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Expandable hESC-derived cardiovascular
progenitor cells generate functional cardiac
lineage cells for microtissue construction
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Abstract

Background Cardiovascular progenitor cells (CPCs) derived from human embryonic stem cells (hESCs) are
considered valuable cell sources for investigating cardiovascular physiology in vitro. Meeting the diverse needs
of this application requires the large-scale production of CPCs in an in vitro environment. This study aimed to use
an effective culture system utilizing signaling factors for the large-scale expansion of hESC-derived CPCs with the
potential to differentiate into functional cardiac lineage cells.

Methods and results Initially, CPCs were generated from hESCs using a 4-day differentiation protocol with a
combination of four small molecules (CHIR99021, IWP2, SB-431542, and purmorphamine). These CPCs were then
expanded and maintained in a medium containing three factors (bFGF, CHIR, and A83-01), resulting in a>6,000-
fold increase after 8 passages. These CPCs were successfully cryopreserved for an extended period in late passages.
The expanded CPCs maintained their gene and protein expression signatures as well as their differentiation
capacity through eight passages. Additionally, these CPCs could differentiate into four types of cardiac lineage cells:
cardiomyocytes, endothelial cells, smooth muscle cells, and fibroblasts, demonstrating appropriate functionality.
Furthermore, the coculture of these CPC-derived cardiovascular lineage cells in rat tail collagen resulted in cardiac
microtissue formation, highlighting the potential of this 3D platform for studying cardiovascular physiology in vitro.

Conclusion In conclusion, expandable hESC-derived CPCs demonstrated the ability to self-renewal and
differentiation into functional cardiovascular lineage cells consistently across passages, which may apply as potential
cell sources for in vitro cardiovascular studies.
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Background

Cardiovascular diseases (CVDs) stay remained at the top
of global mortality and morbidity for a long time, with a
particularly increasing prevalence in recent decades [1].
Despite advances in the treatment of CVDs, available
strategies have not effectively restored the injured myo-
cardium. In addition, the innate regenerative capability
of cardiac tissue is limited, which could be associated
with the terminally differentiated cardiomyocytes that
stay in the GO/G1 phase of the cell cycle lifelong [2]. In
this regard, recent studies have focused on cell therapy to
restore the cardiomyocyte population of injured myocar-
dium as a novel and promising therapeutic approach [3].
Among all candidate cell sources, cardiac precursor cells
as well as their derivatives, such as cardiovascular pro-
genitor cells (CPCs) and CPC-derived cardiomyocytes,
have gained growing attention for cardiac cell therapy [4].

In addition to therapeutic applications, CPC-derived car-
diomyocytes could be employed for in vitro drug testing,
cardiotoxicity assessments, and disease modeling, which
provides incredible opportunity and great advancement
in the field of cardiovascular research [5, 6].

