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Abstract

We developed a tissue-engineered vascular graft (TEVG) for use in children and present results of
a U.S. Food and Drug Administration (FDA)—approved clinical trial evaluating this graft in
patients with single-ventricle cardiac anomalies. The TEVG was used as a Fontan conduit to
connect the inferior vena cava and pulmonary artery, but a high incidence of graft narrowing
manifested within the first 6 months, which was treated successfully with angioplasty. To elucidate
mechanisms underlying this early stenosis, we used a data-informed, computational model to
perform in silico parametric studies of TEVG development. The simulations predicted early
stenosis as observed in our clinical trial but suggested further that such narrowing could reverse
spontaneously through an inflammation-driven, mechano-mediated mechanism. We tested this
unexpected, model-generated hypothesis by implanting TEVGs in an ovine inferior vena cava
interposition graft model, which confirmed the prediction that TEVG stenosis resolved
spontaneously and was typically well tolerated. These findings have important implications for our
translational research because they suggest that angioplasty may be safely avoided in patients with
asymptomatic early stenosis, although there will remain a need for appropriate medical
monitoring. The simulations further predicted that the degree of reversible narrowing can be
mitigated by altering the scaffold design to attenuate early inflammation and increase mechano-
sensing by the synthetic cells, thus suggesting a new paradigm for optimizing next-generation
TEVGs. We submit that there is considerable translational advantage to combined computational-
experimental studies when designing cutting-edge technologies and their clinical management.

INTRODUCTION

Despite advances in surgical management, congenital heart disease remains a leading cause
of death in newborns (1, 2). Morbidity and mortality stem, in part, from postoperative
complications associated with the synthetic vascular grafts, patches, and replacement heart
valves that are used to perform the requisite procedures (3). One considerable limitation of
currently available implants is their lack of growth capacity, which can result in somatic
overgrowth, including development of relative stenosis as a child outgrows his or her graft
(4). Given that somatic overgrowth typically necessitates additional interventions, surgeons
attempt to reduce this probability by delaying surgery or oversizing the implant. Yet, these
strategies can cause additional problems, including an increased risk for thromboembolic
complications, developmental delay secondary to chronic hypoxia, and heart failure due to
volume overload (3, 5).
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Tissue engineering could reduce complications and enable growth capacity by creating
neotissue from an individual’s own cells (6). Progress has been made by multiple research
groups in the development and translation of tissue-engineered vascular grafts (TEVGS) to
the clinic, including conduits for arterial reconstruction, dialysis access, and total cavo-
pulmonary connection (7-16). Much of our focus has been on TEVGs for use in congenital
heart surgery where the grafts’ growth potential can be used to their greatest advantage. Our
TEVG is constructed by seeding autologous cells within a porous biodegradable polymeric
tubular scaffold (13-14) that provides sites for cell attachment and space for extracellular
matrix deposition; neotissue forms as the scaffold degrades, ultimately yielding a polymer-
free neovessel. Using this approach, our group conducted a clinical trial in Japan implanting
TEVGs in children with single-ventricle cardiac anomalies undergoing congenital heart
surgery. These TEVGs demonstrated safety and growth potential, with no acute graft failures
or graft-related deaths (14-15). Critical stenosis was observed in 4% (1/25) of patients 3
years after implantation. Given the promising results from this Japanese study, we initiated a
clinical trial in the United States to evaluate these TEVGs under the regulation of the U.S.
Food and Drug Administration (FDA). This study was placed on hold due to an
unexpectedly high incidence of early graft stenosis, although all patients who developed a
critical stenosis were successfully treated with angioplasty and completed the 3-year study
without additional graft-related complications.

To gain greater understanding of mechanisms responsible for the early TEVG stenosis in the
U.S. trial, we first turned to a computational model that we had developed to simulate
neovessel formation in an inferior vena cava (IVC) interposition TEVG model. This
computational model had successfully described and predicted neovessel formation over a 2-
year period in mice (17-19). Here, we present new computational results that suggest that
the early stenosis observed in our U.S. trial may have spontaneously reversed without
intervention, a reversal that may have existed in the Japanese trial but went undetected
because of the lack of consistent, early medical imaging. We then present experimental
results from an ovine IVVC interposition TEVG model that confirm the unexpected
simulation-generated hypothesis that graft narrowing can resolve as part of the natural
progression of neovessel formation. Ovine data on the evolving composition and
biomechanical properties of these TEVGs were also consistent with predictions of the
computational model, which provides increased insight into sequential mechanisms that
underlie the transformation of TEVGs from cell-seeded polymeric scaffolds into living
neovessels having growth capacity. This computational-experimental paradigm has
important implications for the design of future clinical studies evaluating TEVGs as well as
development of new strategies for improving the design of scaffolds to optimize graft
performance.

The goal of the FDA-approved clinical trial (IDE 14127) was to use a stringent protocol,
including frequent imaging over a 3-year period, to determine the incidence of graft-related
complications (safety) of TEVGs used in an extracardiac modified Fontan operation to
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connect the IVC to the pulmonary artery in children with single-ventricle cardiac anomalies.
The clinical trial flow chart and summary, as well as patient demographics, are included in
the Supplementary Materials (fig. S1 and table S1).

Design and characterization of the TEVG

TEVGs used in the clinical trial were assembled by seeding autologous bone marrow—
derived mononuclear cells onto a biodegradable tubular scaffold (13). The scaffolds (Gunze
Ltd.) were made from poly(glycolic acid) (PGA) fibers and a copolymer of caprolactone and
lactide (PCLA); they were designed to degrade by hydrolysis over 6 months (13). Scaffolds
measured either 16 + 0.5 mm or 18 £ 0.5 mm in inner diameter, 13 £ 0.5 cm in length, and
0.7 £ 0.1 mm in wall thickness (Fig. 1A). Quantitative scanning electron microscopy of the
inner surface revealed an average pore size of 41.9 + 2.7 um and porosity of 0.87 + 0.01;
average pore size was 36.4 £+ 6.6 um, and porosity was 0.86 + 0.02 on the outer surface.
Average PGA fiber diameter was 15.8 + 1.0 um (Fig. 1B).

