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Organ tissue engineering, including cardiovascular tis&s, has been an area of intense
investigation. The major challenge to these approaches hadeen the inability to
vascularize and perfuse thein vitro engineered tissue constructs. Attempts to provide
oxygen and nutrients to the cells contained in the biomateai constructs have had varying
degrees of success. The aim of this current study is to devejp a three-dimensional
(3-D) model of vascularized cardiac tissue to examine the cwurrent temporal and

spatial regulation of cardiomyogenesis in the context of petnatalde novovasculogenesis
during stem cell cardiac regeneration. In order to achievehe above aim, we have
developed anin vitro 3-D functional vascularized cardiac muscle construct usignhuman

induced pluripotent stem cell-derived embryonic cardiac mocytes (hiPSC-ECMs) and
human mesenchymal stem cells (hnMSCs). First, to generateetprevascularized scaffold,
human cardiac microvascular endothelial cells (hCMVECs)nd hMSCs were co-

cultured onto a 3-D collagen cell carrier (CCC) for 7 days urat vasculogenic culture
conditions. In this milieu, hCMVECs/hMSCs underwent matation, differentiation,
and morphogenesis characteristic of microvessels, and foned extensive plexuses
of vascular networks. Next, the hiPSC-ECMs and hMSCs were caultured onto

this generated prevascularized CCCs for further 7 or 14 daysn myogenic culture
conditions. Finally, the vascular and cardiac phenotypicnductions were analyzed
at the morphological, immunological, biochemical, moleclar, and functional levels.
Expression and functional analyses of the differentiatedetis revealed neo-angiogenesis
and neo-cardiomyogenesis. Thus, our unique 3-D co-culturesystem provided us the
apt in vitro functional vascularized 3-D cardiac patch that can be utited for cellular
cardiomyoplasty.

Keywords: induced pluripotent stem cells, mesenchymal stem c ells, embryonic cardiac myocytes, excitation-
contraction coupling, dedifferentiation, myocardial regen eration, cardiovascular tissue engineering

INTRODUCTION

Restricted myocardial regeneration after tissue injury ahdrtage of organs for transplantation
are the principal constraints of conventional therapi&»g¢npaa and Field, 1998 rgan tissue
engineering, including cardiovascular tissues, has beemraa of intense investigation. The
major challenge to these approaches has been the inabilitggowarize and perfuse thie vitro

Frontiers in Cell and Developmental Biology | www.frontisin.org 1

January 2017 | Volume 5 | Article 2


http://www.frontiersin.org/Cell_and_Developmental_Biology
http://www.frontiersin.org/Cell_and_Developmental_Biology/editorialboard
http://www.frontiersin.org/Cell_and_Developmental_Biology/editorialboard
http://www.frontiersin.org/Cell_and_Developmental_Biology/editorialboard
http://www.frontiersin.org/Cell_and_Developmental_Biology/editorialboard
https://doi.org/10.3389/fcell.2017.00002
http://crossmark.crossref.org/dialog/?doi=10.3389/fcell.2017.00002&domain=pdf&date_stamp=2017-01-30
http://www.frontiersin.org/Cell_and_Developmental_Biology
http://www.frontiersin.org
http://www.frontiersin.org/Cell_and_Developmental_Biology/archive
https://creativecommons.org/licenses/by/4.0/
mailto:valarmathi64@hotmail.com
mailto:tmv@illinois.edu
https://doi.org/10.3389/fcell.2017.00002
http://journal.frontiersin.org/article/10.3389/fcell.2017.00002/abstract
http://loop.frontiersin.org/people/58195/overview
http://loop.frontiersin.org/people/337762/overview
http://loop.frontiersin.org/people/407573/overview
http://loop.frontiersin.org/people/405587/overview

Valarmathi et al. Functional Vascularized Cardiac Muscle Construct

engineered tissue constructdu(sac et al., 1999; Zimmermann of connecting the nutrient vessel of the graft to vessels of
et al.,, 2000; Papadaki et al., 2)J0Engineering a tissue of the host provides instantaneous revitalizing functionabdal
clinically relevant magnitude requires the formation of ansupply, i.e., the rapid perfusion. Thus, with vascularized &ssu
extensive and stable microvascular networks within theues grafts, majority of cells of the graft survive, and the tessu
Since mosin vitro engineered tissue constructs do not containregeneration is inevitable due to the avoidance of necetents
the intricate microvascular structures resembling thoeative  (Holzle et al., 2006; Carlson, 200As a result, this necessitates
tissue, the cells contained in sca olds heavily rely on simplehe formation of appropriatein vitro three-dimensional (3-

di usion for oxygenation and nutritional deliveryA/immermann D) plexuses of new blood vessels within the pre-implanted
etal., 200Q Attempts to provide oxygen and nutrients to the cellsbiomaterial constructs through the process of in site
contained in the biomaterial constructs have had varyingrdes novo vasculogenesis/angiogenesis for organ tissue engigeerin
of success. Moreover, the interaction of the cells of the hodt  (Valarmathi et al., 2009

construct has not been well characterized. Thereforetesiras In this study, we have exploited the developmental biology
aiming at the improvement of neovascularization of engireler phenomena, the cell-cell interaction and cell-matrix inteian,
tissues are of critical importance. and tested the hypothesis that whether functional vascgali

The rate of di usive transport is crucial for tissue viability cardiac tissue can be generated by the interaction of adhdtie-
since nutrient delivery must keep up with cellular demand.derived stem cells., viz., the human induced pluripotent stem
Fortunately, di usive transport is very fast over short distas, cell-derived embryonic cardiac myocytes (hiPSC-ECMs) and
and impossibly slow over distances greater than a millimetethe human adipose-derived multipotent mesenchymal stem cells
or so (100 mm). Thus, there exists a distance limitation (hMSCs) on a 3-D prevascularized collagen cell carrier (CCC)
of diusion as transport processYgmada et al.,, 1935As  scaold.

a result, for distances 100 mm, a faster transport system
is clearly needed. The cardiovascular system provides dhis,

physiological level, the coronary circulation must deliveygen MATERIALS AND METHODS

at a high rate to match the basal myocardial demand, which iPriming of CCCs for Attachment and Cell
normally 20 times that of resting skeletal muscle. The mydie& Seeding

capillary density is very high, with the ratio of capillaries . . . . N
" ) . A . CCCs were procured from Viscofan BioEngineering (Weinheim,
to muscle cells approximately 1:1 (3000-5000 tion). Germany) Gechmidt et al., 20)1In brief, rst, each well of a cell

This structural adaptation of myocardium creates a large )
: P Y . _1arg culture treated 24 well plate was preloaded with 23®f pre-
endothelial surface area and reduces the maximum di usion

distance to approximately 16m (myocytes being 18 to 20 warmed (37.C) Dulbecco's phosphate-bu .ere.d sallng (DPBS)'
o : Next, a sterile CCC was placed onto the liquid containing wells
mm), thereby facilitating oxygen and nutrient transfer toeth

myocytes Rakusan and Korecky, 1982This suggests that, on using a sterile forceps, avoiding entrapmer_n of air bubbles.
. o . Each one of those CCCs was submerged with a blunt forceps,
the average, adjacent capillaries are separated by a singiéemus

: . . . and incubated for 5 min at 3TC. The DPBS was removed
cell, consequently, this ensures that myocardial capitiernysity . . . .
. A . . _and CCCs were washed twice, and were dried overnight in
is greater and diusion distance becomes correspondingl

shorter %n operating laminar ow hood with the lid removed or ajar.
) . fter drying, the CCCs were attached rmly to the bottom of
In general, one of the major obstacles for successftlg

. . . N . . e well, and was ready for cell seeding. Prior to cell seeding,
cardiovascular tissue engineering is obviously a quaitéat he CCCs were equilibrated by incubation with appropriate
one (Ennett and Mooney, 2002; Jain, 2003; Levenberg et aﬁ q Y bprop

. . volume of the desired pre-warmed culture medium for at least

2005. The failure of severaln vitro assembled avascular . . :

o L S 10 min at 37C. Finally, the medium was removed, and the
myocardial tissue constructs to survive implantation inisstie ; . S .

. S . CCCs were subjected to physical crosslinking using Stra&ifhk
defects is not only due to the inevitable necrosis of thescell . . ?
. L 4 . UV Crosslinker 1800 (Stratagene), prior to seeding cells onto
in the interior region of the large tissue construct, butals

due to an inability to perfuse the tissue construct promptlythe CCCs.

with vascular sprouts emanating from the host vasculature. . .

