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Transient secretion of VEGF protein from
transplanted hiPSC-CMs enhances engraftment
and improves rat heart function post MI
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Cell-based therapies offer an exciting and novel treatment for
heart repair following myocardial infarction (MI). However,
these therapies often suffer from poor cell viability and engraft-
ment rates, which involve many factors, including the hypoxic
conditions of the infarct environment. Meanwhile, vascular
endothelial growth factor (VEGF) has previously been em-
ployed as a therapeutic agent to limit myocardial damage and
simultaneously induce neovascularization. This study took an
approach to transiently overexpress VEGF protein, in a
controlled manner, by transfecting human induced pluripotent
stem cell-derived cardiomyocytes (iPSC-CMs) with VEGF
mRNA prior to transplantation. The conditioning of iPSC-
CMs with VEGF mRNA ultimately led to greater survival rates
of the transplanted cells, which promoted a stable vascular
network in the grafted region. Furthermore, bulk RNA tran-
scriptomics data and Kyoto Encyclopedia of Genes and Ge-
nomes (KEGG) pathway analysis revealed that phosphoinosi-
tide 3-kinase (PI3K)-protein kinase B (Akt) and AGE-RAGE
signaling pathways were significantly upregulated in the
VEGF-treated iPSC-CMs group. The over-expression of
VEGF from iPSC-CMs stimulated cell proliferation and
partially attenuated the hypoxic environment in the infarcted
area, resulting in reduced ventricular remodeling. This study
provides a valuable solution for the survival of transplanted
cells in tissue-engineered heart regeneration and may further
promote the application of modified mRNA (modRNA) in
the field of tissue engineering.
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INTRODUCTION
Heart failure (HF) stemming from ischemic events is a leading cause
of global morbidity, and the clinical treatments for patients with a
poor prognosis are extremely limited.1 Cell-based therapies are
proving to be a potential, prominent, and novel treatment option
for HF patients. Current pre-clinical and clinical studies have em-
Molecular Therapy Vol. 31 No 1 Januar
ployed skeletal muscle myoblasts (SMs),2 mesenchymal stem cells
(MSCs),3-5 bone marrow mononuclear cells (BMMNCs),6-8 endothe-
lial progenitor cells (EPCs),9 and human induced pluripotent stem
cell (iPSC)-derived cardiomyocytes (CMs)10-12 to repair damaged
myocardial tissue and enhance global cardiac function. The major
mechanisms of action reported by these cell therapies are to either
stimulate cardiac repair processes through the release of soluble fac-
tors or via engraftment with the host myocardium, which partially re-
stores the pumping capacity of the heart muscle.13-15 Several major
caveats continue to limit the use of cell-based therapies for heart
repair, including the limited survival and death of the transplanted
cells.10,16,17 Improving the survival rates of transplanted cells could
lead to substantially better outcomes.

In order to overcome the limitations of poor transplantation effi-
ciency and survival, cells have been combined with biomaterials
such as modified hydrogels,18,19 engineered heart tissue (EHT) con-
structs,20 and engineered heart muscle (EHM).21 Additional efforts
to improve cell survival have focused on modulating the levels of
inflammation in the injury site by targeting inflammatory cytokines
or reactive oxygen species.22,23 Alternative methods for improving
cell viability and grafting efficiency include genetic engineering ap-
proaches (such as using lentivirus to genetically enhance the seed
cells),12 or pre-conditioning the seed cells with cytokines or drug
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Figure 1. Cardiac differentiation and characteristics of iPSC-CMs following modRNA transfection

(A) Schematic diagram of the protocol for CM differentiation from iPSCs. (B) Representative immunostaining images of CMs on day 18 of differentiation with myocardial

structural markers cTnT, a-actinin. Scale bar, 25 mm. (C) Cardiac troponin expression on day 18 was analyzed by flow cytometry (n = 3). (D–G) Transfection efficiency and

secretion kinetics of VEGF modRNA in iPSC-CMs. (D) Representative photomicrographs of CMs at 0, 4, 20, 48, 80, and 168 h post transfection with a modGFP reporter.

Scale bar, 200 mm. (E) Representative flow cytometry analysis from modGFP-transfected iPSC-CMs at 20 h post transfection. (F and G) Kinetics of (F) newly produced and

(legend continued on next page)
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inhibitors to ultimately prohibit activation of pro-apoptotic pathways
following transplantation.24-26

On the other hand, in vivo-produced protein from the delivery of
chemically modified mRNAs (modRNAs) have more recently come
to light as a novel tool for cardiac therapy. Transiently expressed
modRNAs overcome safety concerns that are often met with tradi-
tional gene therapies, such as immunogenicity and genetic integra-
tion.27 In 2013, Zangi et al. delivered a single dose of vascular endo-
thelial growth factor (VEGF)-A165 modRNA to the infarcted mouse
myocardium and reported neo-angiogenesis, enhanced cardiac func-
tion, and prolonged survival rates of the mice receiving the treat-
ment.28 More recently, VEGF-A modRNA was used in a large animal
model of HF, where it increased capillary densities, reduced fibrosis,
and improved global heart function.29 Alternative modRNA candi-
dates have emerged for cardiac repair therapy and were reported to
stimulate CM proliferation,30 induce CM cell-cycle events,31 as well
as promote CM cell survival following infarction.32

Recent work by our research teams have shown that using cells as a
carrier to deliver modRNA can increase the expression efficiency of
the target protein in vivo, which improves the overall therapeutic ef-
fects and allows one to greatly reduce the amount of mRNA needed to
generate a physiological response.33,34 In this paper, we sought to take
a combinatorial approach that would unite cell therapy strategies with
novel mRNA technologies to better enhance cardiac regeneration.
The aim of this work was therefore to investigate the functional effi-
ciency of transiently secreting VEGF from iPSC-CMs for myocardial
repair in a rat model of myocardial infarction (MI).

RESULTS
Cardiac differentiation and properties of iPSC-CMs

In this study we hypothesized that iPSC-CMs loaded with VEGF
modRNAs could enhance CM graft survival, possibly leading to
increased functional restoration following MI injury. As a first step
we cultured, expanded, and differentiated iPSCs into beating CMs us-
ing previously reported protocols (Figure 1A).35 Prior to differentia-
tion, identification of the iPSCs stemness was performed by labeling
the cells for pluripotency markers: Sox2/Oct4/Nanog/Tra-1-60
(Figures S1A–S1D). CMs cultured to the 18th day were used as
seed cells for subsequent in vitro and in vivo experiments. The
iPSC-derived CMs presented a round or polygonal shape and ex-
pressed abundant sarcomeric structures and myocardial-specific
markers cardiac troponin T (cTnT) and a-actinin (Figure 1B).
Cellular changes were recorded during differentiations and transmis-
sion electron microscopy confirmed the presence of myofilament fi-
bers, Z lines, mitochondria, and gap junctions within the CMs
(Figures S2A and S2B). CMs derived from the iPSCs also showcased
(G) cumulative VEGF protein concentration at denoted time points after transfection of m

followed by Bonferroni post test. *p < 0.05, **p < 0.01. (H) Heatmap of differentially expre

represents one gene, blue indicates low-intensity expression, red indicates high-inte

pathways (related to cell growth and metabolism), as a result to VEGF mRNA transfect
typical action potentials (Figure S2C).36 The efficiency of the CM dif-
ferentiation protocol was robust, with approximately 83.8% of the
cells taking on a CM cell fate (Figure 1C).

