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Heart diseases are leading cause of death around the world. Given their unique

capacity to self-renew and differentiate into all types of somatic cells, human

pluripotent stem cells (hPSCs) hold great promise for heart disease modeling

and cardiotoxic drug screening. hPSC-derived cardiac organoids are emerging

biomimetic models for studying heart development and cardiovascular

diseases, but it remains challenging to make mature organoids with a

native-like structure in vitro. In this study, temporal modulation of Wnt

signaling pathway co-differentiated hPSCs into beating cardiomyocytes and

cardiac endothelial-like cells in 3D organoids, resulting in cardiac endothelial-

bounded chamber formation. These chambered cardiac organoids exhibited

more mature membrane potential compared to cardiac organoids composed

of only cardiomyocytes. Furthermore, a better response to toxic drugs was

observed in chamber-contained cardiac organoids. In summary,

spatiotemporal signaling pathway modulation may lead to more mature

cardiac organoids for studying cardiovascular development and diseases.
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Introduction

Cardiovascular disorders, including congenital heart defects and cardiovascular

disease, remain as a global health issue due to their high mortality worldwide

(Balakumar and Kaur, 2009; Kadooka et al., 2021; Zhao et al., 2021). Developing new

therapies is also challenging, since few drug candidates succeed to pass pre- or clinical

trials and many of them are removed from the market due to severe cardiac toxicity

(Balakumar and Kaur, 2009; Matoba and Egashira, 2011). To quickly screen effective and

safe therapies, more authentic models of human heart are needed to be developed for pre-

clinical research (Balakumar and Kaur, 2009; Matoba and Egashira, 2011; Jiang et al.,

2017). For the past decades, animal model-based cardiac research has provided the basis
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for understanding heart development and diseases (Camacho

et al., 2016). Due to the natural species difference, novel in vitro

human cardiac models are urgently needed for a better

understanding of tissue changes during development and

diseases (Coales et al., 2016; Mathur et al., 2016; Veldhuizen

et al., 2019). Human pluripotent stem cells (hPSCs) have been

differentiated into cardiomyocytes (CMs) for heart disease

modeling and cardiotoxic drug testing (Lian et al., 2013,

2015). However, commonly used two-dimensional (2D)

culture models could not fully recapitulate the three-

dimensional (3D) complexity of native human heart, in which

the presence of various cardiovascular cell types in the defined

geometry and cell-cell as well as cell-extracellular matrix (ECM)

interactions play an essential role.

hPSCs are capable of differentiating and self-organizing into

3D tissue structures, termed organoids that resemble embryo-like

tissues or organs (Drakhlis et al., 2021; Lewis-Israeli et al., 2021;

Tan et al., 2021). While native-like organoid models have been

widely implemented for various organs, the implementation of

heart-like organoids remains challenging. Classic heart muscle

engineering approaches that assemble pre-differentiated or

primary cardiac cell types into 3D aggregates were commonly

used to form cardiac microtissues that mimic adult-like heart

tissue (Giacomelli et al., 2017). For example, Voges et al. (2017)

and Mills et al. (2019) embedded hPSC-derived CMs in mixed

collagen Ⅰ-Matrigel substrates to form cardiac organoids that

reproduced some aspects of native human heart, including

structured endothelial networks and epicardium. Vessel-like

structures were observed in some areas of cardiac organoids,

formed similarly by embedding hPSC aggregates in Matrigel

(Drakhlis et al., 2021). Addition of exogenous VEGF in the

cardioids has occasionally led to an intact endothelial layer

that lines cardiac cavity (Hofbauer et al., 2021). Cardiac

organoid studies that focus on native heart-like morphological

aspects are still lacking. During embryo development, heart-

forming progenitor cells extend across the midline and fuse into

the heart tube, which then give rise to the myocardium and

endocardium. After undergoing looping, the heart tube forms

chambers (Tan and Lewandowski, 2020). To better recapitulate

the complex native heart, there is a strong demand to bridge this

technological and knowledge gap.