CPCs are a heterogeneous population of clonogenic,
self-renewing, and multipotent cells with the capability of
differentiating into various cardiac lineage cells, includ-
ing cardiomyocytes (CMs), endothelial cells (ECs), car-
diac fibroblasts (CFs), and smooth muscle cells (SMCs),
both in vitro and in vivo [7, 8]. To date, multiple CPC
populations have been identified, which are character-
ized by the expression of different surface markers and/
or transcription factors, such as NKX2.5. The precise
mechanisms by which CPCs are differentiated into car-
diac and vascular lineages are still being investigated;
however, some growth factors and the related signaling
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pathways are known to be contributed [4, 9-11]. Using
this knowledge, protocols for in vitro differentiation of
human pluripotent stem cells-derived CPCs are develop-
ing [4]. However, due to the innate proliferative and mul-
tipotent characteristics of CPCs, the ultimate goal is now
to achieve an effective culture strategy with the capability
for in vitro large-scale expansion of CPCs while preserv-
ing the differentiation capacity into various cardiovas-
cular lineages. This could provide an unprecedented
opportunity for cardiac regenerative approaches as well
as developmental studies [12—14]. So far, some research
groups have suggested protocols and technologies for the
generation of expandable CPCs from pluripotent cells,
including human embryonic stem cells (hESCs) and/
or human-induced pluripotent stem cells (hiPSCs) [15,
16]. However, this remains a challenging endeavor. For
instance, in a study performed by Cao et al., the homoge-
neous cardiovascular progenitor cells were generated and
expanded from human pluripotent stem cells by using a
serum-free culture medium supplemented with a com-
bination of three small molecules. These cells showed
over 10’-fold expansion, retained their molecular char-
acteristics as well as the potential to differentiate into
CM, EC, and SMC [16]. Likewise, in the previous study,
we developed a culture system for generation of expand-
able cardiogenic mesodermal cells (early CPCs) with
differentiation capacity into CMs, ECs, and SMCs [15].
However, the functionality of CPC-derived cardiac lin-
age cells was not assessed in the previous studies. Hence,
the findings suggested an urgent need for the develop-
ment of efficient differentiation protocols in order to
obtain functional cardiovascular lineage cells. Moreover,
previous studies have not investigated the differentia-
tion of cardiac fibroblast from CPC, despite the crucial
role of these fibroblasts in cardiac disorders. Therefore,
this study took the advantage of our previous defined,
costly, concise, and universal protocol for the extended-
term expansion of hPSC-derived CPCs, while concur-
rently focusing on the retention of their inherent capacity
for differentiation into various functional cardiac lineage
cells by establishing highly efficient protocols. By doing
so, the expandability and preservation of hESC-derived
CPCs were supported up to 8 passages while maintaining
their morphological characteristics, molecular profile,
and the ability to differentiate into functional CMs, ECs,
CFs, and SMCs in vitro across subsequent passages. Fur-
thermore, we used the resulting cells for the formation
of a microtissue by co-culturing the CPC-derived CMs,
ECs, CFs, and SMCs at passages 0 and 8 (PO and P8). The
constructed cardiac microtissue showed the presence
and distribution of cardiac lineage cells as well as excit-
ability. Altogether, our findings may offer a novel strategy
for the generation of expandable CPCs with preservation
of differentiation capability into functional cardiac linage
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cells and maintenance in freeze-thaw cycles. This repre-
sents a crucial step towards commercialization, advance-
ments in disease modeling and cardiotoxicity testing in in
vitro studies.

Methods

Generation of human embryonic stem cells-derived
cardiovascular progenitor cells (hESC-CPC)

Human embryonic stem cells (hESC), Royan H6 (RH6)
line which was established and characterized as previ-
ously reported [17], was received from Royan Stem Cell
Bank and expanded in adherent culture according to a
previously described protocol [18]. In order to prompt
hESC for cardiogenic differentiation, the expansion sys-
tem was changed to static suspension culture, where
hESC were expanded as previously described [18].
Briefly, the 5-day-old hESC spheroids were subjected to
cardiogenic differentiation using a cocktail of small mol-
ecules including CHIR (Stemgent, 04-0004-10), IWDP2
(Tocris Bioscience, 3533), SB-431,542 (Cayman, 13031),
and purmorphamine (Pur) (Stemgent, 04—0009), accord-
ing to a previous study [18]. A detailed description of the
differentiation method can be found in the supplemental
information.

Culture and expansion of hESC-CPC

The 4-day-old differentiated hESC-CPC spheroids were
dissociated into single cells and cultured on Matri-
gel (Sigma-Aldrich, E1270)-coated plates with spe-
cific expansion medium (CPC,, ) composed of a basal
medium and fresh small molecules; bFGF, CHIR, and
A83-01 (Stemgent, 04—0014). Furthermore, hESC-CPC
was passaged every 72 hs and expanded for 8 passages.
Characterization of hESC-CPC was performed at pas-
sages 0 (P0), P4, and P8 using flow cytometry and immu-
nofluorescence staining against CPC-specific markers.
For a detailed description, see supplemental information.
Furthermore, the freeze-thaw procedure of hESC-CPC
was assessed, and the resulting cells were characterized,
for which details can be found in supplemental informa-
tion. Population Doubling Time (PDT) and expansion
fold assays were evaluated as described previously [15],
whose details are described in supplemental information.

