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Abstract
We demonstrated that joint delivery of human-derived endothelial progenitor cell (EPC) and smooth
muscle cell (SMC) sheets mimics the native architecture of structurally mature blood vessels and
contributes to limiting ventricular remodeling using a con�uent SMC-EPC bi-level cell sheet engineered by
cell-sheet technology and transplanted into an athymic rodent model of myocardial infarction. Enhanced
vasculogenic potential was observed in vitro when EPCs were stimulated with SMC-conditioned culture
medium, augmenting angiogenesis in vivo. Increased structurally mature vessel density, myocardial
upregulation of biological adhesion, and vasculature developmental genes in the ischemic border zone
myocardium showed interaction between cells and the extracellular matrix. Cell fate tracking experiments
featuring xenogeneic transplantation showed transplanted EPCs and SMCs to have elements of the
newly formed vasculature. Specialized magnetic resonance imaging of the cell-sheet-transplanted
rodents suggested prolonged cell retention. The robust angiogenic effect of the transplanted cell sheets
induced reverse ventricular remodeling of the ischemic heart. Bioinformatic analyses indicated that these
cell sheets promote transcriptome-wide changes in the left ventricular response to acute ischemia,
promote productive remodeling, and prevent pathological ventricular dilation. Thus, the human-derived,
spatially arranged SMC-EPC bi-level cell sheet is a promising therapy for increasing myocardial viability
and limiting adverse ventricular remodeling after myocardial infarction.

Introduction
The ischemic heart disease spectrum is the leading cause of death and morbidity in the USA [1]. An
estimated 20 million people suffer from coronary artery disease, whereas 6 million have heart failure in
the USA. More than one million patients a year have acute myocardial infarction (MI) with short-term
mortality that still exceeds 7%, despite maximal aggressive therapy [2]. Atop these numbers, the American
Heart Association has forecasted that over the next two decades, there will be even further increases in
the prevalence of coronary heart disease (+ 17%) and heart failure (+ 25%) [3]. Even mainstay therapies,
such as percutaneous coronary intervention and coronary artery bypass graft, leave many patients
incompletely revascularized. More importantly, microvascular malperfusion, unaddressed by current
therapies [4], leads to cardiomyocyte dysfunction and injury, ventricular remodeling, and progressive
functional deterioration. Therefore, there is a great need for effective therapy to restore microcirculation.

In our previous studies, we indicated that rodent-origin, bone marrow-derived, anatomically oriented, bi-
level cell sheets made of isolated endothelial progenitor cells (EPCs) and trans-differentiated smooth
muscle cells (SMCs) are a multi-lineage cellular therapy, obtained from a translationally practical source.
Delivery of a tissue-engineered construct that maintains important interactions between EPCs and SMCs
enhances mature neovascularization within the border zone myocardium, minimizes post-infarction
adverse remodeling, strengthens ventricular function in a rodent model of ischemic cardiomyopathy, and
is a highly optimal therapeutic cell delivery platform [5, 6]. We have recently identi�ed a modi�ed method
for SMC transdifferentiation from bone marrow-derived mesenchymal stem cells (MSCs) [7]. We are
currently working on developing preclinical human-origin EPCs and SMCs from human bone marrow.
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In this study, we hypothesized that the joint delivery of human-derived EPCs and SMCs in a cell sheet
would mimic the native architecture of a structurally mature blood vessel and contribute to cell
engraftment and limit post-infarction ventricular remodeling. We aim to continue this line of work toward
advancing potential translational therapeutics.

Methods
All methods were carried out in accordance with relevant guidelines and regulations. Our study was
approved by the Institutional Review Board of Stanford University (IRB 32769). Informed consent was
obtained from all subjects. The study is reported in accordance with ARRIVE guidelines.

Animal care and biosafety
Nude rats were obtained from Charles River, MA, USA. Food and water were provided ad libitum. All
animal experiments were performed in concordance with the Guide for the Care and Use of Laboratory
Animals (United States National Institutes of Health, 8th Edition, 2011). All animal procedures were
approved by the Institutional Animal Care and Use Committee at Stanford University (Protocol 28921).

EPC isolation and cell culture
Blood outgrowth EPCs were isolated from healthy human donors’ peripheral blood, as previously reported
[49]. In summary, approximately 27 mL of blood was collected in a sterile manner and diluted with
phosphate-buffered saline (PBS, > 1:1). Density-gradient centrifugation was conducted by layering the
blood sample over a Ficoll-Paque solution and centrifuging for 20 min at 1,000 × g at RT. The buffy coat
layer containing the mononuclear fraction of peripheral blood, including EPCs, was carefully harvested
and washed with Hank’s balanced salt solution (HBSS) by centrifuging for 10 min at 300 × g. The
supernatant was discarded and the pellet was resuspended in HBSS. After two washes, the isolated EPCs
were resuspended in EGM-2 BulletKit (Cat. CC-3162; Lonza Inc., NJ, USA) and seeded on a 24-well plate
that was previously coated with 0.2% gelatin for approximately 2 h at a density of 1.5 × 105 cells per well.
The cells were incubated at 37°C in a 5% CO2 atmosphere saturated with H2O until con�uence. The
cobblestone morphology of the cells was observed in the colonies that appeared on days 21 and 28
(Fig. 1A).

Cell preparation of SMCs
Human bone marrow-derived MSCs were purchased from Lonza Inc., NJ, USA and cultured in a 100-mm
culture dish at a seeding density (SD) of 4–6 × 103 cm2 in minimum essential medium alpha (MEM α;
Gibco, Thermo Fisher Scienti�c, MA, USA) supplemented with 20% fetal bovine serum (FBS; Hyclone, GE
Healthcare Life Sciences, UT, USA), 5% L-glutamine (Gibco, Life Technologies, CA, USA), and 1%
penicillin/streptomycin (P/S; Gibco, Life Technologies, CA, USA) at 37°C and 5% CO2. Cells were cultured
for 7–10 d, and the medium was exchanged every 3–4 d. The MSCs near con�uence were then lifted and
cultured on a 100-mm culture dish coated with �bronectin (BD Biosciences, CA, USA) at an SD of 4–6 ×
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103 cm2 in Medium 231 supplemented with smooth muscle growth supplement (SMGS; Gibco, Life
Technologies, CA, USA), 10% FBS, and 1% P/S at 37°C and 5% CO2 to induce SMC differentiation. SMC
growth medium (Medium 231 with SMGS) was used as the nutrient medium and was exchanged every 2
d. MSCs grown under SMC growth conditions were passaged at least three times for expansion and
induction toward SMC lineage differentiation before biological tests (Fig. 1A) [7]. Commercially available
human aortic smooth muscle cells (AoSMC; Lonza Inc., NJ, USA) were cultured in the same medium
condition at an SD of 3.5 × 103 cm2 for comparative purposes.

