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In Vivo Functional Evaluation of Tissue-Engineered
Vascular Grafts Fabricated Using Human Adipose-Derived
Stem Cells from High Cardiovascular Risk Populations

Jeffrey T. Krawiec, PhD,1,2,* Justin S. Weinbaum, PhD,1,2,* Han-Tsung Liao, MD, PhD,3,4
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Many preclinical evaluations of autologous small-diameter tissue-engineered vascular grafts (TEVGs) utilize cells
from healthy humans or animals. However, these models hold minimal relevance for clinical translation, as the
main targeted demographic is patients at high cardiovascular risk such as individuals with diabetes mellitus or the
elderly. Stem cells such as adipose-derived mesenchymal stem cells (AD-MSCs) represent a clinically ideal cell
type for TEVGs, as these can be easily and plentifully harvested and offer regenerative potential. To understand
whether AD-MSCs sourced from diabetic and elderly donors are as effective as those from young nondiabetics
(i.e., healthy) in the context of TEVG therapy, we implanted TEVGs constructed with human AD-MSCs from each
donor type as an aortic interposition graft in a rat model. The key failure mechanism observed was thrombosis, and
this was most prevalent in grafts using cells from diabetic patients. The remainder of the TEVGs was able to
generate robust vascular-like tissue consisting of smooth muscle cells, endothelial cells, collagen, and elastin. We
further investigated a potential mechanism for the thrombotic failure of AD-MSCs from diabetic donors; we found
that these cells have a diminished potential to promote fibrinolysis compared to those from healthy donors.
Together, this study served as proof of concept for the development of a TEVG based on human AD-MSCs,
illustrated the importance of testing cells from realistic patient populations, and highlighted one possible mech-
anistic explanation as to the observed thrombotic failure of our diabetic AD-MSC-based TEVGs.

Introduction

Cardiovascular disease is the leading cause of death
within the United States. Approximately 600,000 sur-

gical procedures that utilize revascularization techniques,
such as bypass grafting, are performed annually to treat
cardiovascular disease.1 Current clinical conduits for small-
diameter (<6 mm) bypass grafting such as the saphenous
vein are limited in their availability and can become com-
promised due to narrowing induced by intimal hyperpla-
sia.2,3 In addition, synthetic grafts—another common clinical
vascular conduit—can fail due to thrombosis in small-diameter

applications despite their success in large-diameter situa-
tions.4,5 Autologous cell-based tissue engineering, which
aims to develop functional native-like tissue mimics, is a
promising alternative having shown both reduced intimal
hyperplasia and thrombosis.6–9 However, despite the ad-
vances seen in this field, many designs fail to assess cells
from realistic clinical populations.

Many preclinical evaluations of cell-based small-diameter
tissue-engineered vascular grafts (TEVGs) utilize cells from
healthy humans or animals.6–12 While these studies have
shown that seeding scaffolds with autologous cells pro-
mote patency and regenerative effects seen in TEVGs, these
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are not directly representative of a realistic clinical popula-
tion such as those at high risk of cardiovascular disease.
Diabetic13 and elderly14 individuals are two demographics
that are at high risk for cardiovascular disease, and cells de-
rived from these patient groups have specific deficits
that bring their therapeutic utility into question. These include
reduced proliferation, differentiation potential, ability to
stimulate angiogenesis, and potency of secreted factors.13,15–19

As the success of autologous engineering hinges on processes
driven by a patient’s own cells,7,20–22 it is critical to evaluate
the success of TEVGs constructed with human cells from
clinically relevant donor populations to understand their suit-
ability for autologous tissue engineering.

Stem cells such as the muscle-derived cells9 and peri-
cytes10 previously utilized by our laboratory have been
shown to possess regenerative properties capable of gener-
ating robust TEVGs and can be harvested without sacrifice
of already existing vascular structures. However, adipose-
derived mesenchymal stem cells (AD-MSCs) represent a
more clinically ideal cell type for TEVGs, as these are more
easily and plentifully harvested. In this study, we sourced
human AD-MSCs from diabetic, elderly, and healthy pa-
tients to compare their in vivo effectiveness as a TEVG in
our established rat model.9,10 Before implantation, AD-
MSCs from each donor cohort were analyzed for their
ability to properly seed within scaffolds, and postimplanta-
tion TEVGs were analyzed for their patency and composi-
tion. The composition of each TEVG was assessed for the
main vascular cell types (smooth muscle cells [SMCs], en-
dothelial cells) and extracellular matrix components (colla-
gen, elastin). In addition, as this study revealed that diabetic
TEVGs are prone to failure from thrombotic occlusion,
one potential mechanism, downregulated fibrinolysis, was
investigated.