Therefore, based on practical experience with “free grafin CMVECs Culture: Plating, Maintenance,

of tissues” is that cells that are more than 100 to 266 and Subculture

from the surface of the graft will experience certain degreéluman cardiac microvascular endothelial cells (hCMVECs)wer
of hypoxia or anoxia, and are probably not likely to survivepurchased from Lonza (Walkersville, MD), and subcultured
for more than a couple of hours after implantation into according to manufacturer's recommendations. Briey, sell
the host. In the case of free tissue transplants, the ischemicere thawed and seeded on a bronectin precoated T75
central region of the graft often becomes revascularized, a asks (1 mg/c? or 0.5mg/mL) and expanded using complete
the necrotic center of the graft will eventually be repopudate microvascular endothelial cell growth medium, supplemented
with parenchymal cells that move in with the ingrowing blood with 5% fetal bovine serum (FBS), human epidermal growth
vessels Holzle et al., 2006; Carlson, 2Q07The advent of factor (hEGF), vascular endothelial growth factor (VEGF),
microvascular surgery resolved many issues that wererrelyti R3-insuling-like growth factor-1 (R3-IGF-1), human broldt
encountered for tissue grafting, since the modus operandjrowth factor-beta (hFGMB), ascorbic acid, hydrocortisone,
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gentamicin, and amphotericin-B (Clonetfs EGM™-2MV  Immunophenotyping of hMSCs by
BulletKit™; Lonza). Multi-Color Flow Cytometry and

. . . Immuno uorescence Microscopy
hiPSC-ECMs Culture: Plating and Quallitative analysis for a number of cell surface markers (BD

Maintenance Stem ow™ human MSC analysis kit) was performed on cells
hiPSC-ECMs were procured from Cellular Dynamicsthat were grown in the Lab-tdd chamber slide systeft
International (iCells; CDI, Madison, WI), and were cultare (Nunc) using a Olympus BX53 uorescence microscope system
as per the manufacturer's recommendations. Initially, tledlsc (Olympus Corporation), and quantitative analysis of the saete
were thawed in specially prepared iCell cardiomyocyte platingf syrface markers was performed by multi-color ow cytomyetr
medium, and were seeded onto 0.1% (w/v) gelatin-coategsing a BB LSR Il Flow Cytometer (Beckman, Dickinson and
six-well tissue-culture plates at a density of 7.510° to 1.0 Company) as described by manufacture's instructiaayes et al.,
1P cells/well. Two days after plating, the plating medium2002: Dominici et al., 2006; Valarmathi et al., 2009
was replaced with iCell cardiomyocyte maintenance medium. pByie y, hMSCs were harvested by trypsinization, centrifuged

other day. The cells were cultured for 2 to 7 days after thiéaini \yjith DPBS solution, pH 7.4, and were re-suspended in

thawing at 37C with 5% CQ prior to re-plating. 1.5% BSA (bovine serum albumin in DPBS, pH 7.4), at a
. . concentration of 1 10’ cells. The re-suspended single cells

hMSCs Culture: Plating, Maintenance, and were incubated at 4 for 25 min with appropriate dilutions of

Subculture uorochrome-conjugated mouse anti-human (hMSC positive

hMSCs were obtained from ScienCell Research Laboratoriescktail: FITC CD90/PerCP-GY5.5 CD105/APC CD73)
(Carlsbad, CA), and were expanded and maintained as per thi&able 1) monoclonal antibodies for direct immunostaining.
manufacturer's instruction. After three passages, thechttd Likewise, the cells were incubated with uorochrome-cayated
hMSCs were trypsinized and subjected to further puri catiomlan mouse anti-human (hMSC negative cocktail: PE CD11B/PE
characterization. CD19/PE CD34/PE CD45/PE HLA-DRYé#ble 1). Appropriate

TABLE 1 | Primary antibodies used in this study.

Primary antibodies Dilutions Source Cell target

hMSCs CHARACTERIZATION MARKERS

CD11B 1:50 Beckman Dickinson Leukocytes
CD19 1:50 Beckman Dickinson Leukocytes
CD34 1:50 Beckman Dickinson Hematopoietic
CD45 1:50 Beckman Dickinson Leukocytes
CD73 1:50 Beckman Dickinson MSCs

CD90 1:50 Beckman Dickinson MSCs

CD105 1:50 Beckman Dickinson MSCs
HLA-DR 1:50 Beckman Dickinson Leukocytes
ENDOTHELIAL CELL DIFFERENTIATION MARKERS

PECAM1 1:100 Santa Cruz Biotechnology Endothelial
VWF 1:100 Santa Cruz Biotechnology Endothelial
VE-CADHERIN 1:100 Santa Cruz Biotechnology Endothelial
LECTIN 1:50 Vector Laboratories Endothelial
LAMININ 1:200 Abcam Endothelial
SMOOTH MUSCLE CELL DIFFERENTIATION MARKERS

a-SMA 1:100 Sigma-Aldrich Smooth Muscle
CARDIAC MYOCYTE DIFFERENTIATION MARKERS

CARDIAC MYOSIN HEAVY CHAINy{b MHC) 1:200 Abcam Cardiomyocyte
CARDIAC TROPONIN I (cTnl) 1:200 Santa Cruz Biotechnology Cardiomyocyte
N-CADHERIN 1:200 Santa Cruz Biotechnology Cardiomyocyte
CONNEXIN 45 (Cx45) 1:200 Santa Cruz Biotechnology Cardiomyocyte
CONNEXIN 43 (Cx43) 1:200 Santa Cruz Biotechnology Cardiomyocyte
DESMIN 1:200 Abcam Cardiomyocyte
GATA4 1:200 Santa Cruz Biotechnology Cardiomyocyte
BNP 1:200 Santa Cruz Biotechnology Cardiomyocyte
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uorochrome-labeled mouse IgGs antibodies served as thEunctional Characterization of

isotype controls for hMSC positive and negative cocktails\/gscularized CCCs by Dil-Ac-LDL Uptake
The stained cells were washed two times with DPBS solutiorAssay

i ice- 0
and the cells were xed in ice-cold 0.5% paraformaldehyd(?_.unctional characterization of endothelial cells (i.e., G3C

(PFA) and s_tored in the d?r" at € until acquired in ow . seeded with either hCMVECs or hCMVECs/hMSCs and cultured
E)gog%tgbfmally, '.[he acq::ltlred raw data were analyzengsmunder vasculogenic di erentiation conditions for 7 or 14 ddy
Iva, version 8 software. were carried out using Dil-conjugated acetylated low-dtgns
lipoproteins (Dil-Ac-LDL staining kit, Biomedical Technai@s,
Enrichment of hMSCs by Inc.), as described previously¢yta et al., 198/ Subsequently,
Magnetic-Activated Cell Sorting (MACS) immunostaining of the CCCs with VE-cadherin antibody (1020
Additional puri cation and enrichment of the cultured in staining buer) was also performed to demarcate the
hMSCs were performed as per our previ0u3|y pub|ishe@nd0th9|ia| cells (as described in immuno uorescencer‘d;h@i
method (Valarmathi et al., 2010 using an autoMACY®'  section below). DAPI (100 ng/ml) was used to counterstain the
Pro Separator (Miltenyi Biotech). The resulting enrichednuclei. The images of Dil- and VE-cadherin-labeled endbéhe
CD45 /CD34 /CDI9(F fractions were subcultured and cells were captured using an Olympus BX53 uorescence

expanded further\(alarmathi et al., 2010 microscope system.
Labeling of h(MSCs with Red or Green Scanning Electron Microscopic (SEM)
Fluorescent Protein (RFP or GFP) for Cell Analysis of Vascularized CCCs

. . To depict the nature and structural organization of the
II:InQQgIeJraCIH% . d Lentivi vascular component, the Day 14 CCC samples (i.e., the CCCs
entiviral Vectors Construction and Lentivirus that were cultured in vasculogenic culture conditions,.yviz

Assgmbly ) - i hCMVECs/hMSCs) were processed for SEM by means of the
Lentiviral vectors construction and lentivirus productiomere  ~_ sTA 0-GTA-O method Hanaichi et al., 1996

carried out as per our previously published protocdgharmathi

et al., 201), using pWPI-RFP or pWPT-GFP, together with
pCMVR8.74 (packaging plasmid) and pMD2.G (envelop
plasmid). And nally, the viral titre was ascertained by stand
Hel a titre procedure using either RFP or GFP as a marker.

Generation of Vascularized Cardiac Patch

eSeeding hiPSC-ECMs onto CCCs

hiPSC-ECMs were quanti ed using a hemocytometer and plated
at a density of 1 1P cells/well of a 24 well-bottom culture
dish that was pre-attached with individual CCCs, incubated in
humidi ed atmosphere of 5% Cg@at 37 C for 48 h, and observed
under inverted phase contrast microscope (Olympus IX 73) for
spontaneous beating and rhythmic contractions. These hiPSC-
ECMs were cultured in complete myocyte medium (DMEM with
8% horse serum, HS, and 5% newborn calf serum, NCS) for

hMSCs Lentiviral Transduction

Lentiviral transduction of hMSCs (0.2 10 cells/well) using the
desired number of viral particles (MOD 5) were performed
precisely using the previously published protoceblgrmathi
et al., 201}, and the transduction e ciency was estimated using
single color FACS, and was greater than 95%.

further 7 or 14 days.
Generation of Vascularized CCCs Seeding hiPSC-ECMs and hMSCs onto CCCs
Seeding of hCMVECs onto CCCs The puri ed and enriched population of h(MSCs (CD9P(GFP

Next, subcultured and expanded hCMVECs were plated onto thenlabeled or GFP labeled) were plated onto the surface of the
prepared and bronectin (Img/cn? or 0.5 mg/mL) precoated previously produced hiPSC-ECMs CCC's wells (after 48 h) at a
CCCs at a density of 0.5 1P cells/30 mm CCC and cultured density of 0.4 1P cells/well, and were cultured in complete
in complete microvascular endothelial cell growth mediummyogenic medium for 7 or 14 days.