Immunohistochemical assessment of the morphological
characteristics of EPCs and SMCs
Approximately 40,000–60,000 cells were cultured on four-well chamber slides (Nunc™ Lab-Tek™ II
Chamber Slide™ System, Cat. 154526PK; Thermo Fisher Scienti�c, CA, USA) and incubated overnight at
37°C to allow them to attach to the bottom slides. After 24 h, the cells were washed with PBS gently in the
slides and �xed with 4% PFA for 10 min at RT. Following �xation, the cells were washed with 3% bovine
serum albumin (BSA) diluted in PBS and incubated in 0.5% PBS-Tween for 15 min at RT. After washing
with PBS, the cells were blocked with 10% FBS for an hour at RT. Following three washes, the cells were
incubated with the appropriate primary antibodies overnight at 4°C and washed with anti-CD31 (1:200,
Abcam, Cambridge, UK; Cat: ab24590), anti-CD34 (1:100, Invitrogen, CA, USA; Cat: PA5-32322), and anti-
HLA (1:200, Abcam, Cambridge, UK; Cat: ab52922) for EPCs, and with anti-SM22-α (1:100, Abcam,
Cambridge, UK; Cat: ab14106), and anti-Caldesmon (1:100, Abcam, Cambridge, UK; Cat: ab212964) for
SMCs. The cells were then stained with the appropriate secondary antibodies in the dark for 45 min at
37°C and washed again: (goat anti-mouse Alexa Fluor 488 secondary antibody (1:200, Abcam,
Cambridge, UK; Cat: ab150113), goat anti-rabbit Alexa Fluor 488 secondary antibody (1:200, Abcam,
Cambridge, UK; Cat: ab150077), donkey anti-goat Alexa Fluor 488 secondary antibody (1:200, Abcam,
Cambridge, UK; Cat: ab150129), goat anti-rat Alexa Fluor 488 secondary antibody (1:200, Abcam,
Cambridge, UK; Cat: ab150165), goat anti-mouse Alexa Fluor 594 secondary antibody (1:200, Abcam,
Cambridge, UK; Cat: ab150116), goat anti-rabbit Alexa Fluor 594 secondary antibody (1:200, Abcam,
Cambridge, UK; Cat: ab150080), donkey anti-goat Alexa Fluor 594 secondary antibody (1:200, Abcam,
Cambridge, UK; Cat: ab150132), goat anti-mouse Alexa Fluor 647 secondary antibody (1:200, Abcam,
Cambridge, UK; Cat: 150115), donkey anti-rabbit Alexa Fluor 647 secondary antibody (1:200, Abcam,
Cambridge, UK; Cat: 150075), and donkey anti-goat Alexa Fluor 647 secondary antibody (1:200, Abcam,
Cambridge, UK; Cat: 150131). Finally, the samples were incubated with 4′,6-diamidino-2-phenylindole
(DAPI) (1:100, NucBlue Fixed Cell ReadyProbes Reagent, Thermo Fisher Scienti�c, MA, USA; Cat: R37606)
for nuclear staining in the dark for 3–5 min at RT. After washing, the samples were stored in PBS at 4°C
for imaging.

Flow cytometry to evaluate EPC and SMC phenotypes
Flow cytometry was employed to identify the phenotypes of cultured EPCs and differentiated SMC
lineages using EPC-and SMC-speci�c markers, respectively. We generated 106/mL EPC and SMC single-
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cell suspensions and assessed these for cell numbers and viability using Trypan blue dye. The cells were
then washed with PBS and incubated with the Zombie Aqua Fixable Viability Kit (1:20, BioLegend, CA,
USA; Cat. 423101) in the dark for 30 min at RT to exclude the dead cell population. After incubation, the
cells were washed twice with �ow cytometry staining buffer and centrifuged for 5 min at 300 × g twice.
The EPCs were then incubated with the following three surface antibodies on ice for 30 min in the dark:
APC-conjugated CD31 (1:100, eBioscience, CA, USA; Cat: 17-0319-42) and PE-Cy7-conjugated CD34
(1:100, eBioscience, CA, USA; Cat: 25-0349-42). For SMCs, the cells were �rst �xed with �xation medium
(Reagent A of FIX & PERM™ Cell Permeabilization Kit; Thermo Fisher Scienti�c, MA, USA) for 15 min at RT.
After two washes with staining buffer, the SMCs were incubated with permeabilization medium (Reagent
B of FIX & PERM™ Cell Permeabilization Kit; Thermo Fisher Scienti�c, MA, USA) and three intracellular
antibodies on ice for 30 min in the dark: PE-conjugated α-SMA (1:100, Abcam, Cambridge, UK; Cat:
ab209435), APC-conjugated SM22-α (1:100, Abcam, Cambridge, UK; Cat: ab14106 (the primary antibody
was conjugated using Lightning-Link APC labeling kit; Novus Biologicals LLC, CO, USA), and AF700-
conjugated caldesmon (1:100, Novus Biologicals LLC, CO, USA; Cat: NBP2-47819AF700). Thereafter, the
EPCs and SMCs were washed twice, centrifuged for 5 min at 300 × g, and stored in a fresh buffer until
analysis. A portion of the cell suspension was used for compensation staining. The percentage of SMCs
expressing each intracellular antigen was analyzed using a Becton Dickinson LSR II �ow cytometer (BD
Biosciences, CA, USA). EPCs expressing each surface antigen were analyzed using Novocyte Quanteon
(Agilent, CA, USA). Data analysis was performed using FlowJo vX.

Angiogenesis assay to assess the interaction between EPCs
and SMCs
To assess the synergistic effect of SMC cytokines and endothelial growth factors on the angiogenic
potential of EPCs, an in-vitro Matrigel angiogenesis assay was performed. Growth factor-reduced Matrigel
(Corning, NY, USA; Cat: 354263), thawed at 4°C overnight, was used to coat each well of a 15-well µ-Slide
(Ibidi, Gräfel�ng, Germany; Cat: 81507) and allowed to polymerize for 30 min at 37°C in 5% CO2. Fifteen
thousand cells were seeded in each well and cultured in one of the following experimental medium
conditions: fresh EGM-2 medium or 48-h SMC-cultured EGM-2 medium. The well plate was incubated for
24 h at 37°C in 5% CO2 and observed at 2, 4, 6, and 8 h to monitor the progress of tube formation. The
images were then analyzed using Angiogenesis Analyzer ImageJ plugin (17, 50).

Creation of human-derived SMC and EPC bi-level cell
sheets
Cell sheets were created on and removed from a specialized dish, called Upcell dish (CellSeed, Tokyo,
Japan), grafted covalently with a temperature-responsive polymer-poly (N-isopropyl acrylamide), which
undergoes an enzyme-free transformation from hydrophobic to hydrophilic at lower temperatures
(Fig. 2A). This temperature-sensitive dish allows the fabrication of three-dimensional tissue constructs
from densely adherent cells, without an arti�cial scaffold or enzymatic digestion. The cell sheets created
thus can be handled easily and have a unique ability to integrate within native tissue; they retain cell-cell
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junctions and the ECM deposited on the basal surface of the cell sheets. Human-origin transdifferentiated
SMCs were plated on a 35-mm Upcell dish at a density of 1.5 × 105/cm2 and cultured in 231 medium for
24 h at 37°C in 5% CO2. After 24 h of incubation, EPCs of human origin were carefully seeded at 1.5 ×

105/cm2 on top of the con�uent SMC layer on the same dish and cultured in EGM-2 medium for an
additional 24 h. After incubation, the dish containing a bilayer of two different con�uent cell types was
transferred at RT to lift the cells as an intact SMC-EPC bi-level cell sheet.

Using SEM to visualize topological variations of SMC-EPC
bi-level cell sheets
We hypothesized that the bilayer of SMCs and EPCs would remain densely adhered to one another as an
intact cell sheet, despite lacking an arti�cial scaffold. We used SEM to observe their morphologies and
interactions with one another closely (Fig. 2D-E). The bi-level cell sheet lifted from the UpCell dish was
�xed with 4% paraformaldehyde and 2% glutaraldehyde in 0.1 mol/L sodium cacodylate buffer (pH 7.2)
for 24 h at 4°C, rinsed in the same buffer, and post-�xed with 1% aqueous osmium tetroxide for an hour.
After dehydration in an ascending ethanol series (50%, 70%, 90%, and 100% [2x] for 10 min each), the
sample was pressed onto carbon paint and sputter-coated with Au:Pd (60:40) before imaging. The SEM
images were acquired using an FEI Magellan 400 XHR microscope with a beam voltage of 8 kV and a
dwell time of 30 µs.