Additionally, we performed myosin light chain-2a (MLC2a) and
myosin light chain-2v (MLC2v) labeling to identify CM maturation
at 18 days post differentiation. Immunofluorescent labeling analysis
revealed that 17.7% ± 2.6% of the cTnT+ iPSC-CMs exhibited the
mature ventricular CM marker MLC2v, whereas 99.3% ± 0.2% of
the iPSC-CMs expressed MLC2a, a phenotypic indication of a pre-
dominantly immature ventricular CM population (Figures S3A–
S3C). When further exploring the length-to-width ratios, the results
indicated that 89.2% of CMs presented with a length/width ratio
less than 3:1 and only 0.2% of CMs presented with a length/width ra-
tio of more than 7:1 (Figure S3D).36 These data further confirmed that
the majority of iPSC-CMs differentiated to day 18 were of a relatively
immature phenotype.

iPSC-CMs tolerate modRNA transfection and exhibit enhanced

proangiogenic properties in vitro

Next, to verify the efficient uptake and translation of modRNA in
iPSC-CMs, we first transfected the cells with a green-fluorescent pro-
tein (GFP) reporter construct. We observed that the iPSC-CMs
began to express GFP protein at 4 h post transfection and the signal
intensity peaked by 20 h post transfection (Figure 1D). Flow cytom-
etry analysis found that the transfection of modRNA into iPSC-CMs
was highly efficient at 20 h post transfection (64.9%), but the GFP
protein signal gradually tapered off over the course of 7 days post
transfection (Figures 1D and 1E). Noticeably, Calcein-AM/propi-
dium iodide (PI) staining revealed that modRNA transfections had
no significant effect on cell viability (Figures S4A–S4C). Importantly,
the iPSC-CMs retained their synchronous beating potential
following the transfection of the modRNAs, indicating limited cyto-
toxicity of the procedures, which can be seen in the supplemental
data (Figure SV1).

To determine the forced secretion kinetics of modRNA-transfected
iPSC-CMs, we over-expressed the cells with mRNA transcripts en-
coding the VEGF-A165 gene. Levels of newly produced and accumu-
lating VEGF protein were assessed and compared between the iPSC-
CMs transfected with VEGF modRNA (iPSC-CMsmodVEGF) and the
untransfected iPSC-CMs. The de novo VEGF protein secretion levels
were significantly higher in the iPSC-CMsmodVEGF group compared
with the untransfected group for the first 3 days (Figure 1F). When
investigating the magnitude of cumulative VEGF protein, the levels
found in the iPSC-CMsmodVEGF group were significantly higher
compared with the untransfected group at all time points evaluated
(Figure 1G).
odVEGF into iPSC-CMs. p values were determined by one-way analyses of variance

ssed genes (DEGs) related to growth and metabolism of iPSC-CMs; each rectangle

nsity expression. (I) KEGG pathway analysis reveals the most up/downregulated

ion in iPSC-CMs.
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Figure 2. modVEGF-transfected iPSC-CMs exhibit significantly improved engraftment

(A) Masson’s trichrome staining of rat hearts subjected to myocardial infarction (MI) and transplantation of iPSC-CMsmodVEGF. Remuscularization of the infarct region with

iPSC-CMs at 4 weeks post engraftment. (B–D) Representative confocal immunofluorescence images of rat hearts subjected to MI and transplantation of iPSC-CMs 1 week

(legend continued on next page)
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To further ensure that the VEGF protein secreted by the modVEGF-
treated iPSC-CMs was functional, we tested whether the conditioned
medium could promote key angiogenic properties on human umbilical
vein endothelial cells (HUVECs) in vitro. Based on a tube formation
assay, we found a favorable response when employing the conditioned
medium from the iPSC-CMsmodVEGF group to induce significantly
increased tubular-like structures compared with the control group
(Figures S5A and S5B). In addition, we also noted a significantly
more favorable response from the conditioned medium taken from
the iPSC-CMsmodVEGF group to promote proliferation and migration
of HUVECs in a scratch-wound healing experiment (Figures S5C
and S5D). Taken together, these results indicated that modVEGF-
transfected iPSC-CMs elicited strong angiogenic properties in vitro,
which further supported their therapeutic potential for cardiac cell
therapy.

RNA sequencing reveals activated gene networks following

modVEGF transfection

Using RNA sequencing and analysis we compared the global gene
expression profiles of modVEGF-treated iPSC-CMs and control
iPSC-CMs (iPSC-CMs transfected with luciferase mRNA [modLuc],
denoted iPSC-CMsmodLuc). Differentially expressed genes (DEGs) be-
tween the iPSC-CMsmodVEGF group and the iPSC-CMsmodLuc group
were revealed by 3 days post modRNA transfection (Figures 1H; and
S6A). Upregulated and downregulated genes were subjected to Gene
Ontology (GO) enrichment analysis and Kyoto Encyclopedia of Genes
andGenomes (KEGG) pathway enrichment analysis. According toGO
and KEGG analysis, cell growth, metabolism, and extracellular matrix-
related genes were enriched in the iPSC-CMmodVEGF treatment group,
along with the phosphoinositide 3-kinase (PI3K)-protein kinase B
(Akt) and advanced glycation end products (AGE)-receptor for AGE
(RAGE) signaling pathways (Figures S6B and S6C). These significantly
enriched signaling pathways included the upregulation of genes such
as VEGFA, PIK3R5, SOX2, FLT1, ACTN1, MYLK, and MMP2
(Figures 1H and 1I). The GO and KEGG analysis revealed enrichment
of cardiac muscle contraction-related genes and adrenergic signaling
pathways in the downregulated genes (Figures S6D and S6E). The
in vitro RNA sequencing results indicated dynamic changes in gene
expression profiles of the modVEGF-treated iPSC-CMs. These
changes may better promote CM proliferation, intercellular adhesion,
intracellular signaling, and negatively regulate inflammation, which
may collectively increase engraftment capacity.

iPSC-CMs pre-treated with modVEGF mRNA significantly

improve the survival rates of transplanted cells

We next investigated the ability for modVEGF-transfected iPSC-CMs
to engraft in host myocardium in a rat model of MI (Figure S7A). All
(B and C) or 4 weeks (D) after engraftment: green, cTnT; red, Lamin A + C; blue, DAPI

(C) and 4 weeks (D) post transplantation. CMs treated with modVEGF display greater str

D). Scale bars: 250 mm. Scale bars (zoomed snapshot), 25 mm. (E) Quantitative analysis o

CMs transplantation. The survival of iPSC-CMs can be detected in both groups at 1

detected at 4 weeks post transplantation. 1 week, MI-iPSC-CMsmodLuc n = 3, MI-iPSC-C

All data are means ± SD; ND, not detected; *p < 0.05, **p < 0.01.
the rats undergoing surgery presented with transmural MIs, and our
model consistently provided infarct sizes around 35% of the left
ventricle (Figures S7B–S7D and SV2). All rats receiving iPSC-
CMmodVEGF treatment revealed extensive remuscularization in the
infarcted areas (Figure 2A). To visualize and compare engraftment
between iPSC-CMsmodVEGF with control iPSC-CMsmodLuc, we next
performed Lamin A + C staining on tissue sections taken along the
grafted region within and adjacent to the border zone (Figures 2B–
2D and S8). In both the iPSC-CMsmodLuc and iPSC-CMsmodVEGF

treatment groups, surviving transplanted cells could be found
1 week post transplantation. Of interest, a significantly larger percent-
age of modVEGF-treated iPSC-CMs had engrafted in the infarcted
tissue compared with the iPSC-CMs pre-treated with modLuc. Addi-
tionally, the majority of the human cells were located in the infarct
region and border zone myocardium, which suggested minimal
migration following injection (Figures 2B, 2C, S8A, and S8B). At
4 weeks post infarction and transplantation, no trace of iPSC-
CMmodLuc cells were found in the injured rat hearts. On the contrary,
a large percentage of iPSC-CMmodVEGF cells were still detectable in
the infarct region and border zone at 4 weeks post infarction and
transplantation (Figures 2D and S8C), and the density of the trans-
planted iPSC-CMs increased significantly compared with engraft-
ment rates seen at 1 week post transplantation (Figure 2E).

