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1. Abstract

The primary cause of human fetal death are defects in heart development.
Understanding the underlying causes remains challenging due to the speed of the
development and the inaccessibility of the human embryonic heart. Yet, the impacts
of mutations, drugs, and environmental factors on the specialized functions of different
heart compartments are not captured by in vitro models. To tackle this challenge, we
pioneered a human cardioid platform that recapitulates the development of all major
embryonic heart compartments, including right and left ventricles, atria, outflow tract,
and atrioventricular canal. Leveraging both 2D and 3D differentiation techniques, we
efficiently generated distinct cardiac progenitor populations representing first, anterior,
and posterior second heart field identities. This achievement allowed us to
reproducible generate cardioids with compartment-specific gene expression profiles,
morphologies, and functionalities similar to those found in vivo. We used our platform
to unravel the ontogeny of signal and contraction propagation between interconnected
heart chambers. Moreover, it enabled us to dissect and comprehend how mutations,
teratogens, and drugs induce compartment-specific defects during the crucial stages
of human heart development.



2. Zusammenfassung

Die Hauptursache fur den Tod von menschlichen Foten sind Fehlbildungen in der
Herzentwicklung. Aufgrund der Unzuganglichkeit und der Geschwindigkeit der friihen
Herzentwicklung beim Menschen es schwierig die Ursachen von angeborenen
Herzkrankheiten zu untersuchen. Zusatzlich werden die Auswirkungen von
Mutationen, Medikamenten und Umweltfaktoren (Teratogene) auf die spezialisierten
Funktionen verschiedener Herzkammern von bestehenden in vitro Modellen nicht
erfasst. Um dieser Herausforderung zu begegnen, haben wir menschliche 3D-
Herzorganoidmodelle entwickelt, die die Entwicklung aller wichtigen embryonalen
Hauptkompartimente des sich entwickelnden Herzens, einschliellich der rechten und
linken Ventrikel, Vorhofe, Ausflusstrakt und des Atrioventrikularkanals, nachbilden.
Unter Nutzung von sowohl 2D- als auch 3D-Differenzierungstechniken haben wir
effizient unterschiedliche Vorlauferpopulationen herstellen konnen, die die Identitaten
des ersten, anterior und posterior zweiten Herzfeldes reprasentieren. Dieser
Fortschritt ermoglichte uns die reproduzierbare Herstellung von Kardioiden mit
Kompartiment spezifischen Genexpressionsprofilen, Morphologien und
Funktionalitaten, ahnlich denen, die in vivo gefunden werden. Wir nutzten unsere
Mehrkammer-Plattform, um die Ontogenese der Signal- und Kontraktionsausbreitung
zwischen verbundenen Herzkammern zu verstehen. Dartuber hinaus ermoglichte sie
uns, zu analysieren und zu verstehen, wie Mutationen, Teratogene und Medikamente
Kompartiment spezifische Defekte wahrend der entscheidenden Phasen der

menschlichen Herzentwicklung hervorrufen.



3. Introduction

Congenital heart disease (CHD) is the major cause of infant morbidity and mortality,
affecting approximately 1% of newborns worldwide (Jin et al. 2017). CHD can manifest
as outflow tract malformations, atrial and ventricular septal defects, and regional
ventricular diseases, such as hypoplastic left ventricle or arrhythmogenic right
ventricular cardiomyopathy (Fahed et al. 2013). Despite the significant impact of CHD,
current therapies for CHD remain limited. Yet, we lack a comprehensive understanding
of the molecular mechanisms governing human cardiac development and the disease
etiology leading to CHD (Houyel and Meilhac 2021; Rao, Kameswaran, and Bruneau
2022).

Understanding the mechanisms that lead to genetic diseases of the different
compartments of the heart requires a deeper understanding of early heart
development. Most of our current knowledge on cardiac development comes from
studies in model organisms such as mice and zebrafish. Yet, the complexity and the
rapid development of the embryonic heart limit the study of defects in model
organisms. Little data is available from human embryos, mainly due to the
inaccessibility of the early embryonic stages ranging from implantation to the 5" week
post-fertilization. However, species-specific differences in timing and gene expression
make it challenging to extrapolate findings from model organisms to humans (Cui et
al. 2019; Srivastava 2021). Establishing a new physiological human in vitro model that
follows developmental trajectories would be a great complementary system to
overcome these problems. Testing and screening of new drugs can be performed on
a big scale, human-specific aspects can be tested, and the number of animal models
can be reduced (de Korte et al. 2020) (Table 1). Moreover, cardiac organoids give us
the possibility to explore the mechanisms of cardiac defects further. In the future, in
vitro-generated cardiac cells might even offer a cell source for regenerative therapies

following myocardial infarction.

One advantage of these in vitro reductionist systems is that they consist only of a few
cell types and are not influenced by surrounding tissues. Therefore, manipulation of

specific components can be easily controlled, allowing us to understand the causes of
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cardiac defects better. In fact, for 56% of cardiac defects the cause is unknown (Zaidi
and Brueckner 2017). Approximately 34% of defects with known causes have been
attributed to single mutations or chromosomal abnormalities, such as DiGeorge
Syndrome, Holt Oram Syndrome, and Down Syndrome, and 10% are caused by
environmental factors such as maternal diabetes (Zaidi and Brueckner 2017). The
unknown causes could be undiscovered environmental factors, like plastic residues,
or enhancer mutations. To test the impact of candidate factors, we need a cardiac in
vitro system to test many possible causes at different conditions in high throughput
(HTP).

in vivo in vitro
limitations advantages limitations advantages
low throughput all developmental regions | lack of control reductionist

low accessibility  physiological maturation | limited cell types self-organization

high complexity data & literature heterogeneity high throughput
non-human models & tools lack of maturation  human systems
high costs

strict regulations

Table 1: Limitations and advantages of in vivo vs in vitro experiments to understand cardiac
development and unravel cardiac defects.

In the last years, a lot of progress has been made in generating human self-organizing
heart organoid models for cardiovascular disease studies (Drakhlis et al. 2021,
Hofbauer et al. 2021; Lewis-Israeli, Wasserman, and Aguirre 2021). Despite the
improvements in cardiac in vitro systems using human pluripotent stem cells in the last
few years, there are still some major limitations. First, the organoid systems often
include non-cardiac cells, and most protocols result in a mixed population of atrial-,
ventricular-, and nodal cardiomyocytes. Second, cardiomyocytes (CM) often show an
insufficient level of maturity and only mimic the fetal stage and not the adult
developmental stage and physiology. Third, it is difficult to mimic and control the
morphology of the heart, including the architecture of the layers of the heart, looping,
chamber interactions, and integration with circulation. Fourth, current cardiac
organoids fail to mimic all progenitor populations of the heart and cannot recapitulate

all regions of the heart. However, most defects are compartment-specific (Figure 1),
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highlighting the need for a system that mimics all compartments of the heart, including
the left ventricle (LV), right ventricle (RV), Atria, outflow tract (OFT) and the

atrioventricular canal (AVC).

Day 28
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Figure 1. Compartment-specific cardiac defects. Schematic representation of the
occurrence of congenital heart diseases.

Here, we established a human cardiac organoid platform, called cardioids, that
recapitulates the development of all major embryonic heart compartments, including
LV, RV, atria, OFT, and AVC. Our protocols precisely follow the timing and signaling
of early heart development to ensure we obtain clear morphogenesis and
homogenous cell populations. This platform allows us to dissect how genetic and
environmental factors (teratogens) cause compartment-specific defects in the

developing human heart.

3.1. Early heart development

The development of the heart is a complex process that starts during gastrulation, with
the formation of the primitive streak. The heart develops from three sources of
mesodermal progenitor populations: the first heart field (FHF) and the anterior and

posterior secondary heart field (aSHF and pSHF) precursors recruited from the
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adjacent pharyngeal mesoderm (Meilhac and Buckingham 2018; Swedlund and
Lescroart 2020). While the FHF gives rise to the LV and minor parts of the atria, the
aSHF gives rise to the RV and OFT, and the pSHF gives rise to most of the atria and
the AVC (Figure 2).

seee e,
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Figure 2. Early human heart development. Schematic representation of early stages of
human heart development from the onset of gastrulation to the initial formation of the four-
chambered heart. The green color indicates the first heart field (FHF) population of the heart,
purple indicates the anterior second heart field (aSHF) population, and blue the posterior
second heart field (pSHF) population.

Fate mapping and single-cell sequencing experiments have shown that distinct cell
populations arise sequentially at gastrulation and independently activate the
expression of Mesp1, which is considered to be the earliest cardiac specification
marker and controls the epithelial to mesenchymal (EMT) process in the primitive
streak (PS) (Devine et al. 2014; Lescroart et al. 2014; 2018). These cell populations
are the FHF and SHF, which undergo EMT and migrate away from the PS sequentially.
Ivanovitch et al. identified the FHF progenitors as the first to arise, located at the distal
primitive streak and characterized by high expression levels of EOMES and FOXAZ2
and lower levels of T. RV progenitors (EOMES high / T low / FOXA2+) migrate away
from the distal PS, followed by OFT progenitors (EOMES low / T high / FOXA2
upregulated). Finally, atrial progenitors (EOMES low / T high / FOXA2-) exit from the
proximal area of the PS (Ilvanovitch et al. 2021). The FHF progenitors form the primitive
heart tube, which is the first area of the heart that starts to beat (R. C. V. Tyser and
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Srinivas 2020). The aSHF and pSHF progenitors migrate into the arterial (anterior)
and venous (posterior) poles of the heart tube, respectively (Figure 3). Cells At the
tube stage, FHF progenitors express HAND1, TBX5, and NKX2-5. aSHF proliferation
is promoted by TBX1, which directly interferes with intracellular components of the
BMP signaling cascade and negatively regulates the Mef2c transcript and SRF protein
levels, leading to delayed differentiation. TBX1 is highly expressed in mice between
E8.5 and E9.5, while the levels decrease with the progression of differentiation
(Greulich, Rudat, and Kispert 2011). FOXC1/2, FGF8/10, SIX1 are downstream of
TBX1 and are other important transcription factors of the aSHF at this stage, whereas
TBX5 is not expressed. pSHF is characterized by the expression of OSR1, TBXS,
FOXF1 and HOXB1 (Kelly, Buckingham, and Moorman 2014; Meilhac and
Buckingham 2018; Kelly 2023).

Cardiomyocytes

Figure 3. Cardiac progenitors and tube formation. Graphical representation of scRNA-seq
data showing the migration of the cardiac progenitors into the heart tube (adopted from (Kelly
2023)).

During this early stage of heart development, Retinoic acid (RA) plays a critical role. It
is necessary to prepattern the SHF progenitors and to set the anterior and posterior
boundaries (De Bono et al. 2018). RA is released from the presomitic mesoderm and
liver endoderm and diffuses anteriorly to influence the cardiogenic regions (Sirbu et al.
2005). Strong RA signaling inhibits Tbx1 and thereby defines the posterior boundary

of the SHF, while relatively weak RA signaling is required to express Tbx1 in the
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anterior SHF (Niederreither and Dollé 2008; Nakajima 2019). RA-induced Tbx5 in the
pSHF is required to suppress the Tbx1-dependent aSHF program (Figure 4). In
Aldh1a2-null mutant mice with defective RA synthesis, the expression of SHF genes
expands posteriorly (Ryckebusch et al. 2008), indicating the crucial role of RA in
setting the boundaries of the heart progenitor compartments during development.

B FHF derived
m aSHF derived
m pSHF derived
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Figure 4. The role of RA in the development of the SHF. Schematic representation of a
mouse embryo and the RA gradient, which is influencing the expression of transcription factors
and formation of different compartments in the heart, adopted from (Nakajima 2019)

The proliferation and migration of the two SHF populations into the heart tube lead to
rightward looping, a massive increase in the number of cardiac cells, and thereby rapid
growth. During this stage, the progenitors are further patterned by BMP, FGF, WNT
inhibition, and RA signaling (Abu-Issa and Kirby 2007). All three progenitors, FHF,
aSHF, and pSHF, can give rise to two layers of the heart: the innermost layer, the
endocardium, and the middle layer, the myocardium, which are the contracting cells
of the heart. At a later stage of development, the outer layer of the heart, the
epicardium, envelopes the whole organ. The epicardium is the source of multiple
progenitor cell types, including smooth muscle cells, fibroblasts, and mesenchymal

(interstitial) valve cell (Fc and Pr 2018).
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During this stage, CMs either upregulate chamber-specific programs, such as LV, RV,
and atrial genes, or express regulators promoting the non-chamber specific program,
as seen in the AVC and OFT. The upregulation of the chamber program is
characterized by the expression of NPPA/NPPB in all chambers, NF2F1/2 in the atria,
IRX4, HEY2, and HAND1 in the LV, and IRX1/2 and HAND2 in the RV. In contrast,
the CMs located in the AVC or OFT express various BMPs, which inhibits the
upregulation of the chamber program (Wang, Greene, and Martin 2011). The AVC is
characterized by the expression of the BMP targets TBX2 and MSX2, while the OFT
expresses WNT11, WNT5A, and RSPO3. The OFT and AVC are also the regions
where valve development is initiated, where BMP and TGFb signaling lead to the
invasion of endocardium-derived mesenchymal cells into the cardiac jelly, which is the
extracellular matrix located between the myocardium and the endocardium (Haack
and Abdelilah-Seyfried 2016). This process initiates the formation of valves to ensure
the proper development and flow direction of the systemic and pulmonary mammalian

circulatory systems.