Differentiation of hESC-CPC towards cardiovascular
lineage cells

Differentiation of hESC-CPC into cardiomyocytes, endothelial
and smooth muscle cells

To generate cardiovascular lineage cells, hESC-CPCs
(PO and P8) were seeded on Matrigel-coated plates at a
density of 3x10* cells/cm® Induction towards cardio-
myocytes (CM) was achieved by using CM differentiation
medium (CM,,) composed of RPMI1640 (Gibco, 52400-
041) supplemented with B27 without insulin (Gibco,
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A18956-01), 2 mM L-glutamine, 1% NEAA, and 0.1 mM
[B-mercaptoethanol, as well as growth factor and small
molecules including BMP4 (10 ng/ml) (314-BP-010/CF
R&D) and IWP2 (5 uM) (Tocris). hRESC-CPCs were dif-
ferentiated into endothelial cells (EC) by using EC dif-
ferentiation medium (EC_) composed of DMEM/F12
supplemented with 2% B-27 without vitamin A, 2 mM
L-glutamine, 1% NEAA, and 0.1 mM p-mercaptoethanol,
as well as growth factors VEGF (50 ng/ml) (Royan Bio-
tech, PRP-1109) and bFGF (10 ng/ml). Smooth muscle
cell differentiation required the culture of hESC-CPC
in SMC differentiation medium (SMC_) composed of
DMEM/F12 supplemented with 2% B-27 without vita-
min A, 2 mM L-glutamine, 1% NEAA, and 0.1 mM
B-mercaptoethanol, as well as growth factors of PDGEF-
BB (10 ng/ml) (Royan Biotech, RP-1111) and TGF-p (2
ng/ml) (Fitzgerald 30R-AT072). hESC-CPCs were dif-
ferentiated into cardiac fibroblasts (CF) using a two-step
protocol, which will be explained in a separate section.

For EC and SMC differentiation, hRESC-CPCs were cul-
tured in EC_, and SMC,, for 12 days, and the medium was
renewed every 2 days. For differentiation to CM, hESC-
CPCs were cultured in CM,, for 3 days and subsequently
in CM,, without growth factors and with B27 complete
(Thermo Fisher Scientific, 17504044) for 9 days.

Differentiation of hESC-CPC into cardiac fibroblasts
Regarding differentiation of CFs from hESC-derived
CPCs (PO and P8), we used the following protocol, which
obtains CFs from epicardial origin. Initially, hESC-CPCs
were seeded on Matrigel-coated plates at a density of
3x10* cells/cm? and maintained in a basal differentia-
tion medium (CFy,,;) consisting of RPMI1640 supple-
mented with B27 without insulin, 2 mM L-glutamine, 1%
NEAA, and 0.1 mM p-mercaptoethanol for 24 h in order
to adapt to 2D culture. After this time, the CF,; was
renewed and supplemented with a concentration of 3 uM
of the small molecule CHIR for 48 h. Subsequently, the
medium was replaced by CF,; and the culture medium
was exchanged every 24 hs. After 48 h, epicardial-like
cells were obtained and subjected to CF differentiation.
To do so, the medium was replaced by DMEM/F12 sup-
plemented with 2 mM L-glutamine, 1% NEAA, 0.1 mM
[-mercaptoethanol, 15% FBS, and 10 ng/ml bFGF for a
further 6 days.

Characterization of hESC-CPC and differentiated
cardiovascular lineage cells

Gene expression analysis by real-time RT-qPCR

The detailed methods of gene expression analysis are
described in supplemental information. Briefly, total
RNA was isolated using Micro Reagent Kit (Qiagen,
74004). First strand cDNA synthesis was carried out
using 2 pg of total RNA with the Pars tous Reagent Kit
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(A101161), and real-time PCR was conducted using the
Amplicon Kit (A325402) and Real-Time PCR machine
(AB Applied Biosystems). Relative gene expression was
calculated using the 222 formula.

Flow cytometry

The methods of flow cytometry are fully described in
supplemental information. In brief, the hRESC-CPCs were
dissociated into single cells and subsequently fixed in 4%
paraformaldehyde (PFA). The cells were permeabilized
and blocked in a PBS solution containing 0.1% Triton
X-100 and 1% BSA. The cells were incubated overnight
with the diluted primary antibody (1:50 for NKX2.5).
Then, secondary antibody (1:100 for Goat anti-rabbit,
Sant Cruz, Sc-3739) was added to the cells. The stained
cells were analyzed with a flow cytometer and flowJo
software.