Athymic rat MI model and cell-sheet transplantation
A proximal region of the left anterior descending coronary artery of female athymic rats (Fig. 4A)
(F344/NJcl-rnu/rnu, 8-week-old, female, 150–180 g; Charles River, MA, USA) was permanently occluded
using a left thoracotomy approach. We utilized an established ischemic cardiomyopathy model with a
resultant MI encompassing 40% of the left ventricle. Each operated rat was allocated to one of two
groups: 1) transplantation of SMC-EPC bi-level cell sheet (cell sheet group, n = 10) or 2) no treatment
(untreated control group, n = 14). These two groups were compared to 3) rats that received a sham
operation (a positive control, n = 10) (Fig. 4B). In the cell sheet group, the bi-level cell sheet, which
consisted of 1.5 × 106 EPCs and 1.5 × 106 SMCs, was placed on the epicardium covering the ischemic
area. The animals were then kept for 8 weeks and then euthanized by intravenous injection of 2 mEq/kg
potassium chloride under terminal anesthesia. Their hearts were collected for histological analysis
(Fig. 3C).

Evaluating ventricular remodeling and cardiac function,
mass, and myocardial viability
Cardiac MRI was performed at 8 weeks after the treatment procedure using a Signa 3T EXCITE scanner
(GE Healthcare, WI, USA) and a phased array 4 channel surface coil (Rapid MR international) [5, 51].
During the entire scan, the rats were anesthetized using 1.0–3.0% iso�urane. ECG gating and respiratory
and body temperatures were monitored using PC-SAM (SA Instruments Inc., NY, USA). The LV function
was evaluated on short-axis serial slices obtained by an ECG-triggered fast spoiled gradient-recalled
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(FSPGR) sequence. Nonviable and viable myocardium was discriminated against using MEMRI, which
was performed using an ECG-triggered IR-FSPGR sequence approximately 60 min after the subjects were
given an intraperitoneal injection of 10 mL/kg of EVP103 (Eagle Vision Pharmaceutical) [52, 53]. The LV
contours were traced manually to calculate LVEDV, LVESV, and LV ejection fraction (LVEF). A manganese-
based contrast agent (EVP 103) was taken up by L-type calcium channels to confer T1-shortening and
positive signals on the viable myocardium. Myocardial viability was calculated by tracing MEMRI
enhancement. MEMRI viable myocardial volume (%) = (MEMRI enhancement volume × 100) /total LV
mass volume.

USPIO-enhanced MRI assesses engraftment of transplanted
donor cells
We hypothesized that a signi�cant portion of the transplanted SMC-EPC cell sheet would be engrafted
onto the native tissue. To test this hypothesis, SMCs and EPCs were �rst magnetically labeled before cell-
sheet creation and transplantation. An adherent monolayer of differentiated SMCs or EPCs was cultured
and lifted when it reached 80–90% con�uence and was resuspended in serum-free Dulbecco's modi�ed
Eagle’s media at a density of 4 × 106 cells/mL for labeling. Each cell type suspension was mixed with
protamine (60 µg mL− 1) and ferumoxytol (50 µg mL− 1) from stock drugs and incubated for 2–4 h at RT.
After the iron labeling, an equal amount of complete medium containing 10–20% FBS was added to the
cells and incubated overnight at RT. The iron-labeled cells were then washed with PBS and used to create
cell sheets using the method described above.

Iron labeling was con�rmed using USPIO with FDA-approved ferumoxytol injection (Feraheme; 1,000
mg/mL; AMAG Pharmaceuticals, Inc., MA, USA). Cardiac MRI was performed using a Signa 3T EXCITE
scanner (GE Healthcare, IL, USA) and a phased array 4 channel surface coil (Rapid MR International, LLC,
OH, USA). During the entire scan, the rats were anesthetized using 1.0–3.0% iso�urane. ECG gating and
respiratory and body temperatures were monitored using PC-SAM (SA Instruments Inc., Maharashtra,
India). The iron-labeled cells in the transplanted cell sheet were detected as dephasing signal loss on
gradient-echo (GRE) sequence on days 1, 7, 14, 28, 42, and 56 post-transplantation. The GRE images were
obtained on LV short-axis planes to cover the whole heart (�ip angle = 35 °, TR = 1 RR, TE = 9 ms, trigger
delay = 12 ms, NEX = 6, matrix = 256 x 192, FOV = 4 cm, thickness = 1.5 mm, BW = 122 Hz/pixel). The
USPIO-labeled areas in the samples were measured and corrected by the USPIO density values of interest
at the mid-LV level (clearly depicting the base of the papillary muscles) [54, 55].

Morphological alterations following SMC-EPC cell sheet
transplantation
Eight weeks after the treatment procedure, hearts were arrested with potassium chloride and explanted to
assess infarct size and tissue biocompatibility. The hearts �ushed with PBS were injected retrogradely
with Tissue Tek optimum cutting temperature (OCT) compound (Sakura Finetek Inc., CA, USA), frozen in
it, and stored at − 80°C. The frozen tissues were cross-sectioned along with the ventricle short-axis plan
with 10 µm thickness using a Leica CM3050S cryostat (Wetzlar, Germany) and stained with various
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histochemical stains. Digital photographs were taken with a NanoZoomer 2.0-RS (Hamamatsu, Japan)
and Keyence BZ-X800 (Osaka, Japan) and were analyzed using the Image J software. The tissue
sections for each of the three groups were stained with hematoxylin and eosin to evaluate morphological
changes according to the manufacturer’s instructions (Thermo Fisher Scienti�c; Cat: 9990001).

Periodic acid Schiff (PAS) staining was performed to assess hypertrophic response in the myocardium
following each treatment, using the PAS stain kit (Cat No. ab150680; Abcam, Cambridge, UK). The tissue
sections were �rst equilibrated for 5 min at RT before staining. The tissues were then incubated in PAS
solution for 10 min at RT and washed with distilled water. The rinsed samples were incubated in Schiff’s
solution for 25 min and washed again. Following hematoxylin nuclear staining for 3 min and washing,
the samples were dehydrated with 100% ethanol, mounted, and stored at RT for imaging.

RNA sequencing to evaluate comprehensive transcriptomic
characteristics
Heart tissue was collected 7 days after surgery from sham, left anterior descending artery infarct, and
infarct + cell sheet samples and dissected to separate the left ventricular into three zones encompassing
the infarct, border zone, and unaffected (remote) tissues. The samples were snap-frozen in liquid nitrogen
immediately after collection. Subsequently, the tissue samples were pulverized on dry ice and RNA was
extracted using an RNeasy extraction kit (Qiagen, Germantown, MD). RNA sample integrity was ensured
using a bioanalyzer. mRNA libraries were then generated using poly-A enrichment, and all the samples
were sequenced simultaneously using a NovaSeq 6000 device using paired-end 150-bp reads. Raw
sequencing BCL �les were then demultiplexed into individual FASTQ �les corresponding to each sample;
these �les were used as input into STARAligner v.2.5.4 to simultaneously trim sequencing reads and align
to the mRatBN7.2 genome assembly. The resulting aligned reads were then mapped to Rattus norvegicus
Annotation Release 108, and the individual sample count matrix �les were generated. Downstream RNA
sequencing analysis was performed using the DESeq2 package in R. All samples were merged into a
single expression matrix data frame and normalized by sequencing depth before differential expression
analysis.