3.2. Modeling SHF development in vitro

Modeling the SHF lineages in vitro has been challenging due to the lack of a clear
understanding of the drivers of SHF lineage specification and the underlying molecular
mechanisms. In recent years, most in vitro systems have focused on developing FHF-
derived CMs and ECs, whereas only a few research groups have aimed to establish
specific protocols for SHF-derived CMs. In this section, we will examine several
approaches used to model SHF lineages in vitro, highlighting the advantages and
limitations of each approach (Table 2).

Nandkishore and colleagues used dual WNT and TGF-beta signaling inhibition in
attempting to recapitulate the development of mouse and human ESCs into the
cardiopharyngeal mesoderm (Nandkishore et al. 2018), which gives rise to head
mesoderm as well as the aSHF. Using their protocol, they upregulated main aSHF
markers, including TBX1, FGF8/10, and ISL1. In addition, they were able to further
differentiate these progenitors into 2D CM beating clusters; however, the identity of
these CMs was not analyzed in their study. In a more recent study, Pezhouman et al.
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used a dual reporter line for TBX5 and NKX2.5 to distinguish TBX5+NKX2.5+ FHF
cells from the TBX5-NKX2.5+ SHF cells and TBX5+NKX2-5- nodal cells (Pezhouman
et al. 2022). After FACS sorting, they reported the expression of main FHF, aSHF, and
nodal markers in their obtained progenitor populations. However, FHF and SHF
progenitor populations mainly gave rise to atrial CMs and not as expected from mouse
literature to LV, RV, and OFT.

In another recent work, Yang and colleagues aimed at recapitulating the development
of all three cardiac progenitors, FHF, aSHF and pSHF, using human iPSCs in an
embryoid body protocol (Yang et al. 2022). They obtained a mixture of all three
lineages by using different levels of Activin and BMP during mesoderm induction.
Thus, the protocol contains a sorting step to further homogenize progenitor
populations. They claimed that the sorted aSHF populations could give rise to RV and
OFT derivatives, the sorted pSHF to the atria and sinus venosus, and the FHF
progenitors to LV and AVC derivatives. They generated a comprehensive scRNA-seq
dataset at the mesoderm, progenitor, and specification stage and compared it to
hPSC-derived, human fetal-, and mouse fetal cardiac populations. In addition, they
were able to show distinct molecular and electrophysiological characteristics of the
CM subtypes; however, functional validation using KO lines showing compartment-
specific defects is missing. Moreover, the sorting step to obtain a homogenous
progenitor population and the subsequent re-aggregation limits the self-organization
in the organoid.

Zawada et al. recently developed a (epi)cardioid protocol based on Hofbauer at al.,
2021, where they observed FHF, SHF, and juxta-cardiac field progenitors, giving rise
to CMs as well as epicardial cells (Zawada et al. 2023). They separated the progenitors
by modulating retinoic acid signaling and reported that the FHF and SHF cells could
differentiate into ventricular, OFT, AVC, and MYOZ2-high CMs. In addition, they tried
to mimic compartment-specific defects using a hypoplastic left heart Syndrome patient
iPSC line. However, in their study, the morphogenesis of the organoids remains
unclear, and again, a sorting step is required at the progenitor stage.

14



Recent studies reported several self-organizing embryoids that include SHF-like cells.
Anderson et al., were among the first to generate 3D spheroids derived from mouse
as well as human PSCs, containing FHF and SHF progenitors (Andersen et al. 2018).
They showed that Wnt/B-catenin and BMP signaling controls the specification of the
progenitors. Additionally, they tried to isolate the progenitor populations based on the
expression of the cell surface protein CXCR4 and showed that SHF cells are CXCR4
positive, whereas FHF cells are CXCR4 negative. Further, they reported the
differentiation of these progenitors into CMs; however, as in many other studies, the
characterization of these CMs is missing. Lewis-Israeli and colleagues generated
cardiac organoids claiming to represent cells from both progenitor populations, FHF
and SHF (Lewis-Israeli et al. 2021). They further reported that these progenitors
developed into left and right ventricular CMs, respectively, based on the expression of
HAND1 and HANDZ2. However, the SHF progenitors within the organoid were not
labeled, making it difficult to confirm the origin of the HAND2+ CMs. In addition,
HAND1 and HANDZ2 have been reported to not be exclusively expressed in either FHF
or SHF.

Finally, Rossi and colleagues developed a protocol for mouse ESC-derived self-
organizing gastruloids (G et al. 2021). These axially patterned gastruloids co-
developed FHF and SHF progenitor cells, which appear in a temporal sequence,
recapitulating the early steps of heart development. They reported that the progenitors
formed a cardiac crescent-like structure and developed into an early cardiac tube-like
system. Moreover, the gastruloid co-developed a primitive gut-like structure, and
vascularization was initiated. Yet, further developmental stages, including looping and
four-chambered heart formation, are not achieved in the system.
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. progenitor . . mixed sorting step . quantifiable disease
paper species |[system . . CM identities . X morphogenesis .
identities progenitors |required morphogenesis |aspect
Nandhishore et |mouse, embryoid cardiopharyngeal/ not analvsed no no no no no
al., 2018 human  body/ 2D head mesoderm 4
yes (NKX2-5

Pezhouman et al., SHF, FHF and mainly atria (SHF and FHF- TBXS5 reporter

human 2D . . . yes ] no no no
2022 nodal progenitors derived) and nodal-like CMs at progenitor

stage)
Anderson etal,, |mouse,  precardiac SHF and FHF not analysed es no no no no
2018 human  spheroid Y y
. . . . no (number of

Lewis-Israeli et . FHF-derived (HAND1+) and ECM composition, .

human  organoids SHF and FHF . yes no . SHF and FHF diabetes
al., 2021 SHF-derived (HAND2+) vascularization .

derived CMs)
. cardiac crescent-like,
embryonic .
. . vascularization
Rossi et al., 2021 |mouse  organoids/ SHF and FHF not analysed yes no . yes no
) (endocardial layer),
gastruloids .
axially patterned
LV and AVC (FHF-derived), yes
. aSHF, pSHF and .
Yang et al., 2022 [human organoids FHE RV and OFT (aSHF-derived), yes (mesoderm no no no
Atria and SV (pSHF-derived) stage)
SHF, FHF and . i

Zawada et al., . . L Ventricular, OFT, AVC, yes (progenitor _ . . HPLH

human  organoids juxta-cardiac field ] yes Epicardial cells no
2023 MYOZ2-high CMs stage) syndrome

progenitors




Table 2: In vitro SHF protocols. Advantages and limitations of recently published in vitro
cardiac differentiation protocols of the SHF lineage.

In summary, most approaches to modeling the SHF population fail to separate the
aSHF and pSHF, except for Yang et al. Mostly, SHF and FHF populations were
obtained within the same organoid, requiring sorting to obtain a homogenous
progenitor population. Crucially, most studies did not investigate the identity of FHF
and SHF-derived CMs. Since many cardiac defects are compartment-specific,
functional validation of the CMs derived from the different lineages using KO lines or
drug testing is a powerful tool to verify the different identities of the CMs. However, in

most studies, this functional validation is missing.

4. Aims and outline of the thesis

The project of my Ph.D. had four main aims:
1. Contribute to the development of the LV-like cardioid system
2. Incorporation of the SHF lineage into the cardioid system
3. Development and characterization of the multi-chambered cardioid platform
4. Genetic and teratogenic validation of the multi-chambered cardioids by
modeling compartment-specific cardiac defects

Our group recently developed a self-organizing cardiac organoid system (called
cardioids) that is recapitulating the early development of the LV derived from FHF
progenitors. | contributed to that work by developing a protocol leading to the
emergence of the inner endothelial lining cardioids, resembling in vivo tissue
architecture. In addition, | contributed to the general optimization of the cardioid
differentiation approach, generated an H9 HAND2 knockout line, and used it to
validate the cardioid system.

The main goal of my Ph.D. was to expand the cardioid approach and integrate the
SHF lineage. Thus, | developed a protocol for the aSHF using dual WNT and TGFb
inhibition. Since the original 3D cardioid protocol led to a heterogenous TBX1+

17



population, | optimized the protocol and developed a so-called 2D->3D approach,
where we induce mesoderm of the cells in 2D, and 36-40 hours later, dissociate, and
let the progenitors aggregate in a 96 well low attachment plate. In the next step, |
established a robust and highly efficient differentiation protocol to differentiate these
aSHF progenitors into RV and OFT CMs. In addition, | studied the potential of SHF
progenitors to differentiate into endothelial cells and smooth muscle cells. In a
collaborative effort, my lab Ph.D. student colleague Alison Deyett established a
protocol for pSHF progenitors and a robust differentiation into cardioids with atrial and
AVC-like identities. | optimized all these cardioid protocols for various cell lines,
including hPSC H9 line, iPSC WTC line, and the 178/5 iPSC lines. Together with
Alison and our colleague, Tobias limer, we characterized the morphology and the gene
expression of the cardioids derived from different progenitors using RNAseq, various
histology techniques, and flow cytometry. Moreover, | generated a comprehensive
scRNA-seq dataset, confirming the identities of the different CM subpopulations and
comparing them to available published datasets. Finally, Alison focused on the
functional analysis of the cardioids, including contraction rate, contraction movement,

and signal propagation speed.

The next goal of the Ph.D. was to study the interaction of cardioids by generating multi-
chambered cardioids. Tobias llmer established the fusion approach (under my
supervision) and analyzed the morphology of the multi-chambered cardioids. Together
with Alison Deyett, we analyzed the signal propagation of the multi-chambered
cardioids using a GCaMP line. Moreover, | studied the sorting potential of the

progenitors by dissociating, mixing, and aggregating different progenitors.

The final goal of my Ph.D. project was to use the multi-chambered cardioid system to
recapitulate and study heart defects. Particularly, we were interested in compartment-
specific defects to validate our system. With the help of the IMBA Stem Cell Facility,
we generated KO lines of genes known that, when mutated, lead to developmental
defects (TBX5 and ISL1 KO) and genes whose functions are less studied (FOXF1). |
mainly focused on the morphological, gene expression, and beating behavior changes
of the TBX5 KO line, whereas Tobias limer and Aranxa Torres analyzed the TBX1 KO
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and FOXF1 KO, respectively. Moreover, we analyzed compartment-specific effects
of teratogens, including Acitretin, All-trans Retinol, Thalidomide, and Aspirin (control),
in our cardioids. Taken together, we developed a validated multi-chamber cardioid

platform representing all the major compartments of the human embryonic heart.

5. Multi-chamber cardioids unravel human heart
development and cardiac defects

Schmidt Clara, Alison Deyett, Tobias llmer, Simon Haendeler, Aranxa Torres
Caballero, Maria Novatchkova, Michael A. Netzer, Lavinia Ceci Ginistrelli, Estela
Mancheno Juncosa, Tanishta Bhattacharya, Amra Mujadzic, Lokesh Pimpale, Stefan
M. Jahnel, Martina Cirigliano, Daniel Reumann, Katherina Tavernini, Nora Papai,
Steffen Hering, Pablo Hofbauer, and Sasha Mendjan, 2023. ‘Multi-Chamber Cardioids
Unravel Human Heart Development and Cardiac Defects’. Cell 186 (25): 5587-
5605.e27. https://doi.org/10.1016/j.cell.2023.10.030.

5.1. Contribution

C.S., AD.,, and S.M. co-designed experiments and co-wrote the paper. C.S.
developed RV and OFT differentiations, established cell sorting assay, and performed
the scRNA-seq experiment. A.D. developed atrial and AVC differentiations and
designed and set up contraction, Ca2+, and MEA analysis. T.l. established multi-
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SUMMARY

The number one cause of human fetal death are defects in heart development. Because the human embry-
onic heart is inaccessible and the impacts of mutations, drugs, and environmental factors on the specialized
functions of different heart compartments are not captured by in vitro models, determining the underlying
causes is difficult. Here, we established a human cardioid platform that recapitulates the development of
all major embryonic heart compartments, including right and left ventricles, atria, outflow tract, and atrioven-
tricular canal. By leveraging 2D and 3D differentiation, we efficiently generated progenitor subsets with
distinct first, anterior, and posterior second heart field identities. This advance enabled the reproducible gen-
eration of cardioids with compartment-specific in vivo-like gene expression profiles, morphologies, and func-
tions. We used this platform to unravel the ontogeny of signal and contraction propagation between interact-
ing heart chambers and dissect how mutations, teratogens, and drugs cause compartment-specific defects

in the developing human heart.