Immunofluorescence staining

A full description of the method can be found in the
supplemental information. Briefly, cells were fixed with
4% PFA. For permeabilization and blocking, cells were
incubated in PBS containing 0.1% Triton X-100 and 1%
BSA. Primary antibodies diluted in the fresh permeabi-
lization/blocking buffer were added to the cells, followed
by an overnight incubation. Secondary antibodies diluted
in fresh permeabilization/blocking buffer were added to
the cells, followed by incubation of the cells with DAPI
(Sigma-Aldrich, D8417) (2 ug/ml) for nuclear staining.

Functional analysis

Field potential recording of CPC-derived cardiomyo-
cytes We evaluated the functional characteristics of
CPC-derived CMs by conducting an extracellular field
potential (FP) recording using a microelectrode array
(MEA) data acquisition system (Multi Channel Systems
in Reutlingen, Germany). The MEA plates had a grid of
60 titanium nitride electrodes (30 pm) with a 200 pm
inter-electrode distance. Before the experiment, the MEA
plates were sterilized, hydrophilized with FBS for 30 min,
rinsed with sterile water, and coated with gelatin for 1 h.
For the analysis, 4-5x10° CPCs were placed in the cen-
ter of a sterilized MEA plate in a medium containing 20%
FBS for 24 h. Subsequently, the MEAs were connected
to a head-stage amplifier. The extracellular field poten-
tials were recorded at a sampling rate of 10 kHz, and all
the measurements were conducted at 37 °C. Recordings
lasted for 100 s at baseline. The FP signals were assessed
for rhythmicity. The data were analyzed using Cardio2D™*
software.

Tube formation assay of CPC-derived endothelial
cells To prepare for the experiment, a 96-well cell culture
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plate and P100 (t100 LRS) tips were placed at -80 °C for
10 min. After that, 50 ul of ice-cold Matrigel (Corning,
USA) was coated in the wells. The plates were then incu-
bated at 37 °C for 30 min to allow the Matrigel to solidify.
CPC-derived ECs (CPC-EC) were seeded on the Matrigel
at a density of 5x10% and a mixture of EC, plus 10% FBS
was added. For control, HUVECs were used at a density
of 13x10% cells [19]. After 2 hs, images were captured
using a CKX41 inverted (OLYMPUS) microscope from
five random fields per well. These images were analyzed
with the Angiogenesis Analyzer macro for Image] [20],
and the number of nodes, junctions, and branches were
calculated and compared. Each experiment was repeated
three times.

Contraction assay of CPC-derived smooth muscle
cells CPC-SMCs were cultured on Matrigel-coated
4-well plates. After 24 h, carbachol (Sigma-Aldrich,
C4382) was added to the culture medium at a final con-
centration of 10 uM. Images were taken 10 min after the
treatment [21]. The cell surface area was measured using
Image] 1.54 h software, and the average reduction in cell
area was calculated.

Activation of CPC-derived cardiac fibroblasts In order
to activate CPC-CFs, the cells were incubated in serum-
free culture media for 24 h at 5% CO2 and 37 °C, followed
by treatment with doxorubicin (DOX) 0.5 uM for 48 h.
Both DOX-treated and control CFs were collected and
subjected to RT-qPCR analysis for the detection of aSMA
expression level, as previously described. The expression
levels were then compared between the two groups.

Cardiac microtissue formation by co-culture of CPC-CM,
CPC-EC, CPC-SMC and CPC-CF

For microtissue formation, CM, EC, SMC, and CF, which
were derived from CPC differentiation, were added to
2.5 mg/ml of collagen derived from rat tail at a ratio of
2:1:1:2 and a final density of 2x10° cells/ml and cultured
in 24-well plates. The co-culture medium (MT,) con-
sisted of two media in an equal proportion: [1] DMEM
F12, 15% FBS, 2 mM L-glutamine, 1% NEAA, 1% peni-
cillin/streptomycin, and 0.1 mM [B-mercaptoethanol, and
[2] RPMI1640 supplemented with complete B27, 2 mM
L-glutamine, 1% NEAA, and 0.1 mM p-mercaptoethanol.
The medium was refreshed every day for one week. The
microtissue started to form after 1 h and continued to
make a 3D-like structure, and the area-to-volume ratio
decreased over the next 24 h. The cardiac microtissues
were then harvested for histological analysis.

