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TISSUE ENGINEERING

Bioengineered human acellular vessels recellularize
and evolve into living blood vessels after

human implantation
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Traditional vascular grafts constructed from synthetic polymers or cadaveric human or animal tissues support the
clinical need for readily available blood vessels, but often come with associated risks. Histopathological evaluation
of these materials has shown adverse host cellular reactions and/or mechanical degradation due to insufficient or
inappropriate matrix remodeling. We developed an investigational bioengineered human acellular vessel (HAV),
which is currently being studied as a hemodialysis conduit in patients with end-stage renal disease. In rare cases,
small samples of HAV were recovered during routine surgicalinterventions and used to examine the temporal and
spatial pattern of the host cell response to the HAV after implantation, from 16 to 200 weeks. We observed a
substantial influx of alpha smooth muscle actin (aSMA)-expressing cells into the HAV that progressively matured
and circumferentially aligned in the HAV wall. These cells were supported by microvasculature initially formed by
CD34%/CD31* cells in the neoadventitia and later maintained by CD347/CD31* endothelial cells in the media and
lumen of the HAV. Nestin* progenitor cells differentiated into either aSMA* or CD31* cells and may contribute to
early recellularization and self-repair of the HAV. A mesenchymal stem cell-like CD90" progenitor cell population
increased in number with duration of implantation. Our results suggest that host myogenic, endothelial, and
progenitor cell repopulation of HAVs transforms these previously acellular vessels into functional multilayered
living tissues that maintain blood transport and exhibit self-healing after cannulation injury, effectively rendering

these vessels like the patient’s own blood vessel.

INTRODUCTION

The clinical demand for safe and effective vascular repair material is
substantial. Cardiovascular disease,includingdisorders that require
the bypassing of occluded or narrowed blood vessels, remains the
leading cause of patient morbidity and mortality in the world (1). The
repair and reconstruction of congenital cardiovascular defects and
vessels disrupted during traumatic injury, oncologic surgery, or organ
transplantation, as well as the creation of arteriovenous (AV) conduits
for hemodialysis access, often require the use of vascular substitutes.
Autologous arteries and veins are typically the primary choice of ma-
terial for vascular repair or creation of AV fistulas; however, the op-
tion for harvesting and repurposing vessels within the same patient
is often limited by the pathophysiological condition of the patient.
Consequently, synthetic vascular grafts and patches such as those
constructed from expanded polytetrafluorethylene (ePTFE) or poly-
ethylene terephthalate (Dacron) have been implanted in millions of
patients over the past four decades, but their use comes with higher
risks of infection, thrombosis, and other complications compared to
the use of autologous arteries or veins (2, 3).

Numerous biological alternatives to autologous vessels and syn-
thetic vascular grafts, including both allogeneic and xenogeneic ves-
sels and tissues, have been evaluated and approved by the U.S. Food
and Drug Administration for human implantation. However, their
potential is limited by availability, cost, processing techniques, and
mixed clinical outcomes (4). Specifically, the methods used to cryo-
preserve, fix, sterilize, or decellularize allogeneic and xenogeneic tis-
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sues often affect their immunogenicity and biocompatibility, resulting
in host inflammatory reactions, and ultimately, in material degrada-
tion and mechanical failure (5-8). Although many of these tissues have
mechanical strengths that match or exceed those of native autologous
vascular tissue, the structure and composition of their matrix are not
conducive for appropriate repopulation by host cells (9-11). Thus,
these allogeneic and/or xenogeneic tissues are never sufficiently re-
modeled into the host’s own living tissue. Identifying when and what
types of host cells participate in the repopulation and remodeling of
implanted vascular material becomescritical for understanding their
long-term success or failure in patients.

With continued clinical evaluation and development of scalable
and cost-efficient manufacturing processes, readily available tissue-
engineered human blood vessels may offer a promising “off-the-
shelf” and biocompatible alternative to allogeneic, xenogeneic, and
synthetic vascular grafts (4). Advances in tissue engineering have es-
tablished a promising new paradigm in regenerative medicine in which
biological tissues are generated in vitro with the goal of recapitulat-
ing the structure and function of their native equivalents in vivo.
Approaches for tissue-engineered blood vessels have progressed sub-
stantially in 30 years since they were first conceived (12), and to date,
several designs have been evaluated in a variety of human cardiovascu-
lar applications including repair of congenital heart defects (13-15),
hepatic portal vein bypass (16), and most recently, AV conduits for
hemodialysis access in patients with kidney failure (17, 18).

We have developed an investigational bioengineered blood vessel,
the human acellular vessel (HAV), that is generated by seeding hu-
man vascular cells into a biodegradable mesh scaffold within a bio-
reactor system. This system provides pulsatile distention, culture
medium circulation, and allows for decellularization of the result-
ing collagenous blood vessel (to remove all cells and immunogenic
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potential) while retaining the mechanical integrity of its extracellular
matrix (19, 20). To date, these HAVs have been implanted in over
240 patients with end-stage renal failure requiring hemodialysis access
during two phase 2 (17) and two on-going phase 3 clinical trials. Over
444,000 people suffering from end-stage renal disease (ESRD) use
chronic hemodialysis for renal replacement therapy in the United States
alone (21). Because access for hemodialysis is associated with frequent
complications requiring surgical revisions, this clinical setting pro-
vides a unique opportunity for histopathological evaluation of small
tissue segments that are explanted during routine surgical interven-
tions. In this study, we systematically evaluated explanted HAV spec-
imens from our phase 2 clinical trial patients, with implant durations
ranging from 16 to 200 weeks to produce a comprehensive analysis of
human clinical remodeling of an engineered vascular tissue.