In order to eliminate excessive inflammation and immune surveil-
lance as possible causes for the discrepancy of cell survival seen be-
tween the groups, we investigated the tissue-specific immune re-
sponses in each group, taking an immunohistology approach
against macrophage marker CD68 and T lymphocyte marker CD3.
We found that the oral administration of immunosuppressive agents
was efficient to alleviate transplant rejection of the grafted cells, as
made evident by the compromised infiltration of immune cells in
iPSC-CMs-treated groups (Figures S9A–S9D).
Cardiac transplantation of modVEGF mRNA-treated iPSC-CMs

promotes enhanced functional properties in the infarcted rat

heart

To confirm whether the VEGF modRNA-engineered iPSC-CMs
influenced left ventricular (LV) function, we performed serial echo-
cardiography measurements following injury and cell transplanta-
tion. Specifically, we established five experimental groups, namely
the Sham group, the MI group, the MI group treated with Matrigel
(MI-Matrigel group), the group employing iPSC-CMs loaded with
modLuc, and the iPSC-CMs loaded with modVEGF. In line with
the schematic diagram of the experimental design (Figure S7A), echo-
cardiography was performed prior toMI and cell delivery, and then at
. Note the increased graft size seen in iPSC-CMsmodVEGF-treated groups at 1 week

uctural integrity post transplantation as made evident by Lamin A + C staining (C and

f the survival of iPSC-CMs in the host heart at 1 week and 4weeks post MI and iPSC-

week post transplantation, but only CMs from the MI-iPSC-CMsmodVEGF group at

MsmodVEGF n = 3; 4 weeks, MI-iPSC-CMsmodLuc n = 7, MI-iPSC-CMsmodVEGF n = 5.
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Figure 3. Recovery of rat heart function following iPSC-CMs transplantation

(A) M-mode echocardiogram tracings representing each group at 1, 2, and 4 weeks after infarction and cell transplantation. (B–D) LVEF at 1 week (B), 2 weeks (C) and 4

weeks (D) following MI and treatment. (E–G) LVEF at 1 week (E), 2 weeks (F) and 4 weeks (G) following MI and treatment. LVEF, left ventricular ejection fraction; LVFS, left

ventricular fractional shortening. Sham, n = 4; MI, n = 3; MI-Matrigel, n = 3; MI-iPSC-CMsmodLuc, n = 5; MI-iPSC-CMsmodVEGF, n = 5. All data are means ± SD. NS indicates

p > 0.05, *p < 0.05, **p < 0.01.
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7 days, 14 days, and 28 days post MI and cell replacement therapy
(Figure 3A).

Echocardiography revealed similar levels of decreased LV function
between all the groups receiving MI at 1 week post MI injury (Fig-
ure 3B). Statistical analysis performed using cardiac ultrasound detec-
tion showed that there was no significant difference in LV ejection
216 Molecular Therapy Vol. 31 No 1 January 2023
fraction (LVEF) and LV fractional shortenings (LVFS) between the
experimental group and each control group in the first week of infarc-
tion and treatment (Figures 3B and 3E). However, 2 weeks post MI
and treatment, the LVEF and LVFS in the rats receiving iPSC-
CMsmodVEGF were significantly increased over other experimental
groups (Figures 3C and 3F). By the fourth week, LV heart function
was dramatically improved in the rats receiving iPSC-CMsmodVEGF,
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where LVEF improved from 30.9% ± 4.2% to 44.9% ± 2.3% and LVFS
improved from 15.3% ± 2.4% to 23.4% ± 1.4%. LV function in rats
treated with iPSC-CMsmodVEGF was significantly higher than that of
the rats receiving iPSC-CMsmodLuc treatment, which saw only subtle
improvements in LVEF from 30.1% ± 4.5% at 1week post MI to
37.4% ± 1.9% at 4 weeks post MI, as well as subtle increases in
LVFS from 15.8% ± 2.2% at 1week postMI to 19.0% ± 1.1% at 4 weeks
post MI (Figures 3D and 3G). Both cell treatment groups outper-
formed non-cell-based treatments and controls. The echocardiogram
parameters were significantly improved in rats treated with iPSC-
CMsmodVEGF and thus support the therapeutic potential of mRNA-
enhanced iPSC-CMs as a novel cardiovascular cell therapy to improve
cardiac function.

iPSC-CMsmodVEGF treatment reduces myocardial fibrosis and

preserves ventricular wall thickness

To further assess the tissue morphology of the infarcted rat hearts
following cell transplantation, hearts were harvested 4 weeks post
MI and treatment. Initial inspection of the gross morphology of the
rat hearts treated with iPSC-CMmodVEGF revealed smaller areas of
blanching and injury compared with the other treatment groups
(Figures S10A and S10B). Hematoxylin-eosin staining and analysis
confirmed a significantly larger portion of extensive tissue regenera-
tion in the group undergoing MI and transplantation with iPSC-
CMsmodVEGF (MI-iPSC-CMsmodVEGF) compared with other treat-
ment groups (Figure 4A). The MI-iPSC-CMsmodVEGF treatment
group presented with larger surviving grafts in the border zone of
the infarction, and the CMs appeared elongated and matured
(Figures S11A–S11E). LV scar sizes, detected by Masson’s trichrome
staining and quantitative analysis, were significantly smaller in the
MI-iPSC-CMsmodVEGF group, which also presented with well-main-
tained wall thickness (Figures 4B–4E). Vimentin staining indicated
a large presence of fibroblasts in the infarcted region in most groups
at 4 weeks post MI and injury. However, the number of infiltrating
fibroblasts found in the MI-iPSC-CMsmodVEGF treatment group was
significantly less compared with other treatment groups (Figures 4F
and 4G). Taken together, iPSC-CMsmodVEGF treatment following
MI injury partially reduced the fibrotic area and prevented extensive
myocardial thinning and cardiac dilation.

Transplantation of iPSC-CMs pre-treated with modVEGF mRNA

exhibits in situ proliferation and maturation

We next sought to explore cell vitality post transplantation. As shown
in Figures 1H and 1I, a major difference in the gene expression pro-
files between the untreated iPSC-CMs and the modVEGF mRNA-
transfected iPSC-CMs was the increased expression patterns of genes
involved in cell-cycle regulation. We therefore assessed to what level
the administered iPSC-CMs remained proliferative up to 4 weeks post
transplantation. As shown by Ki67 staining and analysis, we found
that the proliferation rate of CMs from the MI-iPSC-CMsmodVEGF

group was significantly higher than CMs found in the MI-iPSC-
CMsmodLuc group at 1 week post transplantation (Figures 5A, B,
and D). However, the expression of Ki67 within the transplanted
iPSC-CMs decreased significantly at 4 weeks post transplantation
(Figures 5B–5D). Of interest, very few Ki67-positive CMs could be
localized in the host myocardium adjacent to grafted iPSC-CMs, indi-
cating that the proliferative effects of VEGF mRNA mainly work on
the transplanted CMs rather than extending to the adult resident CMs
(Figures 5E–5H). These data suggested that iPSC-CMs conditioned
with modVEGF elicit a strong, acute proliferative response to the
administered cells following in vivo delivery and engraftment, which
may prolong graft survival.

