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Abstract

Vascular disease results in the decreased utility and decreased availability of autologus vascular
tissue for small diameter (< 6 mm) vessel replacements. While synthetic polymer alternatives to
date have failed to meet the performance of autogenous conduits, tissue-engineered replacement
vessels represent an ideal solution to this clinical problem. Ongoing progress requires combined
approaches from biomaterials science, cell biology, and translational medicine to develop feasible
solutions with the requisite mechanical support, a non-fouling surface for blood flow, and tissue
regeneration. Over the past two decades interest in blood vessel tissue engineering has soared on a
global scale, resulting in the first clinical implants of multiple technologies, steady progress with
several other systems, and critical lessons-learned. This review will highlight the current
inadequacies of autologus and synthetic grafts, the engineering requirements for implantation of
tissue-engineered grafts, and the current status of tissue-engineered blood vessel research.
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Introduction

Cardiovascular disease (CVD) affects over 71 million people in the United States of
America alone and costs exceed 500 billion dollars annually. Specific to cardiovascular
disease in America, the number of annual inpatient visits totaled over 7 million with over
450,000 in-patient bypass surgeries, caused in part by diet and inherited factors [1]. Despite
improvements in the medical therapy of CVD, the number of vascular interventions,
including bypass grafting and angioplasty with or without stenting has increased in recent
years. Vascular bypass grafting and balloon angioplasty with stent placement account for a
large number of procedures and are more prevalent in patients over the age of 65 years, who
are less likely to have sufficient vein for use as a conduit for revascularization [2, 3].
Although autogenous veins or arteries provide the best patency rates for cardiac and
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peripheral vascular bypass grafting, many patients do not have suitable vessels, and
autograft suitability may be difficult to define in advance of the bypass operation.

The replacement of large diameter vessels (>6 mm), such as the aorta, has been performed
successfully with synthetic polymer prosthetics with long-term patency. However, most
blood vessels within the peripheral, cerebral and cardiac vasculature display diameters of
less than 6 mm. Several studies have shown that smalldiameter synthetic polymer grafts
have rapid thrombus formation and intimal hyperplasia subsequent to bypass surgery,
limiting their utility [3-5]. These acute and chronic phenomena were localized not only to
the regions of graft anastomoses but also to the mid-graft region and these findings may also
extend to larger diameter grafts [6, 7]. Synthetic vascular grafts also present a continued risk
of bacterial colonization and subsequent graft infection and, in addition, are capable of
promoting a low-level, chronic inflammatory response that may contribute to the
development of neointimal hyperplasia. Mechanically, the compliance mismatch between a
prosthetic graft (0.5-1.5%/100 mmHg) and the host artery (5-15%/100 mmHg) may also
lead to neointimal hyperplasia and late graft failure. Finally, the inability of synthetic grafts
to grow and adapt decreases the utility of prosthetic grafts in pediatric patients.

Motivated by these limitations, the development of a tissue-engineered blood vessel (TEBV)
has progressed significantly over the past two decades. In concept, the TEBV will closely
match the biomechanical aspects of healthy artery and be capable of growth, remodeling,
and vasoactive responses. An endothelial cell (EC) layer will provide anti-platelet, anti-
coagulant and pro-fibrinolytic properties that would decrease thrombogenesis and restenosis

[8].

Functional requirements in blood vessel tissue engineering

Requirements for TEBV design may be conceptually divided into the linked areas of
mechanical and biological performance. Biological-mechanical interconnectivity is often
desirable, such as the contractile responses achieved with some TEBV [9], or an observed
increase in compliance, from 2 to 9 %/100 mmHg, after 6 months in vivo remodeling [10].
However, maladaptive biological responses leading to premature biodegradation and
mechanical failure are a common consideration for all degradable-scaffold grafts.

Mechanical requirements

International standards for Dacron and ePTFE prostheses provide a foundation for these
requirements, although the complexity of tissue-engineering requires developers to look
much further [11]. Mechanical considerations include burst pressure, fatigue-resistance,
suture retention, kinking radius, and compliance. Designers must also consider homogeneity
over the length of the prosthesis, which may be tens of centimeters [12], variations as the
implant remodels, and lot-to-lot variability inherent to cell-based products. Despite broad
and prolonged interest in this area, standardized mechanical targets and protocols are still
evolving [13].

Testing of burst pressure and mechanical resistance to catastrophic rupture/ tearing of the
vascular prosthesis is required to ensure the graft can withstand physiologic variations in
pressure. For example, the average pressure in the arterial circulation close to the heart is
100 mmHg, but in the femoral or popliteal artery, while standing, is about 250 mmHg,
owing to the contribution of hydrostatic pressure. Conversely, pressures in the cerebral
vasculature are generally lower; 60—100 mmHg [14]. However, a significantly challenging
vessel to replace is the common carotid. This is due not only to high flowrates
(approximating 200mL/min) but turbulent and recirculating flows at the internal/external
carotid bifurcation and carotid sinus [14—17]. Thus there is still much debate as to the best
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approach to treat carotid atherosclerotic disease; stenting, endarterectomy, with or without a
patch material or bypass grafting [18-21]. High burst pressures are clearly desirable.
However, whether TEBV must match native vein, artery, or simply be at a level above
maximum physiologic pressure remains debated. In pigs, investigators have suggested that
TEBYV with burst pressures as low as 600-700 mm Hg can be implanted in the arterial
circulation without observed dilatation [22]. Typical burst pressure testing involves the
steady inflation of a blood vessel/ tissue engineered construct to a pressure at which the
construct starts to rupture. Porous constructs are tested by inflating either a flexible
elastomer, with a stiffness negligible to that of the material being tested, in the tubular
construct, or sealing the pores of the construct with a material of negligible mechanical
strength. Burst pressures are measured with systems that apply increasing internal pressure
loads, and record outer diameter and internal pressure. Specimens are typically maintained
in physiologic buffer (37°C PBS) during testing. Of particular note is the inflation rate to
bursting of tissue engineered constructs: typical inflation rates that compensate for potential
creep and stress relaxation of materials in a physiologic setting have been established to be
around 0.2 mL/s [23]. However, faster inflation rates have been shown to drastically
increase the expected burst pressure, as the material rapidly inflates with little to no
deformation. Further, it is important for grafts to remain fatigue resistant, ensuring their
structural components and mechanical properties do not alter with repeated cycling in a
pulsatile flow setting [24, 25]. Notably, extrapolation of burst pressure from the ultimate
tensile stress of flat strips or ring specimens may over-estimate direct burst pressure
measurements [13]. Interestingly, for specific TEBV systems non-invasive prediction of
burst pressure from stiffness measurements at low pressures has been demonstrated [26].
Typical burst pressures of native vasculature and synthetic alternatives are shown in Table 1.

Compliance and fatigue may be evaluated with similar test fixtures. Compliance is
calculated from the percent change in internal radius over a physiologic range of pressure
(80-120 mmHg) and is often expressed in units of %/100 mmHg. The pressurized inner
radius must often be calculated from images of the pressurized outer diameter, the inner
diameter at rest, and the assumption of incompressibility of the graft wall. Typical
compliances are dependent on the locale of the vessel, arterial or venous or synthetic,
detailed in Table 1 [2, 27-30]. Similar to burst pressure, the mechanical response of
constructs is dependant on the rate at which scaffold inflation is performed due to time-
dependant phenomena such as stress relaxation [23, 31, 32]. Further, it is critical to evaluate
the compliance of tissue constructs in physiologically relevant conditions that simulate the
native environment: flowrates, flow medium, pulsatile flow, pressure gradients and
temperature. The reader is directed to the following references for further vessel specific
mechanical properties [2, 27-30]. Fatigue testing may consist of sustained static, cyclic, or
stepwise pressures profiles, followed by an assessment of the burst pressure or compliance
to monitor any change from initial strength. Although the importance of short-term fatigue
tests is clear, when significant biodegradation and remodeling is anticipated the predictive
value of long-term in vitro fatigue tests may be limited.

Suture retention strength is measured by placing a suture 2 mm from the end of a vessel
specimen and measuring the force required to dislodge the suture in a physiologically
relevant condition and rate: 1 mm/s, 37°C [11]. Typical suture retention strengths of native
vasculature range widely depending on vessel type (Table 1) [30, 31, 33-36].