RESULTS

Generation and characterization of HAVs

Bioengineered HAVs measuring 35 to 42 cm long with an inner di-
ameter of 6 mm were produced in custom bioreactors for clinical
implantation, using pulsatile circulation with cyclic radial strain fol-
lowed by decellularization. Structural and mechanical characteriza-
tion of these HA Vs yielded an average cross-sectional wall thickness
0f 440 + 85 pm (n = 97), suture strength of 210 + 53 g (n = 109), and
burst pressure of 2914 + 928 mmHg (n = 5) (17). These mechanical
attributes were similar to, or exceeded those of, native human inter-
nal mammary artery (22) and saphenous vein (22, 23). The ultra-
structure of the decellularized HAV extracellular matrix (ECM) was
analyzed at multiple positions using scanning electron microscopy
(SEM) (Fig. 1A). The outer abluminal surface (Fig. 1B) and inner lu-
minal surface (Fig. 1C) have a dense fibrillar network of ECM. Sec-
tioning the HAV in the transverse (Fig. 1D) or longitudinal (Fig. 1E)
plane revealed that, throughout the sectioned wall of the HAV, the
ECM fibers were circumferentially aligned.

HAV clinical implantation, hemodialysis access, and retrieval
of explanted samples

Sixty patients (20 in the United States and 40 in Poland) with end-stage
renal failure were each implanted with an HAV for use as an AV graft

Fig. 1. Ultrastructure of the HAV matrix. (A) Image of a bioengineered HAV (6-mm inner diameter) depicting sections
taken for SEM to examine matrix architecture. (B) Outer and (C) inner surface SEMs. (D) Transverse and (E) longitudinal
within-wall cross-sectional SEMs. Lower magnification is shown in insets. Scale bars, 60 um (B and C) or 150 um (D and E).
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during two phase 2 clinical trials conducted within the United States
and Poland (17). Each HAV was implanted within the upper arm,
connecting the brachial or axillary artery to the brachial or axillary vein
(Fig. 2A). Blood flow rate and HAV diameter were measured using
ultrasound to confirm patency (Fig. 2B). Follow-up ultrasonography
of HAVs from 15 days to 1 year after implantation showed a slight
decrease in the mean blood flow rate and a slight increase in HAV
mean diameter; however, these differences were not statistically sig-
nificant as determined by one-way analysis of variance (ANOVA) and
post hoc Tukey’s multiple comparisons tests (Fig. 2C). The slight de-
crease in flow rate was expected and is commonly seen in AV conduits
due to narrowing of the venous outflow tract after AV connection.
Cannulation of the HAVs for hemodialysis, typically three times per
week, was commenced 4 to 8 weeks after implantation (Fig. 2D). One
year after implantation, the primary, primary-assisted, and second-
ary patency rates for the HAVs in the 60 patients were 28, 38, and
89%, respectively.

Thirteen of the 60 patients had routine AV interventions to ad-
dress either thrombosis or pseudoaneurysm due to cannulation trauma
that resulted in surgical revision and explant of HAV segments, at
times spanning 16 to 200 weeks after implantation (table S1). Three
of the 13 patients had HAV samples explanted at two different time
points, which resulted in a total of 16 tissue explants retrieved and
processed for histological analysis. Although all samples received
were stained and evaluated, we focused on four representative sam-
ples chosen at chronologically distributed time points (16, 55, 100,
and 200 weeks after implantation) for presentation and discussion.
However, representative staining images from all 16 explanted sam-
ples, as well as additional cell characterization studies, are also pro-
vided (figs. S1 to S10).

Temporal evaluation of cell infiltration and matrix
remodeling by H&E and trichrome staining

Routine hematoxylin and eosin (H&E) staining of HAV cross sec-
tions before implantation and at numerous times after implantation
(Fig. 3 and fig. S1) showed that the HAV became repopulated with
host cells, primarily but not exclusively from the abluminal surface.
A distinct neoadventitial layer containing microvessels was identi-
fiable even at the shortest implant duration time point (16 weeks,
Fig. 3C). The HAV progressively became
more recellularized by host cells over time,
with further development of the medial
and neoadventitial layers and perivascu-
lar integration with surrounding adipose
and epithelial tissues (Fig. 3, G and I).
The dense ECM of the HAV, consisting
primarily of collagen (Fig. 3, B, D, F, H,
and J), was maintained throughout im-
plantation in the samples examined.

Immunohistochemical evaluation
of host immune and inflammatory
cells in HAV explants

Fluorescence immunostaining revealed
that the majority of the infiltrating host
cells throughout all explant time points

appeared to be nonimmune and nonin-
flammatory cells. Specifically, few CD3"
T cells and few to no CD20" B cells were
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Fig. 2. Clinical HAV implantation and hemodialysis access. (A) Intraoperative image of HAV implantation in the
upper arm of a patient with end-stage renal failure for use as an AV conduit. The HAV was tunneled under the skin
(yellow arrows) and connected the axillary vein at the venous anastomosis (inset) to the brachial artery (arterial anasto-
mosis). (B and C) Postoperative Doppler ultrasound measurements of mid-HAV diameter, blood flow volume (FV), and
time averaged mean velocity (TAMV) during follow-up within the patient population. Data are shown as means + SE
(n=28to 59 HAVs) with no significant differences (P> 0.05) as determined by ANOVA and post hoc multiple compari-
sons tests. (D) Photograph of cannulation of the subdermal HAV (yellow arrows) for hemodialysis. Cannulation was
performed multiple times a week to patients starting at 4 or 8 weeks after implantation. Images courtesy of S. Rocko
at Duke University Medical Center (A) and J. Turek at Wroclaw Medical University (D).

increased in density within the medial
layer over time, became more elongated
and circumferentially aligned, and in-
creased coexpression of the mature con-
tractile SMC marker calponin 1 (CNN1)
with time of implant duration (Fig. 4 and
fig. S4). Some of the aSMA™ cells sur-
rounding larger microvessels also co-
expressed CNN1.