We have previously identified the temporal roles of canonical

Wnt signaling during CM and epicardial cell differentiation from

hPSCs (Bao et al., 2017b). Here, we first demonstrated

reactivation of Wnt signaling at cardiac progenitor stage

directed hPSCs into VE-cadherin (VE-cad)+ cardiac

endothelial-like cells, which were incorporated into cardiac

organoid differentiation and led to endothelial-bounded

chamber formation. The resulting chambered cardiac

organoids contained structured endothelial cells and CMs, and

exhibited more mature membrane potential compared to cardiac

organoids composed of only CMs. Furthermore, vascularized

cardiac organoids were better in modeling cardiac response to

toxic drugs. In summary, hPSC-derived vascularized cardiac

organoids hold great potential for heart disease modeling and

therapeutic drug screening.

Materials and methods

Maintenance of human pluripotent stem
cells

H9 and H13 cell lines were purchased from WiCell and

maintained on Matrigel- or iMatrix 511-coated plates in mTeSR

plus medium at 37°C in humidified atmosphere with 5% CO2

according to our previously published method (Chang et al.,

2022b).

Hanging drop preparation for embryoid
body formation

For embryoid body (EB) formation, 20 μl droplets were

formed by pipetting on the inner side of a 96-well U-bottom

culture plate lid. Droplets contained 100,000 hPSCs/ml and were

composed of mTeSR Plus supplemented with 5 μM Y-27632

(Cayman Chemical) and iMatrx-511 (1:100). 100 μl PBS was

added to each well before returning the lid to culture plate. After

24 h, EBs were transferred with a pipette to a new 96-well

U-bottom culture plate and cultured in mTeSR Plus +5 μM Y-

27632 for 1 day. The resulting EBs were then ready for further

differentiation.

Cardiovascular differentiation of hPSCs in
2D or 3D embryoid body cultures

For cardiac differentiation, hPSCs were seeded onto

Matrigel-coated 6-well plate in mTeSR plus medium with

5 μM Y27632 at a cell density between 10,000 and 80,000 cell/

cm2 after dissociating with 1 ml Versene solution. At day 0,

hPSCs were treated with 6 μM CHIR99021 (Cayman Chemical)

in RPMI for 24 h. At day 1 and day 2, the medium was switched

to RPMI + B27 without insulin. At day 3 and day 4, 50% of

medium was replaced with RPMI + B27 without insulin

containing 4 μM Wnt-C59. At day 5, RPMI + B27 medium

was used and changed every 3 days for CM differentiation. For

cardiac organoid differentiation, EBs were treated with 9 μM

CHIR99021 in RPMI medium for 24 h. At day 1 and day 2, the

medium was switched to RPMI + B27-insulin medium. At day

3 and day 4, 50% of medium was replaced with RPMI + B27-

insulin medium containing 4 μM Wnt-C59. At day 5, RPMI +

B27 medium was used. At day 7, EBs were treated with EBM™
endothelial cell medium (Lonza) containing 50 μg VEGF

(Peprotech) and 4.5 μM CHIR99021. At day 8 and day 9,
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medium change with EBM medium containing 50 μg VEGF.

Between day 10 to day 15, EBs were treated with EBM medium

containing 50 μg VEGF and 2.5 μM TGFβ inhibitor A83-001.

Immunostaining and flow cytometry
analysis

Immunostaining analysis was performed as described in an

earlier publication (Chang et al., 2022a). Briefly, cells were fixed

in PBS −/− containing 4% formaldehyde for 15 min in dark and

incubated with appropriate antibodies in 5% nonfat dry-milk

solution containing 0.4% Triton X-100. After gently washing and

nuclei staining, cells were then imaged in a Leica DMi-8

microscope and processed in ImageJ. To collect differentiated

cells for flow cytometry analysis, a 70 μm strainer was used to

filter cells, followed by centrifugation and fixation in PBS −/−

containing 1% formaldehyde for 20 min. The resulting cells were

then permeabilized with ice-cold 90% methanol for at least

30 min and washed with PBS −/− solution containing 1%

bovine serum albumin (BSA) and 0.1% Triton X-100. The

cells were then stained with antibodies and analyzed in an

Accuri C6 plus flow cytometry (Beckton Dickinson). Flow Jo

software was used to process collected flow data.