Biological requirements

Biological failure occurs due to different modes depending on whether it occurs acutely,
over the first weeks/months, or longer-term over months to years. The acute response is
usually characterized by blood material interactions that lead to non-specific protein
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adsorption and subsequent blood clotting or thrombosis on the graft luminal surface. The
chronic response to vascular graft implantation is determined in part by the remodeling of
the implant, as pannus tissue grows in from the anastamotic regions or transmurally, and
long term material interactions with the host, such as biodegradation and scar tissue
formation [51-53].

Of note is the small population of patients that have infection during implantation
(eg.Staphylococcus epidermidis) which typically populates the anastamotic regions of a
graft and is estimated to be as high as 1-6% [54].

The generation of a luminal layer that prevents non-specific protein adsorption and a
subsequent immune response is a significant problem that has challenged the field till
present, especially with the current synthetic standard of care which uses hydrophobic
materials that present surfaces that are entropically more favorable for blood protein
adsorption than hydrophilic surfaces. However, to circumvent the potential for thrombus
formation, novel biomaterials strive to combine hydrophilicity and resistance to protein
adsorption through surface modifications or the use of a luminal layer of endothelial cells. A
quiescent EC layer has been shown to be vital to promoting an (i) anti-platelet, (ii) anti-
coagulant and (iii)pro-fibrinolytic surface [55—60]. Conversely, occlusion due to activation
of the present or neo-endothelial cells is of major concern [5, 60—63].

Biochemical and chemical modifications, including homing of cells using CD34 antibody
conjugated to graft surfaces, stromal derived factor-1 (SDF-1) an inducer of endothelial
progenitor cell migration from the bone marrow, and plasma treatment of surfaces facilitate
neo-endothelialization of vascular grafts. Although the source of the repopulating EC is still
debated (bone marrow endothelial progenitor cells/circulating progenitor cells/ECs from the
nascent vasculature), endothelial cells play a pivotal role in the biocompatibility of blood-
contacting materials. Moreover, the former strategies of creating a homing-like environment
for cell adhesion and localization is preferred for an “off-the-shelf” product that does not
require pre-seeding with ECs that often have limited proliferative potential due to the age of
the patient and the time required for EC isolation, culture, seeding and preconditioning to
ensure seeded cells do not slough off in a hemodynamic environment [64, 65]. Recent
canine and baboon studies have suggested that immediate recapitulation of the EC layer in
vitro or soon after in vivo implantation may not be required for short term (6month) graft
performance [44], but is still thought to be essential for long term graft survival [66—68].

Smooth muscle cells (SMC) represent another important cellular component of the vascular
wall. In normal pulsatile blood flow, the SMC layer contributes to the vascular tone and
medial compliance of the vessel. However, in a variety of specific disease states, they are
indicated in the progression of atherosclerosis through myointimal hyperplasia [69].
Although much work has focused on the use of luminal EC seeded grafts, SMC seeded
grafts have shown the potential for improved host integration, increased medial contractility,
and medial cellularization [70]. Additionally, several groups have shown the importance of
SMC to aid in the development of the vascular media which is essential for biomechanical
function of the vessel. Specifically, they have shown SMC secretion and rearrangement of
the matrix into helical or circumferential orientations, more closely mimicking native
structure [9, 71, 72]. Similar to the need to maintain a quiescent state for endothelial cells,
the phenotypic expression of smooth muscle cells is critical to recapitulation of medial
function. When SMCs are expanded in culture prior to seeding, they frequently adopt a non-
contractile, proliferative, synthetic phenotype due to the loss of actin filaments [73, 74].
Development of a contractile SMC phenotype depends on a milieu of factors including local
stress/strains, growth factors, and paracrine/ autocrine signaling [75, 76]. Correct phenotype
is essential in preventing medial thickening and intimal hyperplasia from proliferative
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SMCs. The reader is referred to a review by Chan-Park et al for more details [77]. A variety
of other cell types, both native and non-native to vasculature have been used for
repopulation of tissue engineering vascular grafts. Of note, work with stem cells, including
endothelial progenitor cells and mesenchymal stem cells, umbilical cord cells and peritoneal
cells is discussed in detail herein.

Mediation of the immune response due to surgical trauma and foreign body reaction is
critical to graft performance. Several groups have attempted to create functional tissue
replacements that serve to passively prevent acute and chronic rejection. This has been done
through the incorporation of bioactive materials, tailoring of degradation of biodegradable
polymers to leach minimally cytotoxic degradation products, and incorporation of
biomimetic moieties, such as collagen, elastin, and glycosaminoglycans [2, 3, 78-84].
However, there has been a recent trend to actively modulate the inflammatory response of
tissue replacements by incorporation of moieties that strive to curtail adverse inflammatory
responses such as neutrophil invasion, macrophage polarization and modulation of the
adaptive immune response, notwithstanding the use of immunocompromised animal models
[85-87]. Further, recent studies have demonstrated the importance of ensuring that the local
environment of the graft is maintained to be non-inflammatory. Specific to macrophage
polarization, Ariganello and colleagues have shown the utility of decellularized matrices to
direct macrophage polarization to a non-inflammatory phenotype that would promote
healing and resolution, instead of inflammation [88, 89]. The incorporation of bone marrow
mesenchymal stem cells (BM-MSCs) within tissue engineered and biodegradable scaffolds
has been widely reported. Specific to vascular grafts, bone marrow derived stem cells have
been shown to differentiate into endothelial progenitor like-cells [90-93], as well as other
vascular wall cellular constituents, smooth muscle cells [94, 95]. In addition to repopulating
ECM-based scaffolds, MSC have also been shown to attenuate the inflammatory and
immune responses associated with surgical trauma and implants. MSC have the ability to
direct macrophage polarization toward an M2 phenotype (healing/ resolution) over an M1
phenotype (inflammatory), down-regulate MHC and co-stimulatory molecule expression,
decrease inflammatory cytokine expression (TNF-a, IL-12, IFN-vy), increase anti-
inflammatory cytokine expression (IL-10), promote T-regulatory cell proliferation and
interfere with lymphocyte replication [96-101].

In vitro tests for TEBYV include standard biocompatibility assays and, depending upon the
design concept, may extend to consideration of cell supportive properties,
hemocompatibility, and vasoactivity. Cytocompatibility is usually established with seeding
of human EC, SMC and fibroblasts. To simulate features of the innate immune response,
groups have used bio-similar environments with the addition of secretion products from
inflammatory cells, such as macrophages and neutrophils, to simulate degradation in vivo
and in vitro [5, 29, 53, 102-104]. In vitro hemocompatibility is typically determined with
the use of whole blood clotting times, platelet adhesion and morphology, and activation
states of inflammatory cells on vascular biomaterials in a variety of systems: static clotting
time / platelet adhesion and morphology assays, flow loops and AV shunt models, preceding
in vivo implants [5, 30, 105-108].

In vivo studies typically commence in rodents. Despite small vessels (< 1 mm), murine
systems provide the potential to test constructs with human cells in nude [109] or severe
combined immunodeficiency (SCID) mice [110]. Mouse models have been developed to
incorporate intravital molecular imaging to track labeled cells and protease activity [109].
Rat models allow the assessment of human-cell constructs in (immune compromised)
athymic animals [33], using slightly larger 1-2 mm inner diameter test vessels. A recent
review highlights pitfalls to anticipate as investigators proceed to large animal models [12].
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Evolving concepts and current status of TEBV technology

Collagen and other biopolymers

Traditional “cell-plus-scaffold” tissue engineering was first applied to blood vessel
constructs by Weinberg and Bell in 1986 [111]. Employing a collagen gel cultured with
SMC and EC, they observed a near-confluent and biologically active EC luminal surface.
However, maximum burst pressures in the range of 400 mmHg necessitated the additional
support of a Dacron mesh. Several other studies have used collagen or other biologically
derived blood vessel constituents to recapitulate the features of a blood vessel in scaffolds,
with limited success, given the weak nature of collagen gels [7, 112, 113]. Strategies
incorporating cells, matrix components and intracellular biomolecules have been shown to
improve the mechanical strength of collagen-based constructs by compaction and re-
organization of collagen fibril architecture [114—118]. In particular, Seliktar et al. have
demonstrated the ability of seeded cells and mechanical conditioning to rearrange collagen
fibrils circumferentially, leading to increased strength [119]. Our research group has
observed high burst pressures using a biomaterial composite consisting of crosslinked,
oriented collagen microfibers reinforcing a matrix comprised of a recombinant elastin
analogue [82].

