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We recently developed a scaffold-free patch of human myocardium with human embryonic stem cell-derived
cardiomyocytes and showed that stromal and endothelial cells form vascular networks in vitro and improve
cardiomyocyte engraftment. Here, we hypothesize that stromal cells regulate the angiogenic phenotype by
modulating the extracellular matrix (ECM). Human marrow stromal cells (hMSCs) support the greatest degree
of endothelial cell organization, at 1.3- to 2.4-fold higher than other stromal cells tested. Stromal cells produce
abundant ECM components in patches, including fibrillar collagen, hyaluronan, and versican. We identified two
clonal hMSC lines that supported endothelial networks poorly and robustly. Interestingly, the pro-angiogenic
hMSCs express high levels of versican, a chondroitin sulfate proteglycan that modulates angiogenesis and
wound healing, whereas poorly angiogenic hMSCs produce little versican. When transplanted onto uninjured
athymic rat hearts, patches with proangiogenic hMSCs develop ~50-fold more human vessels and form
anastomoses with the host circulation, resulting in chimeric vessels containing erythrocytes. Thus, stromal cells
play a key role in supporting vascularization of engineered human myocardium. Different stromal cell types
vary widely in their proangiogenic ability, likely due in part to differences in ECM synthesis. Comparison of

these cells defines an in vitro predictive platform for studying vascular development.

Introduction

EPLACEMENT OF CARDIOMYOCYTES after myocardial in-
farction has become an important therapeutic objective
because of the heart’s inability to regenerate. These cell-based
cardiac therapies have evolved from initial successes using
direct cell injection into the infarct' and now include many
tissue engineering approaches, including scaffold-based*™®
and scaffold-free engineered constructs.””® Recently, we and
others have begun incorporating vascular cells into these
constructs to promote the survival of engrafted cardiomyo-
cytes.”™ We showed that human cardiomyocyte graft
size increases by >10-fold with addition of endothelial cells
and fibroblasts to human embryonic stem cell (hESC)-derived
cardiomyocytes in scaffold-free cardiac tissue patches.'
Therefore, the importance of providing a vasculature to nour-
ish transplanted cardiomyocytes suggests a need for further
development of vascular structures in three-dimensional
engineered tissue constructs.
The engineering of vascular structures in vitro requires
both an endothelial cell source and a support cell, such as
dermal fibroblasts, marrow stromal cells (MSCs), or peri-

cytes."® Multi-cell cultures have been used in tissue engi-
neering by mixing purified cells in culture’'* or by
obtaining heterogeneous primary biopsy cultures.* Vessel
structures have been created in constructs by self-assembly
of endothelial cells,'!** bioprin’cing,wf17 or implantation on
the omentum,'® and the inclusion of stromal cells increases
endothelial cell survival and proliferation."""' In addition to
promoting angiogenesis via direct contact and paracrine
signaling (reviewed in Ref.?’), stromal cells produce extra-
cellular matrix (ECM). In native tissue the ECM plays an
important role in regulating endothelial cell behavior in
vascular homeostasis, angiogenesis, and disease (reviewed in
Refs.”'"**). We hypothesized that the stromal cell population
predominantly creates the ECM environment of our scaffold-
free engineered cardiac tissue patches, and that this ECM
promotes the observed proangiogenic phenotype of endo-
thelial cells.

In the current study, we demonstrate that different stro-
mal cell types support in vitro endothelial cell network for-
mation with varying success, and that human mesenchymal
stem cells are the most capable of the cells we tested. We
show that, whereas cardiomyocyte preparations can produce
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ECM in the absence of stromal cells, the matrix in tri-cell
patches is predominantly produced by the stromal cells.
Using clonal human MSCs (hMSCs) with different gene ex-
pression levels of ECM components,® we show that the
ability to promote vascular networks correlates with pro-
duction of the proteoglycan versican. Finally, we demon-
strate that upon implantation in uninjured athymic rat
hearts, tissue-engineered cardiac patches that had robust
human endothelial cell networks in vitro form human-rat
chimeric vessels in vivo, whereas patches made with the
poorly angiogenic stromal cells do not. These data suggest
that selection of stromal cells is important for development of
the ECM and prevascular endothelial cell networks in en-
gineered human cardiac tissue patches, which can be used as
an in vitro platform for studying endothelial cell network
formation.

