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Abstract

The burgeoning field of vascular tissue engineering holds promise for the creation of a practical and
successful small-diameter arterial bypass graft. Many creative combinations of autologous cells and
scaffolds exist along with an equally long list of microenvironmental cues used to create a functional
arterial conduit. This review outlines our work using abdominal wall fat as a source of autologous
stem cells for vascular tissue engineering, focusing specifically on this stem cell’s availability and
potency to differentiate into endothelial-like cells. In a series of 49 patients undergoing elective
peripheral vascular surgery, an abundant quantity of adult stem cells was harvested from fat obtained
via liposuction. The efficacy of the isolation did not appear influenced by advanced age, obesity,
renal failure or vascular disease, although fat from diabetic patients yielded significantly less stem
cells. Additionally, these adipose-derived stem cells acquired several morphological and molecular
endothelial phenotypes when exposed to growth factors (ECGS, VEGF) and physiologic shear stress
in vitro. Taken together, these studies suggest that fat appears to be a viable source of autologous
stem cells for use in vascular tissue engineering.

Keywords

Tissue engineering; Arterial bypass; Stem cells; Adipose Tissue

Vascular therapies are rapidly evolving with a major emphasis on the endovascular approach
to arterial disease. Despite this important trend, bypass of occluded arteries remains an
important technique in the treatment of peripheral and cardiovascular disease. It is well known
that the gold standard conduit for such procedures is autologous vascular tissue such as greater
saphenous vein and internal mammary and radial artery. In the absence of suitable autologous
tissues alternative conduits such as non-absorbable prosthetic grafts and cryopreserved
vascular allografts are employed, but with significantly inferior results when used for small-
diameter artery bypass.

Tissue engineering, defined as the combination of cells, scaffolding and signaling to form a
biologically active tissue, L offers potential alternatives to the problem of suboptimal bypass
conduits. Save the pioneering work by Herring that introduced the concept seeding the luminal
surface of non-absorbable prosthetic grafts to improve patency,2 this field largely began with
Weinberg and Bell’s report of collagen tubes integrated within a Dacron mesh and seeded with
endothelial cells.3 Significant progress and milestones have been achieved since, as outlined
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by multiple current and excellent reviews. 14~ As can be imagined, a myriad of cell and
scaffold combinations have been investigated, including a vast number of in vitro signaling
paradigms that foster graft functionality. These paradigms involve altering the cell/scaffold
microenvironment to optimize luminal non-thrombogenicity, graft strength and compliance,
and vasoactivity.

The use of autologous differentiated endothelial cells to line the lumen of a graft is hampered
by the need to harvest a blood vessel from the patient and subsequently isolate and culture
enough endothelial cells to seed the conduit confluently. Autologous stem cells, derived from
the recipient’s tissues, represent an alternative source of cells. To date, most attempts to create
tissue-engineered grafts using stem cells have employed either endothelial progenitor cells
(EPCs) harvested from blood, or stem cells harvested from bone marrow.14=7 Both of these
cell populations have shown remarkable potential to modulate into endothelial-like cells;
however, given their origins within the bone marrow, cell availability may be severely
gampered by advanced patient age and other co-morbidities associated with vascular disease.

In an attempt to alleviate the problem of cell availability, we initiated efforts to isolate from
subcutaneous fat a population of cells that can differentiate into endothelial-like cells.
Autologous adipose tissue is harvested easily and in abundance from most patients using local
anesthesia and a small liposuction cannula. Following enzymatic dispersion of the tissue
specimen, mature adipocytes are separated from the stromal-vascular fraction (SVF) using
centrifugation. After a brief period of culture (days), during which the adipose-derived stem
cell (ASC) population adheres to the culture dish, an abundant amount of cells with
homogenous surface markers are obtained. 910 As a mesenchymal stem cell line, ASCs have
been shown to differentiate into multiple cell lines including bone, fat, muscle, and cartilage,
11 and more recently endothelial cells12=14 and smooth muscle cells.1>

This review elucidates our work defining two critical characteristics of human stem cells
isolated from adipose tissue: 1) availability in patient populations most likely to benefit from
this technology, and 2) potency to differentiate into endothelial cells in response to in vitro
microenvironmental cues. Within this framework, we emphasize the practical nature of using
these cells to create a tissue-engineered bypass graft.

Availability of ASC

One of the most important characteristics of a cell type employed in tissue engineering is that
it be readily and abundantly available in the specific patient population it is intended for use.
In the case of small-artery bypass, the cell must be obtainable in the elderly population with
multiple cardiovascular risk factors such a diabetes. If a particular cell type is quite rare, ex
vivo amplification becomes necessary prior to graft creation, increasing both time and expense
in an already costly manufacturing process.