Materials and Methods

Isolation and culture of AD-MSCs

AD-MSCs were isolated from human patients using pre-
viously described methods.19 Briefly, adipose tissue was
obtained, minced, and then digested in a collagenase solu-
tion (1 mg/mL, type II) for 30 min. The solution was then
filtered through gauze, centrifuged, resuspended in an NH4Cl
erythrocyte lysis buffer (154 mM), and centrifuged again to
obtain a cell pellet. That cell pellet was plated and cultured
to obtain AD-MSCs. In this study, cells were used between
passage numbers 4–6. AD-MSCs were cultured as previ-
ously described.19

AD-MSCs were isolated in accordance with an approved
institutional review board exemption status protocol, only
obtaining the following information to protect patient confi-
dentiality: gender, age in years, presence of diabetic condi-
tion, and body mass index (BMI). For the purposes of this
study, we classified donors into the following groups based on
SCORE (Systematic Coronary Risk Evaluation14) charts
provided by the European Society of Cardiology for risk of
cardiovascular disease: ‘‘healthy’’ (<45 years of age, nondi-
abetic), ‘‘diabetic’’ (<45 years of age, diabetic), and ‘‘elder-
ly’’ (>60 years of age, nondiabetic). Diabetic and elderly
groups were considered as high cardiovascular risk, clinically
relevant cohorts. The ages were kept similar in a younger
bracket to isolate the effect of diabetes when comparing be-

tween healthy and diabetic, and likewise, when comparing
between healthy and elderly, only nondiabetics were con-
sidered in each group. In addition, all cells were isolated from
female patients to isolate gender effects (the topic of a sep-
arate study). BMI range was consistent between groups:
29.4 – 4.8 (healthy), 26.7 – 4.2 (diabetic), and 28.7 – 0.8 (el-
derly). For a complete listing of donors, see Table 1.

Scaffold fabrication

Bilayered, tubular, biodegradable, elastomeric scaffolds
(1.3 mm ID, 10 mm length) were created from poly(ester
urethane)urea (PEUU) as previously described.23,24 PEUU
was synthesized based on polycaprolactone diol, 1,4-
diisocyanatobutane, and putrescine and then fabricated in two
distinct layers, a design that has been used by our team in prior
studies.9,10,24 The inner layer was fabricated using thermally
induced phase separation (TIPS) that creates a porous layer to
facilitate cell seeding and integration, which was then finished
with an electrospun (ES) outer layer to provide mechanical
stability (*400 mm TIPS thickness,*70mm ES thickness10).

Cell seeding

AD-MSCs were seeded into PEUU scaffolds using our
rotational vacuum seeding device, which has been previously

Table 1. AD-MSC Human Donor Information

Gender Age Diabetic BMI

Healthy donors

F 38 No 33.0
F 35 No 28.6
F 33 No 29.9
F 32 No 21.4
F 26 No 32.6
F 40 No 25.5
F 38 No 35.2
Average 34 – 5 29.4 – 4.8

Diabetic donors

F 43 Yes 22.2
F 45 Yes 30.6
F 39 Yes 27.4
F 39 Yes 23.7
Average 42 – 3 26.0 – 3.8

Elderly donors

F 68 No 28.8
F 65 No 27.8
F 64 No 29.8
F 61 No 28.3
Average 65 – 3 28.7 – 0.8

Human AD-MSCs were isolated from healthy (n = 7), diabetic
(n = 4), or elderly (n = 4) patients. Body mass index (BMI) was
similar between groups, and confounding factors were removed
when comparing between groups (i.e., age was kept similar in the
defined younger classification (< 45 years) when comparing
between healthy and diabetic, while nondiabetic status was kept
constant when comparing healthy and elderly).

AD-MSC, adipose-derived mesenchymal stem cells.
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described and validated.25 Briefly, scaffolds were mounted
within the chamber of the device and infused lumenally at
a rate of 2 mL per minute with a cell suspension containing
3 million AD-MSCs (suspension concentration: 1 million
cells/mL, total volume: 3 mL). During cell infusion, the
chamber was closed, and a vacuum force of -127 mmHg
was applied. Following seeding, constructs were placed
within static media for 4 h to allow for cellular adhesion
before being placed within 500-mL spinner flasks (Kontes
#Cytostir 882911-0250) for 48 h and stirred at 15 rpm, at
which point the constructs were considered prepared for
in vivo implantation.