Materials and Methods
Culture of hESCs and derivation of cardiomyocytes

Undifferentiated H7 hESCs were maintained as previously
described.” Cardiomyocytes were derived from hESCs as
previously described,’ which yielded 22%-35% beta-myosin
heavy chain (BMHC)-positive cardiomyocytes. Briefly, un-
differentiated hESCs were plated at 100,000 cells/ cm? on
Matrigel-coated plates (Growth Factor Reduced Matrigel; BD
Biosciences) and when they formed a super-confluent, tightly
packed monolayer, directed differentiation was initiated
with addition of 50 ng/mL activin A (R&D Systems) for 24 h,
followed by 10ng/mL BMP4 (R&D Systems) for 4 days in
the RPMI medium (Gibco) with 1xB27 supplement (Gibco).
The medium was replaced every 2 days until beating car-
diomyocytes were observed, which were harvested for use in
tissue-engineered patches.

Creating scaffold-free vascularized human
cardiac tissue patches

Scaffold-free human cardiac tissue patches were made in
ultra-low attachment six-well plates (Corning) on a rotating
orbital shaker as previously described.” Disk-shaped patches
of ~400um thickness formed within 2 days by hydrody-
namic forces and cell-cell adhesion. Culture of human um-
bilical vein endothelial cells (HUVECs; Lonza) was as
previously described.™ Culture of primary hMSCs (Lonza)
was according to manufacturer’s recommendations using the
MSCGM medium (Lonza). Human MSC clones HS-27a and
HS-5* were cultured on uncoated plates in Dulbecco’s
modified Eagle’s medium (Gibco) with 5% fetal bovine
serum (HyClone) and 2mM L-glutamine. HESC-derived
cardiomyocytes were enzymatically dispersed with TrypLE
(Gibco) and gently triturated”; HUVECs were enzymatically
dispersed with 0.025% Trypsin in versene (0.5 mM EDTA
and 1.1 mM D-glucose [Gibco] in phosphate-buffered saline
[PBS]); primary hMSCs and clonal hMSCs were enzymati-
cally dispersed with 0.05% Trypsin in versene. Cells were
mixed in ratios of 1:1 for cardiaccHUVEC patches, 1:1:0.5
for cardiaccHUVEC:stromal cell patches, or 1:0.5 for
HUVEC:stromal cell patches with 1-2x10° cardiomyocytes
(and/or HUVECs) per patch for in vitro studies or 5x10°
cardiomyocytes for implants. Tri-cell patches were fed with a
human embryoid body medium (huEB; 80% KO-Dulbecco’s
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modified Eagle’s medium [Gibco], 20% fetal bovine serum
[HyClone], 1mM L-glutamine, 0.1 mM B-mercaptoethanol,
and 1% nonessential amino acids) and bi-cell patches were
fed with 50/50 v/v huEB and endothelial growth medium 2
(Lonza). For conditioned medium experiments, huEB/
endothelial growth medium 2 was added at 10 mL per 148 cm?
(half of normal feeding volume) to plates of HS-5 or HS-27a
hMSCs that were 70%—-100% confluent for 24 h.