FluoVolt™ membrane potential kit
analysis

Prepare labeling solution by adding FluoVolt™ dye

(Invitrogen) into RPMI + B27 medium (1:50), and remove

old medium from human heart organoid cultures. After

washing heart organoids with PBS twice, organoids were

treated with 100 μl of labeling solution under room

temperature for 20 min. After removing dye solution and

washing with PBS twice, organoids were kept in a 96-well

U-bottom culture plate with 100 μl of PBS. The resulting cells

were then live imaged in a Leica DMi-8 microscope.

Hematoxylin and eosin staining of cardiac
organoids

Differentiated cardiac organoids were fixed in 4%

formaldehyde for 30 min, and embedded in paraffin. Slices

with a thickness of 5 μm were incised for H&E staining, and

the stained slice was imaged in a digital microscope.

Cardiac organoids for drug treatment

The viability of cardiac organoids was assessed by the MTS

assay. Differentiated cardiac organoids were incubated with

50 μg/ml of Temozolomide and subjected for MTS assay

analysis at different time points. After Temozolomide

treatment, old medium was aspirated and 100 μl of fresh

culture medium containing 16.7% MTS stock solution was

added into each well for 4 h at 37°C. The plates were then

centrifuged at 2,000 rpm for 10 min. 80 μl supernatant in each

cell culture well was pipetted into a well of 96-well microplate and

measured at 490 nm for the absorbance of formazan through a

SpectraMax iD3 microplate reader.

Results and discussion

Wnt signaling regulates cardiac
endothelial cell specification

Cardiac endothelial cells arise from ISL1+NKX2.5 +

progenitors during embryo development (Roden, 2013;

Coales et al., 2016; Vermeulen et al., 2019) and we have

previously identified ISL1+NKX2.5 + progenitor cells during

cardiac differentiation from hPSCs (Bao et al., 2017c). To

identify signaling pathways regulating cardiac endothelial

cell specification, we used the H13 VE-cad-GFP reporter cell

line that we previously made (Bao et al., 2017a) (Figure 1A)

and expressed high levels of pluripotent markers

(Supplementary Figures S1A–C). Day 6 cardiac

progenitors derived from VE-cad-GFP reporter hPSCs

were treated with different small molecules for 48 h (day

7 to day 9) (Figure 1B). CHIR99021 (CHIR), a GSK-3β
inhibitor, significantly enhanced the expression of VE-Cad

+ cells (Figures 1C,D), which was blocked by a Wnt inhibitor

Wnt-C59. Treatment with SB431542, a TGFβ signaling

inhibitor, further promoted VE-Cad + cell generation

(Figure 1D). The resulting cardiac endothelial cells did

not express endocardium marker NFATc1 (Figure 1E),

indicating their potential identity of cardiac microvascular

endothelial cells. Notably, CHIR treatment from day 7–8 did

not eliminate CM differentiation and led to co-

differentiation of CM and cardiac endothelial cells,

highlighting their application in multicellular cardiac

organoid differentiation.

Transcriptome analysis of hPSC-derived
cardiac endothelial cells

To further confirm the identity of cardiac endothelial cells

(CECs) derived from hPSCs, we sorted day 15 VE-cad + cells and

performed bulk RNA sequencing (RNA-seq) analysis.