Immunohistochemical assessment of mature vessel
formation
After 8 weeks post-MI, whole rat hearts were dissected and embedded in OCT for histological
assessment. Heart cryosections were stained with anti-von Willebrand factor (vWF) (1:100, Abcam,
Cambridge, UK; Cat: ab11713) and anti-α-SMA (1:100, Abcam, Cambridge, UK; Cat: ab21027) to evaluate
mature vessel density. The mature vessel density was calculated as the number of positively stained
vessels per heart in �ve randomly selected �elds within the peri-infarct border zone. Cell nuclei were
counterstained with DAPI. Images were acquired with a �uorescence microscope (Leica, Wetzlar,
Germany), and ImageJ was used for quantitative morphometric analyses.

Cell fate tracking to identify transplanted donor cells
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We designed cell sheets in speci�c ways to track their fate on the recipient’s heart after transplantation.
First, we created cell sheets with EPCs from a human female donor and SMCs from a human male donor
and transplanted them onto a female athymic rat heart. The animals were sacri�ced at 0-day and 8-week
postoperative time points, and their hearts were sectioned as described above. The transplanted EPCs
were tracked immunohistochemically with anti-HLA (1:100, Abcam, Cambridge, UK; Cat: ab52922) and
anti-VEGFR2 (1:100, Abcam, Cambridge, UK; Cat: ab9530), whereas SMCs were tracked using anti-
SOX1(1:100, EMD Millipore, MA, USA; Cat: 07–1673) and anti-α-SMA (1:100, Abcam, Cambridge, UK; Cat:
ab21027). Cell nuclei were counterstained with DAPI.

To corroborate the fate of the transplanted bi-level cell sheets on the recipient’s myocardium, we labeled
the cell sheets with iron as described above before transplantation. The iron-labeled cell sheets were
transplanted onto athymic rat hearts following MI, and the hearts were collected 8-week postoperatively.
Tissue sections were stained with the Prussian blue stain kit (Cat No. ab150674; Abcam, Cambridge, UK)
to detect ferric iron in the tissues. The tissue sections were �rst equilibrated for 10 min at RT, followed by
hydration in distilled water. The samples were then incubated in a working solution of hydrochloric acid
with potassium ferrocyanide (1:1) for 5 min at RT. After incubation, the samples were rinsed with water,
followed by nuclear staining with DAPI for 5 min. After rinsing, the samples were dehydrated in 95%
ethanol and then absolute ethanol, and then mounted for imaging.

Statistical analysis
Continuous variables are expressed as the mean and standard error. The signi�cance of differences was
determined using Student’s t-test for paired data. For comparisons among 3 groups, we used one-way
analysis of variance, followed by 2-tailed multiple t-tests with Bonferroni’s correction. Statistical
signi�cance was set at p < 0.05. All calculations were performed using JMP 9.0 (SAS Institute Inc., NC,
USA).

Results

Characterization of EPCs and transdifferentiated SMC
lineage
The protocol used to manufacture the SMC-EPC bi-level cell sheets is illustrated in Fig. 1A. To
characterize the isolated and transdifferentiated cells, immunocytochemistry for CD31, CD34, smooth
muscle protein 22-alpha (SM22-α), and caldesmon was performed. Proportions of proteins indicative of
EPC and SMC phenotypes were examined using �ow cytometry analysis. Immunocytochemistry revealed
CD31 and CD34 on the cultured EPCs (Fig. 1B). EPCs cultured for passages 6–7 after isolation were
positive for CD31 (99.9% ± 0.03%) and CD34 (81.1% ± 8.2%) on their surface (Fig. 1C). MSCs were
transdifferentiated into the SMC lineage when cultured in SMC growth medium on �bronectin-coated
dishes. Immunocytochemistry demonstrated SM22-α and caldesmon in the cells (Fig. 1D). The obtained
cells were highly positive for alpha-smooth muscle actin (α-SMA; 100.0% ± 0.0%), SM22-α (99.9% ± 0.1%),
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and caldesmon (89.5% ± 2.7%) (Fig. 1E). Our protocol yielded human-derived EPCs and SMC lineages
with high purity, which is consistent with previous reports [5–7] and is a promising cell source for
translatable clinical applications.

Enhanced EPC vasculogenic potential using SMC-
conditioned culture medium
The in-vitro analysis of vasculogenic potential performed using the tube formation assay showed
signi�cantly greater vessel formation, length, and branching in EPCs treated with SMC-conditioned
endothelial cell growth medium-2 (EGM-2) than in EPCs treated with fresh EGM-2 (n = 24 in each group).
For the observation period of 2–8 h, there was a profound increase in total tubing in both groups (Fig. 2).
Priming of EPCs with SMC-conditioned EGM-2 medium seems to signi�cantly enhance the vasculogenic
potential of EPCs. This in-vitro assay demonstrated the signi�cant direct SMC-mediated vasculogenic
potential of EPCs. These �ndings help explain the profound increase in vasculogenesis that was
observed in vivo.

Creation and characterization of SMC-EPC bi-level cell
sheets
The schema used to manufacture the SMC-EPC bi-level cell sheets is illustrated in Fig. 3A. Cell sheets
were created on and removed from a specialized dish that was grafted covalently with a temperature-
responsive polymer poly (N-isopropyl acrylamide), which undergoes an enzyme-free transformation from
hydrophobic to hydrophilic by the mere lowering of temperature. We created a circular-shaped, scaffold-
free SMC-EPC bi-level cell sheet in temperature-responsive culture dishes, which allowed for spontaneous
detachment of the cell sheet from the culture surface after 20–30 min of incubation at room temperature
(RT; Fig. 3B). We con�rmed that the cell sheet was bi-level by immunohistochemistry (Fig. 3C). Scanning
electron microscopy (SEM) revealed the presence of densely adherent cells without an arti�cial scaffold
in the cell sheet. Moreover, morphological differences were noted between individual cells, different cell
types, and the upper and lower surfaces of the cell sheets. The examination of the surface (EPC layer) of
the SMC-EPC bi-level cell sheet suggested that the EPCs form a smooth con�uent layer with cell borders
in close contact with each other, thereby forming a thin �lm-like layer on top of the SMCs (Fig. 3D),
whereas the examination of the bottom (SMC layer) of SMC-EPC bi-level cell sheet indicated that that
SMC morphology varies regionally from spherical to �attened (Fig. 3E). This suggested that SMCs
differentiated into elongated and spindle-shaped dense sheet-like constructs with cellular extensions to
form a densely adherent layer. The interface between the two layers of the SMC-EPC bi-level cell sheet
(SMC-EPC border zone) showed the development of a cross-linked structure (Fig. 3F).