As a means to ensure that cell seeding was not altered
across AD-MSC donor groups causing confounding ef-
fects during in vivo studies, seeded constructs from each
group (healthy, diabetic, elderly) were created. To analyze
cell seeding, sections were stained with DAPI to identify
cell nuclei and F-actin (Phalloidin, 1:250; Sigma #P5282)
to show cellular spreading along scaffolding material.
Images were acquired at 10· using an epifluorescent mi-
croscope with NIS Elements software (version 4, Nikon
Instruments, Inc.). Images were then analyzed using
toolboxes and custom scripts in ImageJ (1.47; Rasband) to
analyze cell density. Briefly, images were stitched to-
gether to acquire complete cross-sectional views upon
which they were virtually segmented into circumferential
or radial pieces. Cell densities per area were measured
comparing all directions (i.e., radial, circumferential, and
longitudinal).

In vivo implantation and explant

Seeded scaffolds constructed from cells from all patients
in Table 1 were implanted as abdominal aortic interposition
grafts in Lewis rats for 8 weeks as previously described.9,10

Briefly, rats were placed under anesthesia (4% isoflurane
and 50 mg/kg ketamine for induction; 1% isoflurane for
maintenance) and administered cefazolin (100 mg/kg, in-
tramuscular) as a prophylactic. Microsurgical techniques
were performed to suture a seeded construct as an end-to-
end anastomosis with interrupted 10-0 Prolene sutures. After
the graft was secured, the patency of the graft was verified
by direct observation of distal pulse pressure. Antiplatelet
therapy was provided for 1 month postsurgery (dipyr-
idamole 250 mg/kg for 7 days, 100 mg/kg for the following
3 weeks; aspirin 200 mg/kg for 7 days, 100 mg/kg for the
following 3 weeks). All implantations were carried out to an
8-week time point, unless obvious distress of the rats was
noticed due to thrombotic complications, at which point
animals were euthanized. Upon euthanasia, angiography
was performed to assess patency of the TEVG upon which it
was explanted. All explanted TEVGs were fixed in 4%
paraformaldehyde for 30 min, bathed in 30% sucrose for
30 min, and then frozen for histologic analysis. Native aortas
were explanted from nonoperated rats for comparisons as a
positive control.

It is important to note that one of the TEVGs in our study
from the elderly group was patent but aneurysmally dilated
upon explant; on histological examination, the ES layer was
abnormally fragmented. This was an anomaly that has not
been observed in any of our previous studies,9,10 and so, this
sample was excluded from analysis of composition.

Histologic evaluation, immunofluorescence,
and multiphoton microscopy

Frozen TEVGs were sectioned through cryomicrotome
and mounted on gelatin-coated slides. Sections were then
stained with hematoxylin and eosin or immunofluorescent
chemistry using standard techniques. Antibodies were used
to detect the presence of endothelial cells (ECs) (von Will-
ebrand Factor [vWF]–1:250; US Biological #V2700-07),
SMCs (smooth muscle alpha-actin [SMA]–1:1000; Sigma
#A5228 and calponin–1:250; Abcam #ab46794), and elas-
tin (1:100; EPC #RA75) with fluorescent secondary anti-
bodies (Rockland #611-1202 [1:1000]; Invitrogen #A10521
[1:1000], Sigma #C2821 [1:300]). All images were acquired
at 20· using an epifluorescent microscope with NIS Ele-
ments software. Analysis was restricted to the newly de-
veloped luminal tissue within TEVGs (Fig. 2D).

To analyze the presence of collagen, we utilized multi-
photon microscopy as previously described.26 Briefly, an
Olympus multiphoton microscope (Model FV10, ASW
software; Olympus America, Inc.) was used to image colla-
gen fibers using second-harmonic generation (excitation
wavelength: 780 nm, emission wavelength: 400 nm) acquired
at 25· magnification.