Fibrin is of interest as an alternative biopolymer scaffold due to advantages including its
natural role in wound healing, widespread clinical acceptance as a tissue sealant and the
potential for generating an autologous biomaterial from the patients’ own blood [120].
Cummings et al. found that while fibrin vascular constructs were weaker and more
extensible than collagen, fibrin-collagen composites displayed higher strength and gel
compaction than collagen alone [121]. Fibrin gels have also been shown to stimulate SMC
to synthesize elastin, an important component of the artery wall, which is neglected in many
collagen-based TEBV [122]. Short segments (1.5 — 2.0 cm) of TEBV from fibrin cultured
with either bone-marrow derived progenitor cells or SMC and seeded with EC demonstrated
vasoactivity and have been implanted as interpositional grafts in the lamb external jugular
vein [123, 124]. Recently, a bioreactor design capable of simultaneously processing six
TEBYV from fibrin with human dermal fibroblasts resulted in burst pressures of 1400 — 1600
mmHg after 5 to 7 weeks of culture [26]. The resulting compliance was 2-5 %/ mmHg and
low suture retention strengths were compensated by the addition of polymeric cuffs from
poly(lactic acid). Fibrin-based approaches have also been augmented through the addition of
growth factors via sustained delivery systems in order to enhance and sustain cellular in-
growth [125].

Biodegradable and bioresorbable synthetic polymers

In addition to biopolymers, biodegradable synthetic polymer scaffolds, such as polylactic
acid (PLA), polyglycolic acid (PGA), polycaprolactone (PCL), polyurethanes (PU), and
related copolymers or composites have been extensively studied [9, 72, 126—131]. Typically
these scaffolds are pre-seeded with cells using a variety of techniques, including static
seeding, dynamic seeding, vacuum aided seeding, or electrostatic seeding and conditioned in
a bioreactor to ensure the cells can withstand physiologic blood flow [132-134]. In a well-
studied example of the biodegradable polymer approach, Niklason and colleagues have
fabricated TEBV using PGA seeded with SMC and cultured at 1-2% cyclic mechanical
strain in a bioreactor for 7 to 8 weeks, followed by EC seeding [9]. In collaboration with
Humacyte, Inc, this group has developed TEBV scaffolds generated from PGA seeded with
allogeneic SMCs, conditioned in a bioreactor, and subsequently decellularized. Acellular
specimens were studied in a baboon AV shunt model, and scaffolds with a luminal EC
coating were investigated in a canine peripheral and coronary bypass. A potential
disadvantage of this strategy is the relatively low levels of endothelialization (14+£8%) [44].
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Further, in a challenging model of porcine carotid grafting, they showed that decellularized,
engineered grafts resisted both thrombosis and intimal hyperplasia. Head-to-head
comparisons with autologous vein grafts showed that decellularized, engineered grafts had
less neointima formation and superior patency rates after 30 days. The etiology of this
advantage may be related to decreased activation of the mTOR pathway in engineered grafts
as compared to vein, though this result remains to be confirmed in other studies (personal
communication).

With respect to the proliferative capacity of the cells used in tissue engineered constructs,
aging is associated with decreasing telomere length and directly related to decreased
doubling capacity. To overcome this limitation, Poh et al. have demonstrated an increase in
the population doublings of adult VSMCs through retroviral infection with the telomerase
reverse transcriptase subunit (WTERT) [64]. Despite improvement, mechanical strength
remained too low, potentially due to reduced collagen synthesis [135, 136]. To circumvent
the challenges of SMCs, human mesenchymal stem cells (MSC) were used in an 8 week
protocol involving proliferation and differentiation phases [80]. Collagen matrix synthesis
and substantial conversion to an SMC phenotype were demonstrated, but burst pressures
remained at approximately 400 mmHg. These biodegradable systems have confirmed that:
(1) non-degraded polymer fragments can amplify stresses and dramatically compromise
strength; (ii) collagen organization, as well as quantity, is required for strength; (iii) low
compliance may be due to the absence of organized extracellular elastin sheets, as well as
sub-physiologic SMC contractility [137, 138].

The vascular tissue engineering system developed by Shin’oka and colleagues uses similar
biodegradable polymers. Employing porous e-caprolactone and L-lactide copolymer
reinforced with a PGA fabric, seeded with cultured autologous venous cells, they reported
the first clinically effective TEBV implants [139]. By substituting autologous bone-marrow
mononuclear cells (BMC), the cell culture step was avoided in subsequent implants [131].
Given the cost, delay, contamination potential, as well as dependence on xenogenic serums
in culture medium, avoidance of prolonged in vitro culture represented a significant
advantage. Notably, in these reports the TEBV implants repaired congenital defects in the
pulmonary circulation of a pediatric population, while most TEBV applications must
address more demanding mechanics of the arterial circulation, as well as the limitations of
autologous cells obtained from elderly donors. Early efforts to adapt the technology to
arterial implants have been reported [140]. Despite initial suggestions that BMCs
differentiate and proliferate as the TEBV is incorporated [131, 141], recent analysis in
SCID/beige mice found no evidence that the implanted cells persist longer than about one
week [86]. BMCs appear to accelerate in vivo remodeling by paracrine recruitment of host
monocytes. The authors also suggest that, in turn, accelerated monocyte infiltration triggered
enhanced repopulation by host SMC and EC. Regardless of technique employed, the
persistence of seeded cells and the ability to withstand hemodynamic forces (shear in the
lumen or compressive in the vascular wall), remaining a desired phenotype, or
differentiation along specific lineages (for stem cells), and maintainence of viable cytokine/
chemokine expression, is critical to graft success [85, 134, 142].

Bioresorbable vascular grafts are incorporated into the recipient through host mediated
degradation systems that include as enzymoloysis, oxidation and hydrolysis, while allowing
for concomitant repopulation of the scaffold with native cells. Wolfe et al have shown that
bioresorbable electrospun polydioxane (PDO) or PCL scaffolds elicited varying tissue factor
expression when exposed to monocytes; demonstrating no greater risk of thrombotic
occlusion than ePTFE [143]. Other groups have used a variety of bioresorbable polymeric
constructs showing mechanical and biological utility [2, 144-146]. Campbell et al have
developed an interesting technique wherein the host’s peritoneal cavity is used as a
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bioreactor to construct hierarchical tissue. They implanted silastic tubing in the peritoneal
cavity of rats and rabbits for 2 weeks, which resulted in scaffolds that had developed layers
of ECM, and were populated with myofibroblasts and mesothelium. 10-20 mm long grafts
were subsequently implanted in the host animal, with greater than 4month patency. Their
technique has been extended to the development of a variety of soft tissues including vas
deferens, bladder and uterus [147, 148]. Vito’s group have developed a method for the in
vivo or ex vivo stretching of arterial segments in suitable media conditions for generation of
blood vessels. They have studied several aspects of the biomechanical regimes that effect
remodeling and growth of vessels [149-152]. These studies were further carried into
collagen based gels which have been seeded with cells and show morphological changes in
ultrastructure and cellular behavior as a function of mechanical conditioning [119].

Cell-sheet tissue engineering

TEBYV fabricated from cell sheet-based tissue engineering consist entirely of autologous
cells and secreted matrix proteins. Initially, sheet-based TEBV consisted of SMC or
fibroblasts cultured with ascorbic acid for approximately 30 days to form cohesive sheets
[8]. The SMC sheet was wrapped about a tubular support to create the vessel media, matured
for one week, wrapped with a fibroblast-sheet “adventitia,” matured for 7 weeks, and then
seeded with EC. This process was replaced with a scheme consisting of a decellularized
internal membrane fabricated from a fibroblast sheet, a living adventitial layer, and a seeded
endothelial layer, requiring a total of 28 weeks of culture [33]. This design demonstrated
favorable mechanics for implantation in the arterial circulation, and these TEBV have been
successfully implanted as arteriovenous fistulas in high-risk patients [153]. This
groundbreaking progress with a sheet-based tissue engineering system has been
encouraging, although long culture times remain an important factor in keeping costs high
and limiting application to non-urgent indications. Similar work has been done by other
groups that have developed rolling techniques with localized regions of specific cells types
or synthetic/biosynthetic materials such as PLLA, collagen and elastin [82, 85, 154].