Hierarchical clustering analysis of RNA-seq expression data

demonstrated that day 15 CECs were closely clustered to

primary human cardiac microvascular endothelial cells

(hCMEC) (Figure 2A). Notably, examination of specific
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endocardial endothelial cell (EEC) genes revealed that hPSC-

derived CECs displayed higher expression levels of EEC and

barrier makers as compared to hCMEC andHUVEC (Figure 2B).

Hierarchical clustering analysis revealed all endothelial cell

populations were clustered together as compared to

undifferentiated hPSCs, though hPSC-derived CECs were

relatively far away from primary hCMEC and HUVEC,

indicating the relative immaturity of hPSC-derived CECs.

Consistent with this data, relatively lower expression levels of

general endothelial and vascular endothelial cell (VEC) markers

were also observed in hPSC-derived CECs. In summary, bulk

RNA-seq analysis suggested the similarity between our hPSC-

derived CECs and primary hCMEC in global transcriptome

expression.

Vascularized cardiac organoids derived
from hPSCs

To better recapitulate multicellular heart development in

vivo, we incorporated our 2D co-differentiation protocol into

the classic hanging drop platform for embryoid body (EB)

formation in 3D. hPSC EBs were cultured and expanded for

2 days prior to cardiac differentiation. Similar to 2D monolayer

FIGURE 1
Cardiac endothelial cell generation by modulating Wnt signaling pathway. (A) Schematic illustration of knock-in strategy at the AAVS1 safe
harbor locus. (B) Schematic of the protocol used to differentiate hPSCs towards cardiac endothelial cells. Conditions of 1–5 were applied to
cardiovascular differentiation either from day 7–8 (period #1) or day 7–9 (period #2). VE-cad-GFP expression was analyzed by flow cytometry (C)
and quantitated in (D), n = 5, *p < 0.05. (E) Immunostaining images of cardiomyocytes and cardiac endothelial cells.
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culture, GiWi method was used to induce cardiac progenitor

generation in 3D EBs (Figure 3A). After day 6, EBs were treated

with CHIR and vascular endothelial growth factor (VEGF) to

form vascularized cardiac organoids via co-differentiation of

CMs and CECs in 3D, or left untreated to form regular

cardiac organoids composed of CMs only. VEGF is a

commonly used growth factor for inducing vascularization in

tissues (Shibuya, 2011; Poldervaart et al., 2014). While both kinds

of organoids showed a significant increase in size throughout the

differentiation protocol (Figure 3B and Supplementary Figure

S2A), vascularized cardiac organoids displayed obvious chamber

formation, which was also confirmed by H&E staining of sliced

organoids (Figures 3C,D, Supplementary Figure S2B).

Immunostaining analysis on sliced cardiac organoids

FIGURE 2
RNA sequencing (RNA-seq) analysis was performed on hPSC-differentiated cardiac endothelial cells (CECs). (A)Hierarchical clustering of RNA-
seq expression data of hPSCs, H13-derived cardiac endothelial cells (CEC), primary human cardiac microvascular endothelial cells (hCMEC), and
human umbilical vein endothelial cells (HUVEC). (B) Heatmap and hierarchical clustering analysis of selected endothelial cell markers.
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confirmed the presence of structured endothelial cells and CMs

in 3D (Figure 3E). Flow cytometry analysis showed about 2%

CECs and 62% CMs, and 19% CECs and 48% CMs presented in

control and vascularized organoids (Supplementary Figures

S3A,B), respectively. Overall, the resulting vascularized cardiac

organoids contained significantly more chambers, mimicking the

anatomical structure of the developing embryonic heart

(Figure 3F).

FIGURE 3
Vascularized cardiac organoids were derived from hPSCs. (A) Schematic of the protocol used to differentiate hPSCs towards vascularized
cardiac organoids. (B) Brightfield images of hPSC-derived cardiac organoids at indicated days. (C)H&E staining showed sliced cardiac organoids. (D)
Chamber area quantification in different cardiac organoids. n = 4. Confocal microscope image (E) and illustration (F) of vascularized cardiac
organoids.