Immunohistochemistry and microscopy

Patches were rinsed in PBS, fixed in methanol with 10%
acetic acid (v/v) or 4% paraformaldehyde, and routinely
processed for paraffin embedding. Sections (5 um) were cut
parallel to the major patch plane or from hearts receiving
patch implants and labeled with various antibodies, bioti-
nylated proteins, or histochemical stains to identify cell
populations and ECM components. Immunohistochemistry
and immunofluorescence are as previously published'" for
BMHC (clone A4.951, 1:10 dilution of hybridoma superna-
tant; American Type Culture Collection) to identify human
cardiomyocytes; human CD31 (hCD31; monocolonal mouse
anti-human CD31, 1:20 dilution; Dako) to identify HUVECs;
TER-119 (PE-conjugated antibody, 1:400 dilution; BD Phar-
Migen) to identify erythrocytes; and picrosirius red to iden-
tify fibrillar collagen. In some patches, rabbit CD31
(polyclonal rabbit anti-CD31, 1:800; Novus) is used to iden-
tify HUVECs with the same protocol as hCD31 except with
biotinylated goat anti-rabbit IgG (1:500; Jackson Labs) as
secondary antibody. Observation was with 1,3-diamino-
benzidine (brown staining; Vector Laboratories) and coun-
terstained with hematoxylin for light microscopy or by Alexa
488- or Alexa 596-conjugated secondary antibody for fluo-
rescence. For identifying rat versus human endothelium in
heart sections, sections were blocked with 1.5% normal goat
serum in PBS and rat endothelial cell antigen (RECA; mouse
anti-RECA-1, 1:10 dilution; Novus) primary antibody was
used with sheep anti-mouse HRP IgG secondary antibody
(1:100; GE Healthcare) and Tyramide Signal Amplification Kit
with Alexa 488 (Invitrogen). This was followed by mouse anti-
human CD31 (1:10; Dako) primary antibody and goat anti-
mouse IgG Alexa 594 (1:500; Invitrogen) secondary antibody.
For immunofluorescence, sections were counterstained with
4’ 6-diamidino-2-phenylindole and coverslipped with Vecta-
Shield (Vector Laboratories). Immunohistochemistry for hya-
luronan (HA) and mouse versican is as previously described®
and details are below for human versican staining. Biotiny-
lated HA binding protein (2.5 pg/mL; Sigma) identifies HA; a
rabbit anti-mouse versican antibody against BGAG (7 ug/mL;
AB1003; Millipore) identifies mouse versican; and a mono-
clonal mouse anti-human versican antibody (2B1; 0.25 ug/mL;
Seikagaku) identifies human versican. The protocol and sec-
ondary antibodies are as previously published,” with the
following modifications for human versican: initial blocking
was with 10% normal goat serum and 1% BSA in PBS (1h,
37°C) and secondary antibody was biotinylated goat anti-
mouse IgG (1:300; Vector Laboratories). Observation was with
the chromagen Vector Red or Nova Red (pinkish-red staining;
Vector Laboratories) and sections were counterstained with
hematoxylin. Bright-field images were obtained on an Olym-
pus BX41 microscope with a Scion camera (Model CFW-
1312C; Scion Corporation), and immunofluorescent images
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were obtained with a confocal microscope (Zeiss LSM510
META).

Quantification of vessel-like structures

In sections stained for CD31, vessel-like structures were
identified as lumen-like or cord-like structures. Lumen-like
structures had continuous endothelial cells (>1 cell) in a
circular morphology and cord-like structures had elongated
endothelial cells with end-to-end contact (>2 cells). About
4-10 randomly dispersed fields were counted per patch
(average 8.5+ 0.4 fields per patch) by a trained technician
who was blinded to treatment group (1n=3 patches per
group). Total vessel-like structures are reported as the sum of
lumen-like and cord-like structures and normalized by area.
Measurements of lumen diameter on hCD31-stained sections
were made across the shortest distance, so that values rep-
resent a lower limit to vessel diameters.

RNA isolation and quantitative reverse
transcriptase-polymerase chain reaction

All reagents were supplied by Applied Biosystems. cDNA
was prepared from 500 ng total RNA, reverse transcribed in a
30pL reaction mix with random primers using the High-
Capacity cDNA Reverse Transcription Kit according to man-
ufacturer’s instructions. Relative quantification of versican
gene expression of isoforms VO, V1, V2, and V3 was performed
using TagMan Gene Expression Assays Hs01007944_m1,
Hs01007937_m1, Hs01007943_m1, and Hs01007941_m1, re-
spectively. Expression was normalized to eukaryotic 18S
rRNA Endogenous Control part no.4333760. Briefly, 17ng
c¢DNA was amplified in 1XTagMan Fast Universal PCR Mix
with 250 nM TagMan probe in a 20 pL reaction using the Fast
program for 50 cycles on an ABI7900HT thermocycler. All
samples were done in duplicate, and data were analyzed using
the Comparative CT Method with software from Applied
Biosystems. Estimated copy numbers from CT values were
generated from a standard curve created by using a selected
reference cDNA template and TagMan probe.”