Decellularized tissue scaffolds

This technique maintains the native extracellular matrix proteins that provide both structural
integrity and instructive cues for cellular ingrowth. By incubating bone marrow derived cells
in decellularized canine carotid arteries, Cho et al. demonstrated cellular incorporation into
the scaffold and subsequent differentiation of these cells into endothelial and vascular
smooth muscle cells and subsequently into 3 distinct vessel layers [94]. Zhou et al have
shown that heparin and VEGF modified decellularized canine carotids grafts have higher 6
month patency rates than unmodified grafts [155]. In a similar study, Zhou et al showed that
heparin immobilized on decellularized grafts implanted in rats supplemented with 14days of
granulocyte-colony stimulating factor, had higher patency and lower neointima formation
compared to controls; due to homing of circulating EPCs to the graft surface, demonstrating
the potential for cytokine treatment post surgical intervention [156]. Further, potential
changes in the long term mechanical response associated with decellularization protocols,
specifically the shape of the pressure-diameter curves, and how they relate to compliance is
of concern [157]. Other decellularized tubular conduits have been investigated for vascular
tissue engineering. Specifically, aorta [158, 159], umbilical arteries [4], saphenous vein [46],
ureter [160, 161], and small intestinal submucosa (SIS) [162, 163] to name a few. Cryolife,
Inc, have constructed a vascular graft from decellularized bovine tissue that shows high
patency in a canine model, with host cell repopulation of the prosthesis [164]. From the
same company, Synergraft®, decellularized bovine ureter, has shown the potential to be
used in humans as a blood vessel replacement. However, early results show the potential for
aneurysm formation [165], poor long term patency as hemodialysis access shunts, (14% at
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lyear) [166], similar to ePTFE access grafts [167]; and infection and inflammation due to
potential residual xenoantigen [168].

Translational challenges

At present, TEBV use in humans has required at least a bone marrow aspiration and brief
cell seeding for pediatric pulmonary artery replacement and up to 28 weeks of maturation of
rolled fibroblast sheets to withstand arterial pressures for use as arteriovenous conduits in
patients requiring dialysis. Advanced cell or biomaterial technologies may drive the next
generation of solutions. In particular, the recent recognition that BMC are likely to survive
only transiently and cellular repopulation is driven by monocyte infiltration may suggest
new cell and biomaterial strategies for TEBV researchers [86]. In addition, early results
translating biodegradable polymer scaffold systems to the arterial circulation in mice suggest
that protocols requiring as little as 1 week maturation in culture may be attainable [140].

Research timeline, regulatory, and economic issues

McAllister et al. have argued that the unique challenges inherent to translating cell-based
therapies, including tissue-engineering, will benefit from the application of several distinct
strategies [169]. In particular, the authors note that researchers should include an early focus
on proof-of-principle with human cells and anticipate an extended (20 year) R&D timeline.
A focus on modeling the cost-effectiveness of the technology is emphasized, but not until
later in this timeline, as clinical trials are planned. Regulatory approval pathways for tissue-
engineered products are still evolving, and the cost of quality assurance is expected to be a
challenge given the small lot sizes of tissue-engineered products [170].

Summary and future directions

Small diameter arteries in the human body are prone to atherosclerosis depending on vessel
location, size, hydrodynamic considerations, concomitant disease and a milieu of
environmental and genetic factors. Peripheral artery disease is commonly treated with 3
main techniques when the patient does not respond to medication and exercise: (i)
angioplasty and stenting, (ii) endarterectomy, and (iii) bypasss/interposition grafting.

The design of a tissue engineered vascular graft to supplant the diseased arteries’ function
requires consideration of mechanical, biological and clinical factors that influence behavior
in vitro and in vivo. To date, tissue engineered products have yet to replace the current “gold
standard” of an autologous artery or vein. Much progress has been made in determining the
key factors that contribute to the eventual success of a vessel graft. Mechanical
considerations include (i) a sufficient burst pressure to prevent catastrophic failure of the
vessel and long-term fatigue resistance, (ii) a suitable compliance that approximates that of
the vessel to prevent mechanical mismatch, and (iii) a strong enough suture retention
strength to permit implantation and tolerate hydrodynamic and mechanical forces at the
anastomosis. Biological and clinical considerations include (i) generation of a non-fouling
luminal surface to prevent from thrombosis, (ii) mediation of the immune response due to
surgical trauma and potential graft rejection and regeneration, and (iii) evaluation in an in
vivo environment.

Several groups have demonstrated the efficacies of various strategies that range from
modifications of existing ePTFE/Dacron™ grafts to acellular/cellularized constructs to de
novo engineering of tissue substitutes that mimic native vessels. TEBV derived from cell-
sheet tissue engineering and degradable synthetic polymer scaffolding have demonstrated
early clinical success and continued progress with several additional systems suggests that
these technologies will continue to evolve. Clinical success will be determined by utilizing a
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“bottom-up” approach wherein recapitulation of the fundamental features of the vascular
wall, incorporation of key elements that obviate thrombosis and acute graft failure, and
potentially a cellular component that will direct the unavoidable inflammatory response
towards healing, will be critical to the design of regenerative therapies for vascular tissue
engineering.

REFERENCES

1.

10

11

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Lloyd-Jones D, et al. Heart disease and stroke statistics--2010 update: a report from the American
Heart Association. Circulation. 2010; 121(7):e46—e215. [PubMed: 20019324]

.Ravi S, Qu Z, Chaikof EL. Polymeric materials for tissue engineering of arterial substitutes.

Vascular. 2009; 17(Suppl 1):S45-S54. [PubMed: 19426609]

. Mitchell SL, Niklason LE. Requirements for growing tissue-engineered vascular grafts. Cardiovasc

Pathol. 2003; 12(2):59-64. [PubMed: 12684159]

. Gui L, et al. Development of decellularized human umbilical arteries as small-diameter vascular

grafts. Tissue Eng Part A. 2009; 15(9):2665-2676. [PubMed: 19207043]

. Motlagh D, et al. Hemocompatibility evaluation of poly(diol citrate) in vitro for vascular tissue

engineering. J Biomed Mater Res A. 2007; 82(4):907-916. [PubMed: 17335023]

. Campbell GR, Campbell JH. Development of tissue engineered vascular grafts. Curr Pharm

Biotechnol. 2007; 8(1):43-50. [PubMed: 17311552]

. Zhang W], et al. Tissue engineering of blood vessel. J Cell Mol Med. 2007; 11(5):945-957.

[PubMed: 17979876]

. L'Heureux N, et al. A completely biological tissue-engineered human blood vessel. FASEB J. 1998;

12(1):47-56. [PubMed: 9438410]

. Niklason LE, et al. Functional arteries grown in vitro. Science. 1999; 284(5413):489-493. [PubMed:

10205057]

. L'Heureux N, McAllister TN, de la Fuente LM. Tissue-engineered blood vessel for adult arterial
revascularization. N Engl J Med. 2007; 357(14):1451-1453. [PubMed: 17914054]

. ANSI/AAMUI/ISO. Cardiovascular implants - tubular vascular prostheses. 2001

Zilla P, Bezuidenhout D, Human P. Prosthetic vascular grafts: wrong models, wrong questions and
no healing. Biomaterials. 2007; 28(34):5009-5027. [PubMed: 17688939]

Konig G, et al. Mechanical properties of completely autologous human tissue engineered blood
vessels compared to human saphenous vein and mammary artery. Biomaterials. 2009; 30(8):1542—
1550. [PubMed: 19111338]

Ku DN, et al. Hemodynamics of the normal human carotid bifurcation: in vitro and in vivo studies.
Ultrasound Med Biol. 1985; 11(1):13-26. [PubMed: 3160152]

Wootton DM, Ku DN. Fluid mechanics of vascular systems, diseases, and thrombosis. Annu Rev
Biomed Eng. 1999; 1:299-329. [PubMed: 11701491]

Ku DN, et al. Pulsatile flow and atherosclerosis in the human carotid bifurcation. Positive
correlation between plaque location and low oscillating shear stress. Arteriosclerosis. 1985; 5(3):
293-302. [PubMed: 3994585]

Ku DN, Giddens DP. Pulsatile flow in a model carotid bifurcation. Arteriosclerosis. 1983; 3(1):31—
39. [PubMed: 6824494]

Goldstein LJ, et al. Carotid artery stenting is safe and associated with comparable outcomes in men
and women. J Vasc Surg. 2009; 49(2):315-323. discussion 323—4. [PubMed: 19216949]

Timaran CH, et al. Trends and outcomes of concurrent carotid revascularization and coronary
bypass. J Vasc Surg. 2008; 48(2):355-360. discussion 360—1. [PubMed: 18572353]

Dorafshar AH, et al. Interposition grafts for difficult carotid artery reconstruction: a 17-year
experience. Ann Vasc Surg. 2008; 22(1):63—-69. [PubMed: 18082917]

Byrne J, Feustel P, Darling RC 3rd. Primary closure, routine patching, and eversion

endarterectomy: what is the current state of the literature supporting use of these techniques?
Semin Vasc Surg. 2007; 20(4):226-235. [PubMed: 18082839]

Cardiovasc Eng Technol. Author manuscript; available in PMC 2012 November 23.