(Clonetics™ EGM™-2MV BulletKit™; Lonza) for either 7 or 14 The cultures (hiPSC-ECMs only or hiPSC-ECMs/hMSCs-

days. GFP unlabeled or hiPSC-ECMs/hMSCs-GFP labeled) were
terminated at these regular intervals (day 7 or day 14).
Seeding of hCMVECs/hMSCs onto CCCs And the collected samples were subjected to RT-gPCR,

In addition, h\CMVECs were co-cultured with hMSCs (0.51C°  immuno uorescence, ultrastructural, calcium transit, asll as
of hCMVECs and 0.3 1P of hMSCs/30 mm CCC) and cultured pharmacological analyses.
in complete microvascular endothelial cell growth medium
(Clonetics™ EGM™-2MV BulletKit™; Lonza) for either 7 or 14 Seeding hiPSC-ECMs and hMSCs onto
days. Prevascularized CCCs

The cultures (hCMVECs or hCMVECs/hMSCs) wereThe hiPSC-ECMs (1 1(° cells/well) and hMSCs (0.4 1P
terminated at these regular intervals (day 7 or day 14)cells/well) were simultaneously added on top of prevascuddriz
and the collected samples were subjected to RT-gPCR,CCs that were cultured in vasculogenic medium for 7 days,
immuno uorescence, ultrastructural, and biochemical bys@s.  i.e., CCCs that were created by the combination co-culture
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of hCMVECs/hMSCs only. And cultured further in complete  The cardiomyogenic gene-specic primers for MYHG6
myogenic medium for 7 or 14 days. (myosin heavy chain 6), MYH7 (myosin heavy chain 7),
Finally, the vascularized cardiac CCCs (cardiac patch), noACTC1 (actin, alpha, cardiac muscle 1), TNNI3 (troponin
containing all three categories of cells, viz., h\CMVECsSKP 3, cardiac type), GATA4 (GATA binding protein 4), NPPA
ECMs, and hMSCs were terminated at these regular interva(gatriuretic peptide A), NPPB (natriuretic peptide B), and
(day 7 or day 14), and the collected samples were subjected ®JAL1 (gap junction protein, alpha 1); and the vasculogenic
immuno uorescence staining and confocal microscopic analys gene-associated primers for PECAM1 (platelet and endothelial
to validate the simultaneous presence of both vascular anckll adhesion molecule 1), KDR (kinase insert domain reagepto

muscular components in these CCC cardiac patches. a type lll receptor tyrosine kinase), TIE1l (tyrosine kinase
with immunoglobulin-like and EGF-like domains 1), TEK
hiPSC-ECMs and hMSCs CCCs (TEK tyrosine kinase, endothelial), and VWF (von Willebdan
Contractility and Calcium Flux Assays factor); as well as the endogenous normalizer referencesgen
Loading of Cells with Calcium Orange or Fluo-4 GAPDH  (glyceraldehyde-3-phosphate  dehydrogenass),

Calcium-indicators ACTIN (cytoplasmic beta-actin), G6PD (glucose-6-phosphate
Loading of co-di erentiating cells (CCC cultures—hiPSCEE dehyd_rogenase, and _RPLPO _(ribosomal protein lateral _stalk
only or hMSCs-GFP only or hiPSC-ECMs/hMSCs-GFP Iabeleo?;b”n't PO) were designed using web based software Primer3
with Fluo-4 or Calcium Orange calcium-indicator was cadrie (R0S€n and Skaletsky, 20pOsynthesized ~commercially
out as described previously/glarmathi et al., 2011 The live (Integrated DNA Technologies, Inc.), and evaluated for an
cell imaging using the spinning disk confocal microscopy Wajslmform annealing temperature of 58, for all the primer pairs,

employed to record the changes in the intracellulaP®aix of S Shown infable 2 g . .
these labeled cells. Real-time PCR conditions were optimized as described

previously {alarmathi et al., 2008a,b; Willems et al., 2008;
Live Cell Imaging Using Spinning Disk Confocal Bustin et al., 2009 All RT-gPCRs were performed with
Microscope SsoAdvanced' SYBR' Green Supermix in a CFX96 Touth
Ultimately, changes in intracellular calcium ux (all type§ o Real-Time PCR Detection System (Bio-Rad Laboratories,
cells in the CCCs) were examined as elaborated previouslc-), and G (threshold cycle) values were calculated
(Valarmathi et al., 207 and by using the AQM Advance-6 USing the CFX Managéf software, Security Edition. The

software. calibrator control included hCMVECs day 0 sample for
vasculogenic cultures and hiPSC-ECMs day O sample for

Transmission Electron Microscopic (TEM) cardiomyogenic cultures, and the target gene expression was

Analysis of CCCs normalized by three non-regulated reference gene expression

To elucidate the ultrastructural characteristics of co-VIZ" GAPDH, b-ACTIN, and either G6PD or RPLPO. The

di erentiating cells, day 14 CCC samples (i.e., CCCs tha?xpressmn ratio of genes was determined by applying the

were seeded with cells, hMSCs only or hiPSC-ECMs only rggtgze)matlcal model previously described B¥fa et al.
hMSCs/hiPSC-ECMs or hCMVECs/hMSCs, and cultured usin
appropriate media) were processed for TEM analysis as described

elsewhere\(@alarmathi et al., 2010 Immuno uorescence Staining and

_ o Confocal Microscopy
Revers_e Transc”ptlon'Quan_tltatlve . CCC culture (vasculogenic: hCMVECs culture,
Real-Time Polymerase Chain Reaction hCMVECs/hMSCs co-culture; cardiomyogenic: hiPSC-ECMs
(RT-gPCR) culture; vascularized cardiac patch: hCMVECs/hiPSC-

Total cellular RNA isolation from three independent CCC ECMs/hMSCs co-culture) samples were collected at day 7
cultures of various combinations (vasculogenic: hCMVEC®r dayl4, and processed according to previously described
culture, hCMVECs/hMSCs co-culture; cardiomyogenic: hiPSCprotocols {/alarmathi et al.,, 2001 for immunostaining
ECMs culture, hiPSC-ECMs/hMSCs co-culture) that wereand phalloidin staining. The primary antibodies that
maintained either in vasculogenic medium or myogenic mediu were used in this study, shown imable 1 Rhodamine
were done using TRIz8l Plus RNA puri cation kit (Invitrogen)  labeled Ulex Europaeus Agglutinin | (1:50 in 10 mM N-
as per manufacturer's instructions. 2-hydroxyethylpiperazine-n'-2-ethanesulfonic acid, pH

The RNA integrity (RIN) of the extracted samples was7.5; 0.15 M NacCl; lectin, Vector Labs) was used to detect
analyzed on the Agilent 2100 Bioanalyzer system using thendothelial cells. DAPI (4, 6-diamidino-2-phenylindole,
Agilent RNA 6000 nano kit (Agilent Technologies, Inc.) foliogg 100 ng/ml; Sigma-Aldrich) was used to counterstain the
the manufacturer's recommendations. The reverse trapsase nuclei. Images of the stained CCCs were visualized using
(RT) reaction was executed using 250 ng of total RNA irma confocal (Zeiss LSM 510 Meta CSLM) or a uorescence
a nal reaction volume of 20m using an iScript' Reverse (Olympus BX53) microscopic system. Negative controls
Transcription Supermix for RT-qPCR kit (Bio-Rad Laboratstie for staining included only secondary antibodies (data not
Inc.) according to the manufacturer's protocols. shown).
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TABLE 2 | RT-gPCR primer sequences used in this study.

Genes Forward primer Reverse primer Product Annealing GenBank
length (bp) temperature ( C) accession No.
CARDIOMYOGENIC SPECIFIC GENES
MYH6 52 AAGACTGTGAACACCAAGCG-3 50 TGTTCGCATTGGCATTGTCC®B 91 58 NM_002471.3
MYH7 5.ACATGCTGCTGATCACCAAC-3 50AAGCGTTATCAGTGGCCATGS 111 58 NM_000257.2
ACTC1 5L ATGTCGCCCTGGATTTTGAG®R 50 AGCGCTCATTGCCAATAGTG-3 111 58 NM_005159.4
TNNI3 5.CGACATAGAGGCAAAAGTCACCE  50GCTTAAACTTGCCTCGAAGGTCS 86 58 NM_000363.4
GATA4 $.TGTCAACTGTGGGGCTATGTCS 50TGCCGTTCATCTTGTGGTAGAGS 98 58 NM_002052.3
NPPA 5.GTGAGCTTCCTCCTTTTACTGG3 50AATCCATCAGGTCTGCGTTG3 94 58 NM_006172.3
NPPB 5. ACCGCAAAATGGTCCTCTACAC3 50TCCATCTTCCTCCCAAAGCAG-3 85 58 NM_002521.2
GJAL 5. TGTGGACATGCACTTGAAGC3 50TGATGTAGGTTCGCAGCAACS 104 58 NM_000165.3
VASCULOGENIC SPECIFIC GENES
PECAM1 F.TGGCAACTACACGTGCAAAG3 50AAGATTCCAGTTCGGGCTTGS 101 58 NM_000442.4
KDR 5.TGGCCAAGTGATTGAAGCAG3 50ATGCTCACTGTGTGTTGCTCS 103 58 NM_002253.2
TIEL $LACGCAGCCATCAAAATGCTG-3 50TGCCCCAATTTGCACAGAACS 91 58 NM_005424.4
TEK FLAGAATGCATTTGCCCTCCTG3 50AAGTTCTGCCAAACGTGTGC3 77 58 NM_000459.3
VWF FL AGAAAGCCCATTTGCTGAGCS 50AAGTATCGCACAGCAAAGCC-8 94 58 NM_000552.3
REFERENCE GENES
GAPDH 5L AATTCCATGGCACCGTCAAG-3 50ATCGCCCCACTTGATTTTGGS 104 58 NM_002046.4
b-ACTIN 5 TCGTGCGTGACATTAAGGAG3 50TTGCCAATGGTGATGACCTG3 133 58 M10277.1
G6PD 5.TCATCATCATGGGTGCATCGS 50AAGGTGTTTTCGGGCAGAAG3 97 58 NM_000402.4
RPLPO 52 AGAACACCATGATGCGCAAG-3 5_AACACAAAGCCCACATTCCC-3 100 58 NM_001002.3

Pharmacological Assay of Vascularized limited capillary networks. Immunostaining demonstratec#e

Cardiac Patch: Live Cell Imaging with structural organizations consisted of cells that were nalyral
positive for a set of endothelium-associated markers, such a

Spinning Disk Confocal Microscopy : o .
To assess tha vitro functional competence of the generated.PECAMl’ VE-Cadherin, VWF, and lectirFigures 1A-). This

vascularized cardiac patch, CCC constructs were exposed indicated that CCCs were able to provide appropriate substratum

various cardioactive pharmacological agents (0.11tav), such fl?r: the hclll\AVfECS 3dhef|0n,_ proh;eratt|on,fandhd| grentlalnohn dral
as isoprenaline, clenbuterol, and diltiazem, either indiinlly ese cels lormed exiensive Sheets of conesive polyhedra