In the clinical trial, TEVGs were assembled in compliance with Good Manufacturing
Practice (GMP) regulations. Bone marrow (5 ml/kg body weight) was harvested from the
patient on the day of surgery, and the mononuclear cell fraction was separated using density
centrifugation in Ficoll (13). This procedure yielded an average of 3.4 x 108 mononuclear
cells (range, 2.2 to 4.9 x 108 cells) with an average cell viability of 92.6% (range, 86.5 to
96.8%). Flow cytometry demonstrated that 78.3% (range, 73.2 to 85.3%) of these cells were
CD45™". These cells were seeded onto the polymeric scaffold using a custom vacuum system,
which yielded an average seeding efficiency of 42.7% (range, 23 to 61.4%). The seeded
scaffold was incubated in autologous plasma for 2 hours before implantation, on the same
day the TEVG was assembled (Fig. 1C). All TEVGs met the release and postprocess
monitoring criteria (table S2).

TEVG performance in the U.S. trial

Safety analyses demonstrated no graft-related deaths, catastrophic graft failures, or
complications requiring graft replacement during the 3-year study. However, three of the
four patients developed critical TEVG stenosis (defined as stenosis requiring angioplasty)
and were successfully treated with angioplasty 5 to 8 months after implantation (Fig. 2, A to
C). There were no additional graft-related complications. Indications for angioplasty
included a >50% reduction in luminal diameter and an associated pressure gradient >0.5
mmHg. The individual pre- and post-angioplasty images, including morphometric and
hemodynamic assessment, are included in the Supplementary Materials (fig. S2). Enrolment
was capped at 4 patients instead of the intended 6, because of this unexpectedly high
incidence of critical TEVG stenosis (75%), recalling that only 1 of 25 patients (4%) in the
original Japanese trial developed stenosis requiring angioplasty within 3 years after
implantation (two-sided Fisher’s exact test, £< 0.01) (14, 15).

Computational model of neovessel development

Our computational model delineates immuno-driven and mechano-mediated neotissue
production and removal within a degrading polymeric scaffold (Fig. 3A) while enforcing
mechanical equilibrium within each of the evolving states. The theoretical framework and
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modeling background are summarized in the Supplementary Materials (table S3). Our
previous studies of I\VC interposition TEVGs in immunocompetent and
immunocompromised mice revealed similar mechano- but different immuno-stimulated
extracellular matrix turnover in these two mouse models (19), the latter governed by four
key parameters (Fig. 3B): 6 modulates the onset and duration of the inflammatory response;

[ controls the skewness of the inflammatory matrix production profile; Klll controls rates of
inflammatory matrix production and degradation; and K}nax scales the inflammatory effects

of matrix degradation, all over time <, with the overall rate of inflammatory matrix
production given by

mi(z) = mh (1 — exp( — DK T(z)

where mil is the basal rate of production of matrix constituent /7 driven by inflammation and
K' = Ki|(rp/r) + Ki is the gain for a gamma function I'(t) = ['(z)/ max ([(x)), with [(x) =
6BP ~1 exp(- 8t), that describes the onset and resolution of the foreign body response to the
degrading polymer, with 7,/r, the pore size of the scaffold normalized by a critical pore size
for cellular infiltration and K%, a basal gain for inflammation-driven matrix production.

Degradation of the inflammatory matrix is governed by a first-order type kinetic decay (Fig.
3A),

i _ S i) i
q(s,7) = exp(— kp|1 + K'/ Kppax |dt
T

where lqil is a rate parameter and K}nax is the maximum value of Ki (2-21). Descriptions of

the mechanical properties of the different constituents and values of the other model
parameters are in the Supplementary Materials (fig. S3 and table S4).

Parametric simulations of neotissue formation

We first used the computational model to predict the evolving normalized luminal diameter
and wall thickness of a TEVG using values of the model parameters determined by fitting
longitudinal morphological and biomechanical data from previous mouse experiments but
with appropriate scaling of geometric (diameter/thickness ratio, O/H = 16 for the clinical
scaffold versus O/H = 3 for the mouse scaffold) and microstructural (scaffold pore size, 7, =
41.9 um for clinical scaffold versus 11.2 um for mouse scaffold) properties to account for
differences between the clinical and mouse scaffolds. Because the inflammation-driven
kinetics were known for the murine data and the immune response plays a critical role in
stenosis, parametric studies were performed for the four key inflammatory parameters (8, f,

Kfl and k') by varying the value of an individual parameter while holding constant the

other three and vice versa. This allowed us to isolate effects of each parameter on the
evolving TEVG properties, including diameter (Fig. 3, C to F) and wall thickness (Fig. 3, G
to J), which were normalized by nominal values for the implanted TEVG scaffold.
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Corresponding profiles of both immuno-mediated and mechano-mediated matrix formation
for these geometric time courses are shown in the Supplementary Materials (figs. S4 to S6).

Myriad simulations of neovessel development allowed us to accomplish something not
possible with in vivo studies—to isolate effects of individual contributors to the evolution of
key TEVG properties over the desired time course. The depicted parameter ranges (Fig. 3B)
captured a wide range of potential physiologic outcomes based on broader preliminary
studies (figs. S4 to S6). These simulations predicted findings similar to those observed in our
U.S. clinical trial, namely, an early narrowing of the TEVG, but they suggested further that
this narrowing resulted from a marked inflammation-driven neotissue thickening of the wall.
Unexpectedly, however, the model also predicted that such narrowing could spontaneously
reverse in a broad range of cases (Fig. 3, C to J) as the immune response waned with
polymer degradation and subsequent mechano-mediated neotissue degradation outpaced
deposition as wall stress dropped well below normal homeostatic values due to both
narrowing and thickening. We had not previously considered the possibility that TEVG
stenosis could spontaneously reverse. The computational model thus generated an
unexpected hypothesis that we then tested experimentally using an ovine model.