INTRODUCTION

Congenital heart disease (CHD) is the most common human
developmental birth defect and the most prevalent cause of em-
bryonic and fetal mortality."> CHDs most often affect specific
compartments of the embryonic heart, such as the outflow tract
(OFT), the atria, the atrioventricular canal (AVC), and the right
ventricle (RV).® For about 56% of diagnosed CHD cases, the un-
derlying cause is unknown but is assumed to originate from un-
discovered genetic mutations, environmental factors, or a com-
bination of both.” To identify possible causes and preventive
measures, we need models encompassing all compartments
of the developing human heart.

CHDs occur early in embryonic development, making the
characterization of disease etiology particularly challenging.>®
These difficulties are compounded by the lack of control over
the interactions between genetic background and environmental
factors during human embryonic development.” Understanding
the etiology of CHD solely through animal models is not feasible,

given tissue complexity, developmental speed, inaccessibility,
and species-specific differences.” These differences include
the disc-like shape of the human embryo, divergence in extra-
embryonic tissues and implantation, the gestational timing and
proliferation rates, and the distinct expression of some cardiac
transcription factors (TFs), structural proteins, and ion channels,
resulting in specific electrophysiological characteristics and dis-
ease suspensibility. We do not have human in vivo references for
some of these disparities, as there are no molecular and physio-
logical data for the crucial cardiac developmental period be-
tween 19 and 28 days post-fertilization (dpf). Nevertheless, the
general principles of heart development, such as the role of
signaling, cell types, lineage architecture, and function, are
conserved. Inspired and guided by in vivo cardiogenesis,
recently reported human self-organizing cardiac organoids are
important and complementary, as these represent experimental
models of human cardiac development and thereby allow reduc-
tionist dissection of mechanisms in high throughput, obtaining
results with high statistical significance.®® However, these

)]
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systems do not yet allow the mechanistic interrogation of defects
representing all interacting compartments (OFT, AVC, atria, RV,
and left ventricle [LV]) of the human embryonic heart.

For a controlled in vitro system to mimic human heart develop-
ment, it is essential to deploy the in vivo principles that govern the
coalescence of all lineages in building a heart.'®'" Heart struc-
tures are predominantly derived from three progenitor popula-
tions that give rise to specific cardiomyocyte (CM) lineages. The
first heart field (FHF) primarily gives rise to the developing LV,
the anterior second heart field (aSHF) to the developing RV and
most of the OFT, and the posterior second heart field (pSHF) gives
rise to most of the atria and a portion of the AVC. The develop-
ment of these structures is carefully timed such that the FHF-
derived CMs form the heart tube and the LV, while the aSHF
and pSHF differentiate to form the remaining compartments in a
delayed and gradual fashion. This complex and dynamic process
is orchestrated by developmental signaling pathways (WNT,
Nodal/Activin, BMP, etc.) at specific stages.'? The signaling path-
ways control key downstream compartment-specific TFs (e.g.,
TBX1, TBX5, and |IRX4), instructing progenitor specification,
morphogenesis, and physiology.'® Although much is known
about these core network components, we lack a human model
enabling mechanistic dissection of how mutations or environ-
mental factors lead to CHD or fetal death.

Here, we established a multi-chamber cardioid platform that
unravels how interacting chambers coordinate contractions
and how mutations, drugs, and environmental factors impact
specific regions of the developing human heart.

RESULTS

Generation of cardioids from aSHF and pSHF
progenitors

To derive SHF progenitors, we first hypothesized that the aSHF is
exposed to WNT and Nodal signaling inhibition, a similar signaling
environment as other anterior and dorsal embryonic regions (neu-
roectoderm and head mesoderm).'*'® Thus, we derived cardi-
oids'® from the aSHF lineage by inducing mesoderm first, followed
by the aSHF-patterning-1 stage using dual WNT and Nodal/Activin
signaling inhibition (Figure 1A). Synergistic WNT and Nodal/Activin
inhibition were necessary for early aSHF lineage marker (TBX1 and
FOXC2) upregulation, while any Nodal/Activin signaling modula-
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tion interfered with FHF differentiation (Figures S1D and S1F). As
in vivo, BMP signaling at the patteming-1 stage hampered aSHF
specification (Figure S1E)."° After 3.5 days of 3D differentiation,
we observed aSHF and FHF/pSHF (TBX5+) progenitor heteroge-
neity and traced its origin to the earlier induction stage (day 1.5)
with the mesoderm marker EOMES expressed only at the surface
and the pluripotency and neuroectoderm marker SOX2 in the
cardioid core (Figures 1B, 1C, S1A, and S1B). Thus, we hypothe-
sized that cells in 2D receive more equally distributed induction sig-
nals, resulting in a homogeneous exit from pluripotency and differ-
entiation, whereas mesoderm is not induced homogeneously in
3D. When we induced mesoderm in 2D and initiated differentiation
in 3D only at patterning-1 (day 1.5), cells exited pluripotency effi-
ciently (Figure S1B), expressed high levels of TBX1 and FOXC2
(67%, protein level), and only a few cells expressed TBX5
(Figures 1B, 1C, S1A, S1D, S1G, and S1H). In contrast, the expres-
sion of head mesoderm markers was absent (Figure S1C),"” indi-
cating that the staged 2D-3D differentiation produces more homo-
geneous progenitor populations.

In contrast to the aSHF, the pSHF is exposed to retinoic acid
(RA) signaling in vivo,'® which activates pSHF regulators
(HOXB1, HOXA1, and TBX5) and inhibits the aSHF expression
signature. Consistently, we observed that adding RA during
aSHF-patterning-1 promoted pSHF identity (Figures 1A, 1E-
1G/, and S1E), while manipulation of other signaling pathways
(SHH, WNT, and FGF) had little to no effect (Figure S1E).'® As
invivo,?° different Nodal/Activin and WNT signaling levels during
mesoderm induction stimulated the aSHF and pSHF over the
FHF lineage (Figure S1G). When we analyzed the three progen-
itor subtypes by RNA sequencing (RNA-seq), we found that the
FHF, aSHF, and pSHF markers were among the most differen-
tially expressed genes (Figures 1D and 1E). The specificity and
homogeneity of the progenitor populations were further under-
scored by the mutually exclusive expression of lineage-specific
markers (Figures 1D-1H and S1H). Still, all populations were
positive for the cardiac progenitor marker NKX2-5 and mostly
negative for SOX2 (Figure S1l). Overall, these data suggest that
in the cardioid system, we can efficiently and homogeneously
generate all three major cardiac progenitors.

The FHF, aSHF, and pSHF give rise to several different cardiac
cell types in the embryo, including CMs and endothelial cells
(ECs). We showed previously that FHF progenitors generate LV

Figure 1. aSHF and pSHF progenitors express specific markers and form functional cardioids

(A) Differentiation protocol into three main cardiac lineages: first heart field (FHF), anterior second heart field (aSHF), and posterior second heart field (pSHF).
WNT, CHIR99021; LY, LY 294002; B, BMP4; F, FGF2; |, insulin; WNTI, C59 or XAV-939; TFGBI, SB 431542; RA, retinoic acid (numbers represent uM).

(B) Marker RT-gPCR in FHF/aSHF progenitors in 2D, 3D, and 2D — 3D protocols.

(C) RNA-scope marker staining of aSHF-cardioid cryosections in 2D — 3D vs. 3D differentiation. For subsequent figures, the 2D-3D protocol is used.

(D) RNA-seq volcano plot of differentially expressed genes in indicated conditions.

(E) RNA-seq expression heatmap for lineage-specific cardiac mesoderm TFs.

(F) RNA-scope marker staining as specified.

(G) (G and G') Marker immunostaining in cardioids with (G") quantification (N = 3, n = 3-9).
(H) RNA-seq Venn diagram of shared upregulated genes in different cardiac progenitors.
(1) Biological and technical replicates of representative whole-mount cardioid images derived from TNNI1-GFP-hPSCs. Scale bars, 500 pm.

(J) MYL7-GFP-hPSC-derived cardioid subtype cryosections.

(K) Representative CM flow cytometry plot derived from TNNI1-GFP/WT-hPSCs. Indicated day of analysis (D). Scale bars, 200 um, except where specified. \PSC
lines: H9 and WTC11. Bar graphs show mean + SD. Statistics: one-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. ns: not significant.

N, biological replicate number; n: technical replicate number.
See also Figure S1.
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chamber-like contracting cardioids (LV cardioids) containing
CMs and ECs."® Following this method, we continued to inhibit
WNT signaling while treating the aSHF/pSHF progenitors with
BMP, FGF, insulin, and RA (patterning-2) (Figure 1A), resulting
in the reproducible formation of contracting cavity-containing
cardioids in high throughput (Figures 11 and 1J). In contrast to
FHF-derived cardioids, aSHF/pSHF-derived cardioids require
higher RA dosage at this stage. Efficient aSHF differentiation
also necessitated a lower seeding density (Figures S1K and
S1L) during mesoderm induction, as a high density led to ineffi-
cient CM differentiation and expression of neural markers within
the organoid core (Figures S1K and S1K). Precise cell counting
before patterning-1 aggregation was essential for robust
cardioid formation (Figure S1L). As a result, more than 85% of
the cardioid cells expressed the CM marker TNNI1 (Figures 1K
and S1M) and low levels of SOX2, endoderm (FOXA2), and fibro-
blast (COL1A1) markers (Figure S1J). Finally, aSHF and pSHF
progenitors differentiated efficiently into PECAM1+ ECs in 2D
when exposed to VEGF and forskolin after aSHF/pSHF-
patterning-1 (Figures S1N and S10). In summary, by applying
in vivo-like signaling and cell number optimizations, aSHF/
pSHF progenitors can be differentiated efficiently into CM and
endothelial lineages within the cardioid system.

Formation of RV and atrial cardioids
During development, FHF progenitors differentiate into CMs that
form the heart tube, while aSHF progenitors first proliferate and
then differentiate together with pSHF progenitors at a later devel-
opmental stage.'? Consistently, a detailed time course analysis
revealed a CM specification and morphogenesis delay in SHF
cardioids (Figures 2A-2C and S2A), while proliferation rate and
Ki67 expression were elevated in aSHF progenitors until day
4.5 (Figures 2C, 2D, and S2B). In addition, aSHF progenitors ap-
peared more epithelial-like, as seen by higher CDH1 and lower
CDH2 expression, reminiscent of in vivo.'®?" The aSHF/pSHF
cardioids were also smaller than FHF cardioids and showed
delayed TNNI1 expression (Figures 2A, 2B, and S2A). The FHF
cardioids were larger despite containing fewer cells than
aSHF cardioids and similarly sized individual cells, indicating
that the intercellular space accounts for the observed differ-
ences (Figures 2D and S2A). Global gene expression confirmed
that structural CM gene expression was delayed in SHF cardi-
oids (Figures 2E and S2C), and we observed a delay in cavity for-
mation (Figure 2C). Thus, the staggered differentiation of SHF
and FHF cardioids in vitro is consistent with the in vivo develop-
mental timing and morphogenesis.

Next, we asked whether the acquisition of chamber identity
also followed the developmental trajectory in aSHF/pSHF-

¢ CelPress

OPEN ACCESS

derived cardioids. In vivo, the FHF gives rise to the LV and a mi-
nor portion of atrial CMs, whereas the aSHF and pSHF give rise
to the RV and atria, respectively.'' To answer that question, we
compared the specification potential of aSHF/pSHF/FHF pro-
genitors by adjusting the concentration of RA. We observed
that aSHF progenitors gave rise to early RV-like identity
(IRX1+, IRX2+, IRX3+, and NPPA+), while the pSHF progenitors
differentiated into early atrial CMs (HEY1+, NR2F1+, and
NR2F2+) (Figures 2E-2G). In a global gene expression compar-
ison at day 9.5, we found that the top upregulated genes in aSHF
cardioids included ISL1, IRX1, HEY2, and RFTN1 (Figures 2F and
S2D), which have been implicated in ventricular identity and
physiology. In contrast, in pSHF cardioids, TBX5, NR2F2, and
NR2F1 were upregulated, consistent with early atrial identity
(Figures 2F and S2D). These findings were confirmed on a pro-
tein level for IRX1, NR2F2, and HEY2 (Figures 2G, 2G’, and
S2E). The specification of the CM subtypes was also achieved
using H9 human embryonic stem cells (hESCs), different WTC
human-induced PSC (hiPSC) sublines, and another independent
hiPSC line (Figures 2H and S2F-S2H). In summary, aSHF pro-
genitors specify into RV-like cardioids (RV cardioids), and
pSHF progenitors form atrial cardioids (A cardioids), showing
that the early priming of progenitors is crucial to obtaining
different chamber identities in the developing heart.