. . A . . type of cells com of mature endothelial cells, and wer
or in sequential combination. Calcium transients were releal ype ot ce posed © ome ' ere

by live cell imaging using spinning disk confocal microscop)ﬁrran?ed |n(;:obt()jlet-|fttl)_ne fashioRigures lA_Et' Arr_1|||d5t thtre;!;
as described above, and the cell's chronotropic and inotropivg;i?ﬁo az?rrel Ier:l (r)] e "rerWV\llz?re rsee?:asc?: %"’(‘jﬁ’t'l ar:y tsh u
responses were analyzed. central lumens (arrowFigures 1A-B. In addition, these

hCMVECs were structured into a cohesive array of endothelial

e . cells, and were appeared to be retracted from the substratum
'?rfgts'rt.lcgcl;sgfliﬁrfemm data were represented as meanand reorganized into a broad at ribbon-like con guration
q P P reminiscent of attempting vessel formatidr@ures 1F—). These

standard error of the mean (mean SEM). The di erences in _,. L r
- . . - aligned hCMVECSs, transforming into column-like structure
expression pro le (cardiomyogenic and vasculogenic markers re evocative of earliest stages of vasculogenesis.

e

between control (day 0) and treated samples (day 7 or llw On the contrary, a passage 3 pooled and almost pure

were determined in-group means for statistical signi ce . ) h .

applying Pair Wise Fi?(ed E!eallocation Randomizati%n rh%/ population of enriched hMSCs, which were devoid of any
. ) ©3 . hematopoietic stem and/or progenitor cells as well as mature

Relative Expression Software Tool—384 (REST=38&rsion o qohelial cells (by FACS and MACS) when co-seeded with

2) (Pfa et al, 2009. In all casesp < 0.05 were considered pc\veCs (i.e., hCMVECS/hMSCs) onto bronectin precoated
statistically signi cant. CCCs, and cultured under vasculogenic culture conditiamsi#
days generated extensive plexuses of capillaries. Immunivgiai
and uorescence microscopic analysis demonstrated thatethes
. . . micro-vascular structures were positive for a variety of neask
Expression of Vasculogenic Markers in that were not only associated with endothelial cells but aliso w
Prevascularized CCCs the smooth muscle cells, such as PECAM1, V/SMA, and
hCMVECs seeded onto bronectin coated CCCs, and culturedaminin (Figures 2A-J. By cellular adhesion and condensation
under vasculogenic culture conditions for 14 days generatethese cells formed sheet of mono- and multi-layered cells.

RESULTS
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FIGURE 1 | Expression pattern of various endothelial cell mar  kers in CCCs (hCMVECs culture) by immuno uorescence microscop y. Localization of key
endothelial cell phenotypic markers of day 14 vasculogenibhCMVECs CCC cultures demonstrated the expression of PECAM@A,C,E), VE-cadherin(F,H,J), Lectin
(B,C,G,H), and VWF(D,E,,J). Dual immunostainings of vasculogenic CCC cultures revead areas of adherent sheets of polyhedral type of cells comps®ed of mature
endothelial cells, and were arranged in cobble-stone fasbn (A-J). These cells formed occasional nascent capillary structes with its associated lumens (arrow
heads, A-E). In addition, these cells were organized into a cohesive ay of endothelial cells, and were appeared to be retracted dm the substratum and reorganized
into a broad at ribbon-like con guration (F-J). These aligned and reoriented column of vascular cells wen@miniscent of anin vivomicrovessel morphogenesis
(F-J). Cells were also stained for nuclei (blue, DAPI). Merged imag (A-J). (A—J, scale bar 100 mm).
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FIGURE 2 | Expression pattern of various endothelial and smoo  th muscle cell markers in CCCs (hCMVECs/hMSCs co-culture) by

immuno uorescence microscopy. Localization of key vascular cell phenotypic markers of da¥4 vasculogenic hCMVECs/hMSCs CCC co-cultures demonstrate
the expression of PECAM1(A,C,E), Laminin(F,H,J), a-SMA (B,C,G,H), and VWF(D,E,I,J). Dual immunostainings of vasculogenic CCC co-cultures realed alternate
layers of elongated (top layer) and attened cells (bottom jger) composed of varying degrees of mature endothelial andnsooth muscle cells(A-J). These cells were
self-organized into remarkable plexuses of nascent micrascular structures composed of mature endothelial and/or smoth muscle cells. In addition, the linear and
branching vessels were composed of laminin positive sheatlike structure covering these mixed population of vasculacells, evoking the emergence of outer thick
intact basement membrane(FH,J). These capillary structures also revealed narrow and trahgcent central lumen. Cells were also stained for nuclei (&, DAPI).

Merged images(A-J). (A—J, scale bar 100 mm).
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Extensive network of intertwined microvessels were seetopn at day 14, visuallyrigures 4J—Lwere showing typical medium-

of the monolayered endothelium. Beneath those transformedized muscular tube-like vessels that contain obvioushibigd

plexuses of the linear and arborizing vascular structureeewe stained solid cord of endothelial cells covering presumabdy t

the monolayer of cohesive endothelium, and it was appareritterior surface.

that there exist a continuum of transition between these two

morphological layersRigures 2A-). The linear and branching SEM Analysis of Prevascularized CCCs

endothelium lined vessels were surrounded by hMSC-derived SEM analysis of the day 14 hCMVECs/hMSCs based

SMA positive cells, reminiscent of the process of in sié&unovo  prevascularized CCCs revealed typical transverse capillary

vasculogenesig-igures 2B,C,G,H. And these vessels were alsostructures lined by two to three dierentiated endothelial

positive for the protein, laminin, indicating the presencerfict  cells and its associated lumens (white aster&gure 54). In

basement membrane materi&igures 2F,H,)J. addition, these di erentiating cells showed foci of attenedlls
Furthermore,  the =~ hCMVECs/hMSCs  co-culturesarranged in cobble-stone fashion and were in juxtaposition

demonstrated thin and delicately intertwined microvasoul with foci of cellular retraction and transformatiorF{gure 5B).

structures expressing both endothelial and smooth musdle cerurthermore, areas of elongated and convoluted multilagler

markers, VWF anda-SMA, respectively, and revealed apparentube-like structures with attached hMSC-derived smooth

areas of co-localizationgrigures 3A-Q. Apart from this day muscle cell were seen (black asterigkigures 5C,D. It was

14 culture also displayed larger caliber vascular strustureclearly evident that these smooth muscle cells were attempting

such as medium sized muscular arteri€dgres 3D—-Q. The to wrap around these tubular structures (black asterisks,

morphogenesis of these medium-sized muscular arteries weRigure 5D). These endothelium and smooth muscle layered

evident, initially, thea-SMA positive cells were able to migrate tubular structures revealed emerging interconnected citsdu

toward the linear array of endothelium lined tubular structs,

and were able to align in a perpendicular fashion to the londgfransmission Electron Microscopic (TEM)

axis of these parallelly arranged tubular structure or soli%nawsis of Prevascularized CCCs
cords of coalesced cell§igures 3D—F. Further progressive hCMVEC-derived continuous capillary with the complete

morphogenesis revealed that thesSMA posmye cells WETe endothelium was seen iRigure 6A. The juxtaposed endothelial
able to wrap around these tubular structure in a concentric

fashi . 3G dqf d ; i | cell were overlapping. They were in contact and tethered
ashion Figures 3G-), and formed an outer con INUOUS SIEEVE-, aach other by both tight and adhering junctions as

like stru_cture Figures 3J-0. These vgssels_ revealed Stro_ngseen in (insertsFigures 6C,D. A barrier that may impedes
expression of mature and terminally di erentiated endotiaéli intercellular transport. Numerous caveolae were visible close

and smooth muscle cell markers, viz., VWF amdSMA, to the cell surfaces and immediately beneath it, and small

respectively. Hence, 5“9933“."‘? of mature vascular_ phenOty?l%nsport vesicles were also seen in abundant in the cytoplasm
These snapshots may be reminiscent of many aspests\ofo of these endothelial cells, as shown ifigure 6B). The

morphogenesis of medium- and/or large-sized muscular &er complete endothelial part of the capillary was surrounded by a
continuous basal lamina, embracing the endothelium with it

Evaluation of CCC Vascular Structures for associated cells. In addition, numerous endothelial qecsc
storage vesicles and the electron-dense bodies were seen in
LDL Uptake Figure 6A

A functional approach was undertaken to characterize

the phenotypic nature of these preformed vessels, bEX ression of Cardiomvoaenic Markers in
measuring the uptake of the wuorescent compound, Dil- P yog

Ac-LDL. Immuno uorescence analysis of Dil-Ac-LDL stained hiPSC-ECMs and hiPSC-ECMs/hMSCs
prevascularized CCCs showed strong uptake of LDL from theultures

culture medium. The sheets and clusters of endotheliak cellCharacterization of hiPSC-ECMs CCCs