Many of the original studies evaluating fat as a source of stem cells examined liposuction
specimens obtained from young, healthy plastic surgery patients.glll The applicability of such
studies in the “vascular” population is questionable as it is likely that age and co-morbidity
adversely affects most cell populations. To address this issue, our group studied the availability
of ASCs in 49 patients undergoing elective vascular surgical procedures (16; full manuscript
in preparation). Each patient donated approximately 15gm of periumbilical fat obtained via
liposuction during his or her vascular procedure. After enzymatic dispersion, positive selection
for absorbance to culture dish plastic for one week and negative selection for CD31 and CD45
using magnetic beads, a homogenous population of ASCs was obtained. Florescence activated
cell sorting (FACS) revealed these cells to be >98% positive for CD13, CD29 and CD90 (Figure
1), cell surface antigens reported by others to be common to ASCs.9
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The number of stem cells per gram of adipose tissue harvested was analyzed with respect to
patient age, gender, body mass index, and presence of diabetes, end-stage renal and peripheral
vascular disease. The major finding of this study was that stem cells availability was not proven
inferior for those of advanced age, obesity, renal failure or vascular disease (Table 1). The
presence of diabetes did appear to adversely affect the quantity of stem cells harvested, but not
to a point where stem cell harvest would be considered impractical in this patient population.
Based on the number of cells obtained one week after harvest, an average of only 50-100gm
of adipose tissue would be required to seed confluently the luminal surface of a 40cm x 6mm
bypass graft. In sum, this study suggests that ASCs is a practical source of autologous
mesenchymal adult stem cells that can be used for tissue engineering purposes.

Potency of ASC

The ability to acquire characteristics of cells resident within vascular tissue represents another
important aspect of the stem cell’s usefulness in tissue engineering. Recent evidence suggests
that ASCs have the ability to transform into cells with endotheliall2=14 and smooth
musclel® phenotypes.

The traditional cell used to impart a non-thrombogenic luminal surface upon a vascular graft
is the endothelial cell. Hence, our group has focused on the microenvironmental cues that might
differentiate ASCs towards endothelial cells.1” Amongst a host of factors, we have examined
the effects of chemical (growth factors) and physical (shear force) stimuli on ASCs obtained
from patients undergoing elective vascular surgical procedures. In practice, the stem cells
would be exposed to the growth factors immediately following isolation and throughout the
seeding (graft creation) process. The application of shear force could also be applied during
the seeding process, taking advantage of its ability to promote cell attachment and retention,
and would continue in vivo after graft implantation.

In these experiments, the specific endothelial phenotypes examined included: 1) morphological
changes in response to shear force (alignment with flow) and seeding on Matrigel (cord
formation) and 2) expression of endothelial proteins (endothelial nitric oxide synthase—eNQOS,
von Willebrand’s Factor—vWF, and CD31). The undifferentiated stem cells in vitro did not
demonstrate any of these endothelial phenotypes. After three weeks of culture in media
containing endothelial cell growth supplement (Figure 2), the ASCs re-aligned with shear force
and formed cords in Matrigel. Expression of eNOS, vWF and CD31 was not demonstrated by
either PCR or Western blot. The continued exposure of the cells in culture to physiological
shear force (12 dynes), however, did result in expression of CD31 message and protein.

These studies, along with the noted recent literature, suggested the potential of these stem cells
to become endothelial-like. However, the lack of eNOS expression raised concern about the
usefulness of ASCs to provide a graft with a non-thrombogenic lumen. Indeed a small pilot
study examining the effect of seeding grafts with undifferentiated ASCs in a canine model
suggested that the cells indeed did not provide the conduit with a non-thrombogenic lumen.18

Vascular endothelial growth factor (VEGF) is well-known and important stimulus of
angiogenesis and endothelial progenitor cell (EPC) differentiation into endothelial cells. In
studies similar to those just outlined, our group examined the effect VEGF on the differentiation
of ASCs into endothelial cells.1® Following in vitro culture of the cells for a minimum of one
week in endothelial growth media (EGM-2, Cambrex, East Rutherford, NJ) containing 10ug/
ml VEGF and other growth factors, the ASCs again demonstrated re-alignment with flow and
cord formation in Matrigel. Of greater significance is that message for eNOS, vVWF and CD31
has now been detected (Table 2). This finding requires further confirmation with Western
blotting but suggests that these stem cells may indeed be an appropriate cell for vascular graft
creation.
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Additional studies with ASCs

Summary

An important aspect of designing a vascular graft is creating a stable, non-thrombogenic
luminal surface. Preliminary data above suggests that undifferentiated ASCs may not be
inherently non-thrombogenic; therefore, successful use of these stem cells will likely require
differentiation prior to implantation into the vascular system. While one potential advantage
of stem cells over differentiated endothelial cells for use in graft creation lies in ease of harvest
and availability, the time required for differentiation may offset this advantage.