SMC-EPC bi-level cell sheets improved cardiac function,
viability, and remodeling



Page 12/29

The effects of bi-level cell sheet transplantation on cardiac function were assessed in an athymic rat
model of ischemic cardiomyopathy using cardiac magnetic resonance imaging (MRI) and manganese-
enhanced MRI (MEMRI) (Fig. 4). Representative cardiac MRI at end-systolic and end-diastolic phases and
MEMRI images are shown in Fig. 5. Compared to that in sham surgery, permanent ligation of the left
anterior descending artery in untreated animals signi�cantly decreased left ventricular (LV) ejection
fraction with concomitant increases in LV end-systolic and end-diastolic volume 8 weeks after infarction,
which are all characteristics of chronic ischemic heart failure. However, SMC-EPC bi-level cell sheet
transplantation attenuated myocardial dysfunction, as evidenced by an increase in LV ejection fraction
(untreated vs. cell sheet vs. sham, 37% ± 2% vs. 41% ± 2% vs. 69 ± 2%, respectively, p = 0.0001), and
induced signi�cant reverse LV remodeling, as evidenced by decreases in LV dimensions [LV end-diastolic
volume (LVEDV) in untreated vs. cell sheet vs. sham, 627 ± 25 µL vs. 447 ± 30 µL vs. 271 ± 37 µL,
respectively, p = 0.0001; LV end-systolic volume (LVESV) in untreated vs. cell sheet vs. sham, 398 ± 20 µL
vs. 265 ± 24 µL vs. 83 ± 24 µL, respectively, p = 0.0001] and LV mass (untreated vs. cell sheet vs. sham,
385 ± 17 mg vs. 364 ± 20 mg vs. 281 ± 20 mg, respectively, p = 0.01). Myocardial viability, as calculated by
tracing MEMRI enhancement, demonstrated the recovery of the viable area following SMC-EPC bi-level
cell sheet transplantation (untreated vs. cell sheet vs. sham, 71% ± 2% vs. 76% ± 2% vs. 100%,
respectively, p = 0.0001).

Longitudinal changes in cell engraftment following SMC-
EPC cell sheet transplantation
Cell engraftment ratio was quantitatively calculated using ultrasmall superparamagnetic iron oxide
(USPIO)-enhanced MRI images to assess the longitudinal change following SMC-EPC bi-level cell sheet
transplantation (Fig. 5C). After 7 d of cell-sheet transplantation, the cell engraftment ratio was maintained
as high as 92.4% of the baseline at 0 d. After 14 d, regression of cell engraftment occurred and the ratio
decreased to 72.5% of the baseline at 0 d. From 14 to 42 d, this ratio was maintained at approximately
70% of the baseline at 0 d. Eventually, the cell engraftment ratio at 56 d was still as high as 56.3% of the
baseline at 0 d, indicating that more than half of the iron-labeled cells could be detected at 8 weeks after
transplantation (Fig. 5D).

SMC-EPC cell sheet induced biological adhesion and
vascular development pathways
To comprehensively evaluate the effect of SMC-EPC bi-level cell sheet implantation on native tissue
biological processes following MI, we processed whole rat heart tissue samples for bulk RNA sequencing
1 week after implantation. The samples from rats treated with cell sheets were compared with the
corresponding samples from the infarction-only group and sham surgery controls (n = 5–6 animals per
group). To provide spatial context to the effect of cell sheet implantation, separate samples
encompassing the anterior LV (infarct zone), lateral wall (border zone), and ventricular septum (remote)
were used from each animal (Fig. 6A). Principal component analysis of the individual samples showed
variable signatures in the anterior LV and border zone regions between the cell sheet-implanted group and
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the MI only group, suggesting substantial transcriptomic differences between these groups, whereas the
sham group clustered within a tight PC spectrum, indicating minimal gene expression variation due to
anatomic segments (Fig. 6B). To identify changes due to cell sheet implantation that may contribute to
improvement in post-infarction myocardial function and ventricular remodeling, we directly compared the
infarct and border zones of the cell between the sheet-treated group and the infarct-only group. This
analysis identi�ed 3,160 differentially expressed genes (DEGs), including 1,625 enriched in cell sheet-
treated hearts and 1,535 enriched in infarct-only samples. We then performed gene set enrichment
analysis by ranking the DEGs in descending order of fold change and by analyzing this rank list to
identify enriched biological processes in annotated gene ontology (GO) [8, 9].

We identi�ed 114 signi�cantly enriched processes in the cell sheet treated group, which included
pathways related to embryogenic morphogenesis, biological adhesion, and vasculature development
(Fig. 6C). The infarct-only group showed enrichment for pathways related to mitochondrial energetics,
oxidative phosphorylation, and protein translation (Fig. 6D, 6E). Because we hypothesized that cell–ECM
interaction and angiogenesis play critical roles in post-infarction cardiac performance, we further
analyzed biological adhesion and vasculature development pathways for genes of interest in terms of
spatial expression. For the adhesion pathway, we found increased expression of critical ECM
components, including collagen VI isoforms and collagen subtypes associated with cardiac development
and response to injury in the cell sheet-treated group (Col12a1 and Col1a1) (Fig. 6F) [10]. The expression
of each of these genes was downregulated in sham samples and the remote, non-infarcted LV but was
upregulated in the infarct-only group, which were further enriched in the cell sheet treated group, thus
suggestive of the enhancement of native ECM remodeling processes (Fig. 6F). For the vasculature
development pathway, Ndnf (11) and Adam12 (12), associated with angiogenic processes, were
upregulated in the cell sheet-treated group (Fig. 6G).

Other upregulated genes were Notch3, a mediator of angiogenesis and vascular mural cell investment
[13], and Cxcl12, a critical signaling molecule in the recruitment of endothelial progenitor cells [14, 15] in
other preclinical models of post-MI remodeling, particularly in the border region (Fig. 6G). Collectively,
these pathways establish transcriptome-wide changes in the left ventricular response to acute ischemia,
indicating that the bi-level cell sheets gradually promote productive remodeling and prevent pathological
ventricular dilation via these pathways and genes.

SMC-EPC bi-level cell sheet induced morphologic reverse
remodeling
Eight weeks after MI, the left ventricular myocardial structure was superiorly maintained after SMC-EPC
bi-level cell sheet transplantation compared with that in the untreated control, as assessed by
hematoxylin-eosin staining (Fig. 7A). The SMC-EPC bi-level cell sheet attenuated cellular hypertrophy, as
indicated by cellular diameter (cell sheet vs. untreated vs. sham, 16 ± 2 µm vs. 17 ± 2 µm vs. 14 ± 2 µm,
respectively) (Fig. 7B).
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SMC-EPC bi-level cell sheet enhanced intramyocardial
arterial density
Eight weeks after MI, well-structured vessel density (vWF/α-SMA-positive blood vessels) in the border
zone myocardium increased in cell-sheet-treated animals compared to that in controls (cell-sheet vs.
untreated, 4.8 ± 1.4/m2 vs. 3.2 ± 1.1/m2, respectively) (Fig. 7C), suggesting enhanced angiogenesis in the
cell sheet group.

Engraftment of transplanted iron-labeled EPCs and SMCs in
host myocardium
To con�rm the fate of transplanted iron-labeled EPCs and SMCs, Prussian blue staining was performed.
Eight weeks after MI, iron-positive cells were detected in the attached cell sheet as well as in the host
myocardium (Fig. 7D), suggesting engraftment and migration of transplanted iron-labeled EPCs and
SMCs to the host myocardium.