(Figures 4A-H as well as endothelium lined tubular structuresimmunostaining and confocal microscopic analysis of
of various calibersKigures 4G-1I), were intensely positive for di erentiating cells using a set of cardiac myocyte di eretton

the staining, indicating the high metabolism of the protein,markers, especially, the cardiac-related structural andtfonal
Ac-LDL, in these prevascularized CCCs. Fluorescence signglroteins were carried out. The hiPSC-ECMs containing
were largely punctate and were perinuclear in arrangement. I@CCs revealed that these cells were positive for a battery of
hCMVECs/hMSCs CCCs, the hMSC-derived smooth musclenyocyte speci c markers, such as desmin, cardiac troponin |
cells were discriminated from hCMVECs by their lack of(cTnl), cardiac myosin heavy chaira/o-MHC), connexin 45
detectable Dil uorescence signal, and their presence cafCx45), GATA-binding protein 4 (Gata4), and brain natriuiet
be easily detected as DAPI-stained surrounding bare nucl@eptide (BNP). Typical staining patterns expressed by cell
(Figures 4G—0). The Ac-LDL update and its metabolism in hiPSC-ECMs only cultures were shown kigures 7A-H.
were apparent in day 7 (hCMVECs cultur€jgures 4A-C  Analysis of day 14 hiPSC-ECMs CCCs displayed multiple
hCMVECs/hMSCs co-culture,Figures4G-) and day 14 foci of elongated strap-like cells with periodic cross-sivias
(hCMVECs culture, Figures 4D-F  hCMVECs/hMSCs co- and/or polyhedral type of cells, and by means of cellular
culture, Figures 4J—0), with an enhanced level of uptake seencondensation these myocytes were organized into multitd/e
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FIGURE 3 | Characterization of hCMVECs/hMSCs co-culture de  rived in situ de novo vascular structures by immuno uorescence microscopy. Day 14
vasculogenic hCMVECs/hMSCs CCC co-cultures generated notmly extensive plexuses of capillary structures lined simpby endothelial cells but also vascular
structures resembling that of small to medium sized musculaarteries (A—O). These thin and delicately intertwined microvascular staiures expressed both
endothelial and smooth muscle cell markers, VWF and-SMA, respectively, and revealed apparent areas of co-lodeations (A—C). The PECAML1 positive endothelial
cells formed a linear solid cord-like structure, and were uformly surrounded by thea-SMA positive smooth muscle cells, and thesea- SMA positive cells were
oriented in a direction that was perpendicular to the diredbn of linearly assembled endothelial cell€D—F). Further morphogenesis of these endothelium lined tubular
structures illustrated the dynamic process of evolving tuna media, the hMSC-deriveda-SMA positive cells were wrapping around the entire circunefence of these
endothelial outgrowth(G-I). Subsequent stages of morphogenesis revealed emergence afreater caliber vessels, having sleeve-like outer smooth uscle cells
encasing the endothelium lined tubular structur¢J-O). Merged images(A—-O). (A-O, scale bar 100 nm).
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FIGURE 4 | Functional characterization of prevascularized CCCs by Dil-Ac-LDL uptake assay. hCMVECSs cultured or hCMVECs/hMSCs co-cultured onto
CCCs in vasculogenic culture conditions were incubated wit 10 mg/ml of Dil-Ac-LDL for 4 to 6 h. Fluorescence microscopic anafsis of hCMVECSs only CCCs revealed
abundant punctate perinuclear bright red uorescence of diierentiated and matured endothelial cells (day B,C; day 14, E,F). These labeled vascular cells were
organized into a delicate network of capillarie$A—C) or into a discrete cluster(D—F). Similarly, uorescence microscopic analysis of hCMVECs/h®Cs co-cultured
CCCs demonstrated typical abundant punctate perinuclear bght red uorescence of the differentiated and matured endthelial cells (day 7H,I; day 14, K,L). These
Dil-labeled endothelial cells were structured into solidahesive columns of VE-cadherin positive cells, mimickingifictionally competent larger caliber vessel$J-L).
Cells were also stained for nuclei (blue, DAPI) and endothellicells (green, VE-cadherinA,C,D,F,G,|, J,L). Merged Images(A-L). (A—-L, scale bar 100 nm).

functional syncytium. Majority of the cells exhibited uoifn  Cellular Morphology and Contractility

alignment, and were in registry. The myocytes demonstrate¢hiPSC-ECMs/GFP-hMSCs CCCs)

the presence of evolving sarcomeric units that were positive f Within 24 h, the GFP-hMSCs, which were in co-culture with
various cytoskeletal lamental proteins, myosin and desmirhiPSC-ECMs showed cellular morphological changes, and were
(Figures 7A,Q, as well as positive for the gap junction protein, able to couple with neighboring hiPSC-ECMs. The mechanically
connexon 45 Figure 7D), suggestive of embryonic cardiac coupled cells, viz.,, GFP-hMSCs and hiPSC-ECMs were able
myocyte phenotype. to undergo synchronized cellular contractions. Observaiidn
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FIGURE 5 | Scanning electron microscopic (SEM) analysis of pr  evascularized CCCs. SEM analysis of day 14 vasculogenic hCMVECs/hMSCs CCC cultes
showed the typical transverse capillary-like structure wh its central lumen (white, asterisksA), composed of attened layer of differentiated endotheliatells. In
addition, these differentiated cells revealed foci of atteed cells (cobble-stone appearance) in juxtaposition witfoci of evolving cellular retraction and transformation
(B). Besides, presence of smooth-walled tube-like structureswith its attached smooth muscle cells were evident (black aows, C,D). Multiple smooth muscle-like
cells were obviously in the process of wrapping around theséube-like structures (black asterisksD). Some of those cylindrical structures revealed the presee of
evolving patent lumens or cavernous spaces (white asteriskA). (A,C,D, scale bar 10 nm; B, scale bar 100 mm).

day 14 culture demonstrated that GFP-hMSCs were not onlynechanically linked to an electrically paced juxtaposed hiPSC-
mechanically coupled to the neighboring hiPSC-ECMs but als&CM (Figures 9C,D revealed calcium oscillations/spikes, which
revealed morphological deformation, in essence exertechby t were essentially similar in pattern and frequency to thathaf t
spontaneously contracting juxtaposed and coupled hiPSC-ECMBPSC-ECM Figures 4E, . When two individual hMSCs, which
(Figures 8A—H. In this process of cyclical stretching and/or were not directly in contact with each other, but were coupled
deformation GFP-hMSCs expressed phenotypic changes, amdth the same individual electrically paced hiPSC-ECM, the
resembling that of a prolate ellipsoifigure 8A). Whereas, the pattern and frequency of those two hMSCs' intracellular caiciu
control CCCs cultures that consisted solely hMSCs in the sanmspikes were virtually comparabl&igures 9A,B. The temporal
culture medium conditions expressed the cellular phenotype adnd spatial pattern of the intracellular calcium oscillatians

an oblate spheroid. hMSCs that were in non-co-culture situgtio these two discrete hMSCs were in essence similar to thatwdxber
(negative controls) and/or not in association with hiPSCMNEs  in the case of hiPSC-ECNF{gures 9E,B. In addition, the control

(in co-culture) displayed random non-recurring changestthahMSCs, which were in non-co-cultured conditions revealed
were related in general with common cellular migration andnegligible intracellular calcium oscillationgigures 9B,D,F the

movements. bottom red line).
Cellular Calcium Flux (hiPSC-ECMs/GFP-hMSCs Ultrastructural Morphology of CCCs
CCCs) (hMSCs, hiPSC-ECMs, and

To study the cellular calcium ux, GFP-hMSCs were co-cultire hiPSC-ECMs/hMSCSs)

with spontaneously and rhythmically beating hiPSC-ECMs.-GFPTEM analysis of an hMSCs cultured on CCCs in myocyte
hMSCs, which were mechanically associated with hiPSC-ECMsedium appeared to be characteristic of an immature and
demonstrated intracellular calcium spikes typi ed by repéate active cells Figure 10A). These cells revealed relatively large
increase of the cytosolic &a concentration and a subsequent centrally positioned nucleus with extensively opened out
removal of C& as depicted Kigures 9A,B. When imaged chromatin and varied number of nucleoli. In addition, there

over a period of 5 min or greater, the GFP-hMSC, which wasvere numerous randomly positioned mitochondria as well as
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FIGURE 6 | Transmission electron microscopic (TEM) analysis o f prevascularized CCCs. TEM analysis of day 14 vasculogenic hCMVECs/hMSCs CCC
cultures revealed an elongated vessel-like structure comgsed of endothelial cells, which were arranged on either s&lof a linear slit-like space (black arrowsA).
Randomly oriented bundles of collagen brils were evident orither side of this elongated capillary. Note the most chaeristic feature of endothelial cell, small
membrane-bound vesicles, resembled a little ask, or caveal, and occupied up to a quarter of the endothelial cellsg, insert). The interdigitating endothelial cells
showed the junctional complex C, lower magni cation). The typical adherent junction could b visualized between two overlapping endothelial cell prasses O,
higher magni cation, insert). A, scale bar 2mm; B-D, scale bar 500 nm).