TEVG stenosis reverses spontaneously in a large animal model

To test our computational model predictions, we used a juvenile ovine intrathoracic 1IVC
interposition graft model, a surrogate for the modified Fontan operation (22-24). The ovine
study design, surgical outcomes, and animal tracking data are included in the Supplementary
Materials (fig. S7 and table S5). The TEVGs were made with the same scaffolds used in the
clinical trial and were assembled using the same methodology except that cell isolation and
seeding were not performed in compliance with GMP standards. In the ovine study, bone
marrow (5 ml/kg body weight) yielded an average of 1.4 x 1010 cells (range, 4.6 x 108 to 4.5
x1019) with an average viability of 96.8% (range, 91.8 to 100%). The average seeding
efficiency was 37.8% (range, 10.3 to 88.4%).

We implanted size-matched TEVGs into 24 lambs, 22 of which survived the perioperative
period. TEVG morphology was serially monitored using angiography and intravascular
ultrasound (IVUS), including luminal diameter, cross-sectional area, and wall thickness over
1 year (fig. S8, A to D). Angiography revealed significant TEVG stenosis at 6 weeks [-0.64
+ 0.10—fold diameter change from 1-week midgraft; one-way analysis of variance (ANOVA)
with repeated measures followed by Tukey’s multiple comparisons test: a. = 0.05, P<
0.001]. Yet, as predicted by the model, the stenosis improved spontaneously without
endovascular intervention, and all TEVGs remained patent throughout the course of the
study (fig. S8B).

IVUS suggested that the early TEVG narrowing resulted from appositional growth of
neotissue on the luminal surface of the scaffold, thus thickening the wall and narrowing the
lumen. At 6 weeks, the TEVG stenosis was localized to the mid-distal segment of the graft
(the region closer to the heart), whereas no changes were identified at the proximal
anastomosis. Quantitative IVUS confirmed that the luminal area decreased significantly
from 1 to 6 weeks (—0.76- = 0.12-fold area change from 1-week midgraft area: a = 0.05, P<
0.001) and that the narrowing reversed by 6 months, with the grafts remaining patent at 1
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year (fig. S8C). During this same period, the wall reached its maximum thickness at 6 weeks
(range, 2.9 t0 6.2 mm: a = 0.05, £< 0.001) and then thinned progressively over the 1-year
time course (fig. S8D).

We also collected hemodynamic data during each cardiac catheterization. The mean pressure
gradient across the graft followed the aforementioned morphometric changes. The gradient
increased significantly from 1 to 6 weeks (0.5 + 0.5 versus 11.8 £ 5.5 mmHg: a = 0.05, P<
0.001) and then decreased to near baseline by 6 months (1.3 £ 2.8 mmHg: a = 0.05, P<
0.001 versus 6 weeks, P=0.61 versus 1 week) (fig. S8E). The largest pressure gradients
tended to correspond to the narrowest grafts (fig. S8F). Two animals (9.1% of those who
survived the perioperative period) developed symptoms including ascites, lethargy, and
weight loss. Both of these lambs had mean pressure gradients >19 mmHg at 6 weeks, and
their grafts were two of the three narrowest as determined using angiography, measuring less
than 4 mm luminal diameter at the narrowest point. These two symptomatic animals were
euthanized. Despite marked TEVG narrowing in the remaining animals, they remained
asymptomatic and their stenosis resolved spontaneously. None of the grafts occluded
acutely, and no animals died as a result of stenosis. A table summarizing the individual
results of the ovine cardiac catheterizations, including morphometric and hemodynamic
assessments, is in the Supplementary Materials (table S6).

Computational model validation

Whereas our hypothesis-generating simulations were parameterized on the basis of studies
of an IVC interposition TEVG in mice that consisted of a scaffold similar to that of the ovine
and clinical grafts (Fig. 3, B and C), we sought to determine whether our model could also
describe the in vivo ovine data. When informed with parameters from the murine studies, the
model captured the time course of the narrowing and wall thickening followed by
spontaneous reversal in the lambs, though suggesting a milder phenotype (fig. S9). We thus
determined best-fit values of the four key inflammatory parameters (Fig. 3B) based on
hydraulic diameter measurements from the ovine IVUS data, normalized to the original
implantation dimensions of the scaffold (finding, & = 0.32 days™1, B=4.00, K}, | = 4.89,and
K}nax = 76), which enabled the model to fit the morphological data well (/2 = 0.80) at all

times (Fig. 4), despite retaining many parameter values from the murine experiments
(mechanical properties and basal rates of turnover for collagen; tables S4 and S7).

Evolving neovessel composition and mechanics are consistent with computational

predictions

We also characterized longitudinal changes in the ovine neotissue using histology and
immunohistochemistry. Histological sections confirmed changes in the lumen and wall
thickness of the TEVGs that were observed with in vivo imaging and verified that the
transient luminal narrowing was primarily due to wall thickening with some excessive
neotissue formation on the luminal surface that appeared to resolve by 6 months after
implantation (Fig. 5A). Quantitative histomorphometry demonstrated that measured wall
thickness peaked 6 weeks after implantation (Fig. 5B), consistent with the computational
predictions (Fig. 5C). Immunohistochemical staining for a-smooth muscle actin (aSMA)
identified cells along the luminal surface of the scaffold as well as within the scaffold; their
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number was also greatest at 6 weeks. The a SMA™ cells along the luminal surface were
presumed to be smooth muscle cells that proliferated and contributed to the neotissue that
caused TEVG stenosis (Fig. 5D). The overall number of aSMA* cells peaked early, which
fit well with the observed (Fig. 5E) and model-predicted (Fig. 5F) early exuberant
production of matrix. The degree of macrophage infiltration was assessed using
immunohistochemical staining against CD68 (Fig. 5G), which revealed the greatest
macrophage density at 6 weeks. Beyond 6 months, the number of macrophages diminished
consistent with scaffold degradation (Fig. 5H), which also aligned with the computational
predictions of the inflammatory time course (Fig. 51). Thus, the model suggestion that
TEVG stenosis is largely inflammation-driven was supported by the in vivo ovine data. An
expanded histological and immunohistochemical evaluation of the longitudinal changes in
the ovine neotissue is included in the Supplementary Materials (fig. S10).

