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To ensure survival of engineered implantable tissues thicker than approximately 2-3 mm, convection of nutri-
ents and waste products to enhance the rate of transport will be required. Creating a network of vessels in vitro,
before implantation (prevascularization), is one potential strategy to achieve this aim. In this study, we devel-
oped three-dimensional engineered vessel networks in vitro by coculture of endothelial cells (ECs) and fibro-
blasts in a fibrin gel for 7 days. Vessels formed by cord blood endothelial progenitor cell-derived ECs (EPC-ECs)
in the presence of a high density of fibroblasts created an interconnected tubular network within 4 days,
compared with 5-7 days in the presence of a low density of fibroblasts. Vessels derived from human umbilical
vein ECs (HUVECS) in vitro showed similar kinetics. Implantation of the prevascularized tissues into immune-
compromised mice, however, revealed a dramatic difference in the ability of EPC-ECs and HUVECs to form
anastomoses with the host vasculature. Vascular beds derived from EPC-ECs were perfused within 1 day of
implantation, whereas no HUVEC vessels were perfused at day 1. Further, while almost 90% of EPC-EC—derived
vascular beds were perfused at day 3, only one-third of HUVEC-derived vascular beds were perfused. In both
cases, a high density of fibroblasts accelerated anastomosis by 2-3 days. We conclude that both EPC-ECs and a
high density of fibroblasts significantly accelerate the rate of functional anastomosis, and that prevascularizing

an engineered tissue may be an effective strategy to enhance convective transport of nutrients in vivo.

Introduction

TISSUE ENGINEERING PROMISES treatment for a wide range
of diseases caused by tissue damage or dysfunction."?
One critical obstacle in this promising field is vascularization
of the engineered tissues. The most successful applications of
tissue engineering to date have been limited to thin (<2 mm)
avascular tissues, such as skin® and Car’tﬂage,4 in which de-
livery of nutrients and oxygen occurs by diffusion. Before the
establishment of blood flow, cells in the inner portion of an
implanted tissue are exposed to an environment with mini-
mal oxygen and nutrients, which can lead to significant cell
death.”® The in vitro formation of mature vessel networks
ready to anastomose with the host vasculature shortly after
implantation has the potential to dramatically improve the
rate of oxygen and nutrient delivery and waste product re-
moval, and thus increases the viability of larger implanted
tissues.”'? Clearly, the rates of anastomosis and perfusion of
implantable tissues are critical parameters. Rapid (~1 day)

anastomosis of the engineered vessels with host vasculature
is likely necessary for the survival and function of tissue-
specific cells, especially for oxygen-sensitive cells such as
cardiomyocytes, hepatocytes, and stem cells, all of which are
of tremendous interest in the field of regenerative medicine.

The source of endothelial cells (ECs) to create the vascular
network is a critical issue. The cells should be clinically avail-
able, easy to purify and expand in vitro, and, ideally, autolo-
gous, thus avoiding host immune responses. Generation of
functional vessels in vivo has been reported using mature ECs
such as human umbilical vein ECs (HUVECs)!'2 and human
dermal microvascular ECs.!®> However, either these cells are
unavailable for adults, or they require an invasive procedure
to harvest. Human embryonic stem cells (hESCs) are plurip-
otent and can differentiate into all human cell types. The use of
hESC-derived ECs in regenerative medicine has also been
reported.'*'> However, hESCs face the potential problem of
sourcing and host immune rejection.'® Alternatively, there is
significant evidence demonstrating the angiogenic potential
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of endothelial progenitor cells (EPCs), including those of adult
origin.'” Although a rigorous accounting of the origins of
EPCs is still to be defined,?® the presence of EPCs in human
peripheral blood makes them an attractive cell type in regen-
erative cell therapies, especially as the collection of autologous
cells from patients’ peripheral blood is a viable procedure. For
example, transplanted EPCs have been shown to induce an-
giogenesis and restore the function of ischemic tissue.*'**
Importantly, like other ECs, EPCs can form robust vessel net-
works in engineered tissue constructs in the presence of stro-
mal cells, and can be functional in vivo for up to 28 days."”**
However, a study addressing the critical issue of the rate of
anastomosis using engineered vessels formed by EPCs has yet
to be reported.