network of endoplasmic reticulum. The marginal cytoplasmreleasing, and energy recapturing structures and orgaelle
contained discrete bundles of actin stress beFsg(re 10A). such as mitochondria and glycogen granules, were obviously
When hiPSC-ECMs cultured on CCCs under similar culturevisible and abutting the myo brillar organization, where
conditions demonstrated active euchromatic nucleus. Théhe energy was utilized for contraction. In addition, cross
cytoplasm revealed myo brils, perinuclear early sarcomeritbanded pattern apparently seen in the cytoplasm re ected
units, Z-discs, and few mitochondria interposed between théhe arrangement, in register, of the myo brils. And the
myo brils along with glycogen particles-{gure 10B). banded pattern of the myo brils re ected the arrangement of
On the other hand, the hiPSCs/hMSCs containing CCCsnyo laments. The intensely stained A-bands (A—anisotropic),
showed characteristic ultrastructural morphology of co-due to myosin laments, and the less intensely stained I-tsand
di erentiating cardiac myocytes. Majority of cells showed(l—isotropic), composed of actin laments, were visualized.
centrally positioned oval to elongated nucleus and perirarcle These myocytes were appeared to be fused with their adjacent
cytoplasm consisting of evolving myo brillar organization hMSCs, with imperceptible demarcation of their cellular maggin
with prominent sarcomeres. In some cases, the myo bril{Figures 10C,E,F
were stretched through the entire length of the cells, with Occasional developing myocytes illustrated typical
scattered pleomorphic mitochondria and tubules of sarcoplasmitnperfections of the myo brillar organization, characteed by
reticulum. These mitochondria exhibited densely packedaeis discontinuous and/or widened Z discs, indistinct H zonasef
and few of them showed inter myo brillar predisposition. oating myosin laments, as well as large number of glycogen
Glycogen particles were also noticeable and were widespregrhnules; apparently mimicking like a specialized sino-atyjaé
throughout the remainder of the cell. The energy storinggrgyy  of cells Figure 10D).
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FIGURE 7 | Expression pattern of various cardiomyogenic marke rs in CCCs (hiPSC-ECMs culture) by confocal scanning laser mic roscopy. Localization
of key cardiac myocyte phenotypic markers of day 14 hiPSC-ENIs CCC cultures in myocyte maintenance medium (maintenanceedium, iCell) demonstrated the
expression of cardiac speci ¢ structural, contractile, andfunctional proteins: muscle-speci ¢ intermediate lament,desmin (A), cardiac troponin, cTnl(B), cardiac
myosin heavy chainsa/b-MHC (C), gap junction proteins, connexon, Cx45(D), transcription factor, GATA4(E), and peptide hormone, BNP (F). Inmunostaining of
hiPSC-ECMs CCC cultures in myocyte medium showed foci of tyigal elongated strap-like cells with periodic cross-striions, and by means of cellular condensation
these myocytes were organized into multilayered functionayncytium (A-F). In some foci, these myocytes were aligned and overlapping Wi each other in an orderly
manner (A—F). Nuclei of these cells were large and either oval or round inppearance, and were centrally positioned. Cells were alsotained for nuclei (blue, DAPI).
Merged images (A-F). (A—F, scale bar 100 nm).

MRNA Analysis of CCCs for Vasculogenic with a noticeable kinetics of gradual downregulation of sbe
and Cardiomyogenic Markers transcripts over the successive experimental time point, i.e.
hCMVECs cultured on CCCs in vasculogenic mediumaround day 14figure 11D). _
constitutively expressed mRNA transcripts coding for sigant In contrast, the hiPSC-ECMs/hMSCs that were co-cultured in

vasculogenic markersFigures 11A,B. The PECAM1, KDR, mMmyogenic culture conditions revealed subtle di erencestiait
TIE1, TEK, and VWF showed initial upregulation around Pattern of expression, especially the structural and conteacti
day 7 followed by sustained down regulation around day 14amental genes. hiPSC-ECMs/hMSCs co-cultured in myogenic
(Figure 11A). On the other hand, when hCMVECs/hMSCs medium expressed the cardiomyocyte di erentiation related
co-cultured on CCCs in vasculogenic medium, the transopipti  marker transcripts consistently. The structural and contila
level of PECAM1, KDR, TIE1, TEK, and VWF depicted an initial lamental associated genes, MYH6, MYH7, and ACTC1 showed
slight down regulation around day 7 followed by progressivenitial downregulation around day 7, and expression level
down regulation around day 14F{gure 11B. The KDR and ©Of these marker transcripts were either sustained at the
TIE1 showed a remarkable level of down regulation duringsame level (MYH6, ACTC1) or upregulated (MYH7) during
day 14. successive time point, the day 14. And on the other hand, the
hiPSC-ECMs cultured in myogenic culture conditions TNNI3 showed a gradual upregulation from day 7 to day 14
revealed constitutive expression of cardiomyogenic markefFigure 11B5.
(Figures 11C,0). The structural and contractile lamental In addition, in hiPSCs/hMSCs co-cultures, the transcript
associated genes, MYH6 and MYH7, showed initial dowrevels of GATA4, NPPA, NPPB, and GJA1 showed initial notable
regulation around day 7 with concurrent progressive gradualipregulation of these marker transcripts around day 7 andeher
downregulation of these transcripts over the observed timeéxist a continual gradual downregulation of these trarcri
period, around 14 daysF{gure 11Q. Whereas, the other over the observed consecutive time point, i.e., around day 14
lamental genes, ACTC1 and TNNI3 showed initial upregulatio (Figure 11F. On the contrary, the connexon gap junction gene,
followed by sustained down regulation of their transcriptsGJAL showed sustained elevated levels of expression on &pth d
(Figure 11Q. Besides, in hiPSC-ECMs cultures, the transcrip? and day 14.
levels of non- lamental associated genes, GATA4, NPPA,BIPP  Finally, the observed patterns of di erential gene expression
and GJAL1 demonstrated an initial upregulation around day 7in these disparate vasculogenic and myogenic culture ciamdit
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FIGURE 8 | Contractility assay of CCCs (hiPSC-ECMs/GFP-hMS  Cs co-culture) by live cell imaging with spinning disk confoca I microscopy. In
hiPSC-ECMs/GFP-hMSCs co-culture, the green uorescent pragin tagged hMSCs (GFP-hMSCs) were tethered to hiPSC-ECMs drwere mechanically coupled to
each other. The pattern and frequency of contractions of theoupled GFP-hMSCs were principally similar to the patternrad frequency of hiPSC-ECMs contractions.
The frequency of cellular movement of hAMSC was in principleedermined by hiPSC-ECMs contractile frequency. Typical u@scence image of GFP-hMSCs attached
to hiPSC-ECMs, shown in(A). The mechanically coupled hMSCs were stretched and assumegrolate ellipsoid type of morphology. The pattern and fregency of
GFP-hMSC cellular movement and contraction, shown iB). Typical phase contrast image of GFP-hMSCs tethered to hiPS-ECMs, shown in(C). The pattern and
frequency of hiPSC-ECM's spontaneous and rhythmic contrations, shown in (D). Superimposition of uorescent and phase contract images, llustrating relative
locations of GFP-hMSCs and hiPSC-ECMs in this CCC co-culte;, shown in (E). Comparison of GFP-hMSC pattern of cellular movement withespect to hiPSC-ECM
cellular contractility revealed that the frequency of moveent of hMSC was principally in synchrony and determined byhe frequency of hiPSC-ECM contractions,
shown in (F). (A,C,E, scale bar 50 mm).

were not only indicative of cell-cell interactions but alsoCharacterization of Vascularized Cardiac
suggestive of cell-matrix interactions, which ultimatdsd Patch (hCMVECs/hiPSC-ECMs/hMSCs
to the modulation of vasculogenic and cardiomyogenic gen@o_cu“ure)

expressions in this milieu, and consequently, the di erefiia  Tq jdentify and validate the phenotypic characteristics of
potentials of these cells on the CCC sca old. co-di erentiating hiPSC-ECMs/hMSCs in the environment
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FIGURE 9 | Calcium ux assay of CCCs (hiPSC-ECMs/GFP-hMSCs ¢ o-culture) by live cell imaging with spinning disk confocal mic roscopy. Green
uorescent protein tagged hMSCs (GFP-hMSCs) were mechanidly coupled with spontaneously contracting hiPSC-ECMs andevealed intracellular calcium ux with
similar frequency but relatively lesser amplitude. GFP-HBCs were labeled with Calcium Orange, the calcium indicatpand imaged in the green channel using live cell
confocal microscope, shown in(A). The pattern of GFP-hMSCs intracellular calcium ux measukkin the red channel for Calcium Orange, shown irfB). hiPSC-ECMs
and GFP-hMSCs were labeled with Calcium Orange and imaged ithe red channel, shown in(C). The pattern of spontaneously and rhythmically contractim
hiPSC-ECM intracellular calcium ux measured in the red chamel for Calcium Orange, shown in(D). Superimposition of green channel image of GFP-hMSCs labedi
with the calcium indicator, Calcium Orange, and the red chamel image of hiPSC-ECMs and GFP-hMSCs labeled with Calciumr@nge in this CCC co-culture, shown
in (E). Assessment of the pattern of GFP-hMSCs calcium ux with the pttern of contractile hiPSC-ECM displayed that the intrad&lar oscillation of calcium of hMSCs
were fundamentally the same as that of hiPSC-ECM but with ratively lesser spikes, shown ir(F). (A,C,E, scale bar 50 mm).