Histological analysis
The detailed methods of histological analysis are
described in supplemental information. Briefly, the
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microtissues were collected 7 days after co-culture for
histological assessment. The microtissues were fixed with
4% PFA, incorporated in 2% agar gel, embedded in paraf-
fin blocks, and cut into 5 um-thick sections. For immu-
nofluorescence staining, deparaffinized and rehydrated
sections were undergone antigen retrieval. Subsequently,
samples were blocked with 10% BSA, followed by the
permeabilization with PBS containing 0.5% Triton X100.
Then, the sections were incubated overnight with pri-
mary antibodies, which followed by incubation with sec-
ondary antibodies and staining with DAPL

Confocal imaging

To evaluate the cell distribution in the microtissue, rho-
damine Rhodamine Phalloidin (Invitrogene, B7474)
staining was used and visualized by confocal laser scan-
ning microscopy (CLSM; LSM800, Carl Zeiss, Germany).
The detailed descriptions can be found in the supplemen-
tal information.

Statistical analysis

Statistical analysis was performed using the GraphPad-
Prism software (9.0.2), and all results were presented as
meanzstandard deviation (SD) or mean *standard error
of mean (SEM). The data is obtained from a minimum of
three independent replicates. Following the assessment
of normal distribution, significant differences between
groups were calculated using proper statistical tests,
including an unpaired t-test or one-way and two-way
ANOVA. A statistically significant level was considered
as P<0.05.

Results

Cardiovascular progenitor cells (CPCs) demonstrated
expansion potential in adherent culture

Induction of CPCs from adherently or suspension-
expanded hESCs (Supplementary Fig. 1A) was performed
by treating the cells with a cocktail of small molecules,
including CHIR99021 (CHIR), IWP2, SB-431,542, and
Pur, in a static suspension culture, as demonstrated in
Fig. 1A.

CHIR activates the Wnt/p-catenin signaling pathway
by inhibiting GSK3 and is essential for mesendoderm
specification by an initial activation of this pathway in
hESCs, while a baseline dose of Wnt signaling is critical
to direct the cell fate towards cardiac mesoderm [22].
In contrast, IWP2 blocks the secretion of Wnt ligands,
leading to inhibition of the Wnt/B-catenin pathway. By
modulating Wnt signaling, IWP2 can contribute to the
generation of functional cardiomyocytes from hPSCs
[23, 24]. SB-431,542 is an antagonist of the TGF-f1
ALK receptors and contributes to CPC specification
[25], while Pur is involved in CPC fate by promoting the
expression of cardiogenesis genes via activating the Sonic
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Fig. 1 Characterization of cardiac progenitor cells (CPCs) generated from the human embryonic stem cell (hESC). (A) Schematic diagram showing dif-
ferentiation protocol used for CPC induction from hESCs. hESCs were cultured in suspension as spheroids and differentiated into mesoderm, followed by
cardiac progenitor cells differentiation by one-day treatment with 12 uM CHIR99021 (CHIR) and a one-day rest period, then treatment with ISP 5 uM for
two-days. The 4-day old differentiated hESC-CPC spheroids were dissociated into single cells and cultured in expansion medium. (B) CPC morphology
and immunofluorescence staining of NKX2.5 and Ki67 expressions in PO, 4, 8 CPCs cultured in expansion medium. Cells were counter-stained with DAPI
(C) Numeric data of percentages of NKX2.5% and KI67* cells in hESC-derived CPCs. Data are presented as mean + standard error of the mean (SEM). (D &
E) Doubling time and expansion fold of CPCs at 0, 4, 8 passages. Data are presented as mean + standard error of the mean (SEM). (F) Representative graph
of total cell counts generated after 8 passages of hESC-derived CPCs
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Hedgehog (SHH) signaling pathway, which has a crucial
role in heart development [26].