We demonstrated in our previous study that prevas-
cularization of engineered tissue constructs with well-formed
HUVEC vessel networks accelerated the formation of func-
tional anastomosis (by day 7 in thin tissues) and enhanced
the metabolic activity of implanted cells.”® The objective of
our current study was to significantly accelerate the anato-
mosis of the implanted vessel network by using EPCs and
manipulating stromal cell density. We demonstrate that tis-
sues developed for 7 days in vitro with ECs derived from
EPCs and a high density of fibroblasts are more mature (as
evidenced by enhanced association of a-smooth muscle actin
[a-SMA]-positive cells with the capillaries) and anastomose
with the host circulation as early as 1 day (27h) post-
implantation. Our study is the first to create mature in vitro
vessel networks that anastomose with host vessels within
this rapid time frame. Our prevascularization model has
potential applications in tissue engineering and regenerative
medicine.

Materials and Methods
Isolation of EPC-ECs from cord blood

Human umbilical cord blood was obtained from the
University of California—Irvine Medical Center according to
an Institutional Review Board-approved protocol. EPC-ECs
were isolated as previously described.** Briefly, mononu-
clear cells were separated from 15 to 20 mL cord blood using
a lymphocyte separation medium (Fisher Scientific, Pitts-
burgh, PA). The mononuclear cells were then seeded on 1%
gelatin (Sigma, St. Louis, MO)—coated tissue culture flasks
and fed with a 1:1 mixture of EGM-2 and M199 (Invitrogen,
Carlsbad, CA), supplemented with 20% fetal bovine serum
and 1% Endothelial Cell Growth Supplements (Fisher Sci-
entific) for 2-4 weeks. The endothelial outgrowth cells were
purified using CD31 (Dako, Carpinteria, CA)-coated mag-
netic beads (New England Biolabs, Ipswich, MA) and re-
ferred to as EPC-ECs. Once confluent, cultures were split
1:3 every 2-3 days. Passage 3-5 EPC-ECs were used in
all experiments. HUVECs were isolated as previously de-
scribed,”>?° and were utilized at passage 3.

Characterization of HUVECs and EPC-ECs

Flow cytometric analyses of HUVECs and EPC-ECs were
carried out by labeling the cells with Alexa Fluor 488-
conjugated mouse anti-human CD45 (Invitrogen) diluted at
1:20 and fluorescein isothiocyanate-conjugated mouse anti-
human CD90 (BioLegend, San Diego, CA) diluted at 1:5.

CHEN ET AL.

Surface expression of CD31 was determined by immuno-
staining the cells with mouse anti-human CD31 (Dako)
diluted at 1:25, followed by fluorescein isothiocyanate—
conjugated goat anti-mouse secondary antibody (Jackson
ImmunoResearch, West Grove, PA) diluted at 1:50. Isotype
control antibody (Santa Cruz Biotechnology, Santa Cruz,
CA) without dilution was used as a negative control. Anti-
body labeling was carried out for 20 min on ice followed by
two washes in phosphate-buffered saline with 1% bovine
serum albumin and resuspension in 2% paraformaldehyde.
Cells were subsequently characterized using a FACS Calibur
flow cytometer and CellQuest Software (Becton Dickinson,
Franklin Lakes, NJ).

Morphology of HUVECs and EPC-ECs were compared
in two-dimensional cultures with or without fibroblasts.
HUVECs and EPC-ECs were seeded in 12-well plates for 24 h
to allow the cells to attach. Then, Transwells® seeded with a
monolayer of fibroblasts were inserted into the wells with
HUVECs or EPC-ECs. Phase contrast images of HUVECs
and EPC-ECs were taken 3 days after coculture with the
fibroblasts with an Olympus IX51 microscope (Olympus
America, Center Valley, PA).