of the microvascular structures, hiPSC-ECMs/hMSCs werkneage-speci ¢c markers, such as carddéie-MHC, cardiac cTnl,
co-cultured simultaneously on top of the prevascularizedlesmin, Cx45, and Cx43igures 12A-Q. lllustrative staining
CCCs. Day 14 co-cultures harboring the three categoriggattern captured for the myocyte-speci ¢ proteins within the
of cells, hCMVECs/hiPSC-ECMs/hMSCs were subjected teascularized cardiac patches were showRigures 12A-Q
immuno uorescent staining and confocal microscopic anadysi By cellular cohesion and alignment, the dierentiating
by utilizing the same set of vasculogenic and cardiomyagenimyocytes appeared to be very much elongated and were
di erentiation markers as stated above. Comparable to what wastructurally arranged into interweaving bundles of myas;t
discerned within hiPSC-ECMs CCC cultures, the di erentigtin in this co-culture condition Figures 12A-Q. The structurally
cells were in turn positive for a set of cardiomyocyteoriented and multilayered cells revealed cardiac specic
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FIGURE 10 | Transmission electron microscopic (TEM) analysis of CCCs (hMSCs culture, hiPSC-ECMs culture, and hiPSC-ECMs ~ /hMSCs co-cultures).
hMSCs cultured on CCCs in myocyte medium showed euchromaticuclei (N) with single to multiple nucleoli (n), and the cyttasm was characterized by numerous
random mitochondria and widespread endoplasmic reticulumthe ultrastructural characteristics of an active and immare cells (A). Besides, the hMSCs cytoskeleton
exhibited bundles of actin stress bers (sf) predominantly @n ned toward the peripheral cytoplasm. When hiPSC-ECMs culred on CCCs under the same culture
conditions revealed active euchromatic nucleus (N). The typlasm revealed myo brils (mf), perinuclear early sarconmi units, Z-discs (Z), and few mitochondria (mi)
interspersed between the myo brils along with glycogen paitles (B). Whereas, the hiPSC-ECMs/hMSCs CCC co-cultures revealed i the differentiating hMSCs
were in juxtaposition and tethered by numerous focal adhesis localized along the cellular margins of adjacent hiPSECMs. The myo brils of the coupled myocytes
frequently exhibited a number of discontinuous and thickeed Z discs as well as indistinct or absent M bands. Disorganed actin and myosin laments not assembled
into myo brils were also seen in the cytoplasm(C). Some disorganized thin laments were continuous with myo bils, and were often attached to the sarcolemma by
focal adhesions(C). Occasional developing myocytes illustrated typical impéections of the myo brillar organization, characterized § discontinuous and/or widened
Z discs, indistinct H zones, free oating myosin laments, as vell as large number of glycogen granules; apparently mimighkg like a specialized sino-atrial type of cells;
besides, there were evidently numerous ovoid or circular ettron-dense bodies, the Z-bodies (Zbs), composed of shorsarcomeric units ofa-actinin, the Z-bands
were created by the fusion of these precursor Z-bodiegD). In addition, some differentiating myocytes showed branchig and strand-like myo brils with regular Z
disks and distinct A and | bands. The myo brils were stretchedhrough the entire length of the cells, with scattered pleomrphic mitochondria and tubules of
sarcoplasmic reticulum. Glycogen granules were also widgsead throughout the remainder of the cell. These myocytes ere appeared to be fused with their adjacent
hMSCs, with imperceptible demarcation of their cellular bandaries (E,F). (A,C,D,F, scale bar 2mm; B, scale bar 500 nm; E, scale bar 10 mm).
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FIGURE 11 | Reverse transcription-quantitative real-time p olymerase chain reaction (RT-gPCR) analysis of various key v asculogenic and

cardiomyogenic markers. PECAML1 (platelet and endothelial cell adhesion molecule,I§DR (kinase insert domain receptor, a type Ill receptor tyrage kinase), TIE1
(tyrosine kinase with immunoglobulin-like and EGF-like daeains 1), TEK (TEK tyrosine kinase, endothelial), and VWeitWVillebrand factor) expression (abscissa) as 4
function of time (ordinate). hCMVECSs cultured onto CCCs inamplete microvascular endothelial cell growth mediungA). hCMVECs/hMSCs co-cultured onto CCCs in
complete microvascular growth medium(B). Similarly, MYH6 (myosin, heavy chain 6, cardiac muscle,@iia), MYH7 (myosin, heavy chain 7, cardiac muscle, beta),
ACTCL1 (actin, alpha, cardiac muscle 1), TNNI3 (troponin I3, adiac type), GATA4 (GATA binding protein 4), NPPA (natrisiepeptide A), NPPB (natriuretic peptide B),
and GJAL (gap junction protein, alpha 1) expression (absag) as a function of time (ordinate). hiPSC-ECMs cultured ém CCCs in complete myocyte medium(C,D).
hiPSC-ECMs/hMSCs co-cultured onto CCCs in complete myocytenedium (E,F). The calibrator control included hCMVECs day 0 sample for w&ulogenic cultures
and hiPSC-ECMs day 0 sample for cardiomyogenic cultures, ahthe target gene expression was normalized by three non-regated reference gene expressions, viz.,
GAPDH, b-ACTIN, and either G6PD or RPLPO. The expression ratio (abssia) was calculated using the Relative Expression SoftwafBol-384 (REST—SS@ - version
2). The values were means standard errors for three independent culturesr(D 3), *p < 0.05; **p < 0.001.

sarcomeric organization, which was positive for both desamd these cells were large, oval in shape and were centrallytesitua
cardiac myosin heavy chain, MHEigures 12E,H. In addition, in the cytoplasm Figures 12A-Q. In addition, the cells were
the intercalated discs were identi ed as prominently N-cadihe positive for the gap junction proteins, connexin 45 and 43
or desmin stained lines crossing bers either transverselyjn  (data not shown). The Gap junctions were a key component
a staggered and zigzag manné&igures 12B,C,E,J: Nuclei of of the intercalated discs, and were believed to provide a low
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FIGURE 12 | Characterization of vascularized cardiac patch by confocal scanning laser microscopy. Localization of key cardiac myocyte phenotypic
markers of the vascularized cardiac patches (hCMVECs/hiPSECMs/hMSCs co-culture) demonstrated the expression of strctural and contractile proteins,
N-Cadherin (B,C), desmin (E,F), cardiac MHC (H,l), and actin (A,C,D,F,G,1,J,L,M,0). Dual immunostaining of CCCs showed linear arrays of strajke myocytes with
cross-striations and uniform registry of sarcomeres. Thearcomeres were positive for cardiac MHC and desmin. N-cadhen revealed regions of intercalated disks,
evoking a functional syncytium. Nuclei of these cells werailge and oval in appearance, and were centrally situated. Fihermore, localization of key vascular
phenotypic markers of the same vascularized cardiac patchedepicted the expression of mature endothelium-associaté proteins, VWF(K,L) and lectin (N,O). Dual
immunostaining of CCCs revealed myriad network of linear alfor branching microvascular structure interposed betweerthe latticework of cardiac myocytes. Nuclei
of these vascular cells were smaller and either elongated dusiform in nature. Cells were also stained for nuclei (blu®API), and brillary actin (green, Alexa 488
phalloidin). Merged imageqA-O). (A-O, scale bar 100 mm).
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resistance pathway coupling adjacent cells, hence culmipati location within or outside the heart can populate a region of
into a functional syncytium. myocardial damage and transform into cardiac tissue-speci c

Amidst these aligned cardiac myocytes, extensive netwirk gells and also exhibit functional synchronizatiorCaflson,
linear and/or branching microvascular structures wereled. 2007). As a result, this necessitates the prompt development
Comparable to what was noticed within hCMVECs/hMSCs co-of appropriatein vitro 3-D model of cardiomyogenesis, and
cultures, the di erentiating cells were positive for a bagteaf  prompts us the development of a 3-D vascularized cardiac muscle
endothelial and smooth muscle cell markers, such as VWI|ec construct for tissue engineering purposes, especially using the
anda-SMA. Characteristic staining pattern captured endothelialputative postnatal-/adult-tissue-derived stem cells, hiPS@k a
associated proteins within the vascularized cardiac patelees hMSCs for personalized medicine.

shown inFigures 12J-0 Cumulative evidence suggests, using stem cells, it has been
possible to stimulate mammalian cardiac muscle regeneration,

Pharmacological Assay of Vascularized and researchers have investigated the potential of variaug-m

Cardiac Patch and/or pluri-potential stem cells, such as MSCs, ESCs, iPSCs, and

Analysis of the hCMVECshiPSC-ECMshMSCs derive PCs. Preliminary studies using small and larger animal feode

. - : . L ave indicated that bone marrow stromal cells/mesenchymal
vascularized cardiac patches in response to various catlieac

. ; . - tem cells (BMSCs/MSCs), when transplanted into a cardiac
pharmacological agents displayed typical calcium ux, ancf

: S . . lesion, can have certain degree of bene cial e edt$akino
hence the contractile response. Application of isoprenaline

alone, a non-selectivdd adrenoceptor agonist, showed an et al, 1999, Boyle et al., 20DMSCs are multipotent, capable

increase in the frequency and amplitude of calcium ux,Of di erentiating into the prototypic cardiovascular cells, $uc

R . . - . as striated muscle cells, endothelial cells, and smooth muscle
indicating an increase in the cardiac myocyte beating rate a

well as its increased contractile force. Thus, the elenatib cellsin vitro (Valarmathi et al., 2010, 20),1and contribute

chronotropic and inotropic e ects Figures 13A,8. Whereas, to myocardial regeneratiom vivo when transplanted into the

L o . failing heart following myocardial infarction or non-infation
application of diltiazem alone, a calcium channel blocked, le . . . . .
in mammalian model system, including human beingzo(le

to an opposite e ect. It progressively attenuated the frequencgt al., 2006: Makino et al., 199%evertheless, for example, the

and amplltudg of caIC|um. ux, indicating a Weakened CardlaCcentral issue that remains to be addressed is the extent ichwh
myocyte beating rate and its decreased contractile foremcH,

the decreased chronotropic and inotropic e ecfigure 13G. introduced stem cells and/or endogenous cardiac progecits

: . : : . actually contribute directly to the formation neo-cardioogytes
Calcium transient in response to isoprenaline followed by . oo . .
. L L . . . °vs. their contribution to and/or stimulation of an enhanced
diltiazem, the initial application of isoprenaline to beating

cardiac patch displayed the typical elevated chronotropi&lcocal vascular response, which in turn may act as a supportive

- . microenvironment for regenerative proces¥(ic, 2004; Carlson,
and ionotropic responses (blue arrow). Then, followed by - . - .

. . S Iy . 007, or whether the injected cells in fact accomplish myocardial
an immediate application of diltiazem showed sustaine 4 : . Lo . .