Fibrinogen zymography

To examine the mechanisms of thrombotic failure ob-
served when utilizing diabetic AD-MSCs and as a means to
analyze the fibrinolytic potential of MSC secreted factors,
zymography was performed utilizing fibrinogen-doped
acrylamide gels using previously established techniques.27

Briefly, fibrinogen (final concentration: 5.33 mg/mL; Sigma
#F8630) was incorporated into the resolving portion of a
7.5% polyacrylamide gel during polymerization. AD-
MSC-conditioned media (mixed with 4· nonreducing
Laemmli sample buffer [BioRad #161-0747]) were incu-
bated at room temperature for 15 min followed by separation
by SDS-PAGE. Gels then underwent several washes in
water and 2.5% Triton-X before incubation in a divalent
cation reaction buffer (50 mM Tris-HCl pH 7.4, 1 mM
CaCl2, 1 mM MgCl2, 37�C). Digestions were performed for
7 days to allow for enzymatic degradation of the entrapped
fibrinogen within the gel. Degradation occurs by active
enzymes directly digesting fibrinogen or reacting indirectly
with contaminating plasminogen present in the fibrinogen
mixture. Gels were then stained with Blue BANDit
Protein Stain (Amresco) to visualize degradation bands. The
amount of degradation was quantified using gel analysis
tools within ImageJ (National Institutes of Health) by in-
tegrating the mean grayscale intensity over the area of each
band.

Fabrication of fibrin-based constructs

As a second means to investigate the fibrinolytic poten-
tial of AD-MSCs, the degradation of fibrin-based con-
structs entrapped with SMCs while being stimulated with
AD-MSC-conditioned media was monitored. Fabrication
of fibrin-based constructs containing entrapped SMCs was
performed as previously described.27 Briefly, fibrin gel
constructs were created by immediately pipetting 200 mL of
a polymerization mixture (3.7 mg/mL fibrinogen [Sigma
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#F4753-5G], 0.2 U/mL thrombin [Sigma #T7513-500UN],
1.25 mM CaCl2, and 50,000 cells/mL) into a circle etched
on tissue culture plastic. Gels were then incubated (37�C for
30 min) to allow for polymerization before adding condi-
tioned media. Nonconditioned media were used as control.
In addition, to provide for a gradation in fibrinolysis, con-
ditioned media were supplemented with the fibrinolytic in-
hibitor, e-amino caproic acid (ACA, 0.5, 1.0, or 3.0 mM).
All samples were repeated in triplicate using n = 3 donors
per group.

To analyze the degradation of each gel, images were ta-
ken with a 16 megapixel camera at 1, 4, and 7 days. To
quantify this degradation, which appeared as the gels de-
veloping a porous structure and becoming increasingly
translucent, mean grayscale intensity measurements of each
gel image were made in ImageJ. Gels that had a lower in-
tensity were more translucent and considered as more de-
graded. Samples incubated without ACA were found to
catastrophically detach from the edges rather than showing a
smooth change in translucence.

Quantification of urokinase plasminogen activator
activity in conditioned media

A fluorometric microplate kit was utilized to detect the
level of urokinase plasminogen activator (uPA) activity
within conditioned media samples (AnaSpec, #72159). All
protocols were followed according to the manufacturer’s
instructions. All samples were repeated in triplicate using
n = 4 donors per group.

Statistics

All statistical analyses were performed utilizing Minitab
(version 16; Minitab, Inc.) to perform either a one-way
ANOVA or a Student’s t-test. A statistically significant
difference was defined as p < 0.05. All data are expressed as
mean – standard deviation. All data were checked for the
assumptions of normality and homogeneity of variance.

Results

(1) AD-MSCs from healthy, diabetic, and elderly
donors all seed scaffolds similarly

As a point of quality control and to verify that cell seeding
was consistent, we analyzed AD-MSC-seeded scaffolds from
each patient cohort (healthy, diabetic, or elderly; n = 3 per
group). In all cases, AD-MSCs were able to successfully seed
scaffolds at high efficiency (>95% of the infused cells became
entrapped within scaffolds) and uniformity (Fig. 1A–C). Of
note, the cells were appreciably spread on the scaffold after
dynamic culture. Quantitatively comparing the cell density
per area in the longitudinal, circumferential, and radial di-
rections confirmed this uniformity. As an example, when
cross-section images were segmented into three radial pieces,
approximately one-third (*33%) of the total cells fell into
each segment (Fig. 1D). In all cases, a nonsignificant p-value
was shown through one-way ANOVA (radial: 0.94, 0.75,
0.77; circumferential: 0.96, 0.48, 0.65; longitudinal: 0.76,
0.05, 0.26; for healthy, diabetic, and elderly, respectively)
indicating uniformity.