The sum of the mechanical contributions of the polymeric scaffold and neotissue
(determined primarily by the extracellular matrix component) determines the bulk properties
of the TEVG. We characterized scaffold degradation and neotissue formation using
polarized light images of Picro-Sirius Red (PSR)-stained sections from ovine TEVGs
obtained 1 week, 6 weeks, 6 months, and 1 year after implantation, which revealed both the
degradation of PGA fibers and deposition and maturation of collagen fibers (Fig. 6A). The
PGA fibers remained highly organized within the scaffold 1 week after implantation but had
thinned and begun to fragment at 6 weeks. Only rare, thin, individual fragments of the PGA
fibers were visible 6 months after implantation and beyond. In contrast, minimal staining
was detected for fibrillar collagen at 1 week. Total collagen in the neotissue peaked 6 weeks
after implantation, with considerable thin (green) fibers within the scaffold and along its
luminal surface. Collagen density increased steadily over the first year as it compacted and
matured (Fig. 6, B and C). This collagen appeared to be the primary extracellular matrix
component of the neotissue associated with TEVG stenosis, as assumed in the model. The
collagen also appeared to remodel between 6 weeks and 6 months, as the scaffold degraded
and the wall thinned; at 6 months, collagen fibers appeared orange, signifying that they were
of medium thickness. One year after implantation, the wall had become even thinner and the
collagen fibers appeared thicker (red) and denser, suggestive of normal, mature vascular
collagen.

In vitro biaxial mechanical testing of TEVGs excised at the 1.5-year end point revealed a
structural response (pressure diameter) of the TEVG similar to model predictions (Fig. 6D).
The final compliance of the TEVG, which was predicted by the computational model as a
validation step rather than based on a fit to data, also matched well with values found from
the ex vivo mechanical characterizations at 1.5 years (Fig. 6E). Values of the material
parameters in the computational model suggested that this bulk behavior resulted from a
higher inflammation-driven matrix turnover than mechano-mediated matrix turnover
throughout much of neovessel development (fig. S6), as the mechanical stimuli for neotissue
production were attenuated by the high wall thickness and low diameter.
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Re-evaluation of the clinical trials

Retrospective review of the indications for angioplasty in the U.S. trial demonstrates that
only one of the four (25%) angioplasties performed met the Japanese criteria (fig. S11). This
is an important distinction because in the FDA-approved trial, the need for angioplasty
defined a serious graft-related complication, whereas stenosis not treated with angioplasty
was considered a nonserious graft-related complication. Ultimately, it was the higher-than-
predicted incidence of critical stenosis (requiring angioplasty) that led to the premature
closure of the U.S. trial. Our identification of the reversible nature of early TEVG stenosis
calls into question this interventional strategy.

Patients in the U.S. underwent, on average, 15 echocardiograms and one magnetic resonance
imaging (MRI) during the first year after surgery, whereas patients in Japan underwent an
average of two imaging studies (14), the first within 1 month after implantation and the
second up to a year after implantation (fig. S12). Note, therefore, that most cases of TEVG
stenosis in the U.S. clinical trial and ovine study were asymptomatic and would not have
been detected without frequent imaging. We contend, therefore, that patients in the Japanese
trial could have developed silent stenosis that was not detected or was detected in a delayed
fashion. Although review of data from the Japanese cohort is partially limited because of the
heterogeneity of the imaging modality and timing of the imaging studies and because many
of the images were not archived, retrospective analysis of available images revealed that at
least one patient who would have met the U.S. criteria for angioplasty, but instead was
serially monitored, had reversal of TEVG narrowing without intervention (fig. S13). An
additional patient, one of the two patients in the Japanese trial to develop a critical graft-
related complication during the first 3 years after implantation, underwent catheterization 11
months postoperatively that revealed stenosis with no pressure gradient. A follow-up
computed tomographic (CT) scan 2 weeks later demonstrated TEVG wall thickening
causing luminal narrowing; this was interpreted to represent a mural thrombus. The patient
was started on oral anticoagulation therapy and serially monitored with CT scans over the
ensuing 3 years, during which the narrowing reversed; however, CT imaging cannot
distinguish mural thrombus from neotissue in a TEVG. In light of the absence of any other
thrombotic complications in either clinical trial, as well as absence of TEVG thrombosis in
our lamb study;, it is intriguing to surmise that this may have represented the first
documented, though unrecognized, case of reversible TEVG stenosis reported in the
literature (Fig. 7) (15).

DISCUSSION

To gain mechanistic insight into the complex immunobiological and mechanobiological
processes that could have caused early TEVG stenosis in our U.S. trial, we used a
computational model of neovessel development to study parametrically the relative
contributions of multiple critical factors that control neotissue formation. This model
predicted not only early graft narrowing but also spontaneous reversal, an unexpected
finding that was reproducibly confirmed in an ovine IVC interposition graft model. These
findings suggest that we may have over-treated the patients in our FDA-approved clinical
trial with early angioplasty. Asymptomatic TEVG stenosis was safely monitored in the
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lambs over the entire study period, without any acute graft failures or thrombosis. Given that
the two lambs with symptomatic stenosis were euthanized per protocol, we do not know
whether those animals could have been salvaged with angioplasty once the symptomatic
stenosis developed or whether intervention would have been needed before development of
clinical signs. Regardless, this study uncovered a distinct natural history of a class of TEVGs
and emphasizes that we should avoid biases based on experience with native tissues and
pathologies.