Subsequently, we investigated to what extent modVEGF treatment
could enhance maturation properties of the administered iPSC-CMs
in situ. The immunophenotype of grafted myocardium from the
iPSC-CMsmodVEGF group revealed stronger MLC2v expression and
greater sarcomeric structure and alignment compared with the iPSC-
CMsmodLuc group (Figures S12A–S12F). Interestingly, grafted CMs
from both the iPSC-CMsmodVEGF and iPSC-CMsmodLuc transplanta-
tion groups expressed the cardiac gap junction protein connexin 43
(Cx43). Grafted myocardium from the iPSC-CMmodLuc group ex-
pressed relatively low levels of Cx43 between neighboring CMs, which
was limited to occasional areas within the graft (Figure 6A). By
contrast, iPSC-CMsmodVEGF grafts strongly expressed Cx43, which
increased significantly over time and could be detected throughout
most regions of the grafted myocardium (Figures 6B and 6C). Howev-
er, Cx43+ gap junctions were not visualized between the transplanted
human iPSC-CMs and the host rat myocardium at the graft-host con-
tact points (Figures S13A–S13E). Nevertheless, the combination of a
declining fraction of Ki-67+ CMs with increased Cx43 expression at
4 weeks post administration within the graft may indicate continued
maturation of the transplanted iPSC-CMsmodVEGF.

Transplantation of modVEGF-treated iPSC-CMs enhances

angiogenesis in vivo

Previous studies reported the recruitment of host blood vessels within
zones of engraftment following the transplantation of neonatal CMs or
cardiac progenitors,37,38 respectively. An enhanced vascular network
within the newly generated myocardial graft is essential for long-
term survival. Thus, to assess the angiogenic capacity of VEGF mod-
RNA-treated iPSC-CMs to stimulate neovascularization within the
grafted region, we performed CD31 and a-SMA staining and analysis.

Grafts from the iPSC-CMsmodVEGF treatment group gave rise to an
extensive network of capillaries and mature, stable arterioles within
1 week of administration (Figure S14A). These networks of capil-
laries and arterioles remained at least until our experimental
endpoint, reflecting continual angiogenesis at 4 weeks post MI
and transplantation (Figure S14B). The vasculature identified within
the grafted region in vivo was derived from the host, as made
evident by immunohistochemistry staining with species-specific an-
tibodies (Figure S14C). Far fewer blood vessels could be visualized
in the grafts from the iPSC-CMsmodLuc treatment group, as the
majority of grafts were not detected by the fourth week. The MI-
iPSC-CMmodVEGF group revealed a significant increase in capillary
densities within the infarcted regions of the heart compared with
other treatment groups (Figures 7A, 7C, and 7D). Of interest, a
Molecular Therapy Vol. 31 No 1 January 2023 217
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Figure 4. Morphological analysis of the ventricular myocardium following MI and iPSC-CMs treatment

Representative photographs of transverse sections taken through the ventricular myocardium of infarcted rat hearts at 4 weeks post MI and iPSC-CMs transplantation,

stained with hematoxylin-eosin (A) and Masson’s trichrome (B). Note: images depict infarction zone of the LV wall in different treatment groups. The red squares (B) indicate

the border zones and the black squares indicate the infarction zones. Note: the image in the bottom row in Figure 4B is reproduced from Figure 2A to illustrate the reduced

fibrotic area in relation to the newly grafted myocardium. (C) Representative Masson’s trichrome-stained partial enlarged view of border zone and infarct zone in each group.

There is obvious collagen fiber (stained in blue) between the surviving CMs in the border zone. Scale bar, 100 mm. (D) Quantitative analysis and comparison of the infarct zone

of each group; note reduced infarct sizes in MI-iPSC-CMsmodVEGF group. (E) Quantitative analysis and comparison of LV wall thickness in each group, note LV wall thickness

in theMI-iPSC-CMsmodVEGF group was significantly larger. (F) Representative photomicrographs of the infarcted rat ventricles from each group, immunolabeledwith vimentin.

Scale bar, 50 mm. (G) Quantitative analysis of the density of vimentin-positive cells in each group; the density of vimentin-positive cells in the MI-iPSC-CMsmodVEGF group was

significantly lower. n = 5. All data are means ± SD; *p < 0.05, **p < 0.01.
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greater number of newly formed vessels within the infarct zone of
rat hearts treated with iPSC-CMmodVEGF were double positive for
both CD31 and a-SMA, an indication of vascular tube stabilization
and non-leaky vessel formation (Figures 7A, 7C, and 7D). We also
performed CD31 and a-SMA staining and analysis along the infarct
border zone and found that the rat hearts receiving iPSC-
CMmodVEGF treatment demonstrated significant increases in capil-
lary and arteriole densities, compared with all other treatments
(Figures 7B, 7E, and 7F).
218 Molecular Therapy Vol. 31 No 1 January 2023
DISCUSSION
In this study, we evaluated the potential for modVEGF-treated iPSC-
CMs to enhance cell survival following cardiac transplantation. We
hypothesized that VEGF mRNA-engineered iPSC-CMs could better
prevent adverse ventricular remodeling events following acute MI
than conventional iPSC-CMs. A large number of studies have previ-
ously shown that pluripotent stem cell (PSC)-derived CM replace-
ment therapy has a beneficial therapeutic effect in animal models of
heart disease and HF.13,39-43 Herein, we transplanted and assessed
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the function of relatively immature iPSC-CMs, based on CM struc-
ture and marker gene expression profiles. Some dispute exists in
the literature whether more mature and structurally advanced
iPSC-CMs could generate more efficient grafting capabilities when
transplanted in vivo.11 Importantly, the underdeveloped electrophys-
iological properties of the immature CMs are recognized as a major
caveat limiting electromechanical integration, likely leading to ar-
rhythmias post engraftment.44 The application of maturated iPSC-
CMs may solve electrophysiological issues; however, studies have
shown mature CMs are brittle and prone to cell death under manip-
ulation and transplantation.43,45 For example, Reinecke H et al.
showed that mature adult CMs were unable to survive when trans-
planted to the damaged myocardium, while immature fetal and
neonatal CMs presented with greater survival rates.45 In our studies,
we found that in vitro cell manipulation was well tolerated among the
immature iPSC-CMs (Figure 1 and S4). Moreover, the VEGF mod-
RNA transfected CMs gave rise to larger grafts than unmodified
CMs at 4 weeks post administration (Figure 2), indicating significant
survival and growth in vivo, likely homage to their enhanced prolifer-
ative features (Figure 5).