FIG. 1. AD-MSCs from healthy,
diabetic, and elderly donors suc-
cessfully seed within scaffolds.
AD-MSCs from healthy (A), dia-
betic (B), and elderly (C) donors
were seeded into scaffolds (n = 3)
and stained for cell nuclei (blue:
DAPI) and F-actin (green: Phal-
loidin). All scaffolds showed a
uniform distribution of cells and
consistent spreading along the
scaffold. White arrow indicates the
lumen and the dashed line indicates
outer border of the scaffold. Scale
bar = 200 mm. (D) A uniform radial
distribution of cells seeded into the
scaffold was determined by mea-
suring cell numbers (presented as
mean percentage of total – SD) in
sections defined by each third
thickness in comparison to a per-
fectly even distribution (dashed
line). No significant difference was
observed ( p > 0.05). AD-MSCs,
adipose-derived mesenchymal stem
cells; SD, standard deviation. Color
images available online at
www.liebertpub.com/tea
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(2) TEVGs seeded with AD-MSCs from nondiabetic
donors displayed a high patency rate at an 8-week
time point, whereas a low patency rate was observed
when AD-MSC from diabetic donors were utilized;
thrombotic occlusion was responsible
for decreased patency

Obvious blood flow was noted by a strong distal pulse
pressure in all grafts upon implantation. At the 8-week
endpoint of the study, patency was assessed using angiog-
raphy, and only patent TEVGs exhibited flow of the con-
trast agent past the graft to the hind legs (Fig. 2A).
Investigating the effect of donor group revealed that
whereas healthy and elderly AD-MSCs were able to pro-
duce patent vessels 100% and 71% of the time, respec-
tively, diabetic AD-MSCs had a markedly reduced patency
rate of 28% (Fig. 2B). Nearly all animals with nonpatent
grafts showed occlusion-related symptoms at acute time
points (<1 week) at which point they were explanted. A
single animal, with AD-MSCs from diabetic donors, re-
mained free of symptoms for 8 weeks despite full occlusion

of the graft. Gross observation of all occluded grafts re-
vealed the presence of a lumenal clot (Fig. 2C). Patent
grafts displayed significant remodeling with a tissue-like
appearance in the generation of TEVGs, whereas nonpatent
grafts—even the one that was explanted after 8 weeks—
exhibited no such tissue-like appearance (Fig. 2D). In
particular, a newly developed vascular-like neotissue de-
veloped lumenally, and the PEUU scaffold TIPS layer
showed visual signs of degradation.

(3) All patent TEVGs acquire the presence of vascular
cellular and extracellular components regardless
of donor group

To determine which types of cells incorporated into the
TEVG, and the extent of incorporation, we performed im-
munofluorescent chemistry for the presence of vascular
SMCs (SMA, calponin) and endothelial cells (vWF). In all
patent explanted TEVGs, a composition with the majority of
the tissue thickness comprising SMCs (SMA and calponin
positive) and a continuous lining of vWF-positive endothelial

FIG. 2. Diabetic AD-MSCs do not produce patent vessels, whereas healthy and elderly do. (A) Angiograms were
performed to assess the patency of TEVGs at the 8-week endpoint with a patent vessel showing clear flow past the graft to
the hindquarters. (B) Total patency rate was calculated based on the number of patent versus total TEVGs; note that TEVGs
created using cells from diabetic donors show a marked reduction in patency. (C) Gross inspection of the explants revealed
that the primary reason for nonpatent TEVGs was occlusive thrombosis. (D) Hematoxylin and eosin-stained sections of a
patent 8-week TEVG, a nonpatent 8-week TEVG, and a nonimplanted PEUU scaffold. Significant remodeling of patent
TEVGs included newly developed neotissue (Neo) lumenally and breakdown of the original PEUU scaffolding material
(inner layer: TIPS, outer layer: ES). Occluded grafts displayed the presence of a thrombus and no remodeling. Arrows
indicate lumen in Figure 2D. ES, electrospun; PEUU, poly(ester urethane)urea; TEVGs, tissue-engineered vascular grafts;
TIPS, thermally induced phase separation. Color images available online at www.liebertpub.com/tea
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cells along the lumen was observed (Fig. 3; native artery
included for comparison).