Implantation in uninjured nude rat hearts

All animal procedures were conducted in accordance with
U.S. National Institutes of Health Policy on Humane Care
and Use of Laboratory Animals and approved by the Uni-
versity of Washington (UW) Animal Care Committee. Rats
were housed in the Department of Comparative Medicine
and cared for in accordance with UW Institutional Animal
Care and Use Committee procedures. Implantation of pat-
ches on uninjured hearts of athymic Sprague Dawley rats is
as previously described.!’ Briefly, rats were anesthetized
with isofluorane, intubated, and mechanically ventilated. A
thoracotomy exposed the heart and the pericardium was
opened. To enhance survival, patches were treated with heat
shock at 42°C for 30min 1 day before implantation and
prepared in a pro-survival cocktail as previously described.'
One patch was implanted per heart with 3-5 stitches using
8-0 suture (n=2 C:H:HS-5 patches; n=4 C:H:HS-27a pat-
ches; n=2 C:H:primary hMSC patches). The chest was
closed aseptically and animal recovery was monitored. To
prevent patch cell death via mitochondrial pathways, ani-
mals received cyclosporine A (0.75mg/day; Wako Pure
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Chemicals) subcutaneously for 1 week beginning 1 day be-
fore implantation. Animals were sacrificed 1 week after
patch implantation and all patches were found. Hearts were
sectioned through the short axis in the center of the patch so
that the largest area through the depth of the patch could be
analyzed for cellular and vascular content. Samples were
fixed in Methyl Carnoy’s fixative, processed, and paraffin-
embedded for sectioning and histology. One or two sections
per heart (patch area of 2.4 +0.1 mm?; average + SEM) were
analyzed for vessel-like structure count and diameter.

Statistical analysis

Statistical significance (p < 0.05) was determined using a
two-tailed Student’s ¢-test assuming unequal variance (Fig. 1)
or a one-tailed Student’s f-test assuming equal variance (Fig.
3). Error bars represent SEM for all measurements except
where SD is reported for lumen diameter.

Results
Human stromal cells improve endothelial cell networks

In developing a clinically relevant human cardiac tissue
patch, our first goal was to find a source of human stromal
cells to support endothelial cell networks. Using our tri-cell
patch culture system, we tested hESC-derived cardiomyo-
cytes and HUVECs with either neonatal human dermal fi-
broblasts (NHDFs) or primary human MSCs (hMSCs; Fig. 1).
At 8 days of culture, all patches contained numerous cardi-
omyocytes expressing PMHC (Fig. 1A, inset). When stained
for human endothelium using a human-specific CD31 anti-
body, cardiac-only and cardiaccHUVEC patches exhibited
few vessel-like structures (Fig. 1A, B). As previously ob-
served,'! addition of mouse embryonic fibroblasts (MEFs)
supported the development of in vitro endothelial cell net-
works, characterized by the formation of lumen-like and
cord-like vessel structures (Fig. 1C). Use of NHDFs or hMSCs
in the tri-cell patches also supported the development of
these vessel-like structures (Fig. 1D, E) and, interestingly,
both human stromal cell types supported more vessel-like
structures than patches derived using MEFs (Fig. 1F).
Therefore, we created a fully human-derived cardiac tissue
patch with improved vessel structure development in vitro.