Angiogenesis into host myocardium from bi-level SMC-EPC
cell sheet
The created bi-level cell sheet maintained CD31-positive EPCs and SM22−α−positive SMCs in separate
layers in vitro (Fig. 3C). The differentiation capacity of the transplanted human-derived EPCs and SMCs
was assessed using immunoconfocal microscopy. As expected, immediately after cell sheet
transplantation, immunoconfocal microscopy demonstrated an HLA-positive cell sheet construct
attached to the epicardial membrane of the host myocardium (Fig. 7E). One week after cell sheet
transplantation, CD31, α−SMA-positive, and Notch3-positive cells were detected in immunoconfocal
microscopy of the host myocardium, whereas CD31- and α−SMA-positive, but Notch3-negative cells were
found adjacent to the host myocardium (Fig. 7F). Importantly, Notch3, CD31, and α−SMA-positive blood
vessel was observed in the border zone myocardium 1 week after cell sheet transplantation (Fig. 7G).
Eight weeks after cell-sheet transplantation, according to the fate tracking of transplanted human-derived
EPCs, HLA and vascular endothelial growth factor receptor 2 (VEGFR2) double-positive cells were
detected in the host myocardium, suggesting that the transplanted EPCs in the border zone area were
able to contribute directly to neovascularization of the host myocardium (Fig. 7H). In addition, fate
tracking of transplanted human male-derived SMCs was performed to identify male SMCs in female
recipients of the SRY box transcription factor 1 (SOX1) gene in male cells. Immunostaining with
antibodies for SOX1 and α-SMA demonstrated that SOX1-positive SMCs originating from the
transplanted bi-level cell sheet migrated into the treated myocardial tissues and were able to contribute
partly to the neovascularization of the host myocardium (Fig. 7I). These results indicate that transplanted
EPCs and SMCs also directly contribute to the formation of new vessels in the host rodent myocardium.

Discussion
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The development of novel therapies that are clinically translatable is critical if one hopes to transition
research from the bench to the bedside. Although our prior SMC-EPC cell sheets were potent angiogenic
constructs, using the rodent model as a cell source for EPC and SMC isolation precluded translation as a
realistic therapy. Our study showed that the use of human-derived EPCs and SMCs in human subjects is
promising.

We introduced human-derived EPCs isolated from peripheral blood and the SMC lineage when MSCs were
cultured with SMC growth medium on ECM-coated dishes. A con�uent bi-level cell sheet made of human-
derived EPCs and SMCs was engineered using cell sheet technology. These advantages are most
probably multifactorial in nature, by which the targeted transplantation of an SMC-EPC bi-level cell sheet
induced the generation of structurally mature blood vessels and increased myocardial viability in the
ischemic border zone myocardium, enhanced myocardial functional recovery, and limited adverse
ventricular and myocardial remodeling in the athymic rodent model of MI. The observed increase in
structurally mature vessel density in the ischemic border zone myocardium elucidated the signi�cant in
vivo angiogenic potential of this technology. A signi�cantly enhanced vasculogenic potential was
observed in vitro, wherein EPCs were stimulated with SMC-conditioned culture medium, indicating
biological cross-talk by co-culturing SMCs and EPCs; this effect is a mechanistic component of the
augmented angiogenesis demonstrated in vivo. More importantly, the data established direct migration of
the transplanted EPCs and SMCs into the host myocardium and con�rmed that these cells were some
elements of a newly formed vasculature using our unique cell fate tracking experiments featuring
xenogeneic transplantation. Moreover, the therapeutic potential of cell sheets was re�ected by the
upregulation of CXCL12, Notch3, Ndnf, Adam12, and Type VI collagen in the ischemic border zone
myocardium, as indicated by bulk RNA Seq. Furthermore, regarding cell engraftment, the cell-sheet-
transplanted rat showed prolonged cell retention, as quantitatively assessed using USPIO-enhanced MRI.
Thus, the robust angiogenic effect of bi-level cell sheets was because of the upregulation of
angiogenesis-related genes; the recruitment of transplanted EPCs and SMCs improved myocardial
viability, enhanced myocardial functional recovery, and induced reverse myocardial and ventricular
remodeling of the ischemic heart.

Tissue engineering is a necessary tool for developing effective regenerative therapies [16]. In the past
decade, using tissue engineering techniques, various cell scaffold therapies have been studied and are
commercially available currently. One widely used therapy includes scaffold-based tissue engineering,
which includes the use of biodegradable scaffolds [17], decellularized tissues [18], hydrogel and cell
mixtures [19], bioprinting ]20], 3D bio-fabrication [21], and �ber-based tissue engineering [22]. Of these,
our group employed the scaffold-free technology for cell-sheet engineering [23, 24].

A specialized dish that is covalently grafted with poly (N-isopropyl acrylamide) is used to create a cell
sheet; poly (N-isopropyl acrylamide) is a temperature-responsive polymer which undergoes an enzyme-
free hydrophobic to hydrophilic transformation by temperature lowering [25]. Thus, using these dishes,
three-dimensional tissues can be created from densely adherent cells, and an arti�cial scaffold or
enzymatic digestion is not required. Cell sheets can be engineered easily and have an advantage of



Page 16/29

integrating within native tissue. These cell sheets preserve the cell-cell junctions and the extracellular
matrix (ECM) deposited on the basal surface of the cell sheet in addition to regional morphological
differences between different cell types following mobilization from the UpCell dish. SEM images showed
spherical cells of the SMC layer, and a thin, �lm-like EPC mono-layer, consistent with the results reported
previously [7].

Previously, using a rodent model of ischemic cardiomyopathy, we demonstrated that tissue-engineered
cell sheets with rodent-derived SMCs and EPCs have advantages of the natural interactions between
EPCs and SMCs, a structurally organized microvasculature, and functional recovery of distressed
myocardium [6]. However, we observed the presence of SMCs in the thoracic aorta; it was also observed
that bone marrow-derived MSCs have the potential to differentiate into various cell types, including
SMCs. Considering the ECM regulates SMC phenotypic modulation, �bronectin was observed to guide the
differentiation of MSCs into SMCs and simultaneously preserve cellular proliferative capacity [7]. Then,
we indicated that the rodent origin bone marrow-derived, anatomically oriented bi-level cell sheet made of
isolated EPCs and trans-differentiated SMCs is a multi-lineage cellular therapy, obtained from a
translationally practical source. The following properties of tissue-engineered constructs make it an
appropriate engineering combination for therapeutic use: maintenance of important interactions between
EPCs and SMCs, thereby enhancing mature neovascularization within the border zone myocardium,
minimization of post-infarction adverse remodeling, and strengthening of ventricular function in a rodent
model of ischemic cardiomyopathy [5].

The mechanism by which SMC-EPC bi-level cell sheets induced blood vessel formation is dynamic and
complex. Based on increased arterial density as shown by microscopy and preserved myocardial viability
as shown by MEMRI in the ischemic border zone myocardium, the bi-level cell sheet containing human-
derived EPCs and SMCs in separate layers was directly incorporated into the well-structured vasculature
and remained present 8 weeks post-infarction in the cell fate tracking experiments.

This �nding is consistent with our previous study [6]. Additionally, in this study, we elucidated an
alternative exogenous mechanism underlying the therapeutic effect of SMC-EPC bi-level cell sheets in the
acute MI rat model. The effect is observed because of the increased expression of CXCL12, Notch3, Ndnf,
Adam12, and type VI collagen, as indicated by bulk RNA Seq.

Notably, CXCL12, also known as stromal cell-derived factor 1 (SDF-1), binds selectively to two chemokine
receptors, namely CXCR4 and ACKR3 [26, 27]. CXCL12 increases vasculogenesis, limits infarct size, and
improves cardiac function post-MI, as we reported previously [28, 29]. Our group also reported that the
CXCL12-dependent process facilitates the formation of collateral artery network and functional recovery
of the heart [30], which supports our observations of the upregulated expression of CXCL12 and the well-
structured blood vessels in the ischemic border zone myocardium after SMC-EPC bi-level cell sheet
transplantation. On the other hand, stem cell migration, recruitment, and homing are regulated by the
interactions among cytokines, chemokines, and extracellular matrix, and the CXCL12/CXCR4 axis plays a
central role in the mobilization of stem cells and their homing to ischemic tissues [14, 15]. Thus, our
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�ndings are evidence of the direct contribution of donor’s SMCs and EPC to the neovascularization in the
recipient’s ischemic myocardium.