Angiogenic vascularization and
luminal endothelialization

of the implanted HAV

CD34" cells, typically considered either
hematopoietic (26) or endothelial (27)
progenitor cells, were detected among
the dense population of neoadventitial
microvessels within the earliest explant
at 16 weeks after implantation (Fig. 5A).
These CD34" cells also expressed the ubig-
uitous endothelial marker, CD31 [plate-
let endothelial cell adhesion molecule-1
(PECAM-1)]; however, in larger micro-
vessels, CD31" endothelial cells lacked
CD34 expression (Fig. 5B, white arrow),
implying loss of progenitor phenotype.
With increased implantation time, neo-
vascularization progressed into the medial
layer, and the total CD34" cell population
declined (Fig. 5 and fig. S5). CD31" ex-
pression remained consistent with micro-

found dispersed in all retrieved explant samples (fig. S2). We also
immunostained all HAV explants and control tissue sections (human
tonsil) for the presence of classically activated (proinflammatory) M1
and alternatively activated (anti-inflammatory) M2 host macrophages
using the subtype-specific markers CD80 and CD206, respectively
(24, 25). The staining revealed a few sparse CD80" proinflammatory
M1 macrophages in 3 of the 16 HAV explants (fig. S3). CD206" anti-
inflammatory M2 macrophages were identified in all HAV explants,
with earlier explant time points (fig. S3, A to J) showing relatively
higher concentrations of CD206" cells compared to later explant time
points (fig. $3, K to P). The overall concentration of these CD206"
cells was low compared to the total number of 4',6-diamidino-2-
phenylindole (DAPI)-labeled cells within the explanted HAV samples.
Coexpression of the pan-macrophage marker CD68 was observed
in both CD80" and CD206" cells; however, some CD68™ cells lacked
CD80 or CD206 expression. Human tonsil control tissue sections
had an abundance of both CD80" and CD206" cells that coexpressed
CDe68 (fig. S3, Qto T).

Repopulation and evolution of host smooth muscle
actin—-positive cells within the implanted HAV
Immunofluorescence staining for alpha smooth muscle actin (0SMA)
revealed aSMA™ cells surrounding neoadventitial microvessels and
within the medial layer of the HAV (Fig. 4 and fig. S4). The cSMA " cells,
likely smooth muscle cells (SMCs) or myofibroblasts, progressively
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vessels in the medial layer, increasing in

size and density with time of implanta-

tion. Perfused transverse and longitudi-
nal medial microvessels were observed in the later HAV explant time
points (Fig. 5H).

Nearly complete luminal coverage by CD31" endothelial cells was
found within a mid-vessel section of an HAV that was patent 44 weeks
after implantation (Fig. 5I). The 44-week explant was unique among
the 16 retrieved explants in that this HAV had never had a prior intra-
vascular surgical intervention and was fully patent at the time of par-
tial resection due to a cannulation site pseudoaneurysm. Thus, this
sample provided a rare opportunity to evaluate endothelialization in
an undisturbed HAV implant. This sample was explanted from the
middle of the HAV, the most distant point from potential trans-
anastomotic migration of native host endothelial cells, suggesting that
luminal coverage by endothelial cells was established mid-HAV within
44 weeks after implantation. These luminal cells were also positive
for both CD144 (vascular endothelial-cadherin or VE-cadherin) and
endothelial nitric oxide synthase (eNOS), indicative of a mature and
functional endothelial lining on the HAV lumen (Fig. 5, ] to L).

Infiltration and differentiation of Nestin* progenitor cells

Nestin, an intermediate filament protein originally described in neu-
ral stem cells and embryonic tissues, has been shown to be expressed
in developing and regenerating vasculature (28). At 16 weeks after
implantation, we identified a dense population of Nestin-expressing
cells localized in a circumferential band within the neoadventitia
(Fig. 6A and fig. S6A). At later explant time points (18 to 55 weeks
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HAV pre-implant 16 weeks 55 weeks 100 weeks 200 weeks

Fig. 3. Representative routine staining of HAVs before and after implantation. (A and B) H&E staining of HAV before implantation shows acellular matrix stained pink
without purple nuclei, whereas Masson'’s trichrome reveals blue-stained collagen fibers (B). (C to J) Stained samples explanted 16 (C and D), 55 (E and F), 100 (G and H),
and 200 (I and J) weeks after implantation. a, neoadventitia; m, medial layer; border delineated by a black dashed line. Integration of the HAV neoadventitia with perivascular
adipose (G and H, black arrows) and epithelial (I and J, black arrow) tissue. HAV explant sections were taken from mid-graft (16 and 200 weeks) or venous anastomosis (55 and
100 weeks) regions. Insets: Higher magnification of medial layer area denoted by “*”. Scale bars, 50 um (insets).