Flow cytometry analysis indicated that day-4 differenti-
ated cells were 88.6% NKX2.5* (Supplementary Fig. 1B).
Also, we demonstrated the upregulation of ADGRL2 and
NKX2.5 in day-4 differentiating cells, highlighting the
cardiac progenitor nature of these cells (Supplementary
Fig. 1C and D). After confirming the CPC’s fate, they
were subjected to expansion. Cultured CPCs from PO, P4,
and P8 showed mesoderm-like cobblestone morphology
in CPC,,,, medium (Fig. 1B, left column) and co-expres-
sion of NKX2.5 and Ki67 in all three passages (Fig. 1B,
middle and right columns), which reached more than
80% of the stained cells (Fig. 1C). While the expansion
fold of CPCs was >10 times in all passages (Fig. 1D), the
population doubling time (PDT) was ~ 20 h at PO, P4, and
P8 (Fig. 1E). As depicted in Fig. 1F, a total of 3x10° cells
were obtained after 8 passages, starting from an initial
cell density of 4x10°.

CPCs were successfully differentiated into functional
cardiovascular lineage cells

CPCs at PO and P8 were subjected to specific differentia-
tion media containing required growth factors and small
molecules for differentiation into CMs, ECs, SMCs, and
CFs (Fig. 2A). CPC-derived CMs (CPC-CM) showed
elongated morphology compared to cobblestone-like
CPCs (Fig. 2B and Supplementary Fig. 2, top row). How-
ever, these CPC-CM resembled fetal cardiomyocytes
rather than adult mature cells. They expressed cardiac
troponin T (¢TNT) as relevant in immunostaining and
mRNA expression analysis, as well as MLC2y, 12-day
post-differentiation. There were no substantial changes
in the expression level of the ¢cTNT and MLC2v genes
between PO and P8 CPC-CM (Fig. 2B and C). Twelve-
day treatment of CPCs with VEGF (50 ng/ml) and bFGF
(10 ng/ml) turned them into cells that generated tube-
like structures in the culture (Fig. 2B and Supplementary
Fig. 2, CPC-EC, bright field image). The CPC-derived
endothelial-like cells (CPC-EC) were positively stained
for CD31 protein and showed mRNA expression of KDR
and vWF. While vWF mRNA expression did not differ
between PO and P8 CPC-EC, KDR expression showed
a 2-fold increase in P8 CPC-EC compared to PO CPC-
EC (Fig. 2B and C). This increase is in favor of endothe-
lial cell derivation. Treatment of PO and P8 CPCs with
PDGE-BB (10 ng/ml) and TGF-b (2 ng/ml) for 12 days
resulted in differentiation towards smooth muscle cells,
which expressed smooth muscle actin antigen (aSMA™)
(Fig. 2B), PDFGRa and MYHI4 genes (Fig. 2C). The
expandable CPCs were differentiated into cardiac fibro-
blasts (CFs) by 48 h of treatment with CHIR (3 mM), fol-
lowed by a 3-day rest and a 10-day treatment with bFGF
(10 ng/ml). The differentiated CPC-CFs showed protein
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expression of the fibroblast cytoskeletal marker VIMEN-
TIN, as well as VIMENTIN and COLIA1 gene expres-
sion. Expression of VIMENTIN showed elevated levels in
P8 CPC-CFs, while expression of COLA1 did not differ
between CFs derived from CPCs in two passages (Fig. 2B
and C).

Furthermore, CPC-CMs showed regular field poten-
tials, which resulted from the spontaneous excitabil-
ity of differentiated cells (Fig. 3A and B). The tube-like
structures generated by CPC-ECs resembled those
of HUVECs after 2 h of culture, where the number of
branches, nodes, and junctions did not differ between
CPC(P0)-EC, CPC(P8)-EC, and HUVEC (Fig. 3C and
D). Moreover, CPC-SMCs responded to treatment with
carbachol (10 mM), an acetylcholine receptor agonist,
by a substantial contraction-induced area reduction at
CPC(P0)-SMC and a non-significant size decrease in
CPC(P8)-SMC (Fig. 3E and F). While differentiated CPC-
CF showed spindle-like morphology and a high abun-
dance of VIMENTIN (Fig. 3G), DOX-treated CPC-CF
turned to hypertrophied aSMA™* cells, which showed
upregulation of ACTA2 in activated derivatives of P8
CPCs (Fig. 3H).