Notch signaling is implicated in arteriogenesis [31] and intersects with hypoxic signaling, such as HIF1α
[32]. Our data showed that Notch3 expression was upregulated under hypoxic conditions after ischemic
injury, which is explained by the aforementioned report, whereas our key �nding was that Notch3
expression was further upregulated in response to cell sheet transplantation, which was veri�ed
microscopically by a traditional immunohistochemical assessment. More interestingly, we observed the
presence of Notch3/α-SMA/CD31-positive blood vessel formation in the ischemic border zone
myocardium 1 week after SMC-EPC bi-level cell sheet transplantation. Notch3 regulates the involvement
and stability of mural cells and pericytes and affects the vascular tone in resistance arteries as
structurally supporting smooth muscle cells [33, 34]. Based on these reports and our �ndings, possibilities
include that the Notch3 signaling pathway was initiated as a maladaptive response to hypoxia post-MI
and that Notch3 expression was effectively upregulated after cell sheet transplantation, indicating that
Notch3 not only promotes blood vessel formation but is also implicated in the functional blood vessel by
establishing vessel networks, assembling pericytes, and inducing the maturation of smooth muscle cells
[35].

Elucidating the whole mechanism by which the SMC-EPC bi-level cell sheets limited adverse cardiac
remodeling is di�cult. The present study identi�ed the reverse ventricular remodeling process, such as LV
volume and LV mass, as measured using cardiac MRI images following cell sheet transplantation. In
addition, cell sheet transplantation attenuated cellular hypertrophy in the non-infarcted remote
myocardium, as observed microscopically. Based on these results of ventricular reverse remodeling as
well as myocardial reverse remodeling, we attempted to explain the correlation between the two. First,
neovascularization and the following improved myocardial viability on the targeted myocardial territory
could reduce the number of necrotic/apoptotic cardiomyocytes. Next, the reduced accumulation of
�brous components would inhibit the thinning of the left ventricular wall [36, 37]. Furthermore, the
preserved wall thickness could reduce wall stress of the left ventricle, theoretically leading to reduced LV
volume, known as adverse cardiac remodeling [38]. On the other hand, our data, together with the theory
of Grossman et al. on volume-related cellular hypertrophy (i.e., cell thickening and elongation) [39],
suggest that abolishing volume overload could activate cellular and extracellular mechanisms that
modify myocardial structural remodeling. Moreover, as indicated by our bulk RNA sequencing, the native
ECM remodeling processes were enhanced after cell sheet transplantation. Thus, we speculated that the
release from volume overload could initiate a subsequent adjustable response in the molecular signals
that result in the regression of myocardial hypertrophy and extracellular matrix turnover [40].

Cell engraftment is another critical aspect of myocardial regeneration. The present study focused on
serial changes in a detailed fashion using a USPIO-enhanced MRI study on cell engraftment following
cell-sheet transplantation. With regard to cell engraftment, the data demonstrated prolonged cell retention
of the transplanted SMC-EPC cell sheets on the myocardium. The potential advantages of cell-sheet
technology have been reported to include the delivery of a larger number of transplanted cells and the
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integration with native tissues without destroying the cell-cell or cell–ECM adhesions in the cell sheet [41,
42]. The degree of neovascularization in the transplanted myocardium and subsequent myocardial
in�ammation after cell sheet transplantation affect the retention and engraftment of transplanted cells in
cell sheet therapy [43, 44]. Based on these �ndings and the signi�cant �ndings of long-standing cell
retention and the recruitment of transplanted cells from the SMC-EPC bi-level cell sheet, the SMC-EPC cell
sheet might have improved the hypoxic environment in the transplanted area to a greater degree, thus
potentially improving initial and long-term cell engraftment through a higher expression of associated
genes [45].

Finally, type VI collagen not only aids cell attachment and connects with the surrounding matrix but also
acts as an early sensor of the injury/repair response [46, 47], whereas type VI collagen contributes to
angiogenesis [48]. Thus, the potential mechanism is that the upregulated expression of type VI collagen
in the ischemic border zone area may directly initiate neovascularization in the corresponding
myocardium and contribute to maintaining cell engraftment after cell sheet transplantation.

Currently, this therapy for acute MI is not appropriate for use in clinical settings because of the time
required for the isolation, cultivation, and manipulation of the cells in vitro. Despite this, this construct is a
potential candidate for allogeneic therapy. The utility of these cell sheets for the treatment of chronic
ischemic cardiomyopathy and diabetic cardiomyopathy is currently being studied, including the
examination of the survival duration of the transplanted cells. Finally, the e�ciency of bilayer cell sheets
in comparison with those of EPC, SMC, or MSC monolayer cell sheets requires further studies.

In conclusion, the human-derived, anatomically oriented bi-level cell sheets made of isolated EPCs and
transdifferentiated SMCs are a promising, multi-lineage cellular therapy obtained from a translationally
practical source. Delivery of a tissue-engineered construct that maintains important interactions between
EPCs and SMCs enhances structurally mature neovascularization within the border zone myocardium
along with myocardial upregulation of the expression of angiogenesis-related genes as well as direct
migration of transplanted EPCs and SMCs, increases myocardial viability, minimizes post-infarction
adverse remodeling, and strengthens ventricular function. Collectively, these pathways establish
transcriptome-wide changes in the left ventricular response to acute ischemia, indicating that the bi-level
cell sheets gradually promote productive remodeling and prevent pathological ventricular dilation via
these pathways and genes.
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Figures

Figure 1

Characterization of endothelial progenitor cells (EPCs), smooth muscle cells (SMCs), and SMC-EPC bi-
level cell sheets. (A) SMC-EPC bi-level cell sheet manufacturing protocol. (B) Immunocytochemistry
demonstrated CD31 (red) and CD34 (green) on EPCs. The cell nuclei were counterstained with 4′,6-
diamidino-2-phenylindole (DAPI, blue). Scale bar = 50 μm. (C) Representative �ow cytometry histogram of
cultured EPCs. Red indicates unstained cells as negative control; blue, EPCs. (D) Immunocytochemistry
demonstrated smooth muscle protein 22-alpha (SM22-α, red) and caldesmon (green) on SMCs. The cell
nuclei were counterstained with DAPI (blue). Scale bar = 50 μm. (E) Representative �ow cytometry
histogram of cultured SMCs. Red indicates unstained cell as negative control; blue, transdifferentiated
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SMCs; green, primary human-derived SMCs as a positive control. MSC, mesenchymal stem cell; α-SMA,
alpha-smooth muscle actin.

Figure 2

In-vitro quanti�cation of vasculogenesis by Matrigel angiogenesis assay. Representative images
demonstrating enhanced angiogenesis of endothelial progenitor cells (EPCs) in the presence of the
conditioned endothelial cell growth medium (EGM)-2 mediated by SMC compared with that in the
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presence of fresh EGM-2 control. A statistically signi�cant increase in vessel number, length, and
branches was evident in the conditioned EGM-2 medium group compared with that in the fresh EGM-2
medium control (n = 8 in each).