To achieve further chamber specification and maturation, we
tested several recently published ventricular CM signaling and
metabolic treatments (Figure S21).>">* In an adapted combina-
tion of these conditions, LV/RV cardioids upregulated the key
ventricular structural protein MYL2, chamber markers NPPA
and NPPB, and showed a typical maturation shift in MYH7 and
MYH6 expression ratio (Figures 2| and S2J-S2M), resulting in
well-defined sarcomere structures and higher contraction
amplitude (Figures S2L and S2N). However, as this approach
interfered with atrial differentiation, we sought to identify the
combination of factors promoting further atrial chamber matura-
tion (Figure S2I). We found that the FGF and RA pathway activa-
tion and NOTCH and BMP signaling inhibition combined with
metabolic maturation promoted the atrial chamber program
(NPPA+, NPPB+, NR2F2+, IRX4—, and MYL2-) while strongly
downregulating the heart tube and AVC-specific transcripts
TBX2 and TBX3 (Figure S20). Cumulatively, we demonstrated
that we could specify and differentiate cardioids into the three
chamber identities found in the embryonic heart.

Specification of OFT and AVC cardioids

Besides the RV, aSHF progenitors differentiate into the OFT,
which gives rise to the aortic and pulmonary valve and vessel
structures.’® Abnormalities in OFT derivatives are the most

(C) Ki67 immunostaining of cardioid cryosections, showing delayed cavity initiation (white arrow) and cavity expansion (yellow arrow).
(D) Representative quantification of cell number per cardioid and cell size change during differentiation; N = 3, n = 8 per time point.

(E) RNA-seq expression heatmap of lineage- and compartment-specific genes.

(F) RNA-seq volcano plot showing differentially expressed genes in indicated conditions.

(G) (G") Lineage-specific immunostaining and (G) quantification (N = 3, n = 8-11), as specified.

(H) RT-qPCR expression heatmap of chamber-specific marker cardioids derived from different cell lines.

(I) MYL2 immunostaining in matured LV/RV cardioids. Indicated day of analysis (D). Scale bars, 200 um, except where specified. Bar and dot plot graphs show
mean + SD. Statistics: one-way ANOVA. vst, variance-stabilized transformed counts. *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001. ns: not significant.

N, biological replicate number; n: technical replicate number.
See also Figure S2.
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frequent congenital heart defects.” We observed that higher RA
dosages promoted aSHF specification toward the RV identity
(Figures 3A and S3A), while the absence of exogenous RA pro-
moted the expression of OFT (WNT5A, ISL1, HAND2, and
RSPO3) but not chamber markers (Figures 3B-3D, S3B, and
S3C)."° OFT cardioids were more mesenchymal (MC)-like (Fig-
ure S3E), delayed in differentiation (Figure 3B), and smaller
compared with RV cardioids (Figure 3l). Further optimization re-
vealed that C59 (inhibits canonical and non-canonical WNT) led
to higher expression of chamber markers in the RV cardioid,
whereas XAV-939 (inhibits only canonical WNT) promoted upre-
gulation of OFT genes (Figure S3D). OFT cardioids contained
mostly TNNI1+ CMs, and few showed fibroblast or endothelial
marker expression (Figure S3G). As a functional validation,
OFT cardioids displayed more efficient smooth muscle cell
(SMC) differentiation propensity (ACTA2+ and TNNT2-),
compared with the FHF that typically does not give rise to
SMCs in vivo (Figures S3F and S3F').?° They could also be stim-
ulated by VEGF to form an inner EC layer and show MC SOX9+
cells upon treatment with EMT-promoting factors transforming
growth factor g (TGF-p) and FGF2 (Figure S3E). Thus, aSHF pro-
genitors can be directed into OFT cardioids with SMC and endo-
thelial EMT differentiation potential reminiscent of early valve and
great vessel development.

In vivo, pSHF-derived CMs comprise most of the atria and
contribute to the AVC, a crucial region where valves and pace-
maker elements develop. Studies in mice showed that pSHF
precursors are located in different primitive streak areas and
will migrate out at different time points (AVC earlier, atrial
later).?®?"*® Thus, we hypothesized that mesoderm induction
conditions for the two pSHF populations will differ. Indeed, we
found that intermediate Activin and low WNT activation levels
during mesoderm induction resulted in higher expression of
primitive streak markers at day 1.5 (Figures 3E and S3H), leading
subsequently to the upregulation of AVC-specific genes (TBX2
and TBX3) and downregulation of atrial genes at day 9.5 (Fig-
ure S3l). The pSHF signature at day 3.5 remained in both pSHF
populations (Figure S3l). Another difference between AVC and
atrial development in vivo is the high exposure of the AVC region
to BMP ligands. As hypothesized, the addition of BMP4 at the
patterning stage upregulated early AVC markers (Figure S3l),
and optimized induction and patterning (Figure 3E) drove pSHF
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specification toward AVC identity (Figures 3F-3H). AVC cardi-
oids were smaller than atrial (Figure 3l), and only a few cells
were PECAM1+ or COL1A1+ (Figure S3G). Overall, the subspe-
cification of pSHF progenitors into atrial or AVC cardioids started
as early as the mesoderm induction stage, reflecting the devel-
opmental plasticity of the pSHF.

scRNA-seq analysis of cardioids and in vivo comparison

Human embryonic cardiogenesis between 19 and 28 dpf is inac-
cessible and poorly characterized, and current single-cell RNA-
seq (scRNA-seq) datasets typically correspond to later develop-
mental stages. Thus, we aimed to compare all five cardioid
subtypes by scRNA-seq analysis and explore the specification
differences of early human heart compartments beyond well-es-
tablished animal markers. We performed scRNA-seq on LV (day
7.5), RV, AVC, OFT, and A cardioids (day 9.5) matched for their
structural CM differentiation stage (see Figures 2A-2C). Quality
control filtering required the removal of only 5%-10% of cells,
and uniform manifold approximation and projection (UMAP)
cluster analysis separated different cell types and compart-
ment-specific CMs (Figure 3J). The clustering revealed small
non-CM (ECs and endoderm) populations, efficient CM differen-
tiation, and a reproducible cluster arrangement of biological rep-
licates (Figures S4A and S4B). As in development, many early
ventricular CMs had a proliferative transcriptomic signature
and a high S. score (Figures 3J-3L). Compartment-specific CM
clusters diverged, including the RV and LV (Figures S3J-3L
and S4C), and expressed literature-curated gene modules
(Figures 3L, 3M, and S3J-S3L). Many of the differentially ex-
pressed genes are well-known markers. Still, others have not
been highlighted before, such as PDGFRA (atrial), CD24 (RV),
TMEMBS88 (OFT), and TRH (AVC) (Figures 3L and S3J), revealing
a valuable resource window into a hidden human developmental
stage. We then compared these data corresponding approxi-
mately to 25-28 dpf of human cardiogenesis with two scRNA-
seq datasets, derived from dissected human embryonic ventri-
cles, atria,”® and OFT (30-50 dpf),>° using the same parameters.
Randomized downsampling to facilitate integration with the
in vivo cell numbers revealed a remarkable overlap in the clus-
tering of ventricular and atrial CMs (Figures 3N and S3N). Since
the in vivo samples represented a later developmental stage,
there was an expected larger population of fibroblasts and a

Figure 3. Specification of OFT/AVC cardioids and scRNA-seq in vivo comparison

(A) RV/OFT cardioid differentiation protocols, emphasizing treatment differences.

(B) RNA-seq expression heatmap time course of markers in developing RV/OFT cardioids.

(C) RNA-seq volcano plot showing gene expression differences between RV and OFT cardioids.
(D) In situ hybridization chain reaction cryosections of MYL7-GFP-hPSC-derived RV/OFT cardioids.

(E) A/AVC cardioid differentiation protocol, emphasizing treatment differences.

(F) RNA-seq volcano plot showing differentially expressed genes at indicated conditions.

(G) (G) TBX2 and (G') TBX3 immunostaining on cryosections of A/AVC cardioids.

(H) RNA-seq expression heatmap time course of developing AVC cardioids. MC, mesenchymal.

(I) Whole-mount images of TNNI1-GFP-hPSC-derived RV/OFT/A/AVC cardioids (N = 3). Scale bars, 500 um.

(J-N) scRNA-seq analysis comparing all protocols (N = 2, atrial: N =1, n = 16-72). (J) scRNA-seq UMAP showing different clusters; V.prol, ventricular proliferating.
(K) Expression of S. score (cycling cells), OFT, AVC, and atrial gene modules. (L) Dot plot showing the most expressed genes of each CM cluster. (M) Expression of
aSHF and pSHF gene modules. (N) UMAP showing integration with the scRNA-seq ex vivo dataset of Asp et al.”” Samples were randomly downscaled to 3,000
cells. Indicated day of analysis (D). vst, variance-stabilized transformed counts. Scale bars, 200 um. Module gene lists are in Table S2.

N, biological replicate number; n: technical replicate number.
See also Figure S3.
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more mature but similar OFT signature. Overall, the cardioid sub-
type scRNA-seq analysis confirmed the compartment-specific
CM identities, providing an invaluable resource to reveal early
specification mechanisms at an obscure stage of human
development.

Functional characterization of the five cardioid

subtypes

The heart must function while developing; thus, understanding
early cardiac activity during embryonic heart compartment for-
mation is imperative. We hypothesized that the cardioid platform
could investigate functional developmental differences between
compartments in the absence of human in vivo data. Contraction
behavior of day 6.5 cardioid subtypes showed spontaneous
contraction (automaticity) in 90%-100% of LV, atrial, and AVC,
and a greater extent of contraction. In contrast, only 18% of
RV cardioids contracted spontaneously, and 8% of OFT cardi-
oids showed a lower contraction extent (Figures 4A, 4C, and
S4B; Video S1). On day 9.5, A/AVC cardioids automaticity was
maintained, while the contraction rate decreased in LV, RV,
and OFT cardioids (Figures 4A-4C; Video S1). Similar to in vivo,*°
the loss of automaticity correlated with the expression downre-
gulation of the HCN4 potassium/sodium channel found in pace-
makers (Figure 4D). These observations were reproducible
across both technical and biological replicates and cell lines
(Figures 4A-4C and S4A). To gain further insights into signal
propagation in cardioids, we generated GCaMP6f reporter lines
to trace Ca®* transients (Figure S4C) and found that each
cardioid subtype has its distinct Ca?* wave pattern; the A,
AVC, and LV cardioids beat very regularly (100% beating), while
RV cardioids tended not to contract but exhibited Ca* waves
that constantly signaled in one long burst (“re-entry,” 80%) (Fig-
ure S4C; Video S2).

When we investigated how Ca?* transits across the whole
cardioid, LV cardioids showed a prolonged transient, compared
with atrial and AVC,'® as reported in vivo.?" The signal propaga-
tion speed across cardioids differed between subtypes and dif-
ferentiation stages, where LV cardioid’s Ca®* transients further
increased from day 6.5 to propagate faster than A/AVC cardioids
at day 9.5 (Figures 4F and 4G). This is consistent with the upre-
gulation of GJA1 (CX43), specifically in LV cardioids, which have
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high conductance, and the upregulation of GJC1 (CX45), in AVC
cardioids, which have low conductance properties (Figure 4H
and 41).*” Within one cardioid, the origin of signal propagation
varied between beats (Video S2). We also observed differences
between cardioid subtypes, as reflected by expression differ-
ences in T- and L-type Ca?* channels (Figure 4E). Overall,
compartment-specific cardioids have distinct contraction and
signal propagation profiles at these early embryonic stages,
which are not accessible in humans.

During early heart development, ion channel expression is
relatively uniform, but in later stages, chamber-specific gene
expression profiles and species-specific action potential (AP)
shapes emerge, often measured by field potential (FP) or AP
duration (APD).>® The cardioid subtypes also develop distinct
ion channel expressions by day 9.5 (Figure 4H). As it is crucial
to characterize how FPs and APs of early human CM subtypes
differ within 3D cardioids, 2D monolayers derived from cardioids,
and in single 2D CMs, we used multiple electrode arrays (MEAs),
voltage-sensitive dye (FluoVolt) imaging, and manual patch
clamp. Whole cardioids were placed on a 64 x 64 electrode
grid to measure the FP at a high spatial resolution. We observed
FP diversity across cardioid subtypes (Figures 4J and S4H-S4L),
where a single LV cardioid showed a more homogeneous signal
propagation FP spread than A/AVC cardioids (Figures S41-S4L).
In 2D monolayers, using FluoVolt, we found that the LV/RV CMs
had longer APDs than atrial (Figures S4M-S4P). Patch-clamp
analysis on single CMs revealed that the APD in atrial/AVC was
shorter than in RV CMs, confirming the trends in monolayers,
and similar to human primary CMs (Figures 4K, 4N, 40, and
S4Q-S4U). The diastolic potential was around —70 mV (Fig-
ure 4L), upstroke velocity (Figure S4S) and amplitude (Figure 4M)
of the APs resembled the most advanced in vitro models,** and
importantly, specific CMs were electrophysiologically homoge-
neous. Taken together, the electrochemical signaling of cardioid
subtypes is diverse and fetal-like, enabling the functional inves-
tigation of early human cardiogenesis.