Assembling of three-dimensional prevascularized
tissue constructs

The prevascularized tissue constructs were prepared as
previously described.”® ECs and fibroblasts were suspended
in a 10mg/mL fibrinogen solution. The cell solutions were
then mixed with thrombin at a concentration of 2 units/mL.
The density of ECs was kept constant at 1 million/mL, while
the density of fibroblasts ranged from 0.2 to 2 million/mL. The
tissue constructs were cultured in vitro for 7 days in EGM-2
before implantation.

Immunofluorescent staining of whole tissue

To observe the vessel networks formed by ECs, some of
the in vitro tissue constructs were immunofluorescently
stained with anti-human CD31 antibody at 2, 4, and 7 days
after the initial creation. The tissues were first fixed in 10%
neutral-buffered formalin for 10min, followed by permea-
bilization with 0.5% tris buffered saline with 0.1% Tween
(TBST) for 15min. The tissues were then blocked with 2%
bovine serum albumin for 1h followed by overnight incuba-
tion with a mouse anti-human CD31 antibody (Dako), which
was diluted 1:200. Alexa Fluor 488-conjugated Goat anti-
mouse IgG (Invitrogen) diluted at 1:500 was then applied to
the tissues and incubated overnight to observe the ECs.
Images of the stained vessels were taken using a Zeiss LSM
510 Meta laser scanning confocal microscope (Zeiss, Jena,
Germany). For each condition, 10 images were taken ran-
domly with the 10xobjective. Total vessel length/mm?, total
number of continuous vessel networks/mm?, average length
of vessel network, and average number of branches/vessel
network were quantified as previously described.*

Implantation of the prevascularized tissue constructs

Tissues were made in small polydimethysiloxane (PDMS)
wells and transplanted subcutaneously within the wells on
the dorsal area of ICR-SCID (Taconic Farms, Oxnard, CA)
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mice as previously described.”® The internal dimensions of
the PDMS were 2mm in height and 10 mm in diameter. In
this geometry, delivery of nutrients was limited to only one
surface making the effective thickness of the tissue 4 mm. The
implanted tissues and PDMS wells were then harvested at
days 1, 2, 3, and 5. Animal surgeries and animal handling
were performed according to National Institutes of Health
guidelines for laboratory animal usage, under a protocol
approved by the Institutional Animal Care and Use Com-
mittee at the University of California, Irvine.

Immunohistochemical and immunofluorescent
staining of tissues

Immunohistochemical and immunofluorescent staining
were performed on 5um formalin-fixed, paraffin-embedded
tissue sections. After deparaffinization and rehydration, epi-
tope was recovered using the Target Retrieval solution (Dako)
at 98°C for 20 min. Immunohistochemical staining was per-
formed using the Dako Envision HRP-DAB system (Dako).
Tissue sections were incubated with mouse anti-human CD31
antibody diluted at 1:200 or mouse anti-human a-SMA anti-
body diluted at 1:800 overnight, followed by labeling with the
horseradish peroxidase—conjugated anti-mouse secondary
antibody for 30 min. The sections were counterstained with
hematoxylin alone or hematoxylin and eosin. Vessels posi-
tively stained with anti-human CD31, and with red blood cells
in the lumen were considered perfused vessels.

For immunofluorescent staining, tissue sections were in-
cubated with primary antibodies for 2h, after 1-h blocking
with 2% bovine serum albumin. The dilutions were 1:400 for
the rabbit anti-human von Willebrand factor antibody
(Dako) and 1:800 for the mouse anti-human a-SMA. Alexa
Fluor 488-labeled goat anti-mouse and Alexa Fluor 555-
conjugated goat anti-rabbit immunoglobin (Invitrogen) were
used as the secondary antibodies (1:500 dilution) and were
applied for 30 min. For double staining of von Willebrand
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factor and o-SMA, antibodies were added sequentially with
an additional 1-h blocking performed before addition of the
second antibody.

Statistics

All quantifications were performed by three researchers
blinded to the conditions. The results are reported as
mean + standard deviation. For variables with significant
differences among the groups (analysis of variance), paired
comparisons (Student’s t-test) were applied with Bonferroni’s
multiple comparison adjustment. Results were considered
statistically significant when p < 0.05.