1X91-}[.IBIII.IQJBAA$ 1X91-)[.IE‘III.191'BAA$

1X91-)[.IBIII.IS],BAA$

Kumar et al.

22.

23.

24.

25.

26.

27.

28

29.

30.

31.

32.

33.

34.

35.

36.

37.

38

39.

40.

41.

42.

43.

Page 11

Solan A, Dahl SL, Niklason LE. Effects of mechanical stretch on collagen and cross-linking in
engineered blood vessels. Cell Transplant. 2009; 18(8):915-921. [PubMed: 19500474]

Sarkar S, et al. Critical parameter of burst pressure measurement in development of bypass grafts is
highly dependent on methodology used. J Vasc Surg. 2006; 44(4):846-852. [PubMed: 17012007]
Isenberg BC, Tranquillo RT. Long-term cyclic distention enhances the mechanical properties of
collagen-based media-equivalents. Ann Biomed Eng. 2003; 31(8):937-949. [PubMed: 12918909]
Ziegler T, Nerem RM. Tissue engineering a blood vessel: regulation of vascular biology by
mechanical stresses. J Cell Biochem. 1994; 56(2):204—209. [PubMed: 7829582]

Syedain ZH, et al. Implantable arterial grafts from human fibroblasts and fibrin using a multi-graft
pulsed flow-stretch bioreactor with noninvasive strength monitoring. Biomaterials. 32(3):714-722.
[PubMed: 20934214]

Wagenseil JE, Mecham RP. Vascular extracellular matrix and arterial mechanics. Physiol Rev.
2009; 89(3):957-989. [PubMed: 19584318]

.Hong Y, et al. A small diameter, fibrous vascular conduit generated from a poly(ester

urethane)urea and phospholipid polymer blend. Biomaterials. 2009; 30(13):2457-2467. [PubMed:
19181378]

Webb AR, et al. In vitro characterization of a compliant biodegradable scaffold with a novel
bioreactor system. Ann Biomed Eng. 2007; 35(8):1357-1367. [PubMed: 17415660]

L'Heureux N, et al. Technology insight: the evolution of tissue-engineered vascular grafts--from
research to clinical practice. Nat Clin Pract Cardiovasc Med. 2007; 4(7):389-395. [PubMed:
17589429]

Soletti L, et al. A bilayered elastomeric scaffold for tissue engineering of small diameter vascular
grafts. Acta Biomater. 6(1):110-122. [PubMed: 19540370]

Zaucha MT, et al. A novel cylindrical biaxial computer-controlled bioreactor and biomechanical
testing device for vascular tissue engineering. Tissue Eng Part A. 2009; 15(11):3331-3340.
[PubMed: 19385725]

L'Heureux N, et al. Human tissue-engineered blood vessels for adult arterial revascularization. Nat
Med. 2006; 12(3):361-365. [PubMed: 16491087]

Drilling S, Gaumer J, Lannutti J. Fabrication of burst pressure competent vascular grafts via
electrospinning: effects of microstructure. J Biomed Mater Res A. 2009; 88(4):923-934. [PubMed:
18384169]

Wang S, et al. Fabrication and properties of the electrospun polylactide/silk fibroin-gelatin
composite tubular scaffold. Biomacromolecules. 2009; 10(8):2240-2244. [PubMed: 19722559]
Nieponice A, et al. Development of a tissue-engineered vascular graft combining a biodegradable
scaffold, muscle-derived stem cells and a rotational vacuum seeding technique. Biomaterials.
2008; 29(7):825-833. [PubMed: 18035412]

Shaw JA, et al. Determinants of coronary artery compliance in subjects with and without
angiographic coronary artery disease. ] Am Coll Cardiol. 2002; 39(10):1637-1643. [PubMed:
12020491]

. van Andel CJ, Pistecky PV, Borst C. Mechanical properties of porcine and human arteries:

implications for coronary anastomotic connectors. Ann Thorac Surg. 2003; 76(1):58—64.
discussion 64-5. [PubMed: 12842513]

Roeder R, et al. Compliance, elastic modulus, and burst pressure of small-intestine submucosa
(SIS), small-diameter vascular grafts. J] Biomed Mater Res. 1999; 47(1):65-70. [PubMed:
10400882]

Laurent S, et al. Carotid artery distensibility and distending pressure in hypertensive humans.
Hypertension. 1994; 23(6 Pt 2):878-883. [PubMed: 8206621]

Tai NR, et al. In vivo femoropopliteal arterial wall compliance in subjects with and without lower
limb vascular disease. J Vasc Surg. 1999; 30(5):936-945. [PubMed: 10550193]

Greenwald SE, Berry CL. Improving vascular grafts: the importance of mechanical and
haemodynamic properties. J Pathol. 2000; 190(3):292-299. [PubMed: 10685063 ]

Wise SG, et al. A multilayered synthetic human elastin/polycaprolactone hybrid vascular graft with
tailored mechanical properties. Acta Biomater. 2011; 7(1):295-303. [PubMed: 20656079]

Cardiovasc Eng Technol. Author manuscript; available in PMC 2012 November 23.



1X91-}[.IBIII.IQJBAA$ 1X91-)[.IB‘III.IQIBAA$

1X91-)[.IBIII.IS],BAA$

Kumar et al.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Page 12

Dahl SL, et al. Readily available tissue-engineered vascular grafts. Sci Transl Med. 2011; 3(68)
68ra9.

Sarkar S, et al. The mechanical properties of infrainguinal vascular bypass grafts: their role in
influencing patency. Eur J Vasc Endovasc Surg. 2006; 31(6):627-636. [PubMed: 16513376]

Schaner PJ, et al. Decellularized vein as a potential scaffold for vascular tissue engineering. J Vasc
Surg. 2004; 40(1):146-153. [PubMed: 15218475]

Tai NR, et al. Compliance properties of conduits used in vascular reconstruction. Br J Surg. 2000;
87(11):1516-1524. [PubMed: 11091239]

Mine Y, et al. Suture retention strength of expanded polytetrafluoroethylene (ePTFE) graft. Acta
Med Okayama. 2010; 64(2):121-128. [PubMed: 20424667]

Isaka M, et al. Experimental study on stability of a high-porosity expanded polytetrafluoroethylene
graft in dogs. Ann Thorac Cardiovasc Surg. 2006; 12(1):37-41. [PubMed: 16572073]

ASTM Committee F-4 on Medical Surgical, MD. Vascular graft update : safety and performance.
Philadelphia, Penn.: ASTM; 1986.

Arrigoni C, Camozzi D, Remuzzi A. Vascular tissue engineering. Cell Transplant. 2006; 15(Suppl
1):S119-S125. [PubMed: 16826804]

Fidkowski C, et al. Endothelialized microvasculature based on a biodegradable elastomer. Tissue
Eng. 2005; 11(1-2):302-309. [PubMed: 15738683]

Kaushiva A, et al. A biodegradable vascularizing membrane: a feasibility study. Acta Biomater.
2007; 3(5):631-642. [PubMed: 17507300]

Zetrenne E, et al. Prosthetic vascular graft infection: a multi-center review of surgical management.
Yale J Biol Med. 2007; 80(3):113-121. [PubMed: 18299723]

Torikai K, et al. A self-renewing, tissue-engineered vascular graft for arterial reconstruction. J
Thorac Cardiovasc Surg. 2008; 136(1):37-45. 45 el. [PubMed: 18603051]

Wang C, et al. A new vascular prosthesis coated with polyamino-acid urethane copolymer (PAU)
to enhance endothelialization. J] Biomed Mater Res. 2002; 62(3):315-322. [PubMed: 12209916]

Yow KH, et al. Tissue engineering of vascular conduits. Br J Surg. 2006; 93(6):652-661.
[PubMed: 16703652]

Yu XX, Wan CX, Chen HQ. Preparation and endothelialization of decellularised vascular scaffold
for tissue-engineered blood vessel. J Mater Sci Mater Med. 2008; 19(1):319-326. [PubMed:
17597354]