FIGURE 4
Functional analysis of hPSC-derived cardiac organoids. (A) Representative contraction amplitude plots of hPSC-derived cardiac organoids
using a voltage dye. (B) Cell viability analysis of hPSC-derived cardiac organoids after Temozolomide treatment at indicated time points. n = 3.
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hPSC-derived vascularized cardiac
organoids better respond to cardiotoxic
drugs

A critical feature of in vitro-derived organoids is to recapitulate at

least one specialized aspect of the native tissues or organs. In terms of

cardiac tissue, the contractile activity of hPSC-derived cardiac

organoids is an important function. We first analyzed the beating

rates of our hPSC-derived cardiac organoids with a highly sensitive

voltage dye (Figure 4A). Compared with CM organoids, vascularized

cardiac organoids contain more cell types with human heart-like

layered structures. In addition, CECs were reported to promote the

trabeculation and maturation of CMs (Mikryukov et al., 2021). All

these additional features of our vascularized cardiac organoids may

lead to a better cardiac model for cardiotoxic drug testing. To test this

hypothesis, we studied the possibility of modelling chemotherapy

drug-induced cardiotoxicity with cardiac organoids derived from

hPSCs by treating them with supernatant medium of chemical drug

Temozolomide (Temo)-treated tumor cells. This drug was widely

used for glioblastoma treatment, which though induced cardiotoxic

and pro-fibrotic effects, causing or exacerbating heart failure. hPSC-

derived cardiac organoids were treated with 0.2 and 2 μg/ml Temo,

which broke the integral morphology of cardiac organoids

(Supplementary Figure S4), possibly due to cell death induced by

the drug (Figure 4B).

Conlusion

In this study, we identified thatWnt signaling regulates hPSC

differentiation into cardiac endothelial cells (CECs) in vitro,

consistent with its role in native heart development in vivo.

(Mukhopadhyay, 2021). Modulation of Wnt signaling also

enabled the co-differentiation of CM and CEC differentiation

in 2D and 3D cultures. Notably, cardiac organoids treated with

the Wnt activator CHIR99021 displayed more chamber

formation and more mature beating curve compared with

cardiac organoids composed of only CMs. The resulting

vascularized cardiac organoids also served as a better model

for toxicity analysis of antitumor drugs. In conclusion, hPSC-

derived vascularized cardiac organoids hold great potential for

heart disease modeling and therapeutic drug screening.

Data availability statement

The datasets presented in this study can be found in online

repositories. The names of the repository/repositories and

accession number(s) can be found in the article/

Supplementary Material.

Author contributions

P-YL, YC, XL, and XB conceived and designed the

experiments. P-YL, YC, and GJ contributed to the study

design and assisted in data collection and analysis. P-YL, YC,

and XB wrote the manuscript with support from all authors.

Funding

We are also gratefully for the support from the Showalter

Research Trust (Young Investigator Award to XB), NSF CBET

(grant no. 2143064 to XB, and 1943696 to XL), and NIH NCI

(grant no. 1R37CA265926 to XB).

Acknowledgments

We gratefully acknowledge the Purdue Flow Cytometry and

Cell Separation Facility and Biological Evaluation Core.

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/fbioe.2022.

1059243/full#supplementary-material

Frontiers in Bioengineering and Biotechnology frontiersin.org07

Liang et al. 10.3389/fbioe.2022.1059243

https://www.frontiersin.org/articles/10.3389/fbioe.2022.1059243/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fbioe.2022.1059243/full#supplementary-material
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.1059243


References

Balakumar, P., and Kaur, J. (2009). Arsenic exposure and cardiovascular
disorders: An overview. Cardiovasc. Toxicol. 9, 169–176. doi:10.1007/s12012-
009-9050-6

Bao, X., Bhute, V. J., Han, T., Qian, T., Lian, X., and Palecek, S. P. (2017a). Human
pluripotent stem cell-derived epicardial progenitors can differentiate to
endocardial-like endothelial cells. Bioeng. Transl. Med. 2, 191–201. doi:10.1002/
btm2.10062