Results
Characterization of EPC-ECs and HUVECs

EPC-ECs were isolated by selection of CD31-positive cells
from cord blood mononuclear cells as previously described. It
was previously reported that cells isolated using this method
demonstrated an endothelial phenotype and developed into
functional vessel networks after implantation.** The hema-
topoietic marker CD45 and the mesenchymal marker CD90
were not detected by the flow cytometric characterization
(Fig. 1A, D), excluding the possibility of contamination by
hematopoietic or mesenchymal cells. Based on the isolation
methods and the previous phenotypic characterization re-
sults, the endothelial outgrowth separated from cord blood
mononuclear cell culture with the CD31 antibody was re-
ferred to as EPC-ECs. Interestingly, the EPC-ECs expressed
considerably higher levels of CD31 than HUVECs (Fig. 1A,
D), suggesting that they are a distinct population of ECs.

We then characterized the EPC-ECs in two-dimensional cell
culture (Fig. 1). EPC-ECs showed a typical cobblestone-like
morphology (Fig. 1E), but were smaller than HUVECs (Fig.
1B). EPC-ECs also proliferated more rapidly, with a doubling

FIG. 1. Characterization of
HUVECs and EPC-ECs by
flow cytometry and two-
dimensional cell culture.
Flow cytometric analysis of
(A) HUVECs and (D) EPC-
ECs for CD31, CD45,

and CD90. White area
(histogram) represents cells
stained with specific
fluorescent antibody. Gray
area (histogram) represents
isotype matched control
cells. Brightfield images of
(B) HUVECs and (E) EPC-
ECs in two-dimensional
culture. Morphology of (C)
HUVECs and (F) EPC-ECs
after coculture with fibro-
blasts in Transwell plates.
The HUVECs and EPC-ECs

were plated as a two-

dimensional monolayer culture. EPC-ECs elongated and formed homogeneous networks, demonstrating a significant mor-
phological change. In contrast, the phenotypic change of HUVECs is heterogeneous with a less well-developed network.
Scale bars represent 50 pm. HUVECs, human umbilical vein endothelial cells; EPC-ECs, endothelial progenitor cell-derived

endothelial cells.


http://www.liebertonline.com/action/showImage?doi=10.1089/ten.tea.2009.0491&iName=master.img-000.jpg&w=364&h=200

588

CHEN ET AL.

FIG. 2. Three-dimensional interconnected vessel networks form within 7 days in vitro. (A-F) HUVECs or (G-L) EPC-ECs
were cocultured with fibroblasts in a three-dimensional fibrin gel. Endothelial cells were observed with an anti-human CD31
antibody. Vessel networks developed faster with a high density of fibroblasts (2million cells/mL, D-F, J-L) and EPC-ECs
compared with a low density of fibroblasts (0.2 million cells/mL, A-C, G-I) and HUVECs. Scale bars represent 50 pm. Color

images available online at www liebertonline.com/ten.

time of approximately 1 day for passage 4 cells compared with
2 days for passage 2 HUVECs. Remarkably, when fibroblasts
growing in a Transwell were added to the cultures, the EPC-
ECs demonstrated a dramatic change in morphology with the
cells rearranging to form two-dimensional networks (Fig. 1F).

In contrast, the change in morphology of HUVECs was not so
dramatic, and more heterogeneous (Fig. 1C), with some of the
cells still flattened in the morphology of the monolayer sheets.
The differential response of EPC-ECs and HUVECs to the
addition of fibroblasts led us to hypothesize that the cells
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might behave differently in three-dimensional cultures in vitro
and when transplanted in vivo.

In vitro vessel networks

Figures 2 and 3 present qualitative and quantitative fea-
tures of the in vitro vessel networks. Both EPC-ECs and
HUVECs formed interconnected vessel networks in wvitro
(Fig. 2) in response to fibroblast-derived factors,”” and vessel
formation was more pronounced at the higher density of fi-
broblasts. Specifically, ECs started to form elongated tubes at
day 2 with a high density of fibroblasts (Fig. 2D, J), whereas
most of the ECs still displayed a spherical morphology at day
2 with a low density of fibroblasts (Fig. 2A, G). In addition, by
day 2 branched vessel networks were formed in tissues with a
high density of fibroblasts (Fig. 2E, K). In contrast, only single,
nonbranched endothelial tubes were observed in the tissue
constructs with a low density of fibroblasts (Fig. 2A, G). By
day 4 the vessel networks with a high density of fibroblasts
were more developed (Fig. 2B, E, H, K), and by day 7, con-
tinuous vessel networks occupying an extended area were
observable, and again, these were considerably more pro-
nounced in the high fibroblast density cultures.