16 weeks 55 weeks 100 weeks 200 weeks

Fig. 4. Infiltration and maturation of aSMA* host cells within the implanted HAV. Inmunofluorescence staining of explanted HAV sections for aSMA (red) and CNN1
(green), a contractile marker of mature SMCs. Developmental maturation indicated by coexpression of CNN1 and aSMA. HAV sections explanted at 16 (A to C), 55 (D to
F), 100 (G to I), and 200 (J to L) weeks after implantation. a, neoadventitia; m, medial layer. The boundary between the neoadventitia and medial layers is delineated by a
white dashed line. Nuclei (blue) were counterstained with DAPI.

after implantation), most Nestin® cells were localized within the me-  Fig. 6, C and D). Staining at 16 weeks suggested that Nestin™ cells
dial layer and were less numerous (Fig. 6B and fig. S6, B to J). Only ~ were capable of transitioning into myogenic or endothelial cell types,
a few Nestin" cells were dispersed in the medial layer within explants ~ based on colocalization of Nestin with aSMA (Fig. 6, E to H) or
isolated more than 55 weeks after implantation (fig. S6, Kto P,and ~ CD31 (Fig. 6, I to L), respectively. We observed Nestin"/aSMA™ and
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16 weeks 55 weeks

44 weeks

100 weeks 200 weeks

44 weeks

Fig. 5. Angiogenic vascularization and luminal endothelialization of the implanted HAV. (A) Immunofluorescence staining for the endothelial progenitor marker
CD34 revealed numerous angiogenic CD34" cells (stained green) forming microvessels within the neoadventitia (a) at 16 weeks after implantation. (B) CD34" cells co-
expressed the ubiquitous endothelial marker CD31 (red), but CD317 cells in some larger microvessels lacked CD34 expression (A and B, white arrows). HAV sections
explanted at 55 (Cand D), 100 (E and F), and 200 (G and H) weeks after implantation. White arrows in (G) and (H) highlight microvessels with CD347/CD31% cells. (1) CD31"
endothelial cells (red) lining both the lumen and microvessels of a mid-HAV explant at 44 weeks after implantation. (J to L) Luminal cells express VE-cadherin (CD144,
green) and eNOS (red). a, neoadventitia; m, medial layer; a white dashed line was drawn to delineate neoadventitia and medial layers (A to I). Nuclei (blue) were counter-

stained with DAPI.

Nestin*/CD31" cells, as well as cells expressing solely Nestin, aSMA,
or CD31 (without colocalization). However, we did not find any
aSMA*/CD31" cells of “indeterminant” commitment to smooth
muscle versus endothelial fate (fig. S7). Thus, the Nestin"/aSMA™ and
Nestin"/CD31" cell populations appear to be distinct and may both
arise from an earlier Nestin® precursor, although this is speculative.

aSMA*/Nestin* cells identified in regions of HAV self-repair
after cannulation injury

Masson’s trichrome staining of a mid-HAV segment explanted after
44 weeks revealed two areas of cannulation-related injury to the HAV
wall that appeared to be in the process of healing (fig. S8, A to C). Histol-
ogy showed a dense population of host cells within a collagenous ma-
trix in these regions of repair. Most cells within these regions expressed
0SMA, with some of these cells also expressing Nestin (fig. S8, D to F).

Progressive accumulation of MSC-like CD90" cells in the HAV
Immunofluorescence costaining for tcSMA and CD90 identified small,
round aSMA™ cells with strong CD90 expression that progressively
increased in number with duration of HAV implantation (Fig. 7, A
to D, and fig. S9). None of these cells were found in the 16-week sam-
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ple, whereas the percentage of CD90" cells increased significantly
(P < 0.05) at each subsequent explant time point (0.8 + 0.5%, 3.5 +
0.9%, 8 + 3% CD90" cells/mm? in the 55-, 100-, and 200-week samples,
respectively; Fig. 7E). Although most of these aSMA™/CD90" cells
were dispersed in the neoadventitia, they were also present within the
medial layer of the HAV explants starting 55 weeks after implanta-
tion. In addition to not expressing 0cSMA, the CD90"-expressing cells
did not express CD34 (Fig. 5F), CD45 (leukocyte common antigen;
Fig. 5G), endothelial markers CD31 and CD144, nor the pericyte
marker CD13 (fig. S10, A to C). However, the CD90" cells did co-
express CD44 and CD73 (Fig. 5, H and I), as well as CD140a (platelet-
derived growth factor receptor o; fig. S10D), making them consistent
with mesenchymal stem or stromal cells (MSCs).

DISCUSSION

Previous histopathological analyses of explanted vascular grafts have
demonstrated that the host cell response often determines the fate of
the implanted material. Commercially available synthetic grafts can
provoke inflammatory reactions, fail to integrate properly into the
surrounding tissue, and can inhibit host neutrophil behavior leading
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16 weeks 55 weeks

16 weeks

100 weeks 200 weeks

———————me—
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Fig. 6. Migration and differentiation of Nestin*progenitor cells within the implanted HAV. (A to D) Immunofluorescence staining for the intermediate filament
Nestin (green) within HAVs explanted at 16 (A), 55 (B), 100 (C), and 200 (D) weeks after implantation. (E to L) Sixteen-week HAV explant samples immunostained for ex-
pression of Nestin (green) and aSMA (red) (E to H) or Nestin (green) and CD31 (I to L). Coexpression indicated by overlay of combined staining (yellow) (H and L). CD31*
cells were found (white arrows) on lumen of 16-week HAV explant (I). a, neoadventitia; m, medial layer; a white dashed line was drawn to delineate neoadventitia and

medial layers. Nuclei (blue) were counterstained with DAPI.

to sustained bacterial infections (29-31). Chemically cross-linked,
sterilized, or cryopreserved allografts and xenografts have also been
shown to trigger inflammatory and immune responses and fail to
appropriately recellularize (32-35). In contrast, the preimplant HAV's
are completely decellularized and mechanically robust with circum-
ferentially aligned ECM, but are not chemically cross-linked and have
no synthetic components. We have previously shown promising but
limited histological evidence that the HAV is favorably repopulated
by host cells in preclinical (19) and clinical (17) studies.

