingly populated with native cells as displayed by the
formation of a “growth cone” with elevated levels of Desmin and a.-
SMA positive cells 20 weeks after implantation (Fig. 4A and B).
Whereas the interface between the TEVG and the native PA is still
detectable after 20 weeks it is less prominent after a 100 weeks
(Fig. 4C and D) and hardly visible after 240 weeks in vivo (Fig. 4G—]),
indicating completion of tissue remodeling beyond 100 weeks. The
histological evaluation of the side of anastomosis suggests that the
TEVGs are repopulated from the native PA. Biochemical analysis
revealed slightly lower DNA content, similar amount of proteogly-
cans and increased collagen contents in all TEVGs, when compared
to the native vessel (Suppl Fig. 2) indicating either recruitment of
endogenous cells or further maturation and proliferation of the cell
population used to produce the TEVGs.

3.2. Evaluation of long-term functionality and growth of TEVGs

In the initial study basic functionality as well as growth over the
complete biological growth cycle of this animal model was
demonstrated using trans-esophageal echocardiography (TEE) and
computed tomography [3]. Based on the computed tomography
raw data of the initial study [3], two different types of analyses
were performed to confirm long-term functionality and growth: (1)
Simulation of flow inside the pulmonary artery to evaluate the
changes in wall shear stress and pressure (2) Measurement of the
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Fig. 3. Expression of vimentin, a-SMA and desmin in ovine tissue engineered
construct-derived myofibroblast after 100 weeks in vivo compared to their native
counterparts analyzed by flowcytometry. Expressions are shown as MFIR (mean
fluorescence intensity radio divided by mean fluorescence intensity of corresponding
isotype control) + standard deviations.

volume of pulmonary artery replacement to validate the functional
growth. The 3D CT reconstruction and flow simulation analysis
demonstrated a sufficient and stable wall pressure (Fig. 5A and B,
Suppl Trailer 1), shear stress (Fig. 5A and B, Suppl Trailer 2), and

20 weeks

Anastomose
Desmin

Central
H&E

| 240 weeks

Central
H&E

flow velocity (Fig. 5C and D, Fig. 6lI, Suppl Trailer 3), in the
pulmonary-trunk during systoly and diastoly for up to 240 weeks.
In detail, the CT displayed a smooth flow pattern (Fig. 5C and D,
Fig. 61, Suppl Trailer 3) and low wall pressure during systoly at all
time points, up to 240 weeks (Fig. 5A and B, Suppl Trailer 1). The
low wall shear stress (Fig. 5A and B, Suppl Trailer 2) and the absence
of turbulences confirmed native analogous vascular performance
and absence of degenerative phenomena, such as atherosclerotic
calcifications, thrombus formation, stenosis, suture dehiscence, or
aneurysm formation which was confirmed macroscopically at the
time point of harvest (240 weeks after implantation) (Fig. 6]—K). In
addition, continuous functional growth was demonstrated by CT
volumetry measurements, displaying a significant volume increase
of the TEVGs from an initial volume of 6.4 ccm 20 weeks after
implantation (Fig. 6C) up to 13.2 ccm after 240 weeks (Fig. 6F)
corresponding to the increase of body weight of the animals.

Supplementary data related to this article can be found online at
http://dx.doi.org/10.1016/j.biomaterials.2012.07.049.

In addition to the trans-esophageal echocardiography (TEE)
analysis displaying no signs of malfunction or degeneration such as
thrombus formation, calcification, stenosis, suture dehiscence, or
aneurysm formation at 100 weeks post implantation [3], these
findings could be also confirmed on TEE at the 240 weeks follow up
demonstrating an excellent long-term functionality (Fig. 6G and H).

100 weeks

240 weeks

J Native - cross

Fig. 4. Histological analysis of the remodeling process of tissue engineered vascular grafts 20 (A, B, G), 100 weeks (C, D, H) and 240 weeks (E, F, I) After implantation into lambs as
well as an H&E staining from a native pulmonary artery (J). A kind of growth cone formation was observed 20 weeks after implantation enclosing the tissue engineered graft
(indicated with the dotted line) composed of cells positive for desmin (A) and a-SMA (B) at the sides of anatomizes. These growth were not observed 100 weeks post-implantation
(C, D). The remodeling process within the inner core of the transplant is shown in with an H&E staining in G, H and 1. Scalebar = 500 pm.
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Fig. 5. Calculated wall pressure (Pa), wall shear stress (WSS) (Pa) and velocity-coded streamlines (m/s) in the pulmonary trunk during systoly and diastoly of three different sheep,
50, 100 and 240 weeks after implantation of the tissue engineered graft. The flow pattern remains to be smooth with low wall shear stress during the systoly especially after 240
weeks, although the pressure is slightly higher. The low shear stress and the absence of turbulences indicate that no significant wall irregularities, as e.g. atherosclerosis, aneurysms
or scars, are present. The location of the TEVG in the 3D-CT-streamline-reconstructions is indicated using parantheses (see blue lines in the corrected figure version; PA = proximal
anastomosis; DA = Distal anastomosis) (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.).