The impact of EPC-ECs compared with HUVECs as the
EC source is less obvious from the qualitative images.
However, after quantification of the vessel networks (Fig. 3),
distinct trends can be observed. At day 4, the total lengths of
EPC-EC vessels with low or high densities of fibroblasts were
both more than 50% longer than vessels formed by HUVECs.
At day 7, total vessel length, average length, and average
number of branches per vessel network are all significantly
higher in vessels formed by EPC-ECs than in vessels formed
by HUVECs, regardless of the density of fibroblasts. The
number of networks also decreased as multiple smaller
networks coalesced.

In vivo anastomosis

Figure 4 presents histological images (hematoxylin and
eosin stain) as well as the gross appearance (inset) of the
tissues 1, 2, 3, and 5 days after implantation and subsequent
harvest. By day 5, all tissues regardless of endothelial source
or density of fibroblasts demonstrated some degree of
anastomosis and perfusion of the implanted tissue. How-
ever, tissues with a higher density of fibroblasts were per-
fused earlier, and tissues with vessel networks derived from
EPC-ECs anastomosed with host vessels earlier than vessels
formed by HUVECs. These observations are consistent with
the trends observed for in vitro vessel development.

Vessels formed by EPC-ECs in the presence of 2 million
fibroblasts/mL were perfused with mouse blood as early as
day 1 (27h, Fig. 4M), whereas HUVEC-lined vessels were
perfused no earlier than day 3 (Fig. 4G). In contrast, red
blood cells first appeared in the vessels with a low density of
fibroblasts at later time points (day 3 for EPC-ECs, Fig. 4K;
day 5 for HUVECs, Fig. 4D). Consistent with the histology,
macroscopic images (Fig. 4 insets) also indicate perfusion of
the implanted tissues by host blood, with the perfused tis-
sues appearing partially or completely red, while unperfused
tissue constructs were white and transparent.

Table 1 summarizes the number of perfused tissue con-
structs relative to the total number of implanted tissue con-
structs at different time points. At both days 1 and 2, about
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FIG. 3. Quantification of three-dimensional in vitro vessel
networks. (A) Total vessel length, (C) average length of
vessel networks, and (D) number of branches per network
significantly increase in the presence of a high density of
fibroblasts, whereas (B) the total number of vessel networks
decreases as smaller networks coalesce. At day 7, total vessel
length, average network length, and average number of
branches all peaked in tissue constructs comprised of EPC-
ECs with 2million cells/mL fibroblasts. *Significantly dif-
ferent from HUVECs with 0.2million cells/mL fibroblasts.
*Significantly different from EPC-ECs with 0.2million
cells/mL fibroblasts. “Significantly different from HUVECs
with 2 million cells/mL fibroblasts. p < 0.05.
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Day 5

EPC-EC

FIG. 4. Tissue constructs prevascularized with vessels formed from EPC-ECs in the presence of a high density of fibroblasts
rapidly anastomose with host vasculature are perfused within 1 day postimplantation. (A-P) Hematoxylin and eosin stain of
implanted tissues constructs harvested at days 1, 2, 3, and 5. Insets, macroscopic view of the tissue constructs postimplant.
(D) Vessels formed by HUVECs with 0.2 million cells/mL fibroblasts demonstrate anastomosis with mouse vasculature 5
days postimplant. (G) With 2 million cells/mL fibroblasts, HUVEC vessels anastomose with host vasculature at day 3. Mouse
red blood cells are observed in the vessels formed by EPC-ECs at 1 day (M, 2million cells/mL fibroblast) or 3 days (K,
0.2 million cells/mL fibroblast) postimplantation. Black arrows indicate unperfused lumens surrounded by endothelial cells.
Red arrowheads indicate vessels perfused by mouse blood. Scale bars represent 50 um in (A-P) and 5mm in insets.