In this study, we performed the most extensive histological and
immunofluorescence evaluation of an engineered human tissue to
date. Hemodialysis access is a clinical setting that often requires
interventions and surgical revisions of the conduit in response to
hemodynamic- and cannulation-induced complications. Thus, it pro-
vides a unique opportunity to acquire implanted tissue for histological
examination of host remodeling over a long time period, up to 4 years
in this study. At the earliest time point, 16 weeks after implantation,
we observed a substantial amount of recellularization, primarily from
the surrounding connective tissue but also from some cells infiltrating
into the HAV from the circulation. Stratification of the HAV into
neoadventitial and medial layers was already beginning at this time,
and a large number of microvessels were present within the neoad-
ventitial layer.

Kirkton et al., Sci. Transl. Med. 11, eaau6934 (2019) 27 March 2019

Most of the cells dispersed within the media of the HAV at 16 weeks
were aSMA™ and thus were likely either SMCs or myofibroblasts.
Immunofluorescence costaining of the 16-week explant for both
aSMA" and the mature SMC marker, calponin (CNNT1) (36), revealed
that many of the aSMA™ cells within the medial layer and around
some larger microvessels were expressing a contractile phenotype.
At extended durations of implantation, the medial layer of the HAV
consisted of a dense population of circumferentially aligned cSMA™/
CNN1" cells. In addition to SMCs, the HAV explants were also eval-
uated for the presence of immunological and inflammatory cells that
might signal an adaptive or innate immune response. On the basis
of the relatively small number of dispersed CD3" T cells and even
fewer CD20" B cells and CD80" proinflammatory M1 macrophages
detected, it appears that the HAV did not elicit substantial immune
responses in any of the patients from which the explanted tissues
were retrieved and analyzed. This is consistent with previously re-
ported immunohistochemistry and serum analysis in the patient
population (17).

Angiogenic neovascularization of the HAV was well established
in the neoadventitia at the 16-week time point. This process was
driven by cells expressing CD34, a transmembrane glycoprotein that
is critical during embryonic vasculogenesis (de novo blood vessel
formation) (37) and is expressed in both hematopoietic (26) and
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endothelial (27) progenitor cells. Expression of CD34 decreased with
time of implantation and with increasing size of microvessels. In
contrast, CD31 (PECAM-1) expression in these cells remained rela-
tively constant over time. These results are consistent with previous
in vivo and in vitro studies showing that CD34 expression is pre-
dominantly localized to actively angiogenic cells in small capillaries
(38). Moreover, during the maturation of the neoadventitial micro-
vasculature, we observed a reduction of the microvessel density, per-
haps comparable to the process of vascular pruning that occurs during
remodeling of neovascularized beds (39).

Surgical interventions and balloon-assisted thrombectomy can
cause denudation of luminal endothelium, and some explant samples
did not contain an intact luminal endothelium. However, we identi-
fied CD31* luminal endothelial cells in the 16-week explant (Fig. 6I),
and more complete coverage in a mid-vessel section of an HAV never
subjected to intravascular interventions and patent when explanted
at 44 weeks (Fig. 5I). These luminal cells also expressed VE-cadherin
(CD144) and eNOS (Fig. 5L), implying barrier and anticoagulant func-
tion. These results provide ongoing evidence that luminal repopula-
tion of HAVs is possible, either from circulating progenitors or from
direct cellular in-growth from neighboring tissues. Although further
studies would be needed to investigate the modes of HAV endotheli-
alization, preclinical studies from Pennel et al. (40, 41), using modified
ePTFE loop grafts with porous polyurethane inserts, demonstrated
three potential mechanisms of graft endothelialization that include
transanastomotic outgrowth, transmural capillary ingrowth from peri-
vascular tissue, and fallout endothelialization from circulating cells.
This group also performed histological examination of long-term
clinical explants from patients implanted with in vitro endothelialized
ePTFE femoropopliteal bypass grafts, which revealed substantial
in vivo formation of pannus-like tissue in between the graft and

Kirkton et al., Sci. Transl. Med. 11, eaau6934 (2019) 27 March 2019
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Fig. 7. Progressive influx of MSC-like host cells within the implanted HAV. (A to D) Immunofluorescence staining of HAV explants for tcSMA and CD90 at indicated
time points after implantation. (E) Quantification of CD90" cells/mm?. Immunofluorescence staining of 200-week HAV explants for CD90 (green) and (F) CD34 (red),
(G) CD45 (red), (H) CD44 (red), and (I) CD73 (red) expression. a, neoadventitia; m, medial layer; a white dashed line was drawn to delineate neoadventitia and medial
layersin (A) to (D). Nuclei (blue) were counterstained with DAPI. For (E), eight random images were taken from each explant section, and the percentage of cells (DAPI,
blue) that expressed CD90 (green) was calculated per area imaged. Data are shown as means + SD with statistical differences of *P < 0.05, ***P < 0.0005, and ****P < 0.0001
as determined by ANOVA and post hoc multiple comparisons tests.

endothelial layer (42). Contrary to our observations in HAV explants,
this tissue contained dense populations of inflammatory cells includ-
ing lymphocytes, macrophages, and foreign body giant cells. Regions
of aligned aSMA™ cells, within the intraluminal tissue but not the
ePTFE graft, were also identified, suggesting the possibility of either
endothelial cell transdifferentiation or colonization by circulating
myogenic progenitor cells.