ECM deposition by stromal cells

Because cell-matrix interactions can have profound effects
on cell physiology and angiogenesis,”' we explored the na-
ture of the ECM produced by cells in the patch. Cardiac
patches stained with picrosirius red showed increased
fibrillar collagen content with addition of stromal cells (Fig.
2A-C), as we previously demonstrated.'’ HA is the only
unsulfated glycosaminoglycan of the ECM in mammals and
plays important roles in endothelial cell behavior (reviewed
in Ref.*). We found that HA was widespread and abundant
in cardiac-only, cardiacHUVEC, and cardiac:cHUVEC:MEF
patches, with no appreciable difference among groups
(Fig. 2D-F). Versican is a large HA-binding chondroitin
sulfate proteoglycan that is abundant in vessel walls, regu-
lates cell adhesion, proliferation, and migration,®® and plays
a role in angiogenesis and vascular response to injury.”! In-
terestingly, whereas total versican content did not vary
among patches with different cell compositions, use of two
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different antibodies to versican gave different patterns of
staining among the different cell combinations. 2B1, known to
stain human versican,*? gave strong staining in cardiac-only
and cardiac:HUVEC patches (Fig. 2G, H) but weak staining in
cardiac:HUVEC:MEF patches (Fig. 2I). On the other hand,
AB1033, which was made against mouse versican and stains
mouse tissues,® did not stain cardiac-only and cardiac:
HUVEC patches (Fig. 2], K) but did strongly stain cardiac:
HUVEC:MEEF patches (Fig. 2L). Although species specificities
of the two different antibodies have not been thoroughly
examined, these results suggest that human cardiomyocytes
produce versican in cardiac-only patches, but that versican
production is assumed by the mouse stromal cells in tri-cell
patches containing MEFs. However, more information re-
garding the immunoreactivity of the two different antibodies
on versican fragments in the two species needs to be ascer-
tained before definitive conclusions can be drawn. Further,
although it appears that hESC-derived cardiomyocytes pro-
duce sufficient ECM to create a tissue patch and sustain
themselves, they alone are unable to support endothelial cell
network formation as observed with cardio:HUVEC patches
(Fig. 1B). These data indicate that the stromal cells in tri-cell
cardiac patches contribute significantly to formation of a rich
ECM capable of supporting in vitro vascularization.

Clonal lines of hMSCs vary in their ability
to support endothelial cell networks in vitro

Knowing that stromal cell populations such as MEFs,
NHDFs, and hMSCs are heterogeneous, we hypothesized that
clonal sub-populations of stromal cells have varying abilities to
support endothelial cell networks in cardiac tissue patches. To
test this hypothesis, we formed patches with two clonal lines of
hMSCs (HS-5 and HS-27a) that were previously shown to have
different gene expression patterns and abilities to support
in vitro hematopoiesis.”* Tri-cell cardiac patches at 8 days
showed that HS-5 hMSCs do not support the survival or or-
ganization of endothelial cells, but that HS-27a hMSCs robustly
support endothelial cell networks (Supplementary Fig. S1;
Supplementary Data are available online at www liebertonline
.com/tea). To increase the throughput of experiments, we ex-
plored this further using bi-cell tissue patches created with
HUVECs and stromal cells (without hESC-derived cardio-
myocytes). Examining these patches over 8 days of culture
shows that, at day 3 (the earliest time examined), both HS-5 and
HS-27a hMSCs do support endothelial cell organization into
networks, although more efficiently in patches with HS-27a
hMSCs (158 +117 vs. 377+ 3 vessel-like structures mm 2
Fig. 3A top). However, vessel-like structures decreased from
day 3 to 8 in both bi-cell vascular patch types, resulting in
almost total loss of vessel-like structures in H:HS-5 patches
(14+1mm ?) and significant preservation in H:HS-27a pat-
ches (13448 mm % Fig. 3A, B). This loss of endothelial cell
networks during in vitro culture indicates that stabilization of
vascular networks is one of the principal functions of stromal
cells in our cardiac tissue patches.