Freeze-thaw of CPCs

A cryopreserved ‘off-the-shelf” CPC product will facili-
tate its translational use, such as pharmaceutical appli-
cation or preclinical and clinical trials, as it provides the
opportunity to do large-scale and repeated testing. Fur-
thermore, this approach allows preclinical and associ-
ated clinical assessments to be performed using the same
cryopreserved CPC batch.

Expandable CPCs showed>80% viability post-freeze-
thaw (Fig. 4A and B), as well as upregulation of cardio-
vascular progenitor-specific genes; NKX2.5 and ISL1, and
downregulation of ectoderm- and endoderm-specific
genes; SOX17, AFP, and PAX6 (Fig. 4C). The cryopre-
served CPCs retained their expandability, as all NKX2.5*
cells were Ki67* (Fig. 4D and E). Furthermore, they suc-
cessfully differentiated into cardiac lineage cells (Fig. 4F)
and expressed specific markers for CPC-CM, CPC-EC,
CPC-SMC, and CPC-CF at the mRNA level (cTNT, vWF,
PDGFRa, and VIMENTIN, respectively) (Fig. 4G) and
protein level (cITNT, CD31, aSMA, and VIMENTIN,
respectively) (Fig. 4H).

Expandable CPC derivatives formed functional cardiac
microtissue

Co-culture of 2x10° CPC derivatives at a ratio of
2:1:1:2 (CPC-CM: CPC-EC: CPC-SMC: CPC-CF) in
2.5 mg/ml collagen generated a spherical-like tissue
after 48 h (Fig. 5A), which showed considerable and
homogeneous cellularity all over the microtissue iden-
tified by F-actin staining (Fig. 4B). Cell type-specific
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(A) Schematic diagram of differentiation protocol of CM, EC, SMC, and CF. (B) Morphology and immunofluorescence characterization of CM (with c-TNT),
EC (with CD31), SMC (with aSMA), and CF (with VIMENTIN) derived from CPCs at both passages 0 and 8. Scale bar; 200 um. (C) Characterization of four
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MHY 14 for SMC, and VIMENTIN and COL1AT for CF. Data are presented as mean +standard error of the mean (SEM)
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microscope. (C). Detection of CMs, ECs, SMCs, and CFs in the microtissue using immunofluorescence staining: CMs with c-TNT, ECs with CD31, SMCs with

aSMA, and CFs with Vimentin

staining demonstrated the presence of a high population
of cTNTt* CPC-CM and VIMENTIN* CPC-CF within
the formed microtissues of PO and P8 CPC derivatives
(Fig. 5C). As CPC-EC and CPC-SMC were used in a

lower ratio for microtissue formation, the frequency of
aSMA* and CD31* cells were lower in the final assem-
bly (Fig. 5D and E). The PO and P8-derived microtissues
exhibited disperse field potentials (Supplementary Fig. 3).
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Discussion

In this study, CPCs were initially generated by program-
ming the hESCs with a four-day differentiation protocol
in suspension state that utilized small molecules, accord-
ing to our previously established method [18]. We were
able to expand hESC-derived CPCs up to 8 passages
while maintaining their morphology, molecular pro-
file, and ability to differentiate into cardiac lineage cells,
even after freeze-thawing. Furthermore, we could pro-
duce functional cardiomyocytes, endothelial cells, car-
diac fibroblasts, and smooth muscle cells and used them
to form a cardiac microtissue that showed presence and
distribution of cardiac lineage cells as well as excitabil-
ity. These findings represent an important step towards
developing 3D models for disease modeling and cardio-
toxicity testing in vitro.