To determine the extent of scaffold remodeling—that
is, replacement of PEUU polymer with new extracellular
matrix—we performed two forms of microscopic analysis.
Multiphoton microscopy was utilized to image collagen,
which displayed a fiber-like structure (Fig. 3). Of note is that
collagen fibers were not present entirely throughout the
thickness as they were in native arteries; specifically, they
were absent near the lumen (data not shown). In addition,
immunofluorescent chemistry was used to detect the pres-
ence of elastin within explanted vessels, which was ob-
served throughout the thickness of TEVG neotissue, similar
to native artery controls (Fig. 3). However, despite the im-
munological presence of elastin in TEVGs, the pronounced
elastic lamellae of native arteries were not observed.

(4) AD-MSCs from diabetic donors produced less
fibrinolytic factors than AD-MSCs from healthy donors

To test a potential mechanism for the prominent throm-
bosis observed when using diabetic AD-MSCs, activation
of the fibrinolytic pathway by AD-MSCs was monitored
in vitro. This pathway operates in vivo as a proteolytic
cascade ultimately leading to activation of plasmin and di-

gestion of the fibrin-rich thrombus. Activity of this cascade
is regulated by multiple species, including two plasminogen
activators (uPA and tissue plasminogen activator) and var-
ious inhibitors (e.g., plasminogen activator inhibitor, soluble
uPA receptor, a2-antiplasmin). To screen for fibrinolytic
factors potentially secreted by AD-MSCs, which may be
diminished in the diabetic case, fibrinogen zymography was
used. Following 7 days of enzymatic reaction, clear degra-
dation bands were seen at molecular weights of 31, 40, 85,
150, and 250 kD (Fig. 4A). Visual comparisons show that
media conditioned by AD-MSCs from healthy donors pro-
duced prominent bands at 31 kD and 40 kD, whereas media
conditioned by AD-MSCs from diabetic donors did not.
Quantifying the band areas at these molecular weights re-
vealed a significant difference between the healthy and di-
abetic groups with an additional difference in the band at
150 kD (Fig. 4B). Development of the zymograms for
shorter periods (1 or 3 days) revealed less prominent deg-
radation bands (data not shown).

As a means to show that healthy AD-MSCs produced
more potent fibrinolytic factors than those isolated from
diabetic patients, we created fibrin-based constructs con-
taining SMCs and exposed them to AD-MSC-conditioned
media. SMCs can be inherently fibrinolytic, and so, this
assay was meant to address how AD-MSCs in a vascular

FIG. 3. All patent TEVGs have a composition consisting of vascular cells and extracellular matrix. Patent TEVGs,
regardless of AD-MSC donor type, display significant remodeling with the development of neotissue composed of smooth
muscle alpha-actin-positive (red; first column) and calponin-positive (green; second column) smooth muscle cells, as well as
a continuous lining of von Willebrand Factor-positive ECs (green; third column), which are present in native arteries
(bottom row). In addition, TEVGs, regardless of AD-MSC donor type, display a development of a fibrous, circumferentially
aligned collagen network (red; fourth column). Finally, TEVGs, regardless of AD-MSC donor type, display alpha-elastin
throughout the neotissue thickness (red; fifth column), including a prominent layer next to the lumen. However, the
prominent medial elastic lamellae, which are present in native arteries, were absent in remodeled TEVGs. All immuno-
fluorescent images were counterstained for cell nuclei (blue: DAPI). White arrow indicates the lumen, and the dashed line
indicates the boundary between neotissue and residual TIPS. Scale bar = 100mm. Note that the residual PEUU scaffolding
material produces a significant amount of autofluorescence and should not be regarded as positive staining in these images.
Color images available online at www.liebertpub.com/tea
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graft might mediate the fibrinolytic potential of host SMCs.
In the absence of ACA, catastrophic detachment and com-
paction of constructs due to a high degree of degradation
were observed upon stimulation with media conditioned by
healthy AD-MSCs (Fig. 5A). This effect was reduced by
using media conditioned by cells from diabetic patients
(Fig. 5A). It is important to note that AD-MSC-based gels
did not detach or substantially degrade (data not shown).

As the degradation of these gels occurred so rapidly, we
treated a separate set of constructs with varying concentra-
tions of the fibrinolytic inhibitor ACA. This was intended to
allow visual resolution of the degradation rate differences
between the healthy and diabetic groups. Inhibiting degra-
dation with 3 mM ACA was sufficient to prevent any deg-
radation over 7 days regardless of group (Images in Fig. 5B,
quantification in Fig. 5C). On the contrary, inhibiting with

0.5 mM ACA was not sufficient to differentiate between the
healthy and diabetic groups. The intermediate inhibitor con-
centration of 1 mM revealed a significant difference between
the fibrinolytic behavior of the healthy and diabetic groups,
particularly at the 4- and 7-day time points (Fig. 4B, day 1
and 4 data are presented in Supplementary Fig. S1; Supple-
mentary Data are available online at www.liebertpub.com/
tea). This indicates that AD-MSCs from healthy donors have
a fibrinolytic activity strong enough to overcome inhibition
by 1 mM of ACA, while cells from diabetic donors do not.