In retrospect, premature closure of the U.S. trial due to the unexpected high incidence of
early stenosis may have been avoided if the spontaneous reversal of TEVG stenosis had been
appreciated. A major reason for the high incidence of early critical stenosis in the U.S. trial
versus the Japanese trial arose due to differences in criteria for performing angioplasty. In
the U.S., the interventional cardiologist adopted a more aggressive approach wherein
angioplasty was based primarily on graft morphometry, whereas in Japan the interventional
cardiologists adopted a more conservative approach, performing angioplasty based on
hemodynamic metrics. Specifically, in the U.S., patients with >50% reduction in graft
diameter relative to the nominal graft size with any pressure gradient (>0.5 mmHg)
underwent angioplasty. In Japan, a 50% reduction in graft diameter was used as an
indication for angiography, but only patients with pressure gradients of at least 2 mmHg
along the graft or 1 mmHg along the graft with evidence of collateral formation underwent
intervention, independent of graft diameter.

As TEVGs continue to advance to the clinic, TEVG-specific indications for angioplasty may
need to be developed anew because reversible stenosis is a new condition. Of course, the
findings from our animal study should inform, but will likely not directly translate to,
clinical decisions, particularly because consequences of not treating a stenosis in a timely
manner could be critical for children receiving our graft. Thus, on the basis of findings
currently available, the presence of symptoms or the development of narrowing with a
pressure gradient >2 mmHg may serve as the primary criteria in assessing the clinical
significance of TEVG stenosis rather than morphometric changes alone. Although adopting
a more conservative interventional approach could simply delay the need for treatment, our
findings suggest that many cases of early stenosis may naturally resolve; hence,
appropriately frequent monitoring rather than overly aggressive intervention appears to be a
way forward.

Collectively, results from our previous murine studies coupled with our human clinical trials,
computational simulations, and ovine studies suggest that implantation of a cell-seeded
PGA/PCLA scaffold as a TEVG sets into motion an inflammation-driven, mechano-
mediated remodeling process that converts a polymeric scaffold into a living neovessel. The
polymer initially incites a strong foreign body response, and host inflammatory cells
infiltrate the scaffold. Simultaneously, the scaffold partially shields the infiltrating vascular
cells, and the neotissue they deposit, from the hemodynamically imposed mechanical loads
until the structural integrity of the polymer is lost. Mechanobiological processes thus appear
to increase as scaffold integrity diminishes, and low wall stresses due to early over-
thickening of the graft cause matrix degradation to initially outpace deposition, resulting in a
progressive resolution of the initial inflammation-driven stenosis. The inflammation is not
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completely detrimental, however; some inflammation is fundamental to early host cell
recruitment and neotissue formation (25-27). Infiltrating monocytes/macrophages
orchestrate early neotissue formation by inducing ingrowth of host endothelial and smooth
muscle cells from the neighboring vessel wall (28). Overall TEVG functionality thus
requires a balanced degradation of the polymeric scaffold and appropriate deposition of
neotissue (by synthetic cells, with strong paracrine effects). Going forward, it appears that it
will be critical to promote, but limit, inflammation while simultaneously optimizing the
timing of load transferal from the degrading polymeric scaffold to the cell-matrix composite
that constitutes the neotissue (fig. S14). In previous preclinical studies, we have examined a
variety of strategies for inhibiting inflammation-mediated TEVG stenosis (29-33), including
inhibition of transforming growth factor—p receptor 1 (TGFBR1), administration of
cilostazol or losartan, and altering the number of seeded bone marrow—derived mononuclear
cells. When and how to implement these strategies demand further study. What effect these
strategies will have on early or late neotissue formation in patients remains to be seen and
warrants active investigation.

Albeit very encouraging, this work is not without limitations. With regard to the
computational model, we emphasize that one must first think of limitations in terms of
goals, not absolutes. Our initial goal was to describe and predict the transformation of an
implanted polymeric scaffold into a living neovessel, specifically within the context of a
size-matched interposition IVC graft. Hence, the hemodynamics were expected to be well
described by a Poiseuille solution, thus avoiding limitations such as assumptions of no flow
or inviscid flow. Moreover, the wall mechanics were expected to manifest in a nearly
straight, uniform thickness tube as described by the Laplace solution, which is exact and
universal (independent of constitutive assumptions) for mean wall stress, thus avoiding
limitations such as an assumption of linearized elasticity. As we note above, the model
included complexities that were critical, such as the different nonlinear material properties
and rates of turnover of immuno- and mechano-mediated neotissue as well as separate
polymer properties and degradation. The model was informed by data and able to describe
and predict murine and ovine data well, with unexpected predictions that motivated
subsequent experiments that confirmed the predictions. That said, our present model will
need to be modified as we move forward and seek to address additional goals, which is now
justified given our past successes. In this spirit, to move toward a full description of the
spatiotemporal changes that characterize the clinical situation, we will need to extend the
model to account for evolving asymmetric geometries with axial and radial variations, and
we will need to couple a full, three-dimensional hemodynamic simulation to the growth and
remodeling simulation.