One of the goals of our work using ASCs is to incorporate this differentiation requirement into
the process of establishing a stable monolayer of cells on the graft lumen, thereby minimizing
the time for graft creation. Herein, taking advantage of the ASCs’ responsiveness to shear, we
have begun to examine the effect of flow conditioning on the retention of stem cells seeded
onto the surface of our scaffold of choice—decellularized vein graft (references 20 and 21
characterize the in vitro and in vivo nature of this scaffold prior to seeding). Flow conditioning
has been used by others to enhance the attachment of endothelial cells to vascular grafts.22
Following seeding and culture of the grafts under static conditions for up to four days, exposure
of the stem cells to minimal amounts of shear force (three dynes for one hour) results in
substantial loss of cells (DiMuzio, unpublished results 2006). In contrast, seeded stem cells
that have be gradually exposed to increasing shear stress up to 12 dynes over three days remain
fully adherent and demonstrate re-alignment with flow (Figure 3).

Adult autologous stem cells represent an important source of cells for vascular tissue
engineering. Their usefulness is directly related to the availability of the cells in patient
populations with vascular diseases as well as their ability to differentiate efficiently into
vascular cells, particular those with endothelial phenotype. Recent work by our group and
others suggest that stem cells derived from human adipose tissue appear to possess these
important characteristics. Further work is necessary to optimize the microenvironmental cues
important for the efficient differentiation of the cells and attachment onto vascular graft
scaffolds.
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Figure 1. Morphological and molecular characterization of adipose-derived stem cells (ASCs)
Inverted phase light micrograph (40x, unstained) of ASCs grown in culture demonstrating
spindle-like morphology. After negative selection of cells for CD31 and CD45 using magnetic
cell sorting, representative fluorescent activated cell sorting of ASCs grown in culture (passage
four) demonstrate a homogeneous population of cells positive for CD13, 29 and 90 surface
markers.
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Figure 2. Differentiation of ASCs in response to endothelial cell growth supplement (ECGS) and
shear stress

A. Morphological studies. Inverted phase light micrographs (40x, unstained) of human
endothelial cells (upper two panels) forming cords on Matrigel (left) and aligning in the
direction of shear stress (right). Similar findings are noted in human ASCs cultured in ECGS
for a minimum of three weeks (lower two panels). B. Molecular studies (CD31 message).
RT-PCR detecting CD31 message in human endothelial (left lane), ASCs (middle lane) and
smooth muscle (right lane) cells before (upper row) and after (lower row) exposure to 12dynes
shear for four days. ASCs grown in ECGS and exposed to shear express CD31 message, an
endothelial cell phenotype marker. C. Molecular studies (CD31 protein). In studies
analogous to those in B, Western blot for CD31 protein demonstrates that ASCs cultured in
ECGS and exposed to shear stress express CD31 at the protein level. D. Immunohistochemical
study (CD31). Laser confocal micrograph (40x) of ASCs grown in ECGS, exposed to shear
stress and stained with human CD31 Mab confirm the presence of CD31 protein within the
differentiated ASCs. Table. Summary of molecular studies of ASCs grown in ECGS and
exposed to shear stress. Neither vVWF nor eNOS was demonstrated by RT-PCR or Western
blot.
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Figure 3. Attachment and retention of ASCs to vascular scaffolding

Laser confocal micrograph (100x, phalloidin and propidium iodide stain) of human stem cells
seeded onto decellularized vein allograft. After 24h of static seeding, the graft was exposed to
gradually increasing shear force (from 0 to 9 dynes) over 72h. The arrow indicates direction
of flow. The stem cells aligned with flow and maintained a confluent monolayer of cells under
physiological shear force.
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Availability of adipose-derived stem cells in patients undergoing elective vascular surgical procedures
The number of stem cells harvested did not appear to be affected by patient age, obesity, renal failure or PVD.

Patient Population| ASCs/gm of fat} P valug]
All patients (n=49) 134,167

Age>70 156,350 N.S.
BMI >30 169,044 N.S.
Diabetics 87,086 P<.05
Renal failure 141,156 N.S.
PVD 148,384 N.S.

BMI=body mass index; PVD=peripheral vascular disease; N.S.=not significant
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Table 2
Differentiation of ASCs when cultured in media containing VEGF
Stem cells grown in media containing VEGF (see text) for a minimum of one week express message for proteins
specific for endothelial cells suggesting the ability of ASCs to differentiate towards endothelial lineage. Human
endothelial (EC) and smooth muscle (SMC) cells served as positive and negative controls, respectively.

Cell type/condition| CD31 VWF eNOS| Respective RT-PCR
EC + + +
ASC/EGM2 + + +
SMC - - -

VvWF=von Willebrand’s Factor; eNOS=endothelial nitric oxide; RT-PCR=reverse transcriptase-polymerase chain reaction; EGM2=endothelial cell growth
media
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