Beyond the vascular phenotypes, we observed two distinct pro-
genitor populations during HAV remodeling in humans. One cell
population expressed Nestin, an intermediate filament found in
neural stem cells (43), skeletal myoblasts (44), and endothelial cells
(45) during embryonic development. The finding of Nestin" cells in
conjunction with the CD34" cell population during early HAV re-
cellularization may suggest that the remodeling process has some
resemblance to embryonic vasculogenesis. It is possible that a com-
bination of SMC-derived ECM proteins in the HAV, along with
cyclic mechanical cues provided by the arterial circulation, drives
the recruitment and differentiation of these embryonic-like vascu-
lar progenitors. Nestin™ cells appeared first in the neoadventitia ad-
jacent to the medial layer within the 16-week explant; subsequent
explants revealed Nestin® cells primarily in the medial layer. How-
ever, there was less overall Nestin expression with increasing dura-
tion of implantation.

Costaining in early explants revealed that Nestin" cells were ca-
pable of transitioning into myogenic or endothelial cell types based
on colocalization with aSMA or CD31, respectively. Nestin co-
expression with aSMA (46, 47) or CD31 (46, 48) was observed pre-
viously in neonatal and postnatal blood vessels within animal models.
In adult animal and human tissues, populations of Nestin™ cells have
also been identified, but it is believed that they typically remain qui-
escent until reactivated. Nestin expression in pulmonary (49) and
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cardiac (50) fibroblasts has been shown to increase proliferation and
activation of these cells during reactive and reparative fibrosis. In
addition, Nestin™ cells have also been shown to facilitate tissue re-
pair (28), including regeneration of injured skeletal (51), cardiac
(52), and vascular smooth (47) muscle. In this study, we observed
that Nestin"/aSMA" cells appeared to be actively repairing cannu-
lation injuries in the HAV wall. This process appeared to be mainly
confined to repopulation and regeneration of the lost HAV matrix
and may also suggest that Nestin expression may decrease as the
repaired tissue matures.

In contrast to CD34" and Nestin" progenitor cells, which decreased
in number during increasing duration of HAV implantation, CD90"
cells substantially increased over time. Although these cells primarily
reside within the neoadventitia, they were also occasionally found
dispersed in the medial layer. Immunofluorescence staining charac-
terized these cells as CD90", CD44", CD73", and CD140a" but
CD137, CD317, CD347, CD457, CD144", and aSMA™. MSCs are
known to express CD90, CD44, CD73, and CD140a but not CD31,
CD34, CD45, and CD144 (53-55). Therefore, these cells appear to
be MSC-like. However, differences between MSC phenotypes iden-
tified in various tissues and time points, as well as whether the cells
are examined in situ or in vitro, make classification and comparison
of MSC cell surface markers challenging (53).

The speculation that various stem and progenitor cell populations
reside within perivascular or vascular wall niches (56, 57), including
a subadventitial vasculogenic zone (58), is being actively pursued
(59). Although we show that Nestin® progenitor cells can coexpress
CD31 or aSMA, the role and fate of the progressively accumulating
CD90" MSC-like cell population and whether these cells are estab-
lishing a stem cell niche around the HAV remain unclear. Because
these cells do not express CD34 or CD13, we do not believe that the
CD90" cells are adipose-derived stem cells (60). Strong CD90 (Thy-1)
expression, observed in these cells, is a common marker of most MSCs
(61) and is indicative of a noncommitted, undifferentiated pheno-
type (62, 63). Additional studies with more time points will be needed
to determine whether these cells begin to differentiate and change
their phenotype into other cell types that have been previously iden-
tified as residing within the vascular wall, adventitial layers, or peri-
vascular domain (59).

Although the temporal and spatial characterization of the host
cellular response presented in this study (fig. S11) should facilitate
our understanding of clinical HAV remodeling, several limitations
of this study must be acknowledged. For example, the results pre-
sented on host remodeling only used samples of HAV implanted as
an AV conduit for hemodialysis access. Our results may be specific to
the anatomical location or physiological conditions of the AV access
environment, and HAV implanted in other bypass locations may
have different modes of host cell repopulation and remodeling. Of
the 60 patients implanted with the HAV in our phase 2 clinical trials,
13 required normal surgical interventions that resulted in explant of
a portion of the HAV. Thus, all explanted HAV tissues were obtained
because of a need for surgical intervention and from a relatively small
sample population (16 different explanted tissues from 13 patients).
The influence of weekly cannulations and surgical interventions,
such as the previously discussed potential damage to the endothelium
during thrombectomies, may have limited our ability to evaluate
HAV remodeling under normal unadulterated conditions; however,
this was anticipated on the basis of the clinical trial design. None-
theless, we believe that our results demonstrate that the HAV is re-
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cellularized by noninflammatory host progenitor and vascular cells
that evolve during time of implantation into mature vascular pheno-
types to establish capillary networks and aligned, mature SMC layers.
Thus, over time, the resultant HAV becomes like the patients’ own
self-sustaining blood vessel.