Multi-chamber integration of cardioid subtypes

Embryonic cardiac progenitors become specified in neighboring
areas and self-sort to form separate compartments, ' but study-
ing the molecular basis of sorting mechanisms in embryos is

Figure 4. Functional characterization of cardioid subtypes

(A-C) Experiments were performed in N = 2-7, n = 80, 65, 48, 48, and 33 cardioids for LV, RV, OFT, atrial, and AVC, respectively. All experiments in the WTC11
hPSCs. (A) Quantification of the percentage of cardioids that spontaneously contract within 1 min of recording. (B) Quantification of beats per minute (BPM). (C)

Quantification of contraction extent. Non-beating cardioids were excluded.

(D) RNA-seq quantification of HCN4 expression over time. Each dot represents the mean = SD. cpm, counts per million.

(E) RNA-seq expression heatmap with indications.

(F) Representative calcium signal propagation image of TNNT2-GCaMP6f-hPSC-derived LV/A/AVC cardioids for one beat. Undemeath, distance scale

bars, 200 um.

(G) Quantification of signal propagation speed across TNNT2-GCaMP6f-hPSC-derived cardioid subtypes. Each point represents the mean speed for all beats of
a single cardioid. LV: N = 3, (n = 71, day 6.5; n = 40, day 9.5); atrial: N = 3, n = 159; AVC: N = 3, n = 85.

(H) RNA-seq expression heatmap with indications.
(1) Immunostained LV/OFT/AVC cardioid cryosections.
(J) Representative MEA FP curves of LV/A/AVC cardioids.

(K-0) Patch-clamp analysis of single CMs dissociated from WTC11-hPSC-derived cardioids. Each point represents the mean from one cell for 15-20 consecutive
APs. N =1, n: LV: 27, RV: 26, Atrial: 25, AVC: 15. (K) Representative AP curves. (L) Diastolic potential. (M) AP amplitude. (N) AP duration (APD90). (O) APD50.
Indicated day of analysis (D). Scale bars, 200 um. All graphs show mean + SD. Statistics: one-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
N, biological replicate number; n: technical replicate number.

See also Figure S4.
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(A) Sorting experiments schematic.
(B and B’) Representative cryosections of hPSC-H2B-EGFP/hPSC-LMNB1-RFP-derived cardioids from (B) different or (B') the same progenitors.
(C) Sorting quantification of H2B-GFP+ and LMNB1-RFP+ progenitors; N = 2-3, n = 7-11.
(legend continued on next page)
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challenging. To test whether aSHF/pSHF/FHF progenitors have
the same self-sorting potential as their in vivo counterparts, we
dissociated day 3.5 cardioid subtypes derived from either
H2B-GFP- or LMNB1-RFP-hPSCs, mixed them (Figure 5A),
and observed self-sorting within 24 h while keeping their CM
identity until day 7.5 (Figures 5B-5D, S5A, and S5B). In contrast,
progenitors of the same subtype tended not to sort upon mixing
(Figures 5B', 5C, and S5A'). The sorting was consistent with the
specific cadherin and TF expression signatures in the different
progenitors, reminiscent of in vivo (Figures 5D, 5E, 5E', and
S5C).?" Compartments retained the appropriate chamber fate
(Figure S5D), confirming that the first two stages of differentiation
determine lineage identity and that co-differentiation was
possible from day 3.5 onward.

In vivo, cardiac chambers co-develop seamlessly; however, we
lack a multi-chamber model to study this crucial stage and the
complex process of cardiac morphogenesis. As progenitors are
specified and sorted already at day 3.5, we hypothesized that
co-developing cardioids would also remain separate at this stage
but undergo morphogenesis together. When we placed different
cardioid subtypes together on day 3.5 (Figure 5F), they co-devel-
oped to form a structural connection after 24 h (Figure S5E and
S5F). Still, they maintained their distinct identities and compart-
ments (Figures 5G and 5I). In contrast, when we placed cardioid
subtypes together on day 5.5, they failed to connect by day 9.5
(Figure S5E). Cardioids only co-developed when combined on
day 3.5, electrochemically connected, and contracted in a coordi-
nated manner by day 6.5 (Figures 5H and S5G; Video S3), demon-
strating functional interaction. When we combined the progenitors
just before cavity formation (Figure 5M) (day 1.5 FHF/LV; day 3.5
aSHF/RV and pSHF/A), we found that they also shared a lumen
while retaining CM identity (Figures 5SM-50, S5Q, and S5R). Here-
after, we refer to these structures as multi-chambered cardioids.
Multi-chambered cardioids co-developed in all combinations, al-
lowing us to study the interactions of two-chambered cardioids
or three-chambered cardioids (atrial, LV, and RV fusions;
Figures 5G-5I and S5G; Video S3) in the same order as within
the developing embryonic heart or in alternative experimental ar-
rangements (Figure S5J and S5K; Video S3).

The directionality of the electrochemical signal propagation in
early cardiogenesis is established gradually, initially without
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pacemakers, valves, and septa. Yet, this process has not been
tracked in human embryos.®® In mice and chicken, the FHF-
derived heart tube and early LV region start to contract first but
lose automaticity as they mature.®” In contrast, the developing
atria and AVC start to beat later and maintain automaticity until
the cardiac pacemakers have formed, ensuring unidirectional
signal motion and flow from the atria over the LV to the RV and
OFT.*? To investigate whether the multi-chambered cardioid
system recapitulates this process, we measured its Ca®* signal
propagation and FP in a whole organoid and its compartments.
We found that each beat originated typically from one compart-
ment and then propagated through the entire multi-chambered
cardioid (Figures 5H and S5K; Video S8), generating unidirec-
tional signal and FP propagation in A-LV-RV cardioids. On day
6.5, most Ca* signals originate from the LV region (Figure 5K)
and propagate through the RV area, which does not beat inde-
pendently (Figures 4A, S5G, and S5H). We validated these ob-
servations by showing that multi-chambered cardioids paced
by the LV region on day 6.5 maintained a similar beat frequency
as LV cardioids (Figure 5J). From days 6.5 to 9.5, the contraction
rate of A cardioids increased while that of LV cardioids
decreased, which was consistent with the atrial region becoming
gradually dominant in pacing the two- and three-chamber cardi-
oids (Figure 5J). Consistently, as the multi-chambered cardioids
developed to day 9.5, the Ca* signal and FP originated predom-
inantly from the atrial region in all combinations, and the signal
propagation speed became atrial dictated with a homogeneous
FP profile in all subcompartments (Figures 5H, 5J, 5K, and
S5K-S5P; Video S3). Interestingly, compartment interactions
decreased signal propagation speed in the LV region specifically
and in the whole multi-chamber cardioid (Figures 5L and S5I).
Thus, our comprehensive analysis platform deciphers the
ontogeny of electrochemical signal propagation in multi-cham-
ber cardioids and their subcompartments and how their interac-
tions affect co-developing individual chambers.

Mutations cause compartment-specific defects in
cardioids

Mutations in genes encoding cardiac TFs cause compartment-
specific congenital defects, where autonomous and non-auton-
omous effects are difficult to disentangle. Moreover, species-

(D) Immunostaining post-mixing; red lines indicate the cardioid edge.

(E and E') Zoomed immunostaining images of different (E) mixed progenitors and (E’) control in cardioids post-mixing (day 4.5).
(F) Multi-chambered cardioid protocol schematic with H2B-EGFP/LMNB1-RFP-labeled compartments.

(G) A representative bright-field image from an A-LV-RA multi-chamber cardioid.

(H) Representative Ca®* signal propagation through a triple-chambered cardioid for one beat. Each pixel at 50% of peak intensity.
(1) Immunostained cryosection of multi-chambered cardioid. Atrial section (A, RFP+), LV unmarked, and RV (EGFP+).

(J) Ca®* waves per minute for different multi-chamber subtypes.

(K) Origin of Ca®* signal for multi-chamber cardioids. The color indicates the beat initiation subcompartment. Mix: >10% of beats initiated by different

subcompartments.

(L) Speed of Ca®* signal propagation for multi-chambered cardioid subcompartments. Dotted lines: mean of LV/A cardioid speed.

(-K) N = 2-5, n = 41-160 per subtype; exclusions: Table S3.
(M) Multi-chambered cardioids with shared lumen protocol schematic.

(N) Representative bright-field multi-chamber cardioid image using protocol depicted in (M).
(O) Immunostained cryosection of a triple-chambered cardioid using protocol depicted in (M). Arrow indicates a shared cavity. Indicated day of analysis (D). Scale
bars, 200 um. Graphs show mean + SD. Statistics: one-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001. ns: not significant.

N, biological replicate number; n: technical replicate number.
See also Figure S5.
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specific TF expression and functional variations are becoming
increasingly prominent.®® To genetically validate the specificity
of the human cardioid compartment platform, we generated
knockout (KO)-hPSCs for the prominent TFs ISL1 and TBX5
and the less-characterized FOXF1 (Figures S6A, S6G, and S6J).

Mutations in ISL1 are known to cause severe cardiac malfor-
mations in the OFT and RV, partial defects in the atria, and
lethality in mice at embryonic day (E)10.5.°° In a time course
analysis of ISL1-KO cardioids from days 2.5 to 9.5, we noted se-
vere impairment of cavity morphogenesis and size at day 5.5 in
the OFT/A cardioids, while the impact on RV cardioids was
more subtle (Figure S6D). On day 9.5, KO and wild type (WT)
showed a significant size difference in all cardioid subtypes
(Figures 6A and S6E). We found that gene expression was
affected already at day 3.5, as evidenced by lower levels of
MEF2C and MYOCD, indicative of aberrant differentiation pro-
gression (Figure S6B).*® OFT cardioids showed the most drastic
gene expression changes, with HAND2 and BMP4 being down-
regulated and TBX5 being upregulated (Figure S6B).*° In A
cardioids, the pSHF marker HOXB1 was downregulated (Fig-
ure S6B), while NR2F2, RSPO3, WNT5A, and MYL7 were misre-
gulated in all subtypes at day 9.5 (Figure 6C). The CM differenti-
ation efficiency was severely affected in the KO-RV cardioids,
noticeably lower in A/OFT cardioids, while the LV was less
affected (Figure 6B). Although A cardioids still maintained
their identity, albeit with delayed differentiation and onset of
contraction (Figures 6B-6D and S6C), OFT cardioids exhibited
a global gene expression shift to atrial (NR2F2+, HEY1+, and
WNT5A-) identity (Figures 6D, 6F, and S6F).""“* Consistent
with the gene expression analysis, most ISL1-KO OFT cardioids
started beating at a similar rate as A cardioids on day 14 (Fig-
ure 6E). Thus, the cardioid platform mimics aspects of in vivo
ISL1-KO compartment-specific defects, allowing human-spe-
cific and autonomous dissection of specific effects at high
resolution.

TBXS5, another prominent cardiac TF, is a critical regulator in
FHF and pSHF progenitors responsible for driving the chamber
gene expression program.*®** Mutations in TBX5 lead to atrial
and ventricular septal defects and conduction disorders and
are associated with Holt-Oram syndrome patients.*® When we
differentiated TBX5-KO cardioids, global gene expression
analysis on day 3.5 revealed that aSHF markers got upregulated
in TBX5-KO A/AVC cardioids while the pSHF-specific gene
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HOXB1 was downregulated, consistent with in vivo findings
(Figures 6G and S6H).** TBX5-KO-LV cardioids upregulated
HAND2 and FGF10 and downregulated NKX2-5 and GATA4 (Fig-
ure S6H). In contrast, KO-RV cardioids showed no major defects
except for FOXC2 upregulation on day 3.5 (Figure S6H). On day
9.5, we observed severe morphogenetic phenotypes in LV/AVC
cardioids (Figures 6H, 6H’, and S6H), where AVC CMs failed to
differentiate (Figure 6l). KO-LV/RV/A cardioids mainly featured
inefficient CM differentiation, with downregulation of TNNT2
and the chamber-specific marker NPPA (Figures 61-6K). All
TBX5-KO cardioid subtypes showed a prominent defect in
ventricular chamber markers expression and upregulation of
non-chamber markers TBX2 and WNT5A in KO-RV/LV cardioids
(Figure 6K), similar to in vivo.*> TBX5-KO cardioids also lost the
ability to spontaneously contract across all subtypes and time
points (Figure S6l). Overall, the TBX5-KO showed specific phe-
notypes at different stages; while LV/A/AVC cardioids were
affected already as progenitors, RV cardioids featured a mild
phenotype at the CM specification stage.