Li C, Hill A, Imran M. In vitro and in vivo studies of ePTFE vascular grafts treated with P15
peptide. J Biomater Sci Polym Ed. 2005; 16(7):875-891. [PubMed: 16128294]

Hancock WW. Delayed xenograft rejection. World J Surg. 1997; 21(9):917-923. [PubMed:
9361505]

Sarkar S, et al. Addressing thrombogenicity in vascular graft construction. J Biomed Mater Res B
Appl Biomater. 2007; 82(1):100-108. [PubMed: 17078085]

Salom RN, Maguire JA, Hancock WW. Endothelial activation and cytokine expression in human
acute cardiac allograft rejection. Pathology. 1998; 30(1):24-29. [PubMed: 9534204]

Quillard T, et al. Impaired Notch4 activity elicits endothelial cell activation and apoptosis:
implication for transplant arteriosclerosis. Arterioscler Thromb Vasc Biol. 2008; 28(12):2258—
2265. [PubMed: 18802018]

Poh M, et al. Blood vessels engineered from human cells. Lancet. 2005; 365(9477):2122-2124.
[PubMed: 15964449]

Klinger RY, et al. Relevance and safety of telomerase for human tissue engineering. Proc Natl
Acad Sci U S A. 2006; 103(8):2500-2505. [PubMed: 16477025]

Deutsch M, et al. Long-term experience in autologous in vitro endothelialization of infrainguinal
ePTFE grafts. J Vasc Surg. 2009; 49(2):352-362. discussion 362. [PubMed: 19110397]

Zilla P, Deutsch M, Meinhart J. Endothelial cell transplantation. Semin Vasc Surg. 1999; 12(1):52—
63. [PubMed: 10100386]

Meinhart J, Deutsch M, Zilla P. Eight years of clinical endothelial cell transplantation. Closing the
gap between prosthetic grafts and vein grafts. ASAIO J. 1997; 43(5):M515-M521. [PubMed:
9360096]

Cardiovasc Eng Technol. Author manuscript; available in PMC 2012 November 23.



1X91-}[.IBIII.IQJBAA$ 1X91-)[.IB‘III.IQIBAA$

1X91-)[.IBIII.IS],BAA$

Kumar et al.

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Page 13

Daniel JM, Sedding DG. Circulating smooth muscle progenitor cells in arterial remodeling. J Mol
Cell Cardiol. 2011; 50(2):273-279. [PubMed: 21047514]

Neff LP, et al. Vascular smooth muscle enhances functionality of tissue-engineered blood vessels
in vivo. J Vasc Surg. 2011; 53(2):426-434. [PubMed: 20934837]

Yazdani SK, et al. Smooth muscle cell seeding of decellularized scaffolds: the importance of
bioreactor preconditioning to development of a more native architecture for tissue-engineered
blood vessels. Tissue Eng Part A. 2009; 15(4):827-840. [PubMed: 19290806]

Iwasaki K, et al. Bioengineered three-layered robust and elastic artery using hemodynamically-
equivalent pulsatile bioreactor. Circulation. 2008; 118(14 Suppl):S52-S57. [PubMed: 18824769]

Gan Q, et al. Smooth muscle cells and myofibroblasts use distinct transcriptional mechanisms for
smooth muscle alpha-actin expression. Circ Res. 2007; 101(9):883-892. [PubMed: 17823374]

Owens GK. Regulation of differentiation of vascular smooth muscle cells. Physiol Rev. 1995;
75(3):487-517. [PubMed: 7624392]

Owens GK. Role of mechanical strain in regulation of differentiation of vascular smooth muscle
cells. Circ Res. 1996; 79(5):1054-1055. [PubMed: 8888699]

Owens GK. Molecular control of vascular smooth muscle cell differentiation and phenotypic
plasticity. Novartis Found Symp. 2007; 283:174—-191. discussion 191-3, 238—41. [PubMed:
18300422]

Chan-Park MB, et al. Biomimetic control of vascular smooth muscle cell morphology and
phenotype for functional tissue-engineered small-diameter blood vessels. J] Biomed Mater Res A.
2009; 88(4):1104-1121. [PubMed: 19097157]

Ball SG, Shuttleworth CA, Kielty CM. Mesenchymal stem cells and neovascularization: role of
platelet-derived growth factor receptors. J Cell Mol Med. 2007; 11(5):1012-1030. [PubMed:
17979880]

Kielty CM, et al. Applying elastic fibre biology in vascular tissue engineering. Philos Trans R Soc
Lond B Biol Sci. 2007; 362(1484):1293—1312. [PubMed: 17588872]

Gong Z, Niklason LE. Small-diameter human vessel wall engineered from bone marrow-derived
mesenchymal stem cells (h(MSCs). FASEB J. 2008; 22(6):1635-1648. [PubMed: 18199698]

Niklason LE. Techview: medical technology. Replacement arteries made to order. Science. 1999;
286(5444):1493-1494. [PubMed: 10610551]

Caves JM, et al. The use of microfiber composites of elastin-like protein matrix reinforced with
synthetic collagen in the design of vascular grafts. Biomaterials. 31(27):7175-7182. [PubMed:
20584549]

Allen JB, et al. Toward engineering a human neoendothelium with circulating progenitor cells.
Stem Cells. 28(2):318-328. [PubMed: 20013827]

Allen J, et al. Characterization of porcine circulating progenitor cells: toward a functional
endothelium. Tissue Eng Part A. 2008; 14(1):183-194. [PubMed: 18333816]

Hashi CK, et al. Antithrombogenic property of bone marrow mesenchymal stem cells in
nanofibrous vascular grafts. Proc Natl Acad Sci U S A. 2007; 104(29):11915-11920. [PubMed:
17615237]

Roh JD, et al. Tissue-engineered vascular grafts transform into mature blood vessels via an
inflammation-mediated process of vascular remodeling. Proc Natl Acad Sci U S A. 107(10):4669—
4674. [PubMed: 20207947]

Campoccia D, et al. Human neutrophil chemokinesis and polarization induced by hyaluronic acid
derivatives. Biomaterials. 1993; 14(15):1135-1139. [PubMed: 8130317]

Ariganello MB, et al. Macrophage differentiation and polarization on a decellularized pericardial
biomaterial. Biomaterials. 32(2):439-449. [PubMed: 20933269]

Ariganello MB, Labow RS, Lee JM. In vitro response of monocyte-derived macrophages to a
decellularized pericardial biomaterial. J Biomed Mater Res A. 93(1):280-288. [PubMed:
195627471

Walter DH, et al. Statin therapy accelerates reendothelialization: a novel effect involving

mobilization and incorporation of bone marrow-derived endothelial progenitor cells. Circulation.
2002; 105(25):3017-3024. [PubMed: 12081997]

Cardiovasc Eng Technol. Author manuscript; available in PMC 2012 November 23.



1X91-}[.IBIII.IQJBAA$ 1X91-)[.IE‘III.191'BAA$

1X91-)[.IBIII.IS],BAA$

Kumar et al.

91.

92.

93.

94.

95.

96

97.

98.

99.

100

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

Page 14

Iwakura A, et al. Estrogen-mediated, endothelial nitric oxide synthase-dependent mobilization of
bone marrow-derived endothelial progenitor cells contributes to reendothelialization after arterial
injury. Circulation. 2003; 108(25):3115-3121. [PubMed: 14676142]

Werner N, et al. Intravenous transfusion of endothelial progenitor cells reduces neointima
formation after vascular injury. Circ Res. 2003; 93(2):e17—e24. [PubMed: 12829619]

Urbich C, Dimmeler S. Endothelial progenitor cells: characterization and role in vascular biology.
Circ Res. 2004; 95(4):343-353. [PubMed: 15321944]

Cho SW, et al. Small-diameter blood vessels engineered with bone marrow-derived cells. Ann
Surg. 2005; 241(3):506-515. [PubMed: 15729075]

Gong Z, et al. Influence of culture medium on smooth muscle cell differentiation from human bone
marrow-derived mesenchymal stem cells. Tissue Eng Part A. 2009; 15(2):319-330. [PubMed:
19115826]

. Shi Y, et al. Mesenchymal stem cells: a new strategy for immunosuppression and tissue repair. Cell

Res. 20(5):510-518. [PubMed: 20368733 ]

Uccelli A, Pistoia V, Moretta L. Mesenchymal stem cells: a new strategy for immunosuppression?
Trends Immunol. 2007; 28(5):219-226. [PubMed: 17400510]