MATERIALS AND METHODS

Study design

This study aimed to provide a spatial and temporal evaluation of
host cell repopulation and remodeling of tissue-engineered HAV's
implanted as hemodialysis access conduits in humans. Sixteen clin-
ical tissue explants were retrieved 16 to 200 weeks after implanta-
tion during clinical interventions from 13 of 60 patients enrolled in
two phase 2 clinical trials (table S1). All 16 explanted tissue samples
were fixed, processed, and histologically stained for evaluation; four
HAYV explants were selected for focused in-depth characterization
and discussion of results, according to chronological distribution of
time after implantation (16, 55, 100, and 200 weeks). Representative
staining images from the entire set of 16 HAV explant samples are
shown in figs. S1 to S10.

A detailed description of clinical trial design, participant selec-
tion, and study monitoring is provided in Lawson et al. (17). Briefly,
60 patients (aged 18 to 80 years) with ESRD, deemed not suitable
for AV fistula creation by the operative surgeon, were enrolled in two
single-arm phase 2 clinical studies at six centers in Poland (40 patients)
and the United States (20 patients) to receive an HAV implantation
for use as an AV graft to provide hemodialysis access. Both the
Polish and U.S. studies (clinical trial identifiers NCT01840956 and
NCT01744418, respectively) were conducted in accordance with
international principles of Good Clinical Practice (ISO14155 and
ECH E6/E8/E2A) and the Declaration of Helsinki. The ethics com-
mittee or institutional review board of each participating clinical
center approved the study protocol, and each patient provided written
informed consent before enrollment.

Clinical HAV implantation and follow-up in dialysis patients
The HAVs were implanted in the upper arm (above the elbow) using
standard vascular surgical techniques. In 59 patients, the HAVs were
placed as a brachial-to-axillary straight graft; in one patient, the HAV
was placed in an axillary-to-axillary loop configuration. HAV patency
was verified by intraoperative and/or postoperative doppler ultra-
sound. Aspirin was initiated after surgery (United States) or upon
cessation of subcutaneous low molecular weight heparin (Poland)
and continued for the duration of follow-up. Follow-up visits occurred
at 4 to 7 days (United States only), 15 days, and then monthly until
6 months, followed by visits at 9, 12, 18, and 24 months. At each
visit, the HAV and the patient were assessed clinically for signs of
infection, adverse responses, and patency (from day 15 onward).
Laboratory assessments taken at multiple times during the follow-
up period included hematological, clinical chemistry, coagulation
analysis, and screening for panel-reactive antibodies and detection
of any immunoglobulin G antibodies able to bind to a solubilized
unimplanted HAV sample using a custom enzyme-linked immuno-
sorbent assay (17). Dialysis cannulation was permitted using the
HAYV after the 8-week visit (first 30 Polish patients and all U.S.
patients) or after the 4-week visit (final 10 Polish patients). Patients
continued to use the HAV for dialysis three times a week through-
out follow-up.
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HAV production and characterization
Bioengineered HAVs 35 to 42 cm long with an inner diameter of
6 mm were generated using production methods previously described
(17, 19). Briefly, primary human vascular cells were isolated from
cadaveric donor tissue expanded during cell culture and then seeded
onto rapidly degradable polyglycolic acid (PGA) tubular scaffolds at
a density of 1 million cells/cm. The seeded scaffolds were housed in
sterile bioreactors within a perfusion and pump system that deliv-
ered pulsatile cyclic distension and media exchange during 8 weeks of
incubated tissue culture. During this time, the vascular cells prolif-
erate and secrete ECM proteins, whereas the PGA scaffold degrades.
The resulting tubular ECM vessel was then rendered acellular through
a decellularization process previously described (19) to eliminate
cellular antigens but maintain the vessel’s protein structure, which is
primarily composed of collagen types I and IIL

HAV's were characterized for structural and mechanical proper-
ties before implantation by measuring suture retention strength,
burst pressure, wall thickness, and collagen content (4). Analysis of
decellularization efficiency confirmed no visible nuclei remained in
the acellular vessels after sectioning and staining with H&E, and there
were minimal concentrations of residual B-actin protein (59 ng/cm
of HAV; n =98 HAV), MHC I (300 pg/cm of HAV; n =52 HAV),
and the absence of DNA bands greater than 200 base pairs within
homogenized samples analyzed by gel electrophoresis.

Tissue fixation and histological staining

Samples of HAV tissue (unimplanted or clinical explants) were fixed
in 10% neutral buffered formalin and embedded into paraffin for sec-
tioning (a thickness of 5 um) and staining. After deparaffinization and
rehydration, H&E and Masson’s trichrome staining were performed
using standard techniques. StatLab reagents were used for H&E stain-
ing, whereas a Masson’s trichrome staining kit no. K037 was purchased
from Poly Scientific R&D Corporation. Tissue sections of human aorta
(American MasterTech CSA0825P) were used as positive controls
for H&E and Masson’s trichrome staining. Brightfield images were
taken using an upright Olympus BX41 microscope equipped with an
Olympus DP25 camera and cellSens software.