Finally, FOXF1 is a specific regulator of the pSHF lineage; mu-
tations lead to atrial septation defects, and KO mice die early at
E8.0 due to defects in extraembryonic mesoderm, precluding
further analysis of cardiac phenotypes.“®*” When we analyzed
FOXF1-KO cardioid subtypes, we observed at day 3.5 an earlier
onset of cavity morphogenesis in A cardioids (Figure S6J, yellow
arrow). In contrast, the KO-AVC cardioids failed to form full cav-
ities (Figures 6L and S6L). The main pSHF (HOXB1 and OSR1)
and AVC markers (TBX2 and TBX3) were downregulated in
FOXF1-KO cardioids (Figures 6M and 6N), consistent with
pPSHF specification failure. Only a few genes were misregulated
at day 3.5 in KO-LV/RV cardioids, including upregulation of
PITX2 and TBX1, respectively (Figure 6M). On day 9.5, the KO-
LV/AVC cardioids were smaller (Figures 60 and S6K). Interest-
ingly, KO-A cardioids acquired a more ventricular identity
and developed more extensive cavities, while KO-AVC
cardioids failed to differentiate efficiently (Figures S6L-S6N).
As expected, we did not observe a severe phenotype in KO-
RV/OFT cardioids, except for the downregulation of NPPA in
all subtypes (Figures 60, S6L, and S6M). A less severe pheno-
type appeared in the KO-LV cardioids, where genes involved in
cardiac contraction (ENO1) were downregulated (Figure S6M),
leading to a lower beating rate (Figure 6P). KO-A cardioids also
showed a lower beating rate, while KO-AVC cardioids did not

(C) RNA-seq expression heatmap shows misregulated genes in ISL1-KO cardioids, compared with WT.

(D) Immunostained WT and ISL1-KO A/OFT cardioids.
(E) Contraction analysis of A/OFT WT and ISL1-KO cardioids (N = 1, n = 24).

(F) RNA-seq volcano plot showing global gene expression differences in indicated conditions.

(G) RNA-scope staining as specified.

(H and H') (H) Representative whole-mount images of TBX5-KO and WT cardioids and (H') area quantification (N = 3, n = 24). Scale bars, 500 uL.

(I and J) Immunostained cryosections of cardioids as indicated.

(K) RNA-seq expression heatmap showing differentially expressed developmental genes as specified.
(L and O) Whole-mount images of a time course in indicated conditions. Scale bars, 500 um.
(M) RNA-seq expression heatmap showing misregulated marker genes as indicated.

(N) Representative RT-qPCR in indicated conditions.

(P) Contraction analysis as specified (N = 1, n = 24). Indicated day of analysis (D). vst, variance-stabilized transformed counts. Scale bars, 200 um, unless
otherwise specified. Bar graphs show mean + SD. Statistics: one-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. ns: not significant.

N, biological replicate number; n: technical replicate number.
See also Figure S6.
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contract at day 6.5 (Figure 6P). These results suggest that FOXF1
has compartment-specific roles, particularly in the pSHF line-
age, showing differential effects in A vs. AVC cardioids. In sum-
mary, the cardioid platform can be employed to dissect human
stage- and compartment-specific genetic cardiac defects of
specification, morphogenesis, and function without compensa-
tory mechanisms present in the embryo.

A comprehensive screening platform for teratogen and
drug effects

Beyond genetic origins, congenital heart defects can also be
caused by teratogens (e.g., drugs, toxins, metabolites).*®
Currently, we still miss human systems to investigate, in a
high-throughput and easily quantifiable manner, whether terato-
gens cause compartment-specific cardiac defects.*® We first
confirmed that a non-teratogenic factor, Aspirin, did not cause
any morphological or significant gene expression differences
(Figures S7A and S7B).“°°° Next, we tested thalidomide, a
well-known teratogen in humans but not rodents, that interferes
with TBX5 function, causing severe cardiac and limb de-
fects.®’°? We used the cardioid platform to dissect the effects
of thalidomide at concentration ranges found in the human
plasma®® and detected previously unseen striking effects on
the AVC compartment, intermediate phenotypes in LV/RV cardi-
oids, and more subtle effects on A/OFT cardioids (Figures 7A
and S7G). Gene expression profiles and immunostaining of
treated samples revealed the downregulation of the TBX5 target
NPPA for all lineages except for the RV and OFT and a dosage-
specific misregulation of compartment identity markers NR2F2,
IRX1, and IRX4 (Figures 7B and 7C).

Next, we considered retinoid derivatives, used in treatments
against leukemia, psoriasis, and acne, as another class of com-
pounds known to induce congenital defects, particularly malfor-
mations of the AVC and OFT derivatives. Since RA plays a crucial
role during heart development, we expected the cardioid plat-
form to allow us to dissect the underlying stage-specific mecha-
nisms. When we tested acitretin and isotretinoin (data not
shown), we found that strikingly low dosages caused severe
compartment-specific and stage-specific effects. OFT/A/AVC
cardioids had defects in specification, patterning, and morpho-
genesis when treated with acitretin (Figures 7D, 7E, S7C, and
S7C’). Surprisingly, when using trans-retinol, we only saw a se-
vere morphological effect in OFT cardioids, while all the other
subtypes were unaffected (Figures S7E and S7E’). In OFT cardi-
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oids, retinoids caused the downregulation of OFT genes and up-
regulation of ventricular but not atrial genes (Figures 7F and S7F).
Moreover, OFT cardioids treated with retinoids differentiated
earlier into CMs (Figures 7D and S7D). These data suggest that
the cardioid system is surprisingly sensitive to different retinoid
compounds exhibiting drug- and compartment-specific effects.
Finally, we considered that the multi-chamber platform could
be used to test for the effects of drugs on single or interacting
cardioids, as such approaches are currently limited, despite
the urgent need to prevent drug-induced electrochemical pertur-
bations in developing fetuses. At first, we confirmed that MEA
three-chamber cardioid analysis could be used in principle to
detect elongated FPs upon treatment with the potassium chan-
nel modulator 4AP (Figures S7H and S7I). To increase
throughput, we focused on measuring Ca®* signal propagation
in A, LV, and two-chambered LV-A cardioids treated with
different electrophysiological modulators, such as ivabradine
(HCN4 channel blocker), isoprenaline (stimulates beta-adrenore-
ceptors), and Bay K 8644 (stimulates L-type calcium channels).
Although the Ca®* activity of LV cardioids was affected by the
drug-solvent DMSO and showed aberrant Ca®* signal re-entry
in the presence of Bay K 8644, A/LV-A cardioids were not
affected in this manner (Figures 7G and 7H). Instead, Bay K
8644 stimulated both A and LV-A cardioid beating, while ivabra-
dine decreased it in all subtypes (Figure 7I). Interestingly,
isoprenaline increased the Ca®* signal speed propagation in
both subcompartments of LV-A cardioids but not in the single
cardioids (Figures 7J and 7K). The reverse effect was observed
with ivabradine, where the individual A cardioid was affected
but not the LV-A cardioid. Thus, the platform allows us to screen
for specific drug effects in single cardioids, within interacting
subcompartments, and in a whole multi-chamber cardioid.
Together, these results validate that we can discern early
developmental effects of mutations, known teratogenic and ar-
rhythmogenic drugs and therapeutic agents in a human multi-
compartment cardiac platform and relate these to cardiac de-
fects observed in patients. Thus, our work has broad implications
for studying the effects on human cardiac biology in contexts
ranging from therapeutic development to environmental studies.

DISCUSSION

Recently, several self-organizing human heart models have
been reported, including cardiac and cardio-endodermal

Figure 7. A multi-chamber cardioid platform for screening teratogen/drug-induced cardiac defects

(A-F) All cardioids were induced with teratogens starting from day 0 until day 9.5. Ctr, control. (A) Representative whole-mount images of hPSC-TNNI1-GFP-
derived cardioids in indicated conditions. Scale bars, 500 um.(B) Representative RT-gPCR of thalidomide-treated cardioids showing lineage-specific genes. (C)
Immunostained cryosections of A cardioids treated with thalidomide. (D) Representative whole-mount images of hPSC-TNNI1-GFP-derived cardioid subtypes
treated with acitretin as indicated. Scale bars, 500 um. (E) Cryosections of hPSC-TNNI1-GFP-derived cardioid subtypes treated with acitretin as specified. (F)
Representative RT-qPCR of acitretin-treated cardioids.

(G-K) ca** signal analysis for indicated cardioid subtypes. At day 9.5, before drug treatment (pre-drug) and after drug treatment (drug) of DMSO (control),
ivabradine, isoprenaline, and Bay K 8644. N = 2, n = 16. Check Table S3 for speed analysis exclusions. (G) Percentage of cardioids with calcium activity. Dots: N.
(H) Percentage of cardioids with calcium re-entry. Dots: N. (I) Fold change of Ca®* waves/min normalized to pre-drug. Dots: n. (J) Fold change of signal prop-
agation speed normalized to pre-drug. Dots: n. (K) Fold change of speed per segment normalized to pre-drug. Dots: n. hPSCs: WTC11. Indicated day of analysis
(D). Scale bars, 200 um, except where specified. All bar graphs show mean + SD. Statistics: one-way ANOVA. *p < 0.05, **p < 0.01,***p < 0.001, ****p < 0.0001. ns:
not significant.

N, biological replicate number; n: technical replicate number.

See also Figure S7.
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organoids.’**® Because this earlier work did not delineate rela-
tionships with aSHF, pSHF, and FHF lineages, the resulting iden-
tities and physiology of the cardiac cell types have remained un-
clear. As aresult, ratios of different CM subtypes, heterogeneity,
and the structures they form in vitro are challenging to control
and relate to the in vivo heart. To complement the embryo gold
standard model, we demonstrated that our platform is versatile,
highly efficient, reproducible, compatible with multiple cell lines,
and screenable in high throughput using multiple readouts (Ca®*
transients, contraction movies, FluoVolt, MEAs, morphology,
and gene expression) on single-compartment or multi-chamber
cardioids.

Several reports describe atrial and ventricular CMs differen-
tiated from hPSCs, but whether these originate from the FHF,
aSHF, or pSHF lineage has not been determined.*'*? In vivo,
the dosage and timing of signaling are coordinated to drive
lineage specification during mesoderm induction, and as
mesodermal cells migrate at different times, taking defined
positions within the heart fields. We found that stage-specific
levels of Activin/Nodal, WNT, BMP, and RA signaling instruct
specification into distinct SHF, AVC, and FHF progenitors
consistent with the signaling environment in the anterior region
of the embryo and recent in vitro findings.'*'*%° Specifically,
Activin/Nodal signaling inhibition is crucial to determining
SHF lineage fate choice, which was not highlighted before
in vivo or in vitro. We also showed that the role of RA signaling
was more complex in terms of dosage and timing than previ-
ously thought.”"*? The absence of exogenous RA signaling is
essential for initial aSHF specification and later OFT differenti-
ation, low RA levels for LV specification, high RA levels for
early atrial, and later RV specification. Thus, only highly
specific combinations of mesoderm induction and patterning
signals allow for mimicking the identities, (morphogenetic) dy-
namics, and later functionality of the developing cardiac line-
ages, enabling the control and dissection of progenitor sorting
and chamber interaction mechanisms.

Interactions between cardiac lineages during the earliest
stages of heart development, including cardiac mesoderm spec-
ification, morphogenesis, and functional differentiation, are
notoriously difficult to analyze and inaccessible in human em-
bryos. In addition, studies of human embryo development reveal
a growing list of differences between species in expression pat-
terns of critical developmental and functionality genes.®®¢"52
Such aspects are key to understanding the human-specific
impact of mutations and teratogens on early human heart devel-
opment and how this causes embryo failure. A significant
advance of our work is the deep and comprehensive phenotyp-
ing that we used to explore the ontology of contraction signal
propagation, differentiation speed, specification direction, effi-
ciency, and morphogenesis through the early stages of cardio-
genesis. This is particularly important to understand cases of
embryonic cardiac failure that have been attributed to faulty
specification and morphogenesis but where defects in early
contraction signal propagation between chambers might have
been the culprit.

In conclusion, despite decades of experimental and clinical
research, the underlying causes of most cardiac defects remain
unknown. Potential culprits include still unidentified mutations in
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regulatory elements such as enhancers; environmental factors
such as pollutants; and more complex interactions between ge-
netic and environmental factors, including drugs and diet. Previ-
ously, we lacked a system to test all these options in a human
context with high throughput, encompassing all cardiac com-
partments, and the multi-chamber cardioid platform will allow
us to close this gap.