29% (two out of seven) of the tissues comprised of EPC-ECs
and a high density of fibroblasts were perfused with mouse
blood, while none of the other tissue types were perfused.
One of the perfused tissue constructs at day 1 and both of the
perfused tissues at day 2 were completely red (Fig. 4M inset),
consistent with perfusion throughout the tissue construct. At
day 3, most of the EPC-EC vascular beds with a high density

of fibroblasts (six out of seven, 86%) were perfused, compared
with 33% with a low density of fibroblasts. In addition, 33% of
the HUVEC vascular beds with 2 million/mL fibroblasts were
also perfused. At day 5, blood cells were seen in one-third
of the tissues comprised of HUVECs and 0.2 million/mL fi-
broblasts. All of the other types of tissues were perfused with
mouse blood at day 5.

TABLE 1. SUMMARY OF THE PERCENTAGE OF IMPLANTED Ti1ssuE CoNSTRUCTS PERFUSED BY HosT BLooD

EC type Fibroblasts (millions/mL) Day 1 Day 2 Day 3 Day 5
HUVECs 0.2 0/6 (0) 0/6 (0) 0/11 (0) 3/9 (33%)
HUVECs 2 0/6 (0) 0/6 (0) 2/11 (18%) 8/8 (100%)
EPC-Ecs 0.2 0/3 (0) 0/3 (0) 2/6 (33%) 3/3 (100%)
EPC-Ecs 2 2/7 (29%) 2/7 (29%) 6/7 (86%) 4/4 (100%)

ECs, endothelial cells; HUVECs, human umbilical vein endothelial cells; EPC-ECs, endothelial progenitor cell-derived endothelial cells.
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FIG. 5. Quantification of perfused vessels formed by
HUVECs and EPC-ECs. Perfused vessels formed by (A)
EPC-ECs and (B) HUVECs in the implanted tissue con-
structs are of human cell origin as evidenced by staining
with anti-human CD31 (black staining) and counterstained
with hematoxylin and eosin (A) or hematoxylin alone (B).
The number of perfused vessels (C) and area fraction occu-
pied by perfused vessels (D) both peak in tissue constructs
comprised of EPC-ECs with 2 million cells/mL fibroblasts.
#S1gmf1cantly different from HUVECs with 0.2 million
cells/mL fibroblasts. *Significantly chfferent from EPC-ECs
with 0.2 million cells/mL fibroblasts. ‘Significantly different
from HUVECs with 2 million cells/mL fibroblasts. p < 0.05.

FIG. 6. A larger fraction of
vessels formed by EPC-ECs
associate with a-SMA-
positive cells. (A) Immuno-
histochemical stain of the
tissue demonstrates presence
of numerous a-SMA-positive
cells (brown) 1 day post-
implantation. Red arrows
highlight a-SMA-positive
cells lining a vessel filled with
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red blood cells. Costain of the
section with anti-human von
Willebrand factor and a-SMA
shows that o-SMA-positive
cells closely associate and
wrap around the vessels
formed by (B) EPC-ECs and
(C) HUVECs. (D) Quantifica-
tion of the vessels 1 day
postimplantation demon-
strates that approximately
80% of the vessels formed
by EPC-ECs with 2 million
cells/mL fibroblasts were
associated with a-SMA—
positive cells, significantly
higher than vessels formed

by HUVECsS or lower den-

sity of fibroblasts. *Significantly different from HUVECs with 0.2million cells /mL fibroblasts. *Significantly different from
EPC-ECs with 0.2 million cells/mL fibroblasts. "Significantly different from HUVECs with 2 million cells/mL fibroblasts.
p < 0.05. Scale bars represent 50 pm. a-SMA, o-smooth muscle actin.
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Immunohistochemical staining with anti-human CD31
(Fig. 5A, B) demonstrated that the perfused vessels in the
implanted tissue constructs were lined by human ECs, con-
sistent with functional anastomosis of the preformed vessel
networks with mouse vasculature. Quantification of the
perfused vessels demonstrated a significantly higher number
of perfused vessels in the tissue constructs comprised of a
high density of fibroblasts (Fig. 5C). The same trends were
seen in the percent area occupied by perfused vessels (Fig.
5D). Both indices peaked in tissue constructs prevascularized
by EPC-ECs and a high density of fibroblasts, a trend con-
sistent with the in vitro vessel network development (Figs. 2
and 3) and the rate of in vivo anastomosis (Fig. 4).