Previously, we introduced the MESP1* CMCs, which
were obtained using a two-day differentiation protocol
in suspension state. These cells were expanded approxi-
mately 11-fold at early passages, with a slight decrease
in expansion rate at later passages. At P10, we obtained
10' cells with preserved properties such as identity,
expandability, and differentiation capacity [15]. How-
ever, the current study took advantage of CPCs generated
by the same protocol, but harvested at day 4 and being
NKX2.5%, as an important molecular marker of CPCs
[16, 27]. NKX2.5, one of the earliest cardiac-restricted
transcription factors expressed in multipotent CPCs dur-
ing vertebrate heart development [28, 29], was reported
to be expressed in all ¢-KIT*, SCA-1*, MESP1%, and
KDR* sub-populations [30]. Furthermore, researchers
have well documented the crucial role of NKX2.5 as a
transcription factor in promoting cardioblast differen-
tiation and proliferation [31]. Interestingly, reactivating
the NKX2.5 gene in extracardiac fibroblasts using the
CRISPR/Cas9 system could significantly contribute to
the successful reprogramming of those into CPCs with
renewal and regenerative capacity [32]. In addition, our
further analysis revealed the expression of the cardiac
mesodermal marker ISL1, which is mainly identified as
participating in the differentiation of CPCs into SMCs
and ECs [33, 34]. Besides, we demonstrated the expres-
sion of ADGRL2, also known as Adhesion G protein-
coupled receptor L2 or LPHN2, in CPCs. In line with our
results, ADGRL2 was found to be selectively expressed in
CPCs during differentiation from hPSCs [35]. This gene
expression pattern likely reflects the transition and com-
mitment of mesoderm into CPCs.

Studying the underlying mechanisms of cardiovas-
cular pathologies and pioneering the discovery of novel
potential therapeutic agents using in vitro human cardiac
cells has gained more attention recently [36-38]. Fur-
thermore, due to the complexity of heart tissue, cardio-
myocytes alone are insufficient to encompass the entire
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range of cardiac functionality and pathophysiology [39,
40]. This objective requires the production of human
cardiovascular progenitor cells in vitro with self-renewal
and differentiation capacity. However, the prolonged
expansion of CPCs on a large scale in culture, with the
potential to differentiate into functional cardiac lineage
cells, has remained challenging [4, 41]. In this study,
CPCs were expanded approximately 10-fold, doubling in
number within about 22 h. Consistent with the present
study, Birket et al. produced NKX2.5* CPCs from hPSCs
using a 6-day differentiation protocol employing growth
factors and small molecules such as insulin-like growth
factor-1 (IGF-1) and a hedgehog agonist. The clonogenic
nature of these CPCs allowed for over 40 population dou-
blings without compromising their characteristics [42].
Recently, Wang et al. developed expandable proliferative
NKX2.5* CPCs from human fibroblasts using a combina-
tion of small molecules, including CHIR99021, A83-01,
GSK126, Forskolin, CTPB, and AM580.

With respect to cardiac cell type commitment, previ-
ous investigations have focused on the differentiation
of the CPCs into CMs, ECs, and SMCs for therapeutic
purposes [16, 43]. For instance, a 6-day differentiation
protocol generated hPSCs-derived NKX2.5* CPCs, dem-
onstrating their differentiation into functional multi-
lineage cardiovascular cells such as pacemaker and
ventricular myocytes, ECs, and SMCs [42]. Chemically
reprogrammed human fibroblasts produced expand-
able NKX2.5*% CPCs, which efficiently differentiated into
functional CMs, ECs, and SMCs by passage 12 in vitro
[10]. Consistent with previous examinations, our CPCs
were able to differentiate into CMs displaying electrical
activity, ECs capable of tube formation, and SMCs with
contractile properties in vitro at both early and late pas-
sages, and further progressed into cardiac microtissue by
coculture in collagen hydrogel.

Ultimately, in line with our previous study [15], we
demonstrated that over 80% of the late-passage CPCs
remained viable and retained their characteristics, suc-
cessfully differentiating into various cardiovascular
lineage cells after undergoing freeze-thaw in CPC,
medium. Additionally, we detected no notable expres-
sion of SOX17 and AFP endodermal markers and PAX6,
an ectodermal marker, in the CPCs. These findings sup-
ported our objective of providing an expandable and
cryopreservable cardiovascular progenitor cell line.

Nonetheless, there are some limitations in this study,
such as: [1] the heterogeneity observed in differentiated
CPCs in vitro [2], the incomplete maturation of differen-
tiated cardiovascular lineage cells in vitro [3], insufficient
exploration of the functional diversity, maturity, as well
as the longevity functionality of the differentiated car-
diovascular lineage cells within cardiac microtissues over
extended periods.
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Conclusions

In conclusion, this study reported a platform that enables
large-scale production of functional cardiovascular lin-
eage cells using expandable CPCs for the purpose of in
vitro cardiac microtissue formation as well as other antic-
ipated experimental and preclinical expenditures.
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