We speculate that the global cardiac functional improvement stem-
ming from the cell transplantation in our study wasmainly stimulated
by paracrine effects and added mechanical support rather than syn-
chronous beating between the transplanted cells and recipient cardiac
muscle (Figure 3).46,47 Engrafted iPSC-CMs appeared to be non-inte-
grated with the host myocardium (Figures 6 and S13), a phenomenon
that may be attributable to the physiological differences between the
different species as well as the physical impedance of the scar tissue.14

Although we did not explore to what extent iPSC-CMsmodVEGF trans-
plantation had on non-fatal ventricular arrhythmias, this assessment
has been explored more intensively in non-human primate and large
animal models of cardiac injury.15,48,49

Boosting the properties of immature iPSC-CMs with transiently over-
expressed mRNAs to enhance their engraftment, function, and matu-
rity is a tantalizing concept that could lead to a quicker andmore cost-
efficient clinical approach. As demonstrated herein, grafts formed
from the iPSC-CMs treated with modVEGF showed significant matu-
ration in vivo. Interestingly, only about 20% of our differentiated CMs
expressed MLC2v prior to transplantation (Figure S3), yet the vast
majority of iPSC-CMsmodVEGF at 4 weeks post engraftment upregu-
lated Cx43 expression and expressed MLC2v (Figures 6B–6D and
S12D–S12F). More evidence is needed to determine optimal maturity
Figure 5. modVEGF-treated iPSC-CMs retain proliferation capacity following t

(A and B) Comparison of Ki67 immunostainings of engrafted CMs from MI-iPSC-CMsm

Ki67; blue, DAPI. (C) Representative confocal immunostaining of cTnT and Ki67 double-

white arrows indicate nuclear presence of Ki67. (A–C), Scale bars: 75 mm. Scale bars (z

cells at 1 and 4 weeks between the MI-iPSC-CMsmodLuc group and MI-iPSC-CMsmod

following administration of MI (E) or MI-iPSC-CMsmodLuc (F) or MI-iPSC-CMsmodVEGF (G)

confocal immunostaining of cTnT and Ki67 double-positive cells in the MI-iPSC-CMs

presence of cTnT and Ki67 double-positive cells. (E–H) Scale bars, 25mm. 1 week, MI-iP

7, MI-iPSC-CMsmodVEGF n = 5. All data are means ± SD. ND, not detected; *p < 0.05,
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of iPSC-CMs for cell transplantation and regenerative therapy, and
future studies should address how CMmaturation augments engraft-
ment and survival rates of the transplanted cells.50-53

In order to better promote the survival of transplanted cells in the
heart, alternative approaches have employed survival cocktails along
with “super-dose” cell injections.13,49 Such methods increase cost of
goods/treatment, and the complex formulation may add risk to the
therapeutic procedure. Nonetheless, a vast majority of studies em-
ploying cardiac cell therapies showcase the gradual disappearance
of cells, which likely become apoptotic resulting in an unsatisfactory
myocardial tissue graft.49,54,55 For example, in a study by Zhu et al.,
human pluripotent stem cell-derived cardiovascular progenitor cells
(hPSC-CVPCCs) were delivered to non-human primate hearts and
a small number of transplanted cells were found to survive 1 week af-
ter transplantation; however, at 28 days post administration, very few
cells were detected.49 Of interest, all of the rats receiving iPSC-
CMsmodVEGF treatment in our study retained myocardial cell grafts
up to 4 weeks post MI and transplantation, our study endpoint (Fig-
ures 2, S11, and S12). On the contrary, graft survival was negligible in
all rats receiving iPSC-CMsmodLuc treatment at 4 weeks post surgery
and cell transplantation. Indeed, far fewer CMs from the iPSC-
CMmodLuc group were found to survive only 1 week post injury and
transplantation, compared with those of the VEGF-treated iPSC-
CMs. This may seem at odds with other studies that report the surviv-
ability of iPSC-CMs in rodent models for at least 8 weeks following
cardiac transplantation.14,42,56,57 However, the vast majority of these
studies directly injected 10 � 106 CMs or more to the rat hearts,
whereas we chose to employ only 5 � 106 CMs and follow the trans-
plants acutely. Furthermore, it could be argued that a more effective
immunosuppression regimen is needed in these studies. Indeed, the
administrative doses, appropriate recipe of agents, and timings of
administration are essential to improving iPSC-CM engraftment in
rodent models of cardiovascular ischemic injury. Nevertheless, the
robustness of the VEGF-treated iPSC-CMs to engraft, overcome
transplantation failure, and improve cardiac function adds further
credence to this regimen.

Several different delivery strategies accompany the administration of
iPSC-CMs for cardiac regeneration, including injecting the cells as
single cells or transplantation with biomaterials.15,58,59 In our study,
we employed Matrigel, an injectable matrix biopolymer, as a carrier
to enhance structural support of the injected cells. Direct injections
of Matrigel to the rodent heart have previously been shown to
ransplantation in infarcted rat hearts
odLuc (A) or MI-iPSC-CMsmodVEGF (B) 1 week post transplantation: red, cTnT; green,

positive cells in the MI-iPSC-CMsmodVEGF group at 4 weeks post transplantation. The

oomed snapshot), 25 mm. (D) Quantitative analysis and comparison of Ki67 positive
VEGF group. (E–H) Comparison of Ki67 immunostainings of host myocardial tissue

1 week post transplantation: green, cTnT; red, Ki67; blue, DAPI. (H) Representative
modVEGF group at 4 weeks post transplantation. The white arrows indicate nuclear

SC-CMsmodLuc n = 3, MI-iPSC-CMsmodVEGF n = 3; 4 weeks, MI-iPSC-CMsmodLuc n =

**p < 0.01.



Figure 6. modVEGF-transfected iPSC-CMs exhibit maturation with time from engraftment

(A–C) Representative confocal immunofluorescence staining of connexin 43 (Cx43) in the grafted region of infarcted rat myocardium following iPSC-CMsmodLuc trans-

plantation at 1 week (A) or iPSC-CMsmodVEGF transplantation at 1 week (B) and 4 weeks (C): green, cTnT; red, Cx43; blue, DAPI. Note MI-iPSC-CMsmodVEGF treatment

(legend continued on next page)
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improve cardiac function, which was also noted in our study
(Figures 3B–3G).60 Some of the previously mentioned reports and
others often show variation in LV function following treatment. In
our study a consistent and stable increase in LV cardiac function
was recorded with limited variability following the delivery of iPSC-
CMsmodVEGF (Figure 3).

The intramyocardial administration of VEGF mRNA has recently
been shown to limit myocardial damage in a large animal model of
cardiac injury.29 As VEGF acting on VEGF receptor (VEGFR)-1
and VEGFR-2 mediates inflammation, it has been suggested that
VEGF signaling compensates for the effects of hypoxia to protect
the injured myocardium.61

The expression kinetics of VEGF mRNA coincides with the patho-
physiological onset of MI, during which the hypoxic/ischemic injury
induces a surge of cell death and apoptosis acutely, followed by an
intense inflammatory reaction sub-acutely. It is very likely that the
rapid, pulse-like secretion of VEGF protein from the mRNA-
enhanced iPSC-CMs not only led to the rapid vascularization of the
infarcted myocardium but also provided inflammatory protection
to the damaged ventricle. Taken together, the VEGF-secreting CMs
prevented progressive remodeling and achieved long-term functional
benefits (Figure 4).