Bao, X., Lian, X., Hacker, T. A., Schmuck, E. G., Qian, T., Bhute, V. J., et al.
(2017b). Long-term self-renewing human epicardial cells generated from
pluripotent stem cells under defined xeno-free conditions. Nat. Biomed. Eng. 1,
0003. doi:10.1038/s41551-016-0003

Bao, X., Lian, X., Qian, T., Bhute, V. J., Han, T., and Palecek, S. P. (2017c).
Directed differentiation and long-termmaintenance of epicardial cells derived from
human pluripotent stem cells under fully defined conditions. Nat. Protoc. 12,
1890–1900. doi:10.1038/nprot.2017.080

Camacho, P., Fan, H., Liu, Z., and He, J. Q. (2016). Small mammalian animal
models of heart disease. Am. J. Cardiovasc. Dis. 6, 70–80.

Chang, Y., Syahirah, R., Oprescu, S. N., Wang, X., Jung, J., Cooper, S. H., et al.
(2022a). Chemically-defined generation of human hemogenic endothelium and
definitive hematopoietic progenitor cells. Biomaterials 285, 121569. doi:10.1016/j.
biomaterials.2022.121569

Chang, Y., Syahirah, R., Wang, X., Jin, G., Torregrosa-Allen, S., Elzey, B. D., et al.
(2022b). Engineering chimeric antigen receptor neutrophils from human
pluripotent stem cells for targeted cancer immunotherapy. Cell Rep. 40, 111128.
doi:10.1016/J.CELREP.2022.111128

Coales, P., Sumigray, K. D., Terwilliger, M., Lechler, T., Bajka, B. H., Rigby, N. M.,
et al. (2016). Principles of anatomy& physiology, cardiovascular system: Blood vessels
and hemodynamics. 13th ed. New York, United States: John Wiley & Sons, 816.
ISBN 978-0470-56510-0. Nature.

Drakhlis, L., Biswanath, S., Farr, C. M., Lupanow, V., Teske, J., Ritzenhoff, K.,
et al. (2021). Human heart-forming organoids recapitulate early heart and foregut
development. Nat. Biotechnol. 39, 737–746. doi:10.1038/s41587-021-00815-9

Giacomelli, E., Bellin, M., Sala, L., vanMeer, B. J., Tertoolen, L. G. J., Orlova, V. V.,
et al. (2017). Three-dimensional cardiac microtissues composed of cardiomyocytes
and endothelial cells co-differentiated from human pluripotent stem cells.
Development 144, 1008–1017. doi:10.1242/dev.143438

Hofbauer, P., Jahnel, S. M., Papai, N., Giesshammer, M., Deyett, A., Schmidt, C.,
et al. (2021). Cardioids reveal self-organizing principles of human cardiogenesis.
Cell 184, 3299–3317.e22. doi:10.1016/j.cell.2021.04.034

Jiang, W., Rutherford, D., Vuong, T., and Liu, H. (2017). Nanomaterials for
treating cardiovascular diseases: A review. Bioact. Mat. 2, 185–198. doi:10.1016/j.
bioactmat.2017.11.002

Kadooka, K., Miyachi, H., Kimura, T., Asano, K., Onodera, K., Masunaga, N.,
et al. (2021). Non-cardiovascular disorders in a contemporary cardiovascular
intensive care unit in Japan. J. Cardiol. 78, 166–171. doi:10.1016/j.jjcc.2021.03.002

Lewis-Israeli, Y. R., Wasserman, A. H., Gabalski, M. A., Volmert, B. D., Ming, Y.,
Ball, K. A., et al. (2021). Self-assembling human heart organoids for the modeling of
cardiac development and congenital heart disease. Nat. Commun. 12, 5142. doi:10.
1038/s41467-021-25329-5