Figure 3

Creation and characterization of the smooth muscle cell (SMC)-endothelial progenitor cell (EPC) bi-level
cell sheet. (A) The diagram shows the methods for engineering the cell sheet. Cell-sheet is harvested from
the temperature-responsive culture dish. (B) A round-shaped scaffold-free SMC-EPC bi-level cell sheet in a
35-mm dish. (C) The bi-level cell sheet maintained CD31 positive EPC and SM22-a positive SMC in
separate layers. Green indicates CD31; red, SM22-a. The cellular nuclei were counterstained with 4′,6-
diamidino-2-phenylindole (DAPI, blue). Scale bar = 50 μm. (D-F) Representative scanning electron
microscope (SEM) images of SMC-EPC bi-level cell sheet. (d) The examination of the surface (EPC layer)
of the SMC-EPC bi-level cell sheet suggested that EPCs form a smooth con�uent layer with cell borders in
close contact with each other, thereby forming a thin �lm-like layer on top of the SMC. (E) The
examination of the bottom (SMC layer) of the SMC-EPC bi-level cell sheet indicated that SMC morphology
varies regionally from spherical to �attened, suggesting that SMCs differentiated into an elongated and
spindle-shaped dense sheet-like construct with cellular extensions forming a densely adherent layer. (F)
The interface between the two layers of the SMC-EPC bi-level cell sheet (SMC-EPC border-zone) showed
the development of a cross-linked structure.
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Figure 4

Experimental technique and protocol timeline. (A) A schema illustrating induction of myocardial
infarction (MI) by ligating the left anterior descending coronary artery permanently and smooth muscle
cell (SMC)-endothelial progenitor cell (EPC) bi-level cell sheet transplantation technique via a left
thoracotomy approach. (B) Pictures of the operated rats of three groups: transplantation of SMC-EPC bi-
level cell sheet (cell sheet group), no treatment (untreated control group), or a sham operation (a positive
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control). (C) Timeline of the experimental protocol. USPIO, ultrasmall superparamagnetic iron oxide; MRI,
magnetic resonance imaging; MEMRI, manganese-enhanced magnetic resonance imaging.

Figure 5



Page 28/29

Cardiac magnetic resonance image (MRI) and manganese-enhanced magnetic resonance image
(MEMRI) to evaluate cardiac function, left ventricular (LV) dimension, LV mass, and myocardial viability.
(A) Representative cardiac MRI at end-diastolic and end-systolic phases for cell sheet-treated (n = 10),
untreated control (n = 14), and sham control (n = 10) groups. Examinations were performed 8 weeks after
myocardial infarction. (B) Representative MEMRI for cell sheet-treated (n = 10), untreated control (n = 14),
and sham control (n = 10) groups. Examinations were performed 8 weeks after myocardial infarction.

Ultrasmall superparamagnetic iron oxide (USPIO)-enhanced MRI to assess cell engraftment of
transplanted donor cells. (C) Representative hypointense lesions of iron-labeled cell sheet transplantation
site at 0 (baseline), 7, 14, 21, 28, 42, and 56 d after treatment. Short-axis magnetic resonance imaging
showing hypointense lesions (white arrow) caused by the transplanted cell sheet adjacent to the anterior
surface of the left ventricle. (D) Table of longitudinal change of cell engraftment ratio following cell-sheet
transplantation. In the period of 7 d after cell-sheet transplantation, the cell engraftment ratio was
maintained as high as 92.4% of baseline. Next, regression of cell engraftment was found, and then the
ratio decreased to 72.5% of baseline at 14 d after the treatment. During the period of 14 to 42 d, this ratio
was maintained at approximately 70% of baseline. Cell engraftment ratio at 56 d was still as high as
56.3% of baseline.

Figure 6

Bulk RNA sequencing to comprehensively evaluate the effect of smooth muscle cell (SMC)-endothelial
progenitor cell (EPC) bi-level cell sheet implantation on native tissue biological process following
myocardial infarction. (A) Heart tissue was collected 7 days after surgery and we separated the left
ventricle into three zones encompassing the infarct, infarct border zone, and unaffected (remote) tissue.
(B) Principal component analysis of the individual samples highlighted variable signatures in the anterior
LV (infarct) and border zone regions between the cell sheet and untreated myocardial infarction models.
(C) We identi�ed 114 signi�cantly enriched processes in cell sheet-treated hearts, including multiple
pathways related to primitive morphogenesis, biological adhesion, and vasculature development. (D, E)
Infarct samples showed signi�cant enrichment for pathways related to mitochondrial energetics,
oxidative phosphorylation, and protein translation. (F) Within the adhesion pathway, we found heightened
expression of critical ECM components following cell sheet treatment, including several collagen VI
isoforms and multiple collagen subtypes associated with cardiac development and response to injury
(Col12a1 and Col1a1). Each of these genes had low expression in sham samples and the remote, non-
infarcted LV but showed enhanced expression following infarction, which was further enriched in cell
sheet-treated samples, suggesting ampli�cation of native ECM remodeling processes. (G) Within the
vasculature development pathway, we observed heightened expression of Ndnf and Adam12, genes with
known roles in angiogenic processes following cell sheet transplantation.
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Figure 7

Histological Assessment. (A) Representative images of hematoxylin-eosin stained myocardial sections
along the short axis for untreated control, smooth muscle cell (SMC)-endothelial progenitor cell (EPC) bi-
level cell sheet, and sham surgery control groups. (B) The representative periodic acid-Schiff stained
myocardial section along the short axis in the remote non-infarct myocardium for untreated control, SMC-
EPC bi-level cell sheet, and sham surgery control groups. Scale bar = 50 μm. (C) Representative vWF and
alpha-smooth muscle actin (a-SMA) staining of the border zone myocardium for untreated control, SMC-
EPC bi-level cell sheet, and sham surgery control groups. Red indicates von Willebrand factor (vWF);
green, a-SMA; blue, nuclei. (D) Representative images of Prussian blue-stained myocardial sections along
the short axis 8 weeks after iron-labeled SMC-EPC bi-level cell-sheet transplantation. Iron-positive cells
were detected in the attached cell sheet (black arrow) and host myocardium (arrowhead). (E) Immediately
after cell sheet transplantation, immunoconfocal microscopy demonstrated human leukocyte antigen
(HLA)-positive cell sheet constructs attached to the epicardial membrane of the host myocardium. Green
indicates HLA; blue, nuclei. Scale bar = 50 μm. (F) One week after cell sheet transplantation,
immunoconfocal microscopy showed CD31, a-SMA-positive, and Notch3-positive cells in the host
myocardium, whereas CD31 and a-SMA-positive, but Notch3-negative cell sheet construct was attached
to the host myocardium. Green indicates Notch3; red, a-SMA; yellow, CD31; blue, nuclei. (G)
Representative Notch3, CD31, and a-SMA staining of the border zone myocardium for the SMC-EPC bi-
level cell sheet transplanted group. Green indicates Notch3; red, a-SMA; yellow, CD31; blue, nuclei. (H)
Fate tracking of transplanted human-derived EPCs performed with anti-HLA and anti-vascular endothelial
growth factor receptor 2 (VEGFR2). Immunostaining for HLA and VEGFR2 showed that transplanted EPCs
over the border zone area contributed to myocardium neovascularization 8 weeks after transplantation.
Green indicates HLA; red, VEGFR2; blue, nuclei. Scale bar = 50 μm. (I) Fate tracking of transplanted
human male-derived SMCs performed with �uorescence in-situ hybridization to identify male SMCs in the
female recipient for SRY box transcription factor 1 (SOX1) gene of male cells. Immunostaining with an
antibody against SOX1 and a-SMA demonstrated that SOX1-positive SMCs originating from the
transplanted bi-level cell sheet migrated into the treated myocardial tissues and contributed partly to
myocardium neovascularization 8 weeks after transplantation. Green indicates SOX1; red, a-SMA; blue,
nuclei. Scale bar = 200 μm.