Immunohistochemistry and fluorescence microscopy

Immunohistochemistry with fluorescence detection was performed
using protocols modified from those described by Kajimura et al.
(64). After deparaffinization and rehydration, tissue sections were
briefly washed in phosphate-buffered saline with 0.05% Tween 20
(PBST) for 5 min. Heat-induced epitope retrieval was performed in
tris EDTA buffer (pH 9.0) containing 0.05% Tween 20 for 20 min at
~95°C, followed by 30 min of cooling at room temperature. Slides
were rinsed in distilled water and then twice in PBST. For reduction
of autofluorescence, the slides were then incubated in a solution of
0.25% NHj3 and 70% ethanol for 1 hour at room temperature as pre-
viously described (64). Tissue sections were then blocked for 1 hour
at room temperature in PBS containing 10% normal goat serum,
5% bovine serum albumin (BSA), and 0.2% Triton X-100. Primary anti-
bodies (table S2) were diluted in PBST containing 1% BSA and incu-
bated overnight on the tissue sections (~16 hours) at 4°C. After washing
the slides in PBST, fluorescence-conjugated secondary antibodies
(goat a-mouse Alexa Fluor 488 and goat a-rabbit Alexa Fluor 594,
Invitrogen A11001 and A11012, respectively) were diluted 1:400 in
PBST containing 1% BSA and incubated on the tissue sections for
1 hour at room temperature. Slides were then washed repeatedly in
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PBST, followed by incubation at room temperature for 1 hourin a
solution of 0.3% Sudan Black B in 70% ethanol to reduce background
and lipofuscin-like autofluorescence as described previously (64, 65).
Slides were then mounted using Fluoroshield mounting medium
(Invitrogen) containing DAPI to counterstain nuclei. Control tissue
slides (American MasterTech), secondary antibody only, and non-
specific isotype control primary antibody staining were used to define
appropriate antibody concentrations and confirm target specificity.
Stained sections were imaged using a Nikon TE300 fluorescence mi-
croscope equipped with a Photometrics CoolSNAP HQ2 camera or
a Zeiss LSM 780 confocal microscope (UNC Neuroscience Center).
Image acquisition, processing, and quantification of cell popula-
tion were done using uManager (66) or Zeiss ZEN and Fiji (67) soft-
ware packages.

Scanning electron microscopy

Samples of unimplanted HAV tissue were sent to the Clemson Uni-
versity Electron Microscopy Laboratory for processing and SEM
imaging. Briefly, HAV samples were fixed in a solution of 2.5% glu-
taraldehyde in 0.2M cacodylate buffer, followed by multiple rinses
in distilled water. The fixed samples used for longitudinal and trans-
verse cross sections were then frozen in liquid nitrogen to better pre-
serve tissue morphology during cutting. Secondary fixation of
all samples was done using 1% aqueous osmium for 1 hour, followed
by multiple rinses in distilled water. Dehydration was performed
using a graded ethanol series, and then, after the final incubation in
100% ethanol, the samples were placed in a 1:1 mix of 100% ethanol
and hexamethyldisilazane (HDMS) for 15 min to facilitate solution
infiltration and sample drying. Samples were then incubated in
two changes of HDMS for 15 min, followed by HDMS evaporation.
The dehydrated samples were mounted onto SEM stubs, sputter-
coated with platinum, and imaged using a Hitachi S-4800 Field
Emission Scanning Electron Microscope.

Statistical analysis

Data are shown as means + SE or SD as noted in the text. After meet-
ing assumptions for normality (Shapiro-Wilk test), the statistical
significance of differences between datasets (P < 0.05) was evaluated
using one-way ANOVA with post hoc Tukey’s multiple comparisons
test in GraphPad Prism (GraphPad Software Inc.).

SUPPLEMENTARY MATERIALS
www.sciencetranslationalmedicine.org/cgi/content/full/11/485/eaau6934/DC1

Fig. S1. Representative images of all clinical HAV explants stained with H&E.

Fig. S2. Representative images of all clinical HAV explants immunostained for expression of
CD3 and CD20.

Fig. S3. Representative images of all clinical HAV explants immunostained for expression

of CD206, CD80, and CD68.

Fig. S4. Representative images of all clinical HAV explants immunostained for expression of
0oSMA and CNNT.

Fig. S5. Representative images of all clinical HAV explants immunostained for expression

of CD31 and CD34.

Fig. S6. Representative images of all clinical HAV explants immunostained for expression of
aSMA and Nestin.

Fig. S7. Immunofluorescence staining of aSMA and CD31 in 16-week HAV explant.

Fig. S8. aSMA*/Nestin* cells participate in HAV self-healing and repair after cannulation injury.
Fig. S9. Representative images of all clinical HAV explants immunostained for expression of
0oSMA and CD90.

Fig. $10. Additional immunofluorescence characterization of CD90" cells in 200-week HAV
explant.

Fig. S11. Summary diagram illustrating host cell repopulation and maturation within HAV
after implantation.
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Table S1. Summary of all clinical HAV explants from phase 2 clinical trials.
Table S2. Antibodies used and application conditions.
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Vital vessels

Vascular access is critically important for hemodialysis. An arteriovenous fistula generated from native
blood vessels has long been thought to be optimal for long-term access; however, some people with kidney
disease require vascular grafts. Kirkton et al. studied bioengineered human acellular vessels (HAVs) implanted as
hemodialysis access vessels in subjects with end-stage renal disease. Sixteen tissue samples from HAVs were
explanted from subjects participating in phase 2 clinical studies over the course of nearly 4 years. The authors
characterized cellular repopulation of the implanted vessels over time, noting increases in CD90 * cells,
lumen-lining CD31 * endothelium, and the presence of aligned alpha smooth muscle actin-expressing cells. This
study provides valuable insight into human vascular remodeling.
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