Higher percentage of vessels formed by EPC-ECs
are associated with o-SMA-positive cells

To probe the mechanism of early and more extensive anas-
tomosis and perfusion of vessels formed by EPC-ECs, the tis-
sue constructs harvested at day 1 postimplant were stained for
a-SMA, a phenotypic marker of myofibroblasts or pericytes.
Figure 6 demonstrates that «-SMA—positive cells wrap around
vessels (ECs identified by the presence of von Willebrand
factor) formed by both HUVECs and EPC-ECs, consistent with
the behavior of pericytes. For both HUVEC-derived and EPC-
EC—derived vessel networks, the percentage of vessels wrap-
ped by a-SMA-positive cells was significantly higher in tissue
constructs seeded with a high density of fibroblasts compared
with tissues with a low density (Fig. 6D). Further, for both high
and low density fibroblast tissue constructs, a significantly
higher percentage of vessels formed by EPC-ECs were associ-
ated with a-SMA-positive cells.

Discussion

In this study, we compared the in vitro and in vivo
angiogenic potential of EPC-ECs to HUVECs in three-
dimensional tissue constructs coseeded with a low and high
density of fibroblasts. All of our in vitro and in vivo endpoints
demonstrated superior performance of EPC-ECs compared
with HUVECs, and high density fibroblast tissue constructs
compared with low density. Of particular interest is our
observation of anastomosis and perfusion as early as 1 day
(27h) postimplant in tissue constructs prevascularized with
vessel networks derived from EPC-ECs with a high density
of fibroblasts. Our study is the first to achieve blood perfu-
sion in an engineered tissue construct within this time frame.
The rapid perfusion of the implanted vessels by host blood
suggests that our model of prevascularizing an implantable
tissue with a mature interconnected network of capillaries
has applications in the creation of tissues with dimensions
that exceed the limit by diffusive transport alone.

The development of large three-dimensional engineered
tissue constructs requires convective transport of nutrients to
the inner part of the tissue quickly after implantation. In-
corporation of ECs in tissue constructs has been demon-
strated to be an effective method to develop vessel networks.
For example, robust vessel networks were formed by trans-
plantation of ECs transduced with the bcl-2 gene®® or human
telomerase reverse transcriptase,29 or the cotransplantation
of ECs with stromal cells in a gel matrix.'"""" These tissues
supported generation of vessels in vivo that anastomosed
with the host vasculature, showed structural and functional
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properties mimicking native vessels,''*° and were functional

for up to 60 days after transplantation. However, the time
required for the formation of functional vessel networks was
relatively long (7-14 days), which may not be adequate for
oxygen-sensitive cells (e.g., cardiomyocytes).

In our previous study,” we demonstrated that pre-
vascularization of the engineered tissue constructs with well-
formed vessel networks before implantation accelerated the
development of functional anastomosis with the host vascu-
lature (5-7 days for the prevascularized tissue constructs vs.
7-14 days for tissue constructs seeded with ECs and fibro-
blasts but not allowed to form vessel networks before im-
plantation). In this study, we aimed to further reduce the time
for the development of functional anastomosis. By increasing
the seeding density of fibroblasts and using cord blood EPC-
ECs instead of HUVECsS, the preformed vessels demonstrated
anastomosis with the host vasculature as early as 1 day (27 h)
postimplant, and most of the tissue constructs (six out of
seven) were perfused by day 3. The perfusion of implanted
tissues by host blood in such a short time will likely alleviate
postimplant tissue hypoxia and promote the survival of cells
in the inner portion of larger tissue constructs.