Of further interest was the bulk RNA sequencing and analysis of
iPSC-CMs treated with modVEGF mRNA that led our attention to
the upregulation of several genes related to cell proliferation (Figures
1H and 1I; Figure S6). Further KEGG pathway analyses revealed sig-
nificant upregulation of the PI3K-Akt and AGE-RAGE signaling
pathways in the iPSC-CMsmodVEGF group. AGE-RAGE promotes
mechanisms of cell growth, angiogenesis, and proliferation through
nuclear factor kB (NF-kB) activation.62 Several studies have shown
the activation of the PI3K-Akt signaling pathway relates to cell prolif-
eration and migration.63-65 We therefore investigated whether the
iPSC-CMsmodVEGF maintained pro-proliferative kinetics in situ
following intramyocardial injection. Using an antibody directed
against Ki67, we detected a large percentage of CMs from the iPSC-
CMsmodVEGF group undergoing mitosis, following transplantation
and engraftment within the host myocardium (Figure 5). The ability
for VEGF to directly promote cardiac muscle hyperplasia has been re-
ported in alternative model systems of heart repair.66 We cannot cate-
gorically claim modVEGF transfection alone directly promoted
expansion of our transplanted human iPSC-CMs in rat myocardium.
However, the treatment of iPSC-CMs with VEGF mRNA led to the
significant increase in the number of structurally matured CD31+/
a-SMA+ vessels (Figures 7 and S14). One could speculate that the
extensive neovascularized networks we visualized within the grafted
regions and border zones stemming from iPSC-CMmodVEGF treat-
exhibited enhanced Cx43 expression at 1 week and 4 weeks post transplantation, sugg

Scale bars (zoomed snapshot), 7.5 mm. (D) Quantitative analysis and comparison of C

CMsmodLuc group and MI-iPSC-CMsmodVEGF group. 1 week, MI-iPSC-CMsmodLuc n =

CMsmodVEGF n = 5. All data are means ± SD. ND not detected, *p < 0.05, **p < 0.01.
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ment could be fueling the CM patches with alternative myogenic
stimuli.

From a cell therapy perspective, the regeneration of critically
damaged myocardial tissue requires vascularized muscle. Alternative
approaches to vascularize cardiac tissue have included the over-
expression of VEGF in alternative cell types,67 or co-differentiation
strategies that result in the application of a mixed population of
CMs and endothelial cells.68 In our study, the use of VEGF-secreting
iPSC-CMs alleviated the need to deliver multiple cell types for
advancing a vascularized muscle patch. The approach to transiently
overexpress VEGF protein from mRNA-enhanced iPSC-CMs was
not compared with alternative, permanently integrated technologies.
For example, although the manipulation of iPSC-CMs with DNA-
based methods may result in more blood vessel formation, the
extended exposure of VEGF could lead to vessel permeability, cardiac
edema, and even vascular tumors increasing the undesirable mortality
of the host recipients, as demonstrated by earlier reports.28,69,70

Hence, modRNA provides an effective approach to control the spatial
and temporal gene expression and determines its biological outcomes
in cardiac repair after injury.

In summary, we demonstrated for the first time a combinatorial treat-
ment regimen employing novel modRNA technologies with cardiac
cell therapies. VEGF modRNA loading of iPSC-CMs significantly
improved the survival of transplanted CMs, which also promoted
the recovery of cardiac function after acute MI. As shown in Figure 8,
we are optimistic about the future applications that unite modRNA
technologies with cardiac cell therapies for the treatment of HF.
Modified mRNA technologies can further promote the application
of cell therapy in this field.

MATERIALS AND METHODS
Generation and maintenance of CMs

Human iPSC cell line reprogramming from human cord blood cells
was a kind gift from Professor Yanxin Lee’s group (Shanghai Chil-
dren’s Medical Centre, School of Medicine, Shanghai Jiaotong Uni-
versity). iPSCs were maintained on Matrigel-coated six-well plate in
E8 medium, which was refreshed every day. When cells were 70%–
80% confluent, they were dissociated using 5 � 10�4 M EDTA
(Gibco) and incubated on another Matrigel-coated six-well plate in
E8 medium supplemented with 5 mM Rock inhibitor Y27632
(STEMCELL) for the first 24 h to reduce cell apoptosis. The condition
of cell culture was set at 37�C in 5% CO2.

The induction and generation of CMs from iPSCs was based on the
monolayer differentiation method using two well-defined chemicals
to regulate Wnt/b-catenin signaling as previously described.35

In summary, on day �2, iPSCs were dissociated with Accutase
esting more gap junctions between cell-cell interfaces. For (A–C), scale bars, 75 mm.

x43-positive cells at 1 week and 4 weeks post transplantation between MI-iPSC-

3, MI-iPSC-CMsmodVEGF n = 3; 4 weeks, MI-iPSC-CMsmodLuc n = 7, MI-iPSC-



Figure 7. Grafted iPSC-CMs in the rat myocardium within the infarct region and border zone reveal neoangiogenesis 4 weeks post transplantation

(A) Representative confocal images showing the expression of a-SMA and CD31 in the infarct zone (IZ). a-SMA, red; CD31, green; DAPI, blue; n = 5; scale bar, 100 mm;

zoom-in scale bar, 15 mm. (B) Representative confocal images showing the expression of a-SMA and CD31 in the border zone (BZ). a-SMA, red; CD31, green; DAPI, blue;

scale bar, 100 mm; zoom in scale bar, 15 mm. Note: the images in the left panel in (7A) and (7B) are identical since there is no infarct or border zone in the Sham group. (C and

D) Quantitative analysis of CD31-positive capillary density (C) and CD31/a-SMA-positive arteriole density (D) in the infarct zone. (E and F) Quantitative analysis of CD31-

positive capillary density (E) and CD31/a-SMA-positive arteriole density (F) in the border zone. All data are means ± SD. NS indicates p > 0.05, *p < 0.05, **p < 0.01.

www.moleculartherapy.org

Molecular Therapy Vol. 31 No 1 January 2023 223

http://www.moleculartherapy.org


Figure 8. Schematic diagram illustrates the clinical feasibility of modRNA-treated iPSC-CMs for advancing heart repair
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(STEMCELL) and seeded onto Matrigel-coated 12-well plates at a
density of 1 � 106 cells per well in E8 medium supplemented with
5 mM Y27632. On day �1, culture medium was refreshed. On day
0, once iPSCs reached confluency, CM differentiation was initiated
by RPMI 1640 plus B27 minus insulin medium supplemented with
12 mM GSK3b inhibitor CHIR99021 (STEMCELL). The differentia-
tion medium was then replaced with RPMI 1640 plus B27 minus in-
sulin medium after 30 h. On day 3, fresh RPMI/B27 minus insulin
medium and conditioned medium at a volume ratio of 1:1 supple-
mented with 5 mM Wnt inhibitor IWP2 (STEMCELL) was added
into each well ofMatrigel-coated 12-well plates. On day 5, culture me-
dium was replaced with refresh RPMI/B27 minus insulin medium
again. On day 7 and afterward, culture medium was refreshed with
RPMI 1640 plus B27 medium every 2 days.