Limitations of the study

Despite its usefulness, the cardioid system has several limita-
tions at this stage of development. This work focuses on the
comprehensive modeling of early specification, morphogenesis,
and signal contraction propagation of the human embryonic
heart. However, we have not modeled processes such as
aSHF/pSHF progenitor migration and heart looping, nor interac-
tion with the endoderm where other complementary in vitro sys-
tems might be more suitable to compare with the embryo.>*°"
Later stages and processes during heart development have not
been represented yet in cardioids, including forming valves, sep-
tation, pacemakers, chamber trabeculation and ballooning, cor-
onary vasculature and circulation, and the general growth and
maturation®® of the heart. Thus, the multi-chamber platform
has been validated mainly using mutations and teratogens
affecting the earliest stages while providing, at the same time,
a solid basis for further developments.
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SUMMARY

Organoids capable of forming tissue-like structures have transformed our ability to model human develop-
ment and disease. With the notable exception of the human heart, lineage-specific self-organizing organoids
have been reported for all major organs. Here, we established self-organizing cardioids from human plurip-
otent stem cells that intrinsically specify, pattern, and morph into chamber-like structures containing a cavity.
Cardioid complexity can be controlled by signaling that instructs the separation of cardiomyocyte and endo-
thelial layers and by directing epicardial spreading, inward migration, and differentiation. We find that cavity
morphogenesis is governed by a mesodermal WNT-BMP signaling axis and requires its target HAND1, a tran-
scription factor linked to developmental heart chamber defects. Upon cryoinjury, cardioids initiated a cell-
type-dependent accumulation of extracellular matrix, an early hallmark of both regeneration and heart dis-
ease. Thus, human cardioids represent a powerful platform to mechanistically dissect self-organization,

congenital heart defects and serve as a foundation for future translational research.

INTRODUCTION

The human heart, the first functional organ to form in develop-
ment, is one of the most difficult organs to model in vitro
(Lancaster and Huch, 2019; Schutgens and Clevers, 2020). Mal-
formations of the heart are by far the most common human birth
defects (Majumdar et al., 2021) but their developmental etiology
is poorly understood (Nees and Chung, 2020). These often-dra-
matic morphogenetic disorders can be caused by mutations
that affect the activity of cardiogenic signaling pathways and
transcription factors during early embryogenesis (Kelly et al.,
2014; Meilhac and Buckingham, 2018; Zaidi and Brueckner,
2017). From work in animal and cellular models, we know
how the cardiac lineage is specified in a stage-specific manner
from embryonic mesoderm (Birket et al., 2015; Costello et al.,
2011; Lee et al., 2017; Lian et al., 2012; (Marvin et al., 2001);
Mendjan et al., 2014) to produce cardiomyocytes (CMs), endo-
cardial cells (ECs) and epicardial cells (Guadix et al., 2017; lyer
etal., 2015; © ' ottt ™ ntetal, 2017; Witty et al.,

2014). How Go tO page 19 s these cell types to self-
organize into layers and shape a heart chamber, or fail in car-
diac defects, remains unclear. These questions are challenging
to tackle in complex systems, because manipulating signaling
pathways at the spatial and temporal resolution required to
dissect rapid and complex developmental processes is not
yet feasible. Thus, we need in vitro models that mimic

').
ot b
|

aspects of development but are simple enough to resolve the
intricate dynamics of cardiogenesis and its malformations in
humans.

Human organoids have been used to dissect mechanisms of
patteming and morphogenesis in multiple tissues and organs.
These structures emerge in culture from human pluripotent stem
cells (hPSCs) or adult stem cells and are coaxed by signaling to
form a tissue-like architecture, organ-specific cell types, and exert
organ-specific functions (Clevers, 2016; Lancaster and Knoblich,
2014) for use in numerous applications (Lancaster and Huch,
2019; Schutgens and Clevers, 2020). Their hallmark feature is
the capability of self-organization that is driven by intrinsically co-
ordinated specification, patterning, and morphogenesis (Sasai,
2013), in the absence of spatial constraints and interactions with
other embryonic tissues. These properties allow the dissection
of complex developmental processes in an organ-specific
context as embryonic redundancies and compensation mecha-
nisms are removed (Little and Combes, 2019; Sasai, 2013). For
instance, pioneering work using optic cup organoids elucidated
the morphogenesis of the eye (Eiraku et al., 2011; Nakano et al.,
2012), gut organoids have been used to tease apart the initiation
of intestinal crypt morphogenesis (Serra et al., 2019), and cerebral
organoids allow the study of the etiology of human brain malfor-
mations (Lancaster et al., 2013). By harnessing developmental
mechanisms, self-organization allows not only the study of organ-
ogenesis and its defects but results in more physiological models
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for a much wider range of diseases and applications (Lancaster
and Huch, 2019; Tuveson and Clevers, 2019). Although self-orga-
nizing organoids have been reported for almost all major organs,
there are currently no cardiac-specific self-organizing human car-
diac organoids that autonomously pattern and morph into an
in vivo-like structure (Lancaster and Huch, 2019; Schutgens and
Clevers, 2020).

Bioengineering approaches have successfully been applied to
create artificially engineered heart tissues (often termed heart/
cardiac organoids, microchambers, etc.) using scaffolds, molds,
geometric confinement, and protein matrices (Ma et al., 2015;
Mills et al.,, 2017; Ronaldson-Bouchard et al., 2018; Tiburcy
et al., 2017; Zhao et al., 2019). These have proven immensely
useful to measure contraction force, perform compound
screens, and model structural muscle and arrhythmogenic disor-
ders. Similarly, mouse and human PSC-derived 3D cardiac
models including spherical aggregates (microtissues) of CMs
and other (cardiac) cell types (Giacomelli et al., 2017, 2020;
Richards et al., 2020) have been established as promising high
throughput tools for drug discovery. Moreover, recent embryoid
models (Drakhlis et al., 2021; Rossi et al., 2021; Silva et al., 2020)
rely on complex self-organization of non-cardiac (e.g., foregut
endoderm) and cardiac lineages and thus provide further in-
sights into germ layer interactions during early organogenesis.
However, existing models do not recapitulate cardiac-specific
self-organization to acquire in vivo-like architecture such as a
CM chamber with inner endocardial cavity lining and are there-
fore limited as models of human cardiogenesis and heart
disease.

Here, we established hPSC-derived self-organizing “cardi-
oids” that recapitulate chamber-like morphogenesis in the
absence of non-cardiac tissues and use them to study mecha-
nisms of human cardiogenesis and heart disease.

RESULTS

Formation of cardiac chamber-like structures in vitro

To investigate whether an in vitro 3D chamber-like structure can
be created intrinsically, we developed a differentiation approach
based on temporal control of the key cardiogenic signaling path-
ways—ACTIVIN, bone morphogenic protein (BMP), fibroblast
growth factor (FGF), retinoic acid (RA), and WNT. By recapitu-
lating in vivo developmental staging, we sequentially specified

¢ CelPress

hPSCs into mesoderm, cardiac mesoderm, and beating CM pro-
genitors at above 90% efficiency in 2D culture (Mendjan et al.,
2014) (Figure 1A). To screen for factors that are sufficient to stim-
ulate intrinsic 3D cardiac structure formation in 2D culture, we
supplemented the media with selected extracellular matrix
(ECM) proteins that are involved in mesoderm development
(Yap et al., 2019). Addition of laminins 521/511 before mesoderm
induction resulted in intrinsic self-assembly of cells and the strik-
ing formation of hollow, beating 3D structures expressing the CM
marker TNNT2 after 7 days of differentiation (Figure S1A; Video
S1). When we performed cardiac differentiation entirely in 3D
non-adherent high-throughput culture, we found that exogenous
ECM was not required for rapid and reproducible self-assembly
into beating cavity-containing structures positive for CM
markers ACTN2, TNNT2, TNNI1, MYL7, TTN, NPPA, and
ATP2A2 (Figures 1B, 1C, S1B, and S1C; Videos S2, S3, and
S4). On an ultrastructural level, these CMs contained organized
sarcomeres and are interconnected via intercalated discs
(Figures S1C’ and S1D). The self-assembly was robust in the
WTC hiPSC line, including its vast live fluorescent reporter
resource collection (Roberts et al., 2019), the widely used
hESC lines H9 and H7, as well as in three hiPSC lines routinely
used to generate cerebral organoids (Figures S1E and S1E').
The CM differentiation efficiency measured by flow cytometry
(N =8, n=5) and 3D z stack image analysis (N = 3, n = 8) aver-
aged at ~90% (Figures 1D and S1F). We hereafter refer to these
cavity-containing cardiac structures as cardioids.

We next sought to characterize cardioids at the molecular level.
An RNA sequencing (RNA-seq) time course analysis of cardioids
revealed an expression signature most similar to the first heart
field (FHF) lineage of cardiac mesoderm (HAND1*, TBX5%,
NKX2-5%, and TBX17) (Figure 1E), which in vivo gives rise to the
heart tube —the primary precursor of the left ventricular chamber
and, to a smaller extent, the atria (Meilhac and Buckingham,
2018). During cardioid specification and maturation, structural
and ion channel gene expression, as well as B-adrenergic recep-
tors 1 and 2 expression, increased (Figure S2A). When we
compared expression profiles of cardioids relative to CMs differ-
entiated in 2D, we noted that genes encoding ion channels (e.g.,
the HERG channel KCNH2), structural proteins (TNNI1, TTN, and
MYHS6), cardiac transcription factors (TBX5 and MEF2C), and
sarcoplasmic reticulum proteins (RYR2 and ATP2A2) showed
higher expression levels in 3D cavity-forming structures,

Figure 1. Formation of cardiac chamber-like structures in vitro
(A) Cardiac differentiation protocol.

(B) Representative whole mountimage (day 5.5) of a high-throughput differentiation approach showing robust generation of cavity-containing, beating structures

in three biological replicates (IPSC WTC line).

(C) Cryosection of a cardioid at day 7.5 showing the cavity and expression of the CM-specific marker TNNT2. Scale bar, 200 um.
(D) Quantification of TNNI1-GFP* cells in cardioids at day 7.5 via flow cytometry. Mean +/— SD.
(E) Expression of key genes during CM differentiation. VST, variance-stabilized transformed counts.

(F) Real-time qPCR from day 14 organoids with varying activin (in ng/mL) and CHIR99021 (in uM) concentrations at induction stage, and varying retinoid acid
concentration (in nM) at the cardiac mesoderm stage with either the presence or absence of SB43154. Scale bar shows the fold change from housekeeping gene,
PBGD, and pluripotent stem cells normalized with min-max normalization.

(G) Immunostaining for ventricular (IRX4) and atrial (NR2F2) CMs of a cardioid (day 10) showing the optimized left ventricular conditions (A4CH4 RA50) versus the
non-optimized condition (ASOCH4 RA500). A, activin; CH, CHIR99021; RA, retinoic acid; SB, SB43154. Scale bar, 100 um.

(H) scRNA-seq analysis of percentage of CMs in intermediate WNT(CH6)/high activin (A50)/RA500 (N = 2, n = 1,717) versus low WNT(CH4)/low activin(A4)/RAS0
(N = 2, n = 5,097) conditions expressing more atrial versus more ventricular markers. TNNT2 is expressed in all CM. Used cell lines in this figure: WTC.

See also Figures S1 and S2 and Videos S1, S2, S3, 54, and S5.
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suggesting improved functionality (Figure S2B). Gene Ontology
(GO)-term analysis showed that cardioids exhibited gene expres-
sion patterns of heart morphogenesis and development, which
were significantly upregulated over 2D CMs (Figure S2C) and
aggregated 3D CM microtissues (Figure S2D). In both models,
beating started between day 5 and 7 of differentiation, continued
at a similar rate and frequency (Ca®* transients, beating fre-
quency) (Figures S1G and S1H; Videos S4 and S5), and cardioids
could be maintained in culture for at least 3 months. Overall, we
successfully generated functional hPSC-derived cardioids that
reproducibly self-assembled and maintained their molecular
CM identity.

We further aimed to explore the CM subtype potential of cardi-
oids. The initial RNA-seq analysis of cardioids indicated a mixed
ventricular (IRX4* and MYL2") and atrial (NR2F2*and KCNJ3%)
profile (Figures S2A and S2B) consistent with its FHF origin.
Drawing from recent in vivo and in vitro findings (Devalla et al.,
2015; Ivanovitch et al., 2021; Lee et al., 2017; Lescroart et al.,
2018) that implicate mesoderm induction and low RA signaling
dosage as critical for posterior heart tube and left ventricular
chamber specification, we optimized WNT and ACTIVIN dosage
during mesoderm induction and reduced RA dosage during the
cardiac mesoderm stage. These optimizations resulted in
increased expression of ventricular-specific markers (IRX3,
IRX4, HEY2, and MYL2) and near absence of atrial-specific
marker expression (NR2F2 and HEY1) as seen by real-time
gPCR, immunocytochemistry, and single-cell RNA-seq (scRNA-
seq) analysis of CMs (Figures 1F-1H). Consistent with these
data, action potential measurements using a FluoVolt dye assay
indicated a primarily ventricular-like profile (Figure S1l). In conclu-
sion, cardioids can be directed toward an early left ventricular
chamber-like identity.