(5) uPA activity differed between AD-MSCs
from healthy and diabetic donors

Prior literature28,29 suggested that the identity of the
31 kD zymographic band (recall Fig. 4A) could be uPA. We
were unable to detect uPA in conditioned media by Western
blot (data not shown); however, we believe the levels of
protein present in the media may have been below the de-
tection limit for Western blot. To specifically detect uPA
with high sensitivity, we used a fluorometric uPA activity
assay kit. Conditioned media from both cell types displayed
uPA-specific protease activity, but the activity of cells from
diabetic patients was *67% of that seen with cells from
healthy patients (Fig. 6).

Discussion

In the current study, we have shown that scaffolds seeded
with AD-MSCs from human patients can remodel into
native-like TEVGs following 8 weeks of implantation.
Among the three different donor populations analyzed—
which included two cohorts at high cardiovascular risk—a
low patency rate for the TEVGs was found only when using
AD-MSCs from the diabetic cohort. TEVG failures were
consistently due to thrombotic occlusion at an early time
point. Throughout the study, we took measures to minimize
confounding effects (e.g., using the same gender, avoiding
overlapping age brackets between elderly and diabetic pa-
tients) and ensured that in vivo effects were not related to
fabrication (i.e., poor or nonuniform cell seeding) of the
vascular grafts. For the AD-MSC-based grafts that remained
patent, remodeling resulted in a cellular composition and
matrix structure closely mimicking those seen in native ar-
teries. We note that there were some exceptions, such as the
lack of a full-thickness distribution of collagen and pro-
nounced elastic lamellae in the TEVG. However, we expect
that the remodeling process is incomplete at 8 weeks, and
further maturation will occur as several groups have shown
that TEVG remodeling is a long-term process.12,30,31 Fi-
nally, broad reduction of fibrinolysis in the diabetic AD-
MSCs—and specifically decreased uPA activity—was shown
offering one potential mechanistic explanation for throm-
botic failure of diabetic TEVGs.

Since it is a common practice to use cells from healthy
patients in preclinical studies,6–12 we would contend that
testing cells from the intended patient cohort (and therefore
the source of autologous cells) is critical. In addition, while
only AD-MSCs were tested in this study, other cell types
routinely utilized in vascular engineering such as endothelial
cells,32–34 endothelial precursor cells,35,36 and SMCs33,34,37

can also be affected by donor demographics. Assessing what
other high-risk donor populations could possess ineffective

FIG. 4. Diabetic AD-MSCs produce less fibrinolytic fac-
tors than healthy AD-MSCs. (A) Zymography was performed
utilizing conditioned media from AD-MSCs from healthy or
diabetic donors using acrylamide gels doped with fibrinogen.
White bands indicate areas of fibrinogen degradation, several
of which were more prominent when AD-MSCs from healthy
donors were used. Media control = nonconditioned serum-
containing media. (B) Bands were quantified using toolboxes
within ImageJ; bands at 31, 40, and 150 kD were increased in
healthy samples. Data are presented as mean – SD. Black
bar = statistically significant difference ( p < 0.05).
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cells for autologous grafts is a critical next frontier in au-
tologous vascular engineering—and indeed for autologous
regenerative medicine as a whole.

Cells from elderly patients induced successful remodeling
of the scaffolds utilized for the TEVG. This was unexpected
since in previous in vitro work,19 AD-MSCs from elderly
patients were defective at differentiating into SMCs and
inducing SMC migration. Such effects on SMC composition
are of primary importance to TEVG remodeling,7,20–22 so
we had expected less SMCs in the explanted grafts from the
elderly cohort. There are a few possible explanations why
the elderly derived cells worked in this in vivo model. One
explanation relates to the concept of a ‘‘critical size defect.’’
In many models of tissue regeneration, the size of the defect
may be small enough (and the host robust enough) that re-
generation is successful, while beyond some size threshold,
therapy is no longer effective. In the current study, we used
a 1 cm long scaffold, which is significantly smaller than that
required for a human-sized graft (on the order of 10 cm for a
coronary artery bypass3). It may be that the in vitro defi-
ciency we saw using AD-MSCs from elderly patients will
become consequential upon moving to a larger sized graft
and this should be explored. Another explanation could be
the hemodynamic parameters of the rat interpositional im-
plant model. While this model is useful for initial screening,
the flow and coagulation pathways will be very different
(and more similar to humans) in large animal models.38,39

Therefore, large animal models will be needed to move this
technology forward.