Because we have observed patient-specific differences in outcomes, we will also need to
determine whether (and which) patient-specific data such as preoperative imaging, pre- and
postoperative molecular imaging, or pre- and postoperative biomarkers can be used to
inform the model further to predict specific natural histories. The natural history of possible
stenosis beyond the early period (1 to 3 years postoperatively) also remains unclear because
it was not considered computationally or evaluated in the ovine model. The lamb
intrathoracic interposition graft model is limited as well, yet there are currently no single-
ventricle cardiac anomaly models for preclinical investigations, and performance of a Fontan
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operation on an animal with a normal heart associates with prohibitively high postoperative
mortality. It was for these reasons that we developed the intrathoracic I\VVC interposition graft
model to serve as a surrogate for the Fontan operation. Because the juvenile ovine size and
anatomical structures are similar to those of children undergoing Fontan surgery and because
the flow through the conduit is similar, we contend that this model is relevant for evaluating
TEVG performance, particularly because it mimics the clinical performance of the TEVG in
that stenosis is the most common graft-related complication. FDA approval of our clinical
trial was based, in part, on this ovine model. Although species-specific phenomena are
always a possibility, retrospective review of our Japanese data suggests that this was not a
major issue. The two main differences between the ovine model and the clinical study
pertain to the time course and the hemodynamic pressures, not the primary outcomes. The
stenosis peaked around 6 weeks after TEVG implantation in our ovine study, whereas this
typically occurred around 5 to 6 months after implantation in the clinical trial. Although the
flow through the TEVG in the ovine model is similar to the flow through the TEVG in the
clinical studies, the pressures are typically much less. Moreover, much higher pressure
gradients (up to 20 mmHg) are tolerated in the I\VVC interposition graft model than in the
Fontan circulation, where pressure gradients as low as 2 mmHg cause symptoms. These
differences make direct comparison between the ovine and human studies challenging. Our
computational model-generated prediction of reversible stenosis was validated using the
ovine model, but additional clinical work will be needed to determine the optimal timing and
indications for performing TEVG angioplasty.

Much can be learned across the many different studies of TEVGs in the scientific literature.
Multiple groups have reported critically important work that has advanced TEVGs toward
the clinic, though mainly for different clinical targets. Most TEVGs are designed for the
arterial circulation, including small-vessel TEVGs used as vascular bypasses or
arteriovenous grafts (34-7). These TEVGs differ from the large-diameter venous grafts in
this study and typically suffer different complications (aneurysmal dilation or thrombosis,
not stenosis). Other groups also use different materials and fabrication methods (37-43). The
unseeded, bioabsorbable supramolecular polymer TEVG manufactured by Xeltis is probably
most comparable to our graft; it has been implanted as an extracardiac conduit in five
patients undergoing modified Fontan procedures in Russia (16). No graft-related
complications occurred within a 1-year follow-up, but the Xeltis scaffold degrades over a
much longer period than 1 year. There is a need to evaluate safety, efficacy, and growth
potential well after the polymer disappears to ensure safety and confirm efficacy (44). To
date, there have also been multiple uses of computational models to advance TEVG design.
Models have been used to better prescribe the mechanical properties of electrospun grafts at
the time of implant (45-46), a general approach reviewed in (47), as well as to predict
neovessel development ex vivo in bioreactors (48). Both agent-based (49) and constrained
mixture (50) models have been used for such modeling. In contrast, we focused on the in
vivo development of a neovessel, accounting for immuno- and mechano-stimuli, with the
former depending on microstructural features of the scaffold. Our approach thus provides a
general framework for analyzing many TEVGs, given appropriate data. In addition to
predicting graft performance, it can also be used as a tool in the development and
optimization of TEVGs (51). Nevertheless, differences in tissue engineering methodology as
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well as potential differences in mechanism of action limit the generalizability of our current
findings to other TEVGs. The computational model was tuned for our graft, and the clinical
and preclinical results described here may be different for different grafts. Additional
experimentally derived data will be needed to inform the model before it can be applied to
other types of TEVGs.

In conclusion, this study further demonstrates the utility of combining advanced
computational modeling and model-driven preclinical experiments in translational research.
A similar approach has been shown to advance tissue-engineered heart valve design (52).
Our framework is distinct, however, given that the simulations predict changes in geometry,
composition, and biomechanics of an evolving TEVG that result from immunobiological
and mechanobiological stimuli. Results suggest that at least some of the early stenosis
observed in our clinical trial, which resulted in our study closing prematurely, may have
resolved spontaneously without angioplasty. Early asymptomatic TEVG narrowing appears
to be a well-tolerated part of the natural history of neovessel formation, thus providing
support for redesigning and reinitiating our clinical trial using less aggressive angioplasty
criteria coupled with cautious monitoring of patient physiology and graft morphometry.
Last, the computational simulations also suggest that it should be possible to reduce the
degree and duration of narrowing by altering the scaffold design to alter the associated
inflammation and mechanical stress shielding. In this way, the proposed computational-
experimental approach promises both to guide clinical usage of a new technology and to
accelerate the iterative design process for improving next-generation designs via early in
silico studies that reduce the experimental search space. In this context, recently proposed
optimization methods may provide a valuable means to identify new candidate designs (53).
Computational models can thus help accelerate the process of safely translating
cardiovascular tissue engineering technologies to the clinic, demonstrated here with the goal
of improving surgical outcomes in children born with congenital heart disease.

MATERIALS AND METHODS

Study design

Clinical trial—The primary objective of this pilot trial was to evaluate the safety of TEVGs
as extracardiac modified Fontan conduits in patients with single-ventricle cardiac anomalies.
The original design was to enroll six patients and monitor them with serial echocardiography
and MRI over a 3-year period. Upon completion of the study, all patients were to be enrolled
in a long-term observational study to evaluate late-term graft performance. The clinical trial
flow chart and summary are in the Supplementary Materials (fig. S1). Additional
information on clinical methods and materials is also in the Supplementary Materials.
Institutional review board (IRB) approval was granted by Yale University (Human
Investigation Committee #0701002198) and Nationwide Children’s Hospital (IRB12-00357
and IRB15-00013). The clinical trial was performed under FDA IDE 14127 in compliance
with good clinical practice guidelines.