4. Discussion

Tissue engineering technologies aiming at the in vitro fabrica-
tion of cell based, living tissue and organ replacements have
created substantial clinical hope and expectations. Particularly for
pediatric applications, the growth potential of tissue engineered
grafts addresses an unmet medical need since currently available
artificial prostheses inherently lack growth capacity. In initial, long-
term preclinical large animal trials, we and others have demon-
strated functionality and growth of living tissue engineered autol-
ogous vascular grafts [3,25—28]. Tissue engineered vascular grafts
were successfully applied to the low [27] as well as to the systemic
pressure system [28] in animal models and the translation into
a clinical setting using human cells has also been demonstrated
[29,30]. The group of Shin’oka and colleagues [31,32] were the first
entering the clinical arena and recently reported initial clinical

results on vascular autografts generated from human bone marrow
cells [32].

However, so far the impact of the biological cell age and
resulting tissue functionality associated with the extensive,
multiple-step tissue engineering process is not understood and has
not been evaluated. Accelerated cell aging and senescence due to
the extensive in vitro manipulations inherent to tissue engineering
technologies may lead to complications and tissue dysfunction
[10,11,17,19]. Therefore, a meticulous understanding of such effects
and the implementation of quality markers represent a prerequisite
for safe routine translation of tissue engineering technologies into
clinical practice [3].

Here, using telomere length analysis technologies, significant
differences in the biological age between tissue engineered and
native vessels up to 100 weeks post-transplantation were observed
whereas these differences were absent after 240 weeks. In parallel,
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Fig. 6. 3D-reconstruction based on CT dataset with and without the rips showing the cardiovascular structure of the ovine chest. The yellow line depicts the pulmonary artery
replacement (A and B). The volumetry of 2 cm length of the pulmonary artery replacement showed a volume increase from 6.4cc (C, 20 weeks), (D, 50 weeks), (E, 100 weeks) to
13,2cc (F, 240 weeks). Exemplary, trans-oesophageal echocardiography at 50 weeks (G) and 240 weeks (H) displayed no signs of malfunction or degeneration such as thrombus
formation, calcification, stenosis, suture dehiscence, or aneurysm formation. Corresponding to the flow simulation after 240 weeks (Fig. 3C and D), the CT reconstruction displayed
a similar smooth flow pattern after 1 and 2 years without any signs of stenosis, aneurysm or thrombus formation (I). This was in line with the macroscopic findings 240 weeks after
implantation (J—K). Before harvest, the TEVG appeared to be fully integrated into the surrounding tissue without any signs of aneurysm or dehiscence (J) and after harvest, the initial
suture lines could be easily identified confirming that there were no signs of degeneration or thrombotic events (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.).
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histological results revealed clear border zones between the TEVG
and the native vessel after 20 weeks post implantation. These
distinct border zones became less prominent after 100 weeks and
indistinguishable after 240 weeks, suggesting the completion of
tissue remodeling processes beyond the period of 100 weeks. These
observations, together with results demonstrating an increased
DNA content and mechanical maturation over time in the TEVGs
[3], lead to three different assumptions regarding the fate of the
cells within the TEVGs:

(i) despite intensive in vitro expansion the cells used to colonize
the vascular graft remain proliferative in vivo and further maturate
to a functional vessel replacement. The alignment in telomere
length after 240 weeks is solely due to biological aging of the
native PA. This hypothesis is supported by the observation that we
couldn’t detect changes in the relative telomere ratio TEVG to
native PA even at the 100 weeks’ time point. One would have
expected that the repopulating cells leveling the overall telomere
length ratio of TEVG and native PA after 100 weeks according to
the DNA quantification in Hoerstrup et al 2006 (3) (ii) the cells are
replaced by native cell populations which are subjected to an
accelerated biological aging due to a higher frequency of cell
division required to re-populate the vascular graft. This would lead
to an alignment of both populations over time as seen after 240
weeks. This mechanism is supported by the histological analysis
demonstrating an ingrowth of native cell populations from the
sides of anastomosis. (iii) Most likely, both mechanisms are
coming into place during the remodeling process of the TEVG
depending on the spatial localization within the graft. Cell
ingrowth from the sides of anastomosis remodel the border zones
as well as proliferation and maturation of the inherent TEVG cell
populations (Fig. 7). Apart from this intrinsic as well as trans-
anastomotic cellularization of the TEVGs, also blood-borne cellular
repopulation may play a significant role in the process of TEVG
repopulation. For the future clinical application of TEVGs, tissue
remodeling mechanisms have to be evaluated in more detail to
better control the safety of tissue engineered transplants. Even
though the biological age of the TEVGs was higher than the native

TEVG

PA, our results show that these phenomena did not affect the
functionality of the TEVGs. Using novel CT imaging analysis tools
such as 3D reconstruction flow simulations and 3D vessel volu-
metric measurements, full functionality and growth of the TEVGs
for up to 240 weeks was demonstrated. The flow simulation
analysis revealed physiological parameters including stable wall
pressures, low shear stresses and velocity patterns in the TEVGs
over the whole follow up period. In particular, the low wall shear
stress and the absence of turbulences displayed native analogous
vascular performance and absence of aneurysm formation or
dilatation. When taking the results of the 3D vessel volumetric
into account, continuous functional growth was confirmed which
was in line with the general body weight increase of the animals.
These findings are in line with the recent study of Brennan et al
who performed intrathoracic inferior caval vein replacements
using bone marrow mononuclear cell derived TEVGs in a juvenile
lamb model [25]. The authors serially performed a 3D magnetic
resonance imaging (MRI) volume analysis over the period of six
months and demonstrated continuous size increase of the TEVGs
suggesting functional growth [25].

By integrating cell biology and functional analyses it is
demonstrated that TEVGs replacing pulmonary arteries exhibit
higher biological age but maintain full functionality in the absence
of signs of dysfunctional degeneration, such as calcification,
stenosis, thromboembolic events or aneurysm formation. To our
knowledge, this is the first time that results demonstrating the
performance of living, autologous tissue engineered grafts over
almost 5 years in a full growth animal model are available. As it has
been reported that follow-up periods in a lamb model can be
extrapolated to a four- to fivefold period of time in humans [33],
these results may be considered as important safety information
before entering first-in-man clinical trials. In the light of the fact
that sheep represent a “worst case model’ due to the elevated
calcium metabolism allowing for the evaluation of degenerative
processes of cardiovascular implants [3], our results indicate long-
term safety also with regard to calcific tissue degeneration beyond
the growth phase of TEVGs.

Native

100 weeks

Fig. 7. Schematic diagram depicting the mechanism of TEVG remodeling and functional healing response: The disappearance of cells with shortened telomere lengths over time
demonstrates the endogenous replacement of the originally seeded cells. After implantation of the TEVG a function healing response occurs (0—20 weeks), which is accompanied by
a transient inflammatory response, cellular in-growth and repopulation of endogenous cells into the TEVG. A pannus containing a-SMA and desmin cells has formed at the luminal
surface (neointima) and granulation tissue evolving into fibrous tissue containing glycosaminoglycans and collagen. These cells originate from different sources and approach the
TEVG via different mechanisms including the trans-anastomotic in-growth (i), blood derived cell immigration (ii), or adventitia derived cell migration (iii). Whereas the interface
between the TEVG and the native PA is still detectable within the period of 20—100 weeks it is equalized after a 100 weeks and fully integrated and indistinguishable after 240

weeks in vivo indicating completion of tissue remodeling beyond 100 weeks.
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5. Conclusions

Extensive in vivo remodeling processes and endogenous
cellular replacement appear to be the basis for the observed
functionality. Based on these findings functional tissue engi-
neering could be characterized as a “guided functional healing”
process based on living, autologous cellular starter constructs. We
demonstrate that TEVGs exhibit an increased biological age while
maintaining full functionality. Using novel CT imaging analysis
tools, the absence of dysfunctional degeneration, such as calcifi-
cation, stenosis, thromboembolic events, and graft dilatation or
aneurysm formation was confirmed. As these results can be
extrapolated to an age of approx. 20 years in humans this study
adds further information as to the clinical safety of autologous
tissue engineering technologies.
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