To test if soluble factors produced by stromal cells are re-
sponsible for the difference in pro-vascular phenotype, we
generated the conditioned medium from the two stromal lines
and performed “media switch” experiments. Growth of bi-cell
H:HS-5 patches in the medium conditioned on HS-27a hMSCs
did not enhance endothelial networks, and, conversely, HS-5-
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conditioned medium did not inhibit networks in H:HS-27a
patches (data not shown). This suggests that a soluble inhib-
itor or stimulator of endothelial cell organization and stabili-
zation is not secreted by the hMSC clones into the medium in
large enough quantities to affect vessel formation, and that
either direct contact or proximity of MSCs and endothelial
cells was required. Using GFP-transduced hMSC clones, we
observed the location of hMSCs in relation to hCD31-labeled
HUVEGC:s in tri-cell patches (Fig. 3C). While neither the HS-5
nor HS-27a hMSCs take on the morphology of a pericyte or
smooth muscle cell around the hCD31-positive structures, the
GFP-positive HS-27a hMSCs are interspersed within and
found closely apposed to the hCD31-positive vessel struc-
tures, whereas endothelial cells are isolated from the HS-5
hMSCs in C:H:HS-5 patches. This suggests that cell—cell in-
teractions may be important for prevascularization of patches.
Use of these two hMSC clones provides a platform for further
investigating endothelial cell network formation in a tissue-
engineered scaffold-free construct.

Versican expression in engineered tissue patches
mimics expression in hMSC clonal lines

Array analysis of HS-5 and HS-27a hMSC clones identified
versican as an ECM protein whose expression was 19.6-fold
higher in the pro-vascular HS-27a versus HS-5 hMSCs.*
Examination of versican protein and mRNA expression lev-
els in bi-cell vascular patches through 8 days of culture
shows that versican is consistently higher in H:HS-27a pat-
ches (Fig. 4). The HS-5 patches showed little versican protein
by immunostaining at any time, whereas HS-27a patches had
increasing versican staining (Fig. 4A). Quantitative reverse
transcriptase-polymerase chain reaction showed that HUVEC
monocultures (ie., input cells for patches) make very little
versican. In contrast, monocultures of HS-27a hMSCs syn-
thesized abundant levels of versican transcripts, with levels 6-
23 times greater than HS-5 hMSC monocultures for all versi-
can isoforms. Concordantly, in bi-cell patches, mRNA ex-
pression levels were substantially higher in H:HS-27a patches
at all time points versus H:HS-5 patches (Fig. 4B). This is most
prominent in the abundant, long versican isoforms V0 and V1,
but is also true for the shorter versican splice variants V2 and
V3 (except V3 on day 5) where expression levels were much
lower. These data suggest that ECM deposition in engineered
tissue patches reflects the genotype/phenotype of the stromal
cells themselves.

Formation of functional vessels in vivo is predicted
by endothelial cell network formation in vitro

We hypothesized that differences in vascular network for-
mation in vitro would reflect differences in vessel formation
after in vivo transplantation on the heart. To test this, we im-
planted tri-cell human cardiac patches (C:H:hMSC, C:H:HS-5
or C:H:HS-27a at day 6 of culture) on the epicardial surface of
uninjured athymic rat hearts. All patches were found at
1 week. Patch thickness through the center of the patch was
770 £ 84 um for C:H:hMSC patches (or about 30% of the total
thickness of the heart wall) and not significantly different
for C:H:HS-5 and C:H:HS-27a patches. At 1 week, hCD31-
positive microvessels with lumens were numerous in C:H:
HS-27a implants and nonexistent in C:H:HS-5 implants (Fig.
5A-D). In both cases, patch implants were in contact with the



1224 KREUTZIGER ET AL.
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In vivo implantation of tri-cell patches on an uninjured rat heart shows human vessel formation is predicted by the

presence of endothelial cell networks in vitro. Tri-cell patches with either HS-5 or HS-27a hMSCs were sutured on the
epicardial surface of an uninjured athymic rat heart. An antibody to hCD31 (brown) demonstrates few human endothelial
cells and no lumen structures in C:H:HS-5 patches (A, B). In contrast, hCD31-positive endothelial cells and lumens are
numerous in C:H:HS-27a patches (C, D). Double staining with RECA (red) and hCD31 (green) antibodies demonstrates
primarily rat lumens in C:H:HS-5 patches (E) and rat, human, or chimeric lumens in C:H:HS-27a patches (F, G) and in
C:H:primary hMSC patches (H). The distribution of lumen diameters was comparable between C:H:HS-27a and C:H:primary
hMSC patches, with all lumens being <50 um (I). The number of hCD31-positive lumens was not different between C:H:HS-
27a and C:H:primary hMSC patches (J). The presence of red blood cells marked by TER-119 (red) in hCD31-positive lumens
(green) in C:H:HS-27a patches (K) and C:H:primary hMSC patches (L) demonstrates perfusion from the host. RECA, rat

endothelial cell antigen.