Computational modeling study—We extended a previously developed computational
model of TEVG growth and remodeling (17-19, 54) to gain further insight into an
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unexpected finding in the clinical trial, namely, early stenosis. An initial computational
study was designed to use extensive parametric studies to explore potential mechanisms of
remodeling of a generic TEVG based on data from previous murine studies of IVC
interposition TEVGs implanted over long periods. On the basis of these computational
results, we then designed follow-up simulations to evaluate model predictions using data
from long-term studies of I1VC interposition TEVGs in lambs, particularly the prediction that
immuno-driven and mechano-mediated mechanisms (20-21, 55-56) drive a spontaneous
reversal of stenosis in TEVGs in vivo. Further details on model development and usage are
in the Supplementary Materials (see also figs. S6 to S9 and S12; tables S3, S4, S7, and S8;
and data file S1).

Ovine study—The objective of this study was to test the unexpected computationally
generated hypothesis by quantifying the natural history of neotissue formation and thus
neovessel development more than 1 year in a lamb IVC interposition model (22-24). Seeded
TEVGs were implanted in 24 lambs, and in vivo data were collected via serial angiography
and IVUS at 1 week, 6 weeks, 6 months, and 1 year. One week was used for baseline
anatomic information; it not only provides comparable data to the immediate postoperative
period but also allows the animal to recover from the initial surgical insult and decreases
risks associated with the prolonged anesthesia needed to perform the implantation surgery
and an initial catheterization during the same period. Additional details are in the
Supplementary Materials (see also figs. S10 to S13 and tables S7 and S8). The Institutional
Animal Care and Use Committee of Nationwide Children’s Hospital (Columbus, OH)
reviewed and approved the protocol for the ovine study (AR13-00079). Representatives of
the animal care staff monitored all animals intraoperatively and during their postoperative
courses. Animal care was within the humane guidelines published by the Public Health
Service, National Institutes of Health (Bethesda, MD) in the care and use of laboratory
animals (2011), as well as within U.S. Department of Agriculture regulations set forth in the
Animal Welfare Act.

Statistical analysis

Statistical analyses were performed, and graphs were created using GraphPad Prism version
7.03 (GraphPad Software Inc.). The incidence of early stenosis in the Japanese versus U.S.
clinical trials was compared using a two-tailed Fisher’s exact test. Serial measurements from
the ovine study (angiography and I\VVUS) were first normalized to paired 1-week values to
control for variable scaffold sizes used at implantation to ensure size matching to the native
vessel or variable degrees of anastomotic narrowing as a result of the implantation procedure
and are thus represented as a fold change relative to the respective 1-week measurement.
Pressure measurements or normalized angiographic and IVUS values were analyzed using a
one-way ANOVA with repeated measures followed by Tukey’s post hoc multiple
comparisons test. Histomorphometric and micrographic data (wall thickness, aSMA* area
fraction, CD68" cellssmm?, and collagen area fraction) were analyzed via one-way ANOVA
with Tukey’s post hoc multiple comparisons test. For all statistical tests, a was restricted to
0.05 and £< 0.05 was considered statistically significant. Primary data are reported in data
file S2.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Scaffold characterization and assembly of the TEVG.
(A) Gross image of a tubular scaffold. Low- and high-magnification transverse SEM images

of the scaffold show the PGA fiber bundles, outlined in white. (B) Low-magnification (left)
and high-magnification (right) SEM images of the scaffold showing the porous inner and
outer surfaces, the middle layer, and the PGA fibers (when dividing the wall sagittally). (C)
Schematic drawing demonstrating the method for assembling the TEVG. Briefly, whole
bone marrow is aspirated from the iliac crest and mononuclear cells are enriched via density
gradient centrifugation and vacuum-seeded on the tubular scaffold, then incubated for 2
hours before implantation as a vascular graft.
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Fig. 2. Clinical performance of the TEVG.
(A) Schematic drawing of the Fontan anatomy as it would appear during a routine

angiogram. Representative angiograms (anteroposterior view) of the TEVG obtained (B)
before angioplasty and (C) after angioplasty in a case of critical stenosis. The TEVG is
outlined with a dotted white line.
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A Evolving mass turnover [due to production m“(t) and removal q%(s,t)]

p(s) (graft mass) = p? (s) (polmyer mass) + p(s) (immuno-mediated mass)
+ p™(s) (mechano-mediated mass)

with p“(s) = p*(0)Q“(s) + [, m*(t)q"(s,T)d, for Q*(s) €[0,1], @ = p, i,orm
where mi(t) = f(8,B,K}) and q'(s,T) = g(K}, Kix) forimmuno-mediated constituents

and m™ (1) = f(Ate,Aty,) and g™(s,T) = g(Atp) for mechano-mediated constituents

B Inflammatory parameters (inputs)

0

0 0 0

Parameters Inflammatory response effects Values Units
8 Onset and duration of inflammatory response [0.075, 0.15, 0.30, 0.50, 0.70] 1/days
B shape and skew of inflammatory response [1,1.5, 2.0, 3.0, 4.0] (-)
i Rate of inflammatory cell/matrix production
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Ky, and degradation [0.5, 1.0, 2.0, 4.0, 8.0] (-)
Kiox Rate of inflammatory cell/matrix degradation [5, 10, 20, 40, 80] (-)
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Fig. 3. Computational modeling predicts spontaneously reversible TEVG stenosis.
(A) Key equation within the overall computational model of TEVG development that

accounts for changes in overall graft mass via changes in the rates of production 77 and
removal g* of different constituents a, each of which can depend on the inflammatory
burden (superscript /), due to the foreign body response, and/or mechanobiological
responses (superscript /), due to deviations A in circumferential wall stress & and luminal
wall shear stress t,, from homeostatic values. Here, £/ and g, denote general functions,
given in the Supplementary Materials. (B) Table of four key model parameters and possible
ranges identified from previous experiments in immunocompetent and immunocompromised
mice to bound the possible inflammation-driven process of neovessel formation. (C to J)
Parametric studies for these four key parameters: 6 modulates the onset and duration of the

inflammatory response, B dictates the shape and skew of the inflammatory time course, Kil

controls the peak rates of inflammatory neotissue production and degradation, and k',
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scales inflammatory effects on neotissue degradation. Each plot focuses on the early
evolution, up to 52 weeks after implantation, of normalized luminal diameter (top row) and

wall thickness (bottom row) for variations in &, B, Kil and Krinaxa with arrows showing the
direction of increasing values given in the table above.