Jorgensen C. Mesenchymal stem cells immunosuppressive properties: is it specific to bone
marrow-derived cells? Stem Cell Res Ther. 1(2):15. [PubMed: 20529386]

Salem HK, Thiemermann C. Mesenchymal stromal cells: current understanding and clinical status.
Stem Cells. 28(3):585-596. [PubMed: 19967788]

. Gotherstrom C. Immunomodulation by multipotent mesenchymal stromal cells. Transplantation.
2007; 84(1 Suppl):S35-S37. [PubMed: 17632411]

Noel D, et al. Multipotent mesenchymal stromal cells and immune tolerance. Leuk Lymphoma.
2007; 48(7):1283-1289. [PubMed: 17613755]

Zhang X, Thomas V, Vohra YK. In vitro biodegradation of designed tubular scaffolds of
electrospun protein/polyglyconate blend fibers. J Biomed Mater Res B Appl Biomater. 2009;
89(1):135-147. [PubMed: 18780360]

Shaikh FM, et al. Fibrin: a natural biodegradable scaffold in vascular tissue engineering. Cells
Tissues Organs. 2008; 188(4):333-346. [PubMed: 18552484]

Sutherland K, et al. Degradation of biomaterials by phagocyte-derived oxidants. J Clin Invest.
1993; 92(5):2360-2367. [PubMed: 8227352]

Motlagh D, et al. Hemocompatibility evaluation of poly(glycerol-sebacate) in vitro for vascular
tissue engineering. Biomaterials. 2006; 27(24):4315-4324. [PubMed: 16675010]

Amarnath LP, Srinivas A, Ramamurthi A. In vitro hemocompatibility testing of UV-modified
hyaluronan hydrogels. Biomaterials. 2006; 27(8):1416-1424. [PubMed: 16143386]

Chuang TW, Masters KS. Regulation of polyurethane hemocompatibility and endothelialization
by tethered hyaluronic acid oligosaccharides. Biomaterials. 2009; 30(29):5341-5351. [PubMed:
19577800]

Goodman SL. Sheep, pig, and human platelet-material interactions with model cardiovascular
biomaterials. J Biomed Mater Res. 1999; 45(3):240-250. [PubMed: 10397982]

Hjortnaes J, et al. Intravital Molecular Imaging of Small-Diameter Tissue-Engineered Vascular
Grafts: A Feasibility Study. Tissue Eng Part C Methods. 2009

Lopez-Soler RI, et al. Development of a mouse model for evaluation of small diameter vascular
grafts. J Surg Res. 2007; 139(1):1-6. [PubMed: 17336332]

Weinberg CB, Bell E. A blood vessel model constructed from collagen and cultured vascular
cells. Science. 1986; 231(4736):397-400. [PubMed: 2934816]

Zorlutuna P, Elsheikh A, Hasirci V. Nanopatterning of collagen scaffolds improve the mechanical
properties of tissue engineered vascular grafts. Biomacromolecules. 2009; 10(4):814-821.
[PubMed: 19226102]

Chaouat M, et al. The evaluation of a small-diameter polysaccharide-based arterial graft in rats.
Biomaterials. 2006; 27(32):5546-5553. [PubMed: 16857256]

Cardiovasc Eng Technol. Author manuscript; available in PMC 2012 November 23.



1X91-}[.IBIII.IQJBAA$ 1X91-)[.IE‘III.191'BAA$

1X91-)[.IBIII.IS],BAA$

Kumar et al.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

Page 15

Lund AW, Stegemann JP, Plopper GE. Inhibition of ERK promotes collagen gel compaction and
fibrillogenesis to amplify the osteogenesis of human mesenchymal stem cells in three-
dimensional collagen I culture. Stem Cells Dev. 2009; 18(2):331-341. [PubMed: 18491946]

Qi J, et al. Modulation of collagen gel compaction by extracellular ATP is MAPK and NF-
kappaB pathways dependent. Exp Cell Res. 2009; 315(11):1990-2000. [PubMed: 19245806]

Fernandez P, Bausch AR. The compaction of gels by cells: a case of collective mechanical
activity. Integr Biol (Camb). 2009; 1(3):252-259. [PubMed: 20023736]

Jiang Z, et al. Established neointimal hyperplasia in vein grafts expands via TGF-beta-mediated
progressive fibrosis. Am J Physiol Heart Circ Physiol. 2009; 297(4):H1200-H1207. [PubMed:
19617405]

Zhou M, et al. [Constructing a small-diameter decellularized vascular graft pre-loaded with
bFGF]. Zhongguo Xiu Fu Chong Jian Wai Ke Za Zhi. 2008; 22(3):370-375. [PubMed:
18396724]

Seliktar D, et al. Dynamic mechanical conditioning of collagen-gel blood vessel constructs
induces remodeling in vitro. Ann Biomed Eng. 2000; 28(4):351-362. [PubMed: 10870892]
Grassl ED, Oegema TR, Tranquillo RT. Fibrin as an alternative biopolymer to type-I collagen for
the fabrication of a media equivalent. J Biomed Mater Res. 2002; 60(4):607-612. [PubMed:
11948519]

Cummings CL, et al. Properties of engineered vascular constructs made from collagen, fibrin, and
collagen-fibrin mixtures. Biomaterials. 2004; 25(17):3699-3706. [PubMed: 15020145]

Long JL, Tranquillo RT. Elastic fiber production in cardiovascular tissue-equivalents. Matrix
Biol. 2003; 22(4):339-350. [PubMed: 12935818]

Swartz DD, Russell JA, Andreadis ST. Engineering of fibrin-based functional and implantable
small-diameter blood vessels. Am J Physiol Heart Circ Physiol. 2005; 288(3):H1451-H1460.
[PubMed: 15486037]

LiuJY, et al. Functional tissue-engineered blood vessels from bone marrow progenitor cells.
Cardiovasc Res. 2007; 75(3):618-628. [PubMed: 17512920]

Ehrbar M, et al. Cell-demanded liberation of VEGF121 from fibrin implants induces local and
controlled blood vessel growth. Circ Res. 2004; 94(8):1124-1132. [PubMed: 15044320]

Soletti L, et al. A bilayered elastomeric scaffold for tissue engineering of small diameter vascular
grafts. Acta Biomater. 2009

Pektok E, et al. Degradation and healing characteristics of small-diameter poly(epsilon-
caprolactone) vascular grafts in the rat systemic arterial circulation. Circulation. 2008; 118(24):
2563-2570. [PubMed: 19029464]

Stekelenburg M, et al. Dynamic straining combined with fibrin gel cell seeding improves strength
of tissue-engineered small-diameter vascular grafts. Tissue Eng Part A. 2009; 15(5):1081-1089.
[PubMed: 18831688]

Zhang L, et al. A novel small-diameter vascular graft: in vivo behavior of biodegradable three-
layered tubular scaffolds. Biotechnol Bioeng. 2008; 99(4):1007-1015. [PubMed: 17705246]

He W, et al. Tubular nanofiber scaffolds for tissue engineered small-diameter vascular grafts. J
Biomed Mater Res A. 2009; 90(1):205-216. [PubMed: 18491396]

Shin'oka T, et al. Midterm clinical result of tissue-engineered vascular autografts seeded with
autologous bone marrow cells. J Thorac Cardiovasc Surg. 2005; 129(6):1330-1338. [PubMed:
15942574]

Villalona GA, et al. Cell-seeding techniques in vascular tissue engineering. Tissue Eng Part B
Rev. 16(3):341-350. [PubMed: 20085439]

Kibbe MR, et al. Citric acid-based elastomers provide a biocompatible interface for vascular
grafts. ] Biomed Mater Res A. 93(1):314-324. [PubMed: 19569210]

Bowlin GL, et al. The persistence of electrostatically seeded endothelial cells lining a small
diameter expanded polytetrafluoroethylene vascular graft. J Biomater Appl. 2001; 16(2):157—
173. [PubMed: 11794725]

McKee JA, et al. Human arteries engineered in vitro. EMBO Rep. 2003; 4(6):633—638. [PubMed:
12776184]

Cardiovasc Eng Technol. Author manuscript; available in PMC 2012 November 23.