host heart tissue and no scaring was visible at the interface. A
double stain for rat endothelium (RECA antibody) and human
endothelium (hCD31 antibody) clearly showed that rat vessels
were present in the C:H:HS-5 patches (Fig. 5E) and that rat,
human, and rat-human chimeric vessels were present in the
C:H:HS-27a patches (Fig. 5F, G). These chimeric vessels with
rat and human endothelium were also present in tri-cell pat-
ches containing primary hMSCs (Fig. 5H). The average di-
ameter of human vessels was 12.3+58um (mean=+SD;
n=132) in C:H:HS-27a patch implants and 10.9+6.0pum
(n=259, p <0.05) in C:H:primary hMSC patch implants, with
over 90% of the lumens being <20 um in diameter (Fig. 5I).
The human vessel density was 48 + 6 hCD31-positive lumens
per mm? in the HS-27a patches and 49 & 1 lumens per mm? in
the primary hMSC patches (not significant; Fig. 5]). Finally,

red blood cells (originating from the rat host) stained by TER-
119 antibody were present in human vessels from both
C:H:HS-27a and C:H:primary hMSC patch implants (Fig. 5K,
L). Thus, implantation of human cardiac tissue patches con-
taining endothelial cell networks facilitates rapid (within 1
week) formation of human vessels that anastomose with the
host circulation. Further, the ability of stromal cells to support
vessel-like networks in vitro predicts their ability to support
human vessel formation in vivo.

Discussion

This study describes the role played by stromal cells in
producing extracellular matrix (ECM) and promoting vas-
cularization in scaffold-free engineered human myocardium.
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The novel findings include improvement of in vitro forma-
tion of endothelial cell networks using hMSCs, character-
ization of the ECM produced in this tissue, development of a
platform for investigating how endothelial networks form
(with either HS-5 or HS-27a hMSC clonal lines), and dem-
onstration that endothelial cell networks in vitro predict
in vivo vessel formation.

The choice of stromal cell clearly impacts the success in
forming vascular networks. This was shown in vitro with
clonal hMSCs, where HS-27a hMSCs had greater vessel-like
structures versus HS-5 hMSCs (Supplementary Fig. S1), in-
cluding formation of lumens in vivo with HS-27a (but not
HS-5) hMSCs (Fig. 5). In addition, primary hMSCs increased
the number of vessel-like structures in vitro more than two-
fold compared to MEFs (Fig. 1F). Our optimized constructs
contained ~120 lumenal structures per mm?, which com-
pares favorably to human engineered cardiac tissue made
with tri-culture of hESC-derived cardiomyocytes, HUVECs,
and MEFs on biodegradable scaffolds by Caspi et al.,'* where
only 5 lumens per mm?” were reported. When examined
in vivo in uninjured rat hearts, both our patches (at 1 week,
Fig. 5]) and the biodegradable scaffolds (at 2 weeks) showed
~50 hCD31-positive lumens per mm?,'° suggesting that in a
short time both types of engineered tissues provide graft-
derived vessels to support implanted cardiomyocytes.
Further, both types of engineered tissues also showed host-
derived vasculature in the grafts (Fig. 5E-H). Finally,
examining the size of these human lumens shows a major
difference in these two engineered tissues: Lesman ef al. re-
port only about 30% of lumens within human vessels were
<100 pm in diameter,’® whereas all human lumens were
<50 pm in our cardiac patches (Fig. 5I). The physiological
consequence of this size difference is not certain. While tissue
clearly cannot be perfused without a capillary network, for
robust flow the tissue grafts require an arterial input. Ana-
lysis of the origins of graft flow will require further study.
In any case, the current data indicate that the quality of
microvessels formed in vivo can be controlled by carefully
selecting stromal cell type in vitro.