The results of this study also indicated the diminished
fibrinolytic potential of diabetic AD-MSCs, which is further

FIG. 5. Media conditioned by AD-MSCs
from healthy donors promote higher degra-
dation of fibrin-based constructs than media
conditioned by AD-MSCs from diabetic
donors. (A) Fibrin-based constructs were
fabricated and cultured with control (non-
conditioned) media or media conditioned by
AD-MSCs from one of three healthy or di-
abetic donors. Each group was run in trip-
licate. The percentage of each set of nine
constructs remaining at 1, 4, or 7 days is
plotted by analogy to a ‘‘survival curve’’ to
illustrate the loss of constructs when condi-
tioned media were used. (B) To achieve a
higher resolution on the degradation of fibrin
constructs stimulated with AD-MSC-
conditioned media, we inhibited gels with
0.5, 1, or 3 mM e-amino caproic acid
(ACA). Images are shown from an overhead
view of fibrin disks at a 7-day time point.
(C) Quantifying the mean grayscale inten-
sity of each gel normalized to the back-
ground reveals that AD-MSCs from healthy
patients promoted more fibrinolysis, when
inhibited at an intermediate 1 mM ACA
concentration. Images and measurements
were also taken at days 1 and 4 and are
shown in Supplementary Figure S1. Data are
presented as mean – SD. Black bar = statis-
tically significant difference ( p < 0.05).

FIG. 6. Urokinase plasminogen activator (uPA) is re-
sponsible for the differences in fibrinolytic ability between
AD-MSCs from healthy and diabetic donors. A uPA fluo-
rometric microplate activity kit was performed on condi-
tioned media samples. A significant reduction in uPA
activity was observed when cells sourced from diabetic
donors were used. Data are presented as mean – SD. Black
bar = statistically significant difference ( p < 0.05).
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corroborated by systemic reports of diabetic patients dis-
playing a greater prothrombogenic phenotype with reduced
fibrinolysis.40,41 Studies have reported that diabetics have
lower levels of fibrinolytic stimulators (tissue-type plas-
minogen activator40) and higher levels of fibrinolytic in-
hibitors (plasminogen activator inhibitor-1,40,41 membrane
uPA receptor,42 and soluble uPA receptor43), which con-
tribute to an overall reduction in fibrinolysis. In addition,
studies have shown other fibrinolytic factors altered spe-
cifically in AD-MSCs from diabetic donors such as throm-
bospondin,44 tissue-type plasminogen activator,45 and
plasminogen activator inhibitor-1.45 However, to the best of
our knowledge, our work is the first report to highlight a
reduction in uPA activity by AD-MSCs from diabetic do-
nors and the first to implicate a donor-linked stem cell de-
ficiency as a method of TEVG failure. One limitation in
these experiments is that we have not conclusively identi-
fied the 40 kD band, which differs in abundance between the
two groups of cells. Literature reports suggest that this band
could be the tissue-type plasminogen activator46; however,
we were unable to confirm this through Western blot, po-
tentially due to the low concentration of tissue-type plas-
minogen activator in conditioned media.

In conclusion, we performed an in vivo study investigat-
ing the ability of single-donor human AD-MSCs from two
clinically relevant cohorts—diabetics and the elderly—to
perform in the context of a TEVG. We demonstrated that
while there was high graft patency when using AD-MSCs
from nondiabetic patients, cells from diabetics were asso-
ciated with a reduced success rate due to acute thrombosis,
which could be mechanistically explained by reduced fi-
brinolytic activity. However, we have shown microscopic
evidence that all patent grafts in our study were able to
develop into robust TEVGs containing key vascular com-
ponents such as SMCs, endothelial cells, collagen, and
elastin allowing us to pursue modulations of the fibrinolytic
pathway as a method to enable TEVG therapy for diabetic
patients. Finally, the results of this study highlight the
critical need to test cells from realistic patient populations
when designing autologous therapies.
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