1X91-}[.IBIII.IQJBAA$ 1X91-)[.IB‘III.IQIBAA$

1X91-)[.IBIII.IS],BAA$

Kumar et al.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

Page 16

Petersen TH, et al. Utility of telomerase-pot1 fusion protein in vascular tissue engineering. Cell
Transplant. 19(1):79-87. [PubMed: 19878625]

Dahl SL, et al. Mechanical properties and compositions of tissue engineered and native arteries.
Ann Biomed Eng. 2007; 35(3):348-355. [PubMed: 17206488]

Dahl SL, Vaughn ME, Niklason LE. An ultrastructural analysis of collagen in tissue engineered
arteries. Ann Biomed Eng. 2007; 35(10):1749-1755. [PubMed: 17566861]

Shin'oka T, Imai Y, Ikada Y. Transplantation of a tissue-engineered pulmonary artery. N Engl J
Med. 2001; 344(7):532-533. [PubMed: 11221621]

Mirensky TL, et al. Tissue-engineered arterial grafts: long-term results after implantation in a
small animal model. J Pediatr Surg. 2009; 44(6):1127-1132. discussion 1132-3. [PubMed:
19524728]

Matsumura G, et al. First evidence that bone marrow cells contribute to the construction of tissue-
engineered vascular autografts in vivo. Circulation. 2003; 108(14):1729-1734. [PubMed:
12963635]

Sussman MA. Showing up isn't enough for vascularization: persistence is essential. Circ Res.
2008; 103(11):1200-1201. [PubMed: 19028918]

Wolfe PS, et al. Evaluation of thrombogenic potential of electrospun bioresorbable vascular graft
materials: acute monocyte tissue factor expression. J Biomed Mater Res A. 2010; 92(4):1321—
1328. [PubMed: 19353561]

Sell SA, et al. Electrospun polydioxanone-elastin blends: potential for bioresorbable vascular
grafts. Biomed Mater. 2006; 1(2):72-80. [PubMed: 18460759]

Sell SA, et al. Electrospinning of collagen/biopolymers for regenerative medicine and
cardiovascular tissue engineering. Adv Drug Deliv Rev. 2009; 61(12):1007-1019. [PubMed:
19651166]

Opitz F, et al. Tissue engineering of aortic tissue: dire consequence of suboptimal elastic fiber
synthesis in vivo. Cardiovasc Res. 2004; 63(4):719-730. [PubMed: 15306228]

Campbell GR, et al. The peritoneal cavity as a bioreactor for tissue engineering visceral organs:
bladder, uterus and vas deferens. J Tissue Eng Regen Med. 2008; 2(1):50-60. [PubMed:
18361481]

Campbell JH, Efendy JL, Campbell GR. Novel vascular graft grown within recipient's own
peritoneal cavity. Circ Res. 1999; 85(12):1173-1178. [PubMed: 10590244]

Rachev A, Dominguez Z, Vito R. System and method for investigating arterial remodeling.
Journal of biomechanical engineering. 2009; 131:104501. [PubMed: 19831489]

Davis NP, et al. Sustained axial loading lengthens arteries in organ culture. Ann Biomed Eng.
2005; 33(7):867-877. [PubMed: 16060526]

Han HC, Ku DN, Vito RP. Arterial wall adaptation under elevated longitudinal stretch in organ
culture. Ann Biomed Eng. 2003; 31(4):403—411. [PubMed: 12723681]

Wayman BH, et al. Arteries respond to independent control of circumferential and shear stress in
organ culture. Ann Biomed Eng. 2008; 36(5):673—684. [PubMed: 18228146]

McAllister TN, et al. Effectiveness of haemodialysis access with an autologous tissue-engineered
vascular graft: a multicentre cohort study. Lancet. 2009; 373(9673):1440—1446. [PubMed:
19394535]

Gauvin R, et al. A novel single-step self-assembly approach for the fabrication of tissue-
engineered vascular constructs. Tissue Eng Part A. 16(5):1737-1747. [PubMed: 20038201]

Zhou M, et al. Development and validation of small-diameter vascular tissue from a
decellularized scaffold coated with heparin and vascular endothelial growth factor. Artif Organs.
2009; 33(3):230-239. [PubMed: 19245522]

Zhou M, et al. Beneficial effects of granulocyte-colony stimulating factor on small-diameter
heparin immobilized decellularized vascular graft. J Biomed Mater Res A. 2010; 95(2):600-610.
[PubMed: 20725964]

Fitzpatrick JC, Clark PM, Capaldi FM. Effect of decellularization protocol on the mechanical
behavior of porcine descending aorta. Int J Biomater. 2010; 2010

Cardiovasc Eng Technol. Author manuscript; available in PMC 2012 November 23.



1X91-}[.IBIII.IQJBAA$ 1X91-)[.IE‘III.191'BAA$

1X91-)[.IBIII.IS],BAA$

Kumar et al.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

Page 17

Liu GF, et al. Decellularized aorta of fetal pigs as a potential scaffold for small diameter tissue
engineered vascular graft. Chin Med J (Engl). 2008; 121(15):1398-1406. [PubMed: 18959117]

Heidenhain C, et al. Polymer coating of porcine decellularized and cross-linked aortic grafts. J
Biomed Mater Res B Appl Biomater. 2010; 94(1):256-263. [PubMed: 20524202]

Derham C, et al. Tissue engineering small-diameter vascular grafts: preparation of a
biocompatible porcine ureteric scaffold. Tissue Eng Part A. 2008; 14(11):1871-1882. [PubMed:
18950273]

Narita Y, et al. Decellularized ureter for tissue-engineered small-caliber vascular graft. J Artif
Organs. 2008; 11(2):91-99. [PubMed: 18604613]

Sandusky GE, Lantz GC, Badylak SF. Healing comparison of small intestine submucosa and
ePTFE grafts in the canine carotid artery. J Surg Res. 1995; 58(4):415-420. [PubMed: 7723321]

Badylak SF, et al. Comparison of the resistance to infection of intestinal submucosa arterial
autografts versus polytetrafluoroethylene arterial prostheses in a dog model. J Vasc Surg. 1994;
19(3):465-472. [PubMed: 8126859]

Clarke DR, et al. Transformation of nonvascular acellular tissue matrices into durable vascular
conduits. Ann Thorac Surg. 2001; 71(5 Suppl):S433-S436. [PubMed: 11388242]

Sharp MA, et al. A cautionary case: the SynerGraft vascular prosthesis. Eur J Vasc Endovasc
Surg. 2004; 27(1):42—44. [PubMed: 14652835]

Das N, et al. Results of a Seven-Year, Single-Centre Experience of the Long-Term Outcomes of
Bovine Ureter Grafts Used as Novel Conduits for Haemodialysis Fistulas. Cardiovasc Intervent
Radiol. 2011

Chemla ES, Morsy M. , Randomized clinical trial comparing decellularized bovine ureter with
expanded polytetrafluoroethylene for vascular access. Br J Surg. 2009; 96(1):34-39. [PubMed:
19108001]

Spark JI, et al. Incomplete cellular depopulation may explain the high failure rate of bovine
ureteric grafts. Br J Surg. 2008; 95(5):582-585. [PubMed: 18344206]

McAllister TN, et al. Cell-based therapeutics from an economic perspective: primed for a
commercial success or a research sinkhole? Regen Med. 2008; 3(6):925-937. [PubMed:
18947313]

Lee MH, et al. Considerations for tissue-engineered and regenerative medicine product
development prior to clinical trials in the United States. Tissue Eng Part B Rev. 2010; 16(1):41-
54. [PubMed: 19728784]

Cardiovasc Eng Technol. Author manuscript; available in PMC 2012 November 23.



1X91-)[.I‘BIII.191'9M$ 1X91-}[.IBIII.IQIBAA$

1X91-}[.IBIII.19112AA$

Kumar et al.

Table 1

Page 18

Mechanical properties of common blood vessels and current synthetic replacements. Ranges represent average
values from cited studies.

Artery

Vein

Synthetic grafts

Suture Retention

Strength (grams- Burst Pressure
Compliance (%/100 mmHg) Force) (mmHg)
Coronary: 8.0-17.0 [37, 38],
Carotid: 5.0-14.7 [39, 40],
Femoral: 6.0-14.1 [41, 42],
Popliteal: 4.7-8.5 [41], 22004225 [43, 44]
Internal thoracic artery:6.5-12.0 [13,43]  88-200 [13, 33]
Saphenous: 0.7-2.6 [33, 39, 43], 1600-2500 [33, 43, 44, 46]
Umbilical: 1.5-3.7 [39, 45] 180-250 [33, 44, 46]

PTFE: 0.2-0.9 [39, 47],
Dacron: 0.76-1.9 [39, 47] 250-1200 [48, 49] 2580-8270 [50]
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