Cardiac mesoderm self-organizes to form a cavity

in vitro and ex vivo

We next employed this system to ask whether the cavity within
cardioids is formed by an intrinsic morphogenesis process
(Sasai, 2013). By analyzing the developmental time course
capturing cavity formation, we found that cavities were initiated
and expanded robustly during the cardiac mesoderm (HAND17)
stage preceding expression of key cardiac structural markers,
such as MYL7 (Figures 1E and 2A; Videos S2 and S3). Cardioids
expanded rapidly and reproducibly due to proliferation and for-
mation of multiple cavities (Videos S2, S3, and S4). Most smaller
cavities eventually coalesced into one major cavity. Cavity
expansion was neither driven by apoptosis nor regional prolifer-
ation differences, as evidenced by cleaved CASP3 and MKI67
staining (Figure 2A). Importantly, SOX17*/EOMES* endoderm
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was absent during differentiation, indicating that cardiac meso-
derm cavities were not generated as a result of endoderm in-
struction (Figure S2E). This is consistent with findings in vivo,
because bilateral hearts can still form when foregut endoderm
morphogenesis is disrupted (Kuo et al., 1997; Li et al., 2004).
Lumen formation also occurred when vascular endothelial
growth factor (VEGF)-driven EC differentiation was inhibited us-
ing the potent vascular endothelial growth factor receptor
(VEGFR) inhibitor sunitinib (Figure S2F) suggesting an endothe-
lium-independent mechanism. We concluded that cardiac
mesoderm has an intrinsic capacity for self-assembly into a
CM-made chamber-like structure.

In vivo, cardiac mesoderm does not require foregut endoderm
for basic morphogenesis of the heart in the mouse (Li et al., 2004)
and in the chick (DeHaan, 1959). We therefore asked whether
ex vivo dissected mesoderm from developing chick embryos
can also form chamber-like structures in conditions we devel-
oped for human cardiac self-organization. Strikingly, in the
absence of SOX2* foregut, chick mesodermal explants devel-
oped into beating chamber-like structures in vitro similar to hu-
man cardiac mesoderm, demonstrating robust conservation of
in vitro cardiogenic self-morphogenesis under permissive condi-
tions (Figures 2B, S2G, and S2H).

Besides self-morphogenesis during specification, intrinsic
self-patterning of a homogeneous starting cell population is a
key hallmark of self-organization (Sasai, 2013). To this end,
we performed a closer analysis of cardiac mesoderm to deter-
mine when the first self-patterning event occurs. Although
mesoderm at the induction stage appeared homogeneous,
we observed a higher peripheral signal of F-actin and mem-
brane bound beta-catenin at the onset of the cardiac meso-
derm stage. Subsequent cavitation coincided with increased
mesoderm density at the periphery, reflected by accumulation
of F-actin, N-cadherin, and higher nuclear density (Figures 2C
and 2D). It is likely that this denser cardiac mesoderm layer
acts as a permeability barrier, because the cavity structures
were impermeable to low-molecular-weight (4 kDa) dextran
(data not shown). In contrast, the central part of the developing
structures, where cavities first appeared, had a looser appear-
ance with decreased N-cadherin and beta-catenin signal
(Figure 2C). These observations are consistent with the in vivo
pattern of N-cadherin and beta-catenin in the denser dorsal re-
gion of cardiac mesoderm and the less compact region facing
endocardial tubes and foregut endoderm (Linask, 2003). We
concluded that human cardioids feature the key hallmarks of
self-organization (Sasai, 2013)—ongoing specification, intrinsic
self-patterning into mesoderm layers, and self-morphogenesis
to shape a cavity.

Figure 2. Cardiac mesoderm self-organizes forming a cavity in vitro and ex vivo

(A) Time course of cardioid formation. Top: quantification of size-change in the course of differentiation. Bottom: whole mount bright-field images and immu-
nostaining of cryosections showing the size increase and cavity formation over time. Scale bars, 500 um (bright-field images), 50 um (sections).

(B) Cardiac mesoderm explants from chick embryos in human cardiac mesoderm conditions form chamber-like CM structures with cavities. Scale bar, 200 um.
(C) Detailed images of cardioids (ranging from the periphery to the center) between day 1.5 and day 2.5 showing formation of loose and dense mesodermal
compartments by differential expression of F-actin (phalloidin), membrane-bound beta-catenin (PY-654-beta-catenin), and N-cadherin.

(D) Representative image and quantification of number of nuclei in a 65 pmz square in loose (central) versus dense (peripheral) layer of cardiac mesoderm (N = 3,

n = 14). Used cell lines in this figure: WTC. Mean +/— SD. ***p < 0.0001.
See also Figure S2 and Video S2.
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WNT and BMP control cardioid self-organization

We next used cardioids to dissect how signaling controls
intrinsic morphogenesis and patterning during cardioid specifi-
cation. To quantify phenotypes with high statistical power, we
combined the high-throughput cardioid platform with a
custom-made semi-automated imaging/analysis FlJI-pipeline.
Using this setup, we examined which signals control cardioid
self-organization and at what stage of mesodermal specification
they act. We first systematically tested the effects of key meso-
derm and cardiac mesoderm signaling dosages (e.g., WNT and
BMP) on cardiac cavity self-morphogenesis. Surprisingly, we
found that higher dosages of WNT signaling during mesoderm
induction drove cavity expansion during the later cardiac meso-
derm stage (Figures 3A and 3B), which has not been reported
before. An intermediate WNT dosage promoted both cavity
morphogenesis and CM specification. The optimal WNT activa-
tion range was consistent for each hPSC line but differed across
lines, consistent with numerous studies showing line-specific
signaling responses (Ortmann and Vallier, 2017; Strano et al.,
2020). Importantly, the highest WNT dosage promoted cavity
formation without CM specification (Figure 3A), highlighting a
striking difference in signaling control of cell-fate specification
versus morphogenesis.

To identify downstream mediators of WNT that control cardiac
cavity morphogenesis, we performed RNA-seq analysis and
compared gene expression profiles of mesoderm induced by
higher (large cavity) and lower (small cavity) WNT signaling dos-
ages. Among differentially expressed genes at the later cardiac
mesoderm stage, we identified known cardiac mediators of
BMP signaling (BMP4, BMP2, and BMPR2) and some of its
mesodermal targets (HAND1 and IRX3) (Figure 3C) (Abu-Issa
and Kirby, 2007; Lints et al., 1993; Riley et al., 1998). BMP drives
cardiac specification at multiple stages, and we asked whether
BMPs can instruct patterning and morphogenesis to form a car-
diac cavity. To answer this question, we blocked BMP signaling
using either the natural inhibitor Noggin or the compound
LDN193189 during the initial 2 days of the cardiac mesoderm
stage. BMP inhibition resulted in impaired cavity morphogen-
esis, denser cardiac mesoderm, and decreased cardioid size
whereas the cell number per cardioid remained stable (Figures
3D-3@G). In contrast, WNT inhibition at the cardiac mesoderm
stage was not necessary for cavity formation (Figure 3H)
although it is known to be essential for cardiac specification
(Marvin et al., 2001; Yang et al., 2008). These findings emphasize
that control of specification versus morphogenesis can
be fundamentally different processes, and a mesodermal
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WNT-BMP signaling axis controls self-patterning and self-
morphogenesis—both key self-organizing processes.

HAND1 is required for cardioid self-organization
Mutations in signaling and downstream transcription factors
affect heart tube and chamber development and cause severe
human cardiac malformations (Nees and Chung, 2020). For
instance, in hypoplastic left heart syndrome, the most severe
congenital defect in humans, disrupted levels of the BMP-regu-
lated genes NKX2-5 and HAND1 are associated with a severely
reduced cardiac cavity within the left ventricular chamber
(Grossfeld et al., 2019; Kobayashi et al., 2014; Vincentz et al.,
2017). The earliest phenotype in mutant Nkx2-5 and Hand1
mice manifests as defects in heart tube and early left ventricular
chamber morphogenesis, respectively (Firulli et al., 1998;
McFadden et al., 2005; Riley et al., 1998; Risebro et al., 2006;
Lyons et al., 1995), however, the disease etiology and the under-
lying morphogenetic mechanism in humans are less clear. Here,
we generated knockout (KO) hPSC lines for either HAND1 or
NKX2-5 to assess whether these genes were required to achieve
intrinsic self-organization in the absence of non-cardiac tissues.
In NKX2-5 KO lines, we did not detect any cavity formation de-
fects at the cardiac mesoderm stage and they eventually formed
TNNT2® cardioids (Figures S3A-S3C). HAND1 expression in
NKX2-5 KO cardiac mesoderm remained unaffected and this is
in line with the delayed onset of NKX2-5 relative to HAND1
expression in cardioids (Figures 1E and S3C) as well as in human
and mouse FHF cardiac mesoderm (de Soysa et al., 2019; Tyser
et al., 2021). However, HAND1 expression appeared reduced at
the CM stage in NKX2-5 KO cardioids (Figure S3C), which is in
agreement with findings in mouse and human CMs where
NKX2-5 is acting upstream of HAND1 (Anderson et al., 2018;
Tanaka et al., 1999).

In HAND1 KOs, on the other hand, we observed reduced
NKX2-5 protein levels in cardiac mesoderm but not in CMs
(Figures 4A, S3D, and S3E). These results highlight the impor-
tance of stage-specific analysis because our data suggest that
HAND1 functions upstream of NKX2-5 in cardiac mesoderm
whereas NKX2-5 is upstream of HAND1 in CMs. Consistent
with this hypothesis, and distinct from NKX2-5 null cardioids,
HAND1 KO cardioids showed a clear defect in cardiac cavity
self-organization and size at the cardiac mesoderm stage. This
phenotype manifested as cardioids of smaller size (N =9, n =
246) forming smaller cavities (N = 3, n = 130) (Figures 4B-4E
and S3G). These defects were not caused by a difference in
cell number per cardioid, because both KO and wild-type (WT)

Figure 3. WNT and BMP control cardioid self-organization and specification
(A) Range of CHIR99021 concentrations during mesoderm induction shows dramatic effects on cardioid diameter (day 3.5) and CM specification (day 7.5). Scale

bar, 2,500 pum.
(B) Quantification of cardioid diameters at day 3.5.

(C) BMP target genes (HAND1, IRX3, BMP4, BMP2, and BMPR2) are upregulated in cavity-forming conditions (8 uM CHIR99201), whereas EC genes (PECAM1,

CDHS5, and VEGFA) are upregulated when 4 uM CHIR99021 is used.

(D) BMP-inhibition with either Noggin (100 ng/mL) or LDN193189 (0.2 uM) reduces cardioid diameter. Scale bar, 1,958 pum.

(E) Quantification of cardioid diameters at day 3.5 with or without BMP-inhibition.

(F) Cell counting of cells/organoid reveals that the reduced diameter is not a function of fewer cells.

(G) Noggin and LDN 193189 treatments interfere with cavity expansion. Scale bars, 200 um.

(H) Wnt activation during the cardiac mesoderm stage inhibits CM-differentiation but not cavity expansion. Scale bar, 200 um. All bar graphs show mean + SD.
Used cell lines in this figure: H9 and WTC. *p < 0.05, **p < 0.01, *** p < 0.001, ****p < 0.0001.
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Figure 4. HAND1 is required for cardiac mesoderm (day 3.5) self-organization

(A) HAND1 KO cardioid showing downregulation of NKX2-5. Scale bar, 200 um.

(B) WT cardioids show increased number of cavities (arrows) compared to HAND1 KO cardioids. Scale bar, 2,000 um.

(C) HAND1 KO cardioids show smaller and decreased number of cavities. Scale bars, 2000 um. (c') and (c¢”), Detail of (C) and HAND1 KO confirmation. Scale
bars, 200 um.

(D) Quantification of cardioid cavity expansion as a function of diameter in HAND1 KO and WT cardioids.

(E) Percentage of cardioid area covered by cavities in WT and KO cardioids.

(F) Timeline of organoid formation until day 3.5 (cardiac mesoderm stage), the point of analysis. Increased WNT signaling (by CHIR99021) during mesoderm
induction rescues cavity defect in HAND1 KO organoids (arrows). Scale bar, 2,500 um.

(G) Quantification of cardioid diameter shows that increased WNT rescues the cavity defect. All bar graphs show mean + SD. All data in this figure originated from
cardioids at day 3.5. Used cell lines in this figures: WT (H9), HAND1 KO (H9), and NKX2-5 KO (H9). *p < 0.05, "p < 0.01, *"p < 0.001, **p < 0.0001.

See also Figure S3 and Video S6.

showed similar cell counts (Figure S3F). Importantly, despite in HAND1 KO cardioids (Figure S3E; Video S6). These observa-
these defects in patterning and morphogenesis of cardiac tions further underscore the crucial distinction between control
mesoderm, later CM specification (TNNT2*) was still functional of cell specification versus tissue patterning and organ
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morphogenesis that can be dissected in the