Immunocytochemistry

Cells were dissociated into single cells and seeded on Matrigel-coated
24-well slides or glass-bottom dishes. After cell attachment, samples
were fixed with 4% paraformaldehyde (PFA) for 20min, permeabi-
lized with 0.2% Triton X-100 for 20 min and blocked with 10%
goat serum for 2 h at room temperature (RT). Incubation with pri-
mary antibodies at 4�C overnight and secondary antibodies at RT
for 2 h was used to label the target proteins, while staining with
DAPI (1:1,000, Yeasen) for 10min at RT for nuclei detection. The pri-
224 Molecular Therapy Vol. 31 No 1 January 2023
mary antibodies included a-actinin (A7811, Sigma), MLC2v
(ab79935, Abcam), MLC2a (311011, SYSY), cTnT (15513-1-AP, Pro-
teintech), Nanog (3369-1, Epitomics), Oct4 (2876-1, Epitomics), Sox2
(2683-1, Epitomics), and Tra-1-60 (MAB4360, Merck_millipore).
Species-specific secondary antibodies conjugated with Alexa Fluor
488 or Alexa Fluor 555 (ab150106 or ab150073, Abcam) were diluted
according to manufacturer’s instructions. Image detection was per-
formed with a confocal laser scanning microscope (Leica TSC SP8).
The number of MLC2v+, MLC2a+, and cTnT+ cells and the length
and width of CMs were calculated under Image-pro plus 6.0.

Flow cytometry assessment

CMs were dissociated into single cells using CardioEasy Human Car-
diomyocyte Digestive Solutions (CELLAPY, CA2012100) according
to the manufacturer’s instructions. For intracellular staining, a fixa-
tion and permeabilization kit from eBioscience was applied according
to manufacturer’s instructions. Cells were labeled directly with APC-
conjugated cTnT antibody (130-106-689, Miltenyi). Flow cytometry
analysis was performed with a BD FACSCanto flow cytometer and
FlowJo_V10 software.

Transmission electron microscope

iPSC-CMs on day 18 post differentiation were dissociated into
single cells and reseeded onto Matrigel-coated six-well plate for
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transmission electron microscopy. It was fixed with 4% paraformal-
dehyde overnight; dehydrated gradually with 10%, 30%, 50%, 70%,
90%, and 100% ethanol; and dried in a fume hood. The samples
were finally stained with uranyl acetate for 40 min at RT and imaged
using a transmission electron microscope (Hitachi H-7500).
Electrophysiological recordings

The action potential of iPSC-CMs was detected as previously
described.71 Briefly, CMs were dissociated into single cells, reseeded
onto glass-bottom dishes (5� 104/well), and then placed on the stage
of an inverted microscope using an Axopatch 700B (Axon Instru-
ments, Union City, CA, USA) patch-clamp magnifier for all cell
patch-clamp recordings at RT. Sharp microelectrodes were manufac-
tured from thin-walled borosilicate glass tubes (Sutter Instruments,
Novato, CA, USA) using a Flaming/Brown Micropipette Puller P97
(Sutter Instruments, Novato, CA, USA). After thermal polishing
and internal solution filling, the final resistance of the micropipette
tip was 2–4 MU. Internal solution for the perforated patch contained
(in mM) 150 KCl, 2.0 MgCl2, 5.0 EGTA, 10 HEPES, and 2.0 Na2ATP
with a pH of 7.2, and external solution contained (in mM) 130 NaCl,
5.0 KCl, 1.0 MgCl2, 2.0 CaCl2, 20 glucose, 10 sucrose, and 10 HEPES
with a pH of 7.4.
modRNA synthesis

mRNA was synthesized using T7 RNA polymerase-mediated tran-
scription from a linearized DNA template, which incorporates
generic 50and 30 UTRs and a poly(A) tail, as previously
described.12,39,40 During the synthesis procedure, uridine was re-
placed with N1-methylpseudouridine to enhance the in vitro stability
and protein translation, which makes it called modRNA. Then mod-
RNA was purified using Ambion MEGAclear kit and treated with
Antarctic Phosphatase (New England Biolabs) for 30 min at 37�C
to remove residual 50-phosphates. After repurification and quantifica-
tion, modRNA was resuspended in 10 mM Tris HCl, 1 mM EDTA at
1 mg/mL for use. Open reading frame sequences used for modRNA
production were provided previously for EGFP, firefly luciferase,
and human VEGF-A165.

28
modRNA transfection and evaluation

modRNA was transfected into CMs using MessengerMAX Lipofect-
amine as manufacturer’s instructions (Life Technologies). modRNA
and MessengerMAX were separately diluted in serum-free medium
Opti-MEM (Gibco) and incubated at RT for 5 min, which were
then mixed up and incubated at RT for 15 min to form liposome-
modRNA complexes. Cells were transfected with the liposome-mod-
RNA complexes for 4 h in Opti-MEM, after which the transfection
medium was replaced by fresh culture medium. Every 4 mg of mod-
RNA and 10 mL of MessengerMax were transfected into nearly
2 � 106 iPSC-CMs for each well of a 12-well plate.

modGFP was used as a tool to analyze the transfection efficiency of
modRNA. Briefly, modGFP-transfected CMs were dissociated into
single cells with CardioEasy Human Cardiomyocyte Digestive Solu-
tions (CELLAPY, CA201210) and detected with a BD FACSCanto
Flow Cytometer.

For modVEGF transfection, conditioned medium was collected at
different time points (4 h, 12 h, 24 h, 48 h, 72 h, 96 h, and 1 w)
and analyzed by ELISA assay (R&D systems) to quantify the total
content and the expression kinetics of VEGF protein. All experiments
were conducted with three replicates in each group.

Cell viability analysis

To evaluate the effect of modRNA transfection on CM viability, we
used a Calcein-AM/PI cytotoxicity and cell viability staining kit
(C2015m, Beyotime). Calcein AM and PI stain live and dead cells
respectively. CMs were transfected with modVEGF and incubated
with Calcein AM (1:1,000) and PI (1:1,000) at 37�C for 30 min,
then observed by fluorescence microscope. The number of Calcein
AM-positive (surviving) and PI-positive (dead) cells was counted us-
ing Image-pro plus 6.0. All experiments were performed indepen-
dently with five replicates in each group.

Tube formation assay and wound healing assay

For tube formation experiments, 1 � 105 HUVECs were cultured on
Matrigel-coated 48-well plates in 200 mL of conditioned medium
from modLuc-transfected or modVEGF-transfected iPSC-CMs.
Tube formation was visualized and photographed at 24 h post-treat-
ment by LEICA DMI3000B microscope. The numbers of the tube
network were counted using Image-pro plus 6.0. All experiments
were performed independently with five replicates in each group.

For wound healing assay experiments, 5 � 105 HUVECs were
cultured in six-well plate. Confluent monolayer HUVECs were me-
chanically injured using a sterile 100-mL pipette tip and then incu-
bated with conditioned medium collected from modLuc-transfected
or modVEGF-transfected iPSC-CMs for 24 h. Images were captured
with LEICA DMI3000B microscope at 0, 12, and 24 h and were
analyzed using Image-pro plus 6.0. All experiments were conducted
with five replicates in each group.