Sci Transl Med. Author manuscript; available in PMC 2020 September 08.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Drews et al.

C 150+ D 8-
T 1.25 = 6

[

£ A

H 5

£ 1.00 4-

s 2

© -

c =

E 075 z 2

0.50 . . : 0 T T

T T L] T T
0 20 40 60 80 100 0 20 40 60 80

Time (weeks) Time (weeks)

Fig. 4. TEVG stenosis spontaneoudly reversesin an ovine model.

(A) Serial angiographic images of a representative ovine TEVG 1 week, 6 weeks, 6 months,
and 1 year after implantation. Anastomoses are identified with white arrowheads, and the
TEVG is identified by a white dotted outline. White arrow indicates direction of blood flow.
(B) Image reconstructions of serial IVUS and angiographic measurements of luminal area,
wall thickness, and length of the TEVG, confirming the development of stenosis at 6 weeks
but spontaneous resolution by 6 months after implantation. White arrow indicates direction
of blood flow. When based on lamb data, the model simulations (solid lines) for the midgraft
(C) luminal diameter and (D) wall thickness fit well the hydraulic diameters calculated from
the IVUS measurements (symbols) over the 1-year study. Ovine IVUS measurements are
represented as means + SD (n =22 at 1 week, n=22 at 6 weeks, 7= 20 at 6 months, 7= 15

at 1 year).
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Fig. 5. Stenosis arises from excessive inflammation-driven neotissue formation.
(A) Low-magnification images of hematoxylin and eosin (H&E) staining confirm findings

from the in vivo imaging that stenosis results from the formation of neotissue on the inner
surface of the scaffold and within the wall, causing wall thickening and luminal narrowing.
Green solid lines indicate the neovessel lumen, blue dotted lines indicate luminal neotissue
formation, and solid blue lines indicate the abluminal surface of the scaffold. Scale bar, 2.0
mm. (B) Quantitative histological analysis of wall thickness and (C) model simulations of
TEVG wall thickness over time (one-way ANOVA with Tukey’s post hoc multiple
comparisons test, a = 0.05, *£< 0.05). (D) Staining for aSMA expression. Solid green lines
indicate the luminal border of the neovessel. Scale bar, 40 pm. (E) Quantifications of aSMA
*+ area within the vascular neotissue over time and (F) model predictions of smooth muscle
cell density (one-way ANOVA with Tukey’s post hoc multiple comparisons test, a = 0.05,
*P < 0.05). (G) Staining for CD68* macrophages and (H) quantification (one-way ANOVA
with Tukey’s post hoc multiple comparisons test, a = 0.05, *£ < 0.05). Remaining scaffold
polymer at 6 weeks is outlined in black. (1) Computational model predictions of
inflammatory cell density. Plotted data represent means + SEM (n=1at 1 week, n=2 at 6
weeks, 7= 4 at 6 months, 7= 2 at 1 year).

Sci Transl Med. Author manuscript; available in PMC 2020 September 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Drews et al.

Collagen area (%)

Normalized diameter (-)

-
A O ® ©
© © © ©
%
[
*J(-
P
%

N
o o

1wk 6 wk6mo 1yr RAEE

IvC

“ o

-
N

(1] 5 10 15 20
Pressure (mmHg)

80

60

23 : +&ﬂ

Native
\'[o

Thick/thin
fiber ratio (%)

Twk 6 wk6mo 1yr

e
o
)

=
°
=

]
)
o

o
)
)

0 25 50 75 100
Time (weeks)

Compliance (AD/mmHg)

Sci Transl Med. Author manuscript; available in PMC 2020 September 08.

Page 26

Fig. 6. Extracellular matrix production and remodeling, scaffold degradation, and mechanical
properties of the neovessel are consistent with model predictions.

(A) Polarized light images (25x) of PSR-stained transverse sections of the mid-TEVG 1
week, 6 weeks, 6 months, and 1 year after implantation (clockwise). Scale bar, 1.0 mm.
White insets highlight 200x polarized light images of the birefringent polymeric scaffold
apparent at 1 and 6 weeks, which is subsequently replaced by increasingly thick and aligned
collagen fibers at 6 months and 1 year. Scale bar, 40 pm. (B) Quantification of total collagen
area fraction from the PSR stain over time compared to the native IVC (one-way ANOVA
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with Tukey’s multiple comparisons test, a = 0.05, **P < 0.005, ***P < 0.0005, and ****P <
0.0001; plot represents means + SEM; n=1 at 1 week, /7= 2 at 6 weeks, 7= 4 at 6 months,
n=2at 1 year). (C) Ratio of thick-to-thin collagen fibers in the TEVG over time compared
to the native IVC (means + SEM). n=1 at 1 week, n= 2 at 6 weeks, 7= 4 at 6 months, n=2
at 1 year. (D) Experimental measurements of the mechanical behavior of the TEVG in
response to in vitro pressurization after 1.5 years of development in vivo (symbols represent
means + SD); predicted values from the computational model are shown with a solid line.
(E) Predicted graft compliance over 2 to 3 mmHg through 2 years of simulated neovessel
development (solid line); the experimentally measured compliance at 18 months is shown by
symbol representing mean + SD.
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Fig. 7. Potential clinical case of reversible TEVG stenosis.
(A) CT images of the TEVG (outer wall outlined with white dots and lumen outlined with

yellow dots) from patient 13 from the Japanese trial demonstrating wall thickening and
luminal narrowing that presented during the first year after implantation and (B) resolved
over the course of several months after treatment with oral anticoagulation (15).
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