EPCs are derived from the bone marrow, and migrate into
the systemic circulation in response to a variety of signal
molecules, such as vascular endothelial growth factor, re-
leased by ischemic tissues or damaged vessels.”’ The circu-
lating EPCs migrate to the sites of hypoxia or injured vessels,
and incorporate into the sprouting neovessels or participate in
the re-endothelialization of damaged vessels. Since the initial
reports of separating EPCs from peripheral blood,?? circulat-
ing EPCs have been isolated with antibodies specific to a va-
riety of cell surface markers, including the progenitor/stem
cell marker CD133,% the endothelial marker CD34,%3435
CD31,'®%* or a combination of endothelial and progenitor cell
markers.*® In this study, we purified the endothelial out-
growth of CD31-positive cells from cord blood, but EPCs
derived from adult blood have also been shown to have
equivalent angiogenic potential when implanted with bone
marrow mesenchymal cells."®** The EPC-ECs in our study
showed similar morphology and high (relative to HUVECs)
in vitro expansion capacity consistent with previous reports.**
The superior angiogenic potential of EPC-ECs both in vitro
and in vivo compared to HUVECs may be related to the higher
in vitro proliferation rate. We also demonstrated that EPC-ECs
were more sensitive to proangiogenic molecules produced by
fibroblasts (Fig. 1E, F), which may also contribute to the su-
perior in vitro and in vivo performance. Finally, the seeding
density of HUVECs and EPC-ECs (1 million/mL) was chosen
based on our previous study.” A higher density of HUVECs
compromised the development of vessels, most likely due to
the limited supply of nutrients and proangiogenic molecules
in the tissue construct.

In our previous study, we demonstrated that the presence
of fibroblasts is critical for the formation of vessel networks
in vitro.” The 1:5 ratio of fibroblasts to ECs used in our
previous study was based on previous reports in the litera-
ture.®'? However, the recent work by Melero-Martin et al.’®
indicated that a higher density of fibroblasts promoted the
in vivo formation of vessels by transplanted EPCs. In our
current study, we increased the density of fibroblasts from
0.2 to 2million cells/mL (thus, the ratio of fibroblasts to ECs
increased from 1:5 to 2:1) and observed enhanced formation
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of vessel networks in vitro, and accelerated anastomosis with
host vasculature in vivo. The mechanism for the improved
performance of the vessel network in the presence of a higher
concentration of fibroblast may be the result of several fac-
tors. For example, soluble angiogenic molecules are pro-
duced by the fibroblasts,?>?° and a higher concentration of
fibroblasts may result in a higher concentration of proan-
giogenic molecules. Additionally, the higher concentration
of fibroblasts will consume more oxygen and may create a
locally hypoxic environment that favors the production
of proangiogenic factors. Fibroblasts are also involved in
the remodeling of extracellular matrix proteins*” through the
production of matrix metalloproteinases,®® as well as the
stabilization of the newly formed vessels by the association
of myofibroblasts or pericytes.23 Interestingly, we previously
demonstrated that the fibroblasts in these cultures rapidly (by
day 3) assume a myofibroblast phenotype, as evidenced by
their expression of o-SMA and fibronectin containing the
extra domain A splice variant, an inducer of myofibroblast
differentiation.'®2¢ Further, in our current study, we observed
a-SMA-positive cells wrapped around the vessels formed by
HUVECs or EPC-ECs, but to a greater degree with EPC-EC-
derived vessels (Fig. 6). The enhanced pericyte-like behavior
by the fibroblasts may contribute to enhanced vessel forma-
tion in vitro and in vivo.

In summary, we have developed an interconnected, three-
dimensional network of mature capillaries (i.e., capillaries
enveloped by pericyte-like support cells) that can connect to
the host vasculature as early as 1 day after implantation. The
tissue constructs comprised of EPC-ECs and a high density
of fibroblasts not only promoted the development of vessel
networks in vitro, but also accelerated the rate of anastomosis
in vivo. Our results demonstrate the promise of prevascu-
larizing an implantable tissue construct and the suitability of
EPC-ECs as the source of ECs. Future work must address the
potential of this approach in larger (i.e., dimensions >1cm)
tissues as a means of enhancing tissue survival after
implantation.
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