RNA sequencing

Following the above transfection protocol, iPSC-CMs on day 18 post
differentiation were transfected with VEGF modRNA (iPSC-
CMsmodVEGF) and Luciferase modRNA (iPSC-CMsmodLuc) respec-
tively. After 3 days of cell culture, total mRNA was collected and
extracted using Trizol (Life Technologies) and sent to Novogene (Bei-
jing, China) for RNA sequencing. Briefly, mRNA was purified from
total RNA by using poly-T oligo-attached magnetic beads. mRNA
fragmentation was then carried out using divalent cations under
elevated temperature in first-strand synthesis reaction buffer (5�).
First-strand cDNA was synthesized using random hexamer primer
and Moloney murine leukemia virus (M-MuLV) reverse transcrip-
tase, after which mRNA was degraded by RNaseH. Second-strand
cDNA synthesis was subsequently performed using DNA polymerase
I and deoxy-ribonucleoside triphosphate (dNTP). Remaining over-
hangs were converted into blunt ends via exonuclease and polymerase
Molecular Therapy Vol. 31 No 1 January 2023 225

http://www.moleculartherapy.org


Molecular Therapy
activities. After adenylation of 30 ends of DNA fragments, adaptor
with hairpin loop structure were ligated to prepare for hybridization.
To select cDNA fragments of preferentially 370–420 bp in length, the
library fragments were purified with AMPure XP system (Beckman
Coulter, Beverly, USA). Following PCR amplification, the PCR prod-
uct was purified by AMPure XP beads, and the library was finally ob-
tained. After the library was constructed, samples were quantified us-
ing both the Qubit2.0 fluorometer and the Agilent 2100 bioanalyzer.
qRT-PCR was then used to detect and quantify the library again to
ensure the quality of the library. After the library inspection was qual-
ified, the different libraries were pooled according to the requirements
of effective concentration and target data volume, and then sequenced
with Illumina NovaSeq 6000.

Animal model of MI and cell transplantation

The animal care and experiments were conducted according to the
guidelines of the Animal Care and Experiment Committee of Shanghai
Children’s Medical Center. Male Sprague-Dawley rats weighing
approximately 200–250 g were provided by Shanghai Jiesijie Labora-
tory Animal Co. The rats were randomly divided into five groups as
follows: (1) Sham group, thoracotomy without ligation; (2) MI group,
MI without any treatment; (3) MI-Matrigel group, a total of 150 mL of
Matrigel-PBS mixed liquid with a volume ratio of 1:1 supplemented
with 5 mMY27632 was injected to the border area of left ventricle after
MI; (4) MI-iPSC-CMsmodLuc group, a total of 150 mL of Matrigel and
modLuc-transfected iPSC-CMs mixture (5 � 106 cells per rat) with
5 mM Y27632 was injected to the border area of LV after MI; (5)
MI-iPSC-CMsmodVEGF group,myocardial injection of 150 mL ofMatri-
gel and modVEGF-transfected iPSC-CMs (5 � 106 per rat) mixture
with 5 mM Y27632 was performed at the border area of left ventricle
after MI. A total of 43 rats were used in this study. Rat model of MI
was operated according to the published methods.41 In addition, we
had the CMs transplanted into the recipient hearts immediately after
differentiation and transfection rather than undergoing cell freezing
and thawing to minimize the impact of cryopreservation and maintain
cell viability activity to the greatest extent. In general, rats were placed
on the operating table and were subject to endotracheal intubation and
continuous anesthesia with isoflurane. After the heart was exposed by
left thoracotomy, the permanent ligation of the left anterior descending
coronary arteries was then performed with 6-0 sutures to induce MI.
For the rats receiving treatments, the exposed hearts received direct
myocardial injections of solution or cells at three fixed sites of the
infarct border zone as indicated above. Afterward, the chest was closed,
and the isoflurane anesthesia was gradually weaned for animal
recovery. To avoid immune rejection, 0.25 mg/kg/day tacrolimus
and 5 mg/kg/day methylprednisolone were applied as immunosup-
pressant drugs and given to all the rats every 12 h on the day before
MI surgery until 28 days after the MI surgery.

Triphenyl tetrazolium chloride staining

Triphenyl tetrazolium chloride (TTC) staining was performed to
delineate the region ofMI, whichmeans ischemic areas become color-
less while viable heart tissue remains red. Two percent TTC (w/v %)
was prepared with PBS and fully dissolved for 30 min at 37�Cwithout
226 Molecular Therapy Vol. 31 No 1 January 2023
light. When rats were sacrificed 24 h post MI, their hearts were
collected, washed thoroughly, frozen at �20�C, and sectioned into
six 3-mm-thick heart slices. Prewarmed 2% TTC solution was used
to stain the heart slices for 30 min at 37�C in the dark. After washing
with prewarmed PBS three times, heart slices were fixed with pre-
warmed 4% PFA for 30 min at 37�C. Photos were taken with a black
background and ImageJ was used to analyze the percentage of the
infarct area in the left ventricle.
Echocardiography

Echocardiography was performed at 1, 2, and 4 weeks after MI sur-
gery to evaluate the heart function and compare the outcomes of
each group. Under inhaled isoflurane anesthesia, rats underwent
transthoracic echocardiogram examinations by a blinded technician.
The Vevo 2100 Imaging System (VisualSonics) equipped with a 21
MHz MS-250 transducer was applied to observe the LV systolic
and diastolic movement. M-mode echocardiographic recordings
from a parasternal long-axis view were obtained to measure the LV
internal diameter at end-systole (LVIDs) and the LV internal diam-
eter at end-diastole (LVIDd), whereas the LV end-systolic volume
(LVESV) and the LV end-diastolic volume (LVEDV) were automat-
ically calculated by the computer software. Heart function indexes,
including the LVEF and the LVFS, were finally calculated with the
following equations:

LVEF (%) = ((LVEDV-LVESV)/LVEDV) � 100%

LVFS (%) = ((LVIDd-LVIDs)/LVIDd) � 100%
Heart morphology and histological evaluation

Rat hearts were harvested at 1 and 4 weeks post MI. The hearts were
fixed in 4% PFA overnight, dehydrated with gradient aqueous
ethanol, embedded in paraffin, and then sectioned every 500 mm
from the left apex toward the ligation site. After hydration by xylene
and a series of graded ethanol solutions, tissue slices were prepared for
hematoxylin-eosin staining (Solarbio, China) and Masson trichrome
staining (Solarbio, China) according to manufacturers’ instructions.
Heart morphology was captured with a Leica DM6000 B Microscope.
LV wall thickness and scar tissue (%) in left ventricles were calculated
under Image-pro plus 6.0.

For immunohistochemistry, microwave antigen retrieval was per-
formed on the hydrated heart slices in citric acid buffer (pH = 6.0)
(Yeasen). Heart sections were permeabilized with 0.2% Triton
X-100 for 20 min and blocked with 10% goat serum for 1 h at RT.
The target proteins were labeled with the primary antibodies at 4�C
overnight and then stained with the Alexa Fluor 488/555 conjugated
secondary antibodies for 2 h at RT, after which 1:1,000 DAPI (Yeasen)
was used to stain nuclei at RT for 10 min. The primary antibodies
were provided as follows: Ki67 (ab16667, Abcam), CD31
(ab182981, Abcam), Lamin A + C (ab108595 or ab40567, Abcam),
Cx43 (ab11370, Abcam), a-SMA (A5228, Sigma), a-actinin
(A7811, Sigma), MLC2v (ab79935, Abcam), cTnT (ab8295, Abcam),
CD3 (ab16669, Abcam), and CD68 (ab955, Abcam). The secondary
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antibodies consisted of Alexa Fluor 555 conjugated Donkey
Anti-Mouse IgG H&L (1:1,000, ab150106, Abcam) and Alexa Fluor
488 conjugated Donkey Anti-Rabbit IgG H&L (1:1,000, ab150073,
Abcam). Confocal Laser Scanning Microscope (Leica TSC SP8) was
applied for image record and data analysis.

Statistical analysis

Results are expressed as mean ± SD. Differences between groups were
evaluated using one-way analyses of variance followed by Bonferroni
post test (SPSS, Chicago, IL, USA). All tests were two sided, with a sig-
nificance level of p < 0.05.
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