Lian, X., Bao, X., Zilberter, M., Westman, M., Fisahn, A., Hsiao, C., et al. (2015).
Chemically defined, albumin-free human cardiomyocyte generation. Nat. Methods
12, 595–596. doi:10.1038/nmeth.3448

Lian, X., Zhang, J., Azarin, S. M., Zhu, K., Hazeltine, L. B., Bao, X., et al. (2013).
Directed cardiomyocyte differentiation from human pluripotent stem cells by
modulating Wnt/β-catenin signaling under fully defined conditions. Nat. Protoc.
8, 162–175. doi:10.1038/nprot.2012.150

Mathur, A., Ma, Z., Loskill, P., Jeeawoody, S., and Healy, K. E. (2016). In vitro
cardiac tissue models: Current status and future prospects. Adv. Drug Deliv. Rev. 96,
203–213. doi:10.1016/j.addr.2015.09.011

Matoba, T., and Egashira, K. (2011). Anti-inflammatory gene therapy for
cardiovascular disease. Curr. Gene Ther. 11, 442–446. doi:10.2174/
156652311798192888

Mikryukov, A. A., Mazine, A., Wei, B., Yang, D., Miao, Y., Gu, M., et al. (2021).
BMP10 signaling promotes the development of endocardial cells from human
pluripotent stem cell-derived cardiovascular progenitors. Cell Stem Cell 28,
96–111.e7. doi:10.1016/j.stem.2020.10.003

Mills, R. J., Parker, B. L., Quaife-Ryan, G. A., Voges, H. K., Needham, E. J., Bornot,
A., et al. (2019). Drug screening in human PSC-cardiac organoids identifies pro-
proliferative compounds acting via the mevalonate pathway. Cell Stem Cell 24,
895–907.e6. doi:10.1016/j.stem.2019.03.009

Mukhopadhyay, M. (2021). Recapitulating early cardiogenesis in vitro. Nat.
Methods 18, 331. doi:10.1038/s41592-021-01118-2

Poldervaart, M. T., Gremmels, H., Van Deventer, K., Fledderus, J. O., Öner, F. C.,
Verhaar, M. C., et al. (2014). Prolonged presence of VEGF promotes vascularization
in 3D bioprinted scaffolds with defined architecture. J. Control. Release 184, 58–66.
doi:10.1016/j.jconrel.2014.04.007

Roden, D. M. (2013). Cardiovascular pharmacogenomics: The future of
cardiovascular therapeutics? Can. J. Cardiol. 29, 58–66. doi:10.1016/j.cjca.2012.
07.845

Shibuya, M. (2011). Vascular endothelial growth factor (VEGF) and its
receptor (vegfr) signaling in angiogenesis: A crucial target for anti- and
pro-angiogenic therapies. Genes Cancer 2, 1097–1105. doi:10.1177/
1947601911423031

Tan, C. M. J., and Lewandowski, A. J. (2020). The transitional heart: From early
embryonic and fetal development to neonatal life. Fetal diagn. Ther. 47, 373–386.
doi:10.1159/000501906

Tan, J. J., Guyette, J. P., Miki, K., Xiao, L., Kaur, G., Wu, T., et al. (2021).
Human iPS-derived pre-epicardial cells direct cardiomyocyte aggregation
expansion and organization in vitro. Nat. Commun. 12, 4997. doi:10.1038/
s41467-021-24921-z

Veldhuizen, J., Migrino, R. Q., and Nikkhah, M. (2019). Three-dimensional
microengineered models of human cardiac diseases. J. Biol. Eng. 13, 29. doi:10.1186/
s13036-019-0155-6

Vermeulen, Z., Mateiu, L., Dugaucquier, L., De Keulenaer, G.W., and Segers, V. F.
M. (2019). Cardiac endothelial cell transcriptome in neonatal, adult, and
remodeling hearts. Physiol. Genomics 51, 186–196. doi:10.1152/physiolgenomics.
00002.2019