Stromal cells have the potential to differentiate into mural
cells (vascular smooth muscle cells or pericytes) and there-
fore may provide stabilization of engineered vessels.” We
observed that GFP-positive HS-27a hMSCs were present
throughout the web of hCD31-positive endothelial cells
in vitro (Fig. 3C). While the hMSCs were closely apposed to
the endothelial cells, they did not assume classic mural cell
morphology. Tracking these stromal cells in vivo is a high
priority, as Lesman et al. reported mouse-derived alpha-
smooth muscle actin-positive cells surrounding human mi-
crovessels, suggesting differentiation of MEFs into mural
cells.'® Additionally, a minimally immunogenic cell source
would aid in translation of engineered cardiac tissue to the
clinic. We found that in all implants, regardless of cell
composition, there was an influx of CD68-positive macro-
phages at 1 week (Supplementary Fig. S2). Further study will
be required to determine how this macrophage infiltration
impacts remodeling of the graft and its ECM, whether these
cells promote angiogenesis, and so on.>* The hMSCs derived
from human bone marrow used in our current study are
clinically available and could be an autologous cell source,
which argues for continued use of this cell type in further
studies. A renewable source of cardiac stromal cells arises
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from human pluripotent stem cell-derived cardiovascular
progenitor cells, which are capable of differentiating into
vascular smooth muscle cells in addition to cardiomyocytes
and endothelial cells.”® These pluripotent stem cells could be
hESCs that are HLA-matched for host compatibility®® or
human-induced pluripotent stem cells from autologous so-
matic cells.

Stromal cells in any tissue produce ECM, and this is no
different in engineered tissues. We demonstrated that MEFs
produce fibrillar collagen (Fig. 2C), which likely increases the
tissue’s stiffness.'’ The use of MEFs with human cardio-
myocytes and endothelial cells allowed us to explore which
cell population produced the proteoglycan versican (Fig. 2),
which may be essential for endothelial cell network formation
and stabilization (Figs. 3 and 4). In the absence of stromal
cells, cardiac-only and cardiac:HUVEC patches produced
human versican (presumably from the cardiomyocyte prep-
arations, since monocultures of HUVECs expressed very
little versican [Fig. 4B]). When MEFs were added, production
of human versican dropped markedly, and mouse versican
was abundant. This suggests a negative feedback loop,
where human cardiomyocytes sense versican in the ECM
and down-regulate its production when other cells are pro-
ducing it. It will be interesting to determine if reducing
matrix production enhances cardiac differentiation, for ex-
ample, by augmenting contractile activity, as is observed
with other cell types. Smooth muscle cells, for example, are
known to have both contractile and synthetic phenotypes,
and reduction in ECM synthesis is accompanied by in-
creasing responses to contractile agonis’ts.37

Differences in the ability of clonal hMSC lines to support
endothelial networks in vitro translated into large differences
in formation of human vessels after in vivo transplantation.
These observations validate the use of our patch tissue en-
gineering system as a means to understand in vivo vascu-
larization. The clonal hMSC lines should prove useful in
identifying molecules that either promote or inhibit vascular
network formation and stabilization. It is well known that
cell-matrix interactions influence endothelial cell behavior,”
and here we found that high versican production correlates
with the ability of stromal cells to support vascular networks.
In fact, a role for versican in stromal cell recruitment and the
promotion of angiogenesis in tumorigenesis has recently been
demonstrated.*® We hypothesize that versican is an important
provisional matrix molecule that promotes formation of stable
vascular networks. Further studies in our lab will test this
hypothesis in our engineered cardiac tissue patches.

In summary, the rapid creation of vessels in vivo is essential
to establishing perfusion of cardiac tissue grafts. We previ-
ously showed'" that including a preformed vascular network
with human endothelium and stromal cells markedly en-
hanced cardiac patch engraftment. The current study indicates
that further gains in vascularization are likely possible through
a judicious selection of stromal cell type. These improved
vascular networks hasten the establishment of perfusion in
cardiac tissue patches, potentially enhancing engraftment and
thereby regenerating functional myocardium.
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