. . . . . repair by means of paracrine signaling, i.e., by secretinglaaib
negative chronotropic and ionotropic responsdsgure 130. ; ; C Y

. . . of growth factors rather than essentially incorporating irhe
Application of clenbuterol, a sympathomimetic amine Ka

agonist) led to a raise in the frequency of calcium ux, thus damaged myocardium, or by some other mechanism is actively

. . . . ‘under investigationCarlson, 200y
increase in the cardiac myocytes beating, thus an elevated . . : . .
Angiogenesis and vascular invasion are a prerequisite to

inotropic e ect (Figures 13D, B. Calcium transient in response . . .
I~ - . . the process of tissue morphogenesis both in development and
to clenbuterol followed by diltiazem, the initial applicatio . R ; .
. - . repair. Apart from their vital role in oxygen and nutrient
of clenbuterol to beating cardiac patch displayed elevateq™. . . .
) . L -~ elivery, it has recently been recognized that endothelii$ ce
inotropic e ect. Then, followed by an application of diltiazem . . - L .
. . - . . play an essential role in regulating and maintaining tissue-
showed continued negative chronotropic and inotropic e ects . . .
speci ¢ cells, and reported to inuence both early cardiac

(Figure 135, development and in adult hearB(utsaert, 2003; Cleaver and

Melton, 2003; Hsieh et al., 200@revious studies indicate that
DISCUSSION microvascular endothelial cells promote cardiac myocyteisat

and spatial reorganizatiorBfutsaert et al., 1998; Brutsaert, 2003;
Use of adult-tissue-derived stem cells in the stimulatioh oNarmoneva et al., 2004n addition,in vitro heterotypic primary
mammalian cardiac muscle regeneration is still in its eadgss, culture (co-culture) of microvascular endothelial cellsdan
and so far, it has been di cult to determine the e cacy of the ventricular cardiac myocytes have demonstrated that recigiro
procedures that have been employéddkson et al., 2001; Toma intercellular signaling regulates cardiac growth and fiorct
et al., 2002; Mangi et al., 2003; Balsam et al., 2004; Chen et and operates by means of autocrine and paracrine mechanisms
2004; Couzin and Vogel, 2004; Murry et al., 2004; Orlic, 2004Nishida et al., 1993 Such intercellular signaling has also been
Laamme and Murry, 200n Collective evidence suggests thatshown to regulate cardiac myocyte contractility and apoptosi
stem cells could play a vital role in cardiac regenerationthis  (Ramaciotti et al., 1992; Kuramochi et al., 20@n the other
concept required further validation, since several critisaues hand, cardiac myocytes are presumed to in uence endothelial
remain unresolved until now. The outstanding question rémsa cell survival and assembly. Taken together, these factgestig
whether stem cells derived from the bone marrow or some othethat one of the successful strategies for myocardial regéina
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FIGURE 13 | Pharmacological assay of vascularized cardiac pa  tch by live cell imaging with spinning disk confocal microscopy . Analyses of the
hCMVECs/hiPSC-ECMs/hMSCs co-culture derived vascularizedardiac patches in response to various cardioactive pharmeological agents (0.1 to 1mM) displayed:
Typical calcium oscillations of spontaneously and rhythmoally beating cells, before the application of isoprenale(a non-selectiveb adrenoceptor agonist), shown in
(A). Calcium oscillations in response to isoprenaline appli¢&n revealed the typical elevation of chronotropic and iastropic responses, shown in(B). Calcium
transient in response to isoprenaline followed by diltiaze, the initial application of isoprenaline to a beating caiec patch displayed the typical elevated chronotropic
and ionotropic responses (blue arrow). The subsequent apjgiation of diltiazem (a calcium channel blocker) led to theustained negative chronotropic and ionotropic
responses, shown in(C). Typical calcium oscillations of spontaneously and rhythioally beating cells, before the application of clenbuteiqa sympathomimetic amine,
b, agonist), shown in(D). Calcium ux in response to clenbuterol application demonstated elevated ionotropic effect, shown inE). Calcium transient in response to
clenbuterol followed by diltiazem, the initial applicatioof clenbuterol to a spontaneously contracting cardiac path exhibited enhanced ionotropic response. Whereas,
an immediate application of diltiazem progressively abslied the beating of cardiac patch, shown in(F). Calcium ux in response to application of diltiazem to a
spontaneously and rhythmically beating cardiac patch redted in negative chronotropic and inotropic responses, with ultimately led to the cessation of myocytes
contractility, shown in(G).
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may therefore depend on establishing functional myocytetests Gchmidt et al., 20)1Both the mechanical properties and
endothelium interactions. thein vitro biocompatibility of this CCC facilitate the engineering
Previously, our group has demonstrated the use of af thin transferable tissue constructs that o er new unlindte
novel 3-D aligned collagen-gel tubular scaold in which rat possibilities in the eld of tissue engineering and regenieeat
embryonic cardiac myocytes could grow and maintainranivo-  medicine Gchmidt et al., 2001
like phenotype, and recapitulates many aspects of developing Considering the fact that hiPSC-ECMs and hMSCs may
myocytes Evans et al., 2003In our recent studies, we have represent the cells of greatest potential for adult autolegou
characterized and demonstrated the osteogenic and vagenilo  and/or allogenic stem based cardiac regeneration, we have
di erentiation potential of adult BMSCs when seeded onto a 3-evaluated their integrative competence using developmental
D tubular sca old and cultured in osteogenic growth medium biology and tissue engineering principles. hiPSC-ECMs were
(Valarmathi et al., 2008g)Similarly, we have shown that a pure seeded onto a 3-D biomimetic and biocompatible CCC sca old
population of adult BMSCs (CD$( can be a potential cellular together with hCMVECs in the presence or absence of
source for vascular tissue engineering using the same 3llau  hMSCs. The engineered vascularized cardiac tissue construct
sca old. Our construct supported the development of in site  exhibited spontaneous beating and rhythmic contractions,
novomicrovascular structures under both vasculogenic and nonand was observed using phase contrast time-lapse video
vasculogenic culture conditionsglarmathi et al., 2009We also  microscopy as well as using spinning disk confocal microscopy
explored the potential of the 3-D model system to recapitulateluring calcium spark imaging. Ultrastructural analysis and
postnatalde novovasculogenesi&/élarmathi et al., 2009 Immunohistochemical analysis using a battery of cardiac speci
Here we report rst-time a reproducible and quintessential proteins con rmed the continuum of myogenic maturation and
in vitro 3-D model of vascularized cardiac tissue composed dafi erentiation, i.e., progression from embryonic to neonhta
embryonic cardiac myocytes and cardiac-derived microviasc phenotype. Furthermore, the spontaneously active cardiac patch
endothelial cells for exploring stem cell based cardiomygiegis.  briskly responded to various cardioselective drugs, bothtjvesi
This mosaic of cardiac tissue generated in this co-culturand negative chronotropic and ionotropic agents.
conditions recapitulated several aspects iof vivo neo- The advantages of the CCC model vs. other model systems
cardiomyogenesis, as well as allowed us to study the cogurr are, the CCC's geometry and ber topography allow for the
temporal and spatial regulation of cardiomyogenesis in thgroduction of vasculogenic structures in addition to varsou
context of postnatal neo-vasculogenesis during stem cellaza  di erentiated cells from a pure population of hMSCs not seen
regeneration. Thus, we have examined the temporal angreviously with any other sca old. The CCC allows for exibylit
spatial regulation of co-di erentiating hiPSC-ECMs (myocg)te and versatility when it comes to mechanical forces because t
and hCMVECs (microvascular endothelial cells) in our CCCCCCs can be made to interface well with ow bioreactors and
constructs in the presence of adult stem cell, hMSCs, andith the device tensile tester, and is more amenable to uario
ultimately, their cell fate determined. mechanical stimuli. Thus, it is an ideal model system to exam
Our results have provided compelling evidence that presenderther the e ects of cell/cell and cell/mechanotransductiom o
of preexisting microvessels can able to accelerate and amaint the maturation of a vascularized cardiac construct, as it iogm
the in vivo phenotype of ventricular cardiac myocytes. Indeveloping embryonic vertebrate primitive heart tissue.
addition, we have shown the progressive maturation and Since, in our previous studies, we have demonstrated that
di erentiation of these ventricular embryonic cardiac mydes, MSCs are not only capable of di erentiating into endothelial
from embryonic to neonatal type of phenotype. These myocytesnd smooth muscle cellsVélarmathi et al., 2009but also
expressed not only sarcomeeitb-myosin heavy chain, a marker are capable of di erentiating into myocytes under appropriate
for mature myocytes but also revealed more uniform regjstryphysicochemical and biological cuega(armathi et al., 2010,
and the presence of multiple intercalated discs. Finally, axeh 2011. Therefore, further co-culture experiments with uoreste
shown the presence of the gap junction protein, connexin 4®rotein labeled cells (for example, a combination of RFP-
that is localized at the intercalated discs. Given the pieer hiPSC-ECMs, GFP-hMSCs, and YFP-hCMVECS) are in progress,
of these two types of cells, viz., microvascular endotheéit  speci cally to assess and delineate the exact fate and catibib
and embryonic cardiac myocytes in cardiac development, wef each of those three categories of cells in the cardiac patch.
have observed larger caliber vessels created in the CCCldca oE orts are also underway to innervate the cardiac patch with
Moreover, we have demonstrated unequivocally that hMSCstem cell-derived autonomic neurons, i.e., the sympathetit a
derived smooth muscle cells contributed to the developmént gparasympathetic neuronal cells.
tunica media of the larger caliber vessels, besides thermesé
hMSC-derived neo-cardiomyocytes in this co-culture coidit ~ CONCLUSIONS
In general, any successful tissue engineering approach to
regeneration depends not only on the right choice of substratHere we report the development of a reproducibievitro 3-D
and/or engineered sca old but most crucially on the right scer model of cardiomyogenesis, as well as the generation of an
of initial cells, which will ultimately dictate and Il the dects archetypical 3-D vascularized cardiac patch for cardiovascu
and/or repair the lesions. The cell carrier, CCC, is a noveh,t tissue engineering purposes. This study is innovative on
and planar collagen scaold. It is based on brillary bovine several fronts, rstly, it uses co-culture of endothelial sell
collagen type | and exhibits a low material thickness f4)) and cardiac myocytes to allow for cell-cell interactionsttha
coupled with a high mechanical stability as measured by lensiwould exist in the heart during physiological (maintenance)
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