Voges, H. K., Mills, R. J., Elliott, D. A., Parton, R. G., Porrello, E. R., and
Hudson, J. E. (2017). Development of a human cardiac organoid injury model
reveals innate regenerative potential. Development 144, 1118–1127. doi:10.
1242/dev.143966

Zhao, S., Kusminski, C. M., and Scherer, P. E. (2021). Adiponectin, leptin and
cardiovascular disorders. Circ. Res. 128, 136–149. doi:10.1161/CIRCRESAHA.120.
314458

Frontiers in Bioengineering and Biotechnology frontiersin.org08

Liang et al. 10.3389/fbioe.2022.1059243

https://doi.org/10.1007/s12012-009-9050-6
https://doi.org/10.1007/s12012-009-9050-6
https://doi.org/10.1002/btm2.10062
https://doi.org/10.1002/btm2.10062
https://doi.org/10.1038/s41551-016-0003
https://doi.org/10.1038/nprot.2017.080
https://doi.org/10.1016/j.biomaterials.2022.121569
https://doi.org/10.1016/j.biomaterials.2022.121569
https://doi.org/10.1016/J.CELREP.2022.111128
https://doi.org/10.1038/s41587-021-00815-9
https://doi.org/10.1242/dev.143438
https://doi.org/10.1016/j.cell.2021.04.034
https://doi.org/10.1016/j.bioactmat.2017.11.002
https://doi.org/10.1016/j.bioactmat.2017.11.002
https://doi.org/10.1016/j.jjcc.2021.03.002
https://doi.org/10.1038/s41467-021-25329-5
https://doi.org/10.1038/s41467-021-25329-5
https://doi.org/10.1038/nmeth.3448
https://doi.org/10.1038/nprot.2012.150
https://doi.org/10.1016/j.addr.2015.09.011
https://doi.org/10.2174/156652311798192888
https://doi.org/10.2174/156652311798192888
https://doi.org/10.1016/j.stem.2020.10.003
https://doi.org/10.1016/j.stem.2019.03.009
https://doi.org/10.1038/s41592-021-01118-2
https://doi.org/10.1016/j.jconrel.2014.04.007
https://doi.org/10.1016/j.cjca.2012.07.845
https://doi.org/10.1016/j.cjca.2012.07.845
https://doi.org/10.1177/1947601911423031
https://doi.org/10.1177/1947601911423031
https://doi.org/10.1159/000501906
https://doi.org/10.1038/s41467-021-24921-z
https://doi.org/10.1038/s41467-021-24921-z
https://doi.org/10.1186/s13036-019-0155-6
https://doi.org/10.1186/s13036-019-0155-6
https://doi.org/10.1152/physiolgenomics.00002.2019
https://doi.org/10.1152/physiolgenomics.00002.2019
https://doi.org/10.1242/dev.143966
https://doi.org/10.1242/dev.143966
https://doi.org/10.1161/CIRCRESAHA.120.314458
https://doi.org/10.1161/CIRCRESAHA.120.314458
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.1059243

	Wnt signaling directs human pluripotent stem cells into vascularized cardiac organoids with chamber-like structures
	Introduction
	Materials and methods
	Maintenance of human pluripotent stem cells
	Hanging drop preparation for embryoid body formation
	Cardiovascular differentiation of hPSCs in 2D or 3D embryoid body cultures
	Immunostaining and flow cytometry analysis
	FluoVolt™ membrane potential kit analysis
	Hematoxylin and eosin staining of cardiac organoids
	Cardiac organoids for drug treatment

	Results and discussion
	Wnt signaling regulates cardiac endothelial cell specification
	Transcriptome analysis of hPSC-derived cardiac endothelial cells
	Vascularized cardiac organoids derived from hPSCs
	hPSC-derived vascularized cardiac organoids better respond to cardiotoxic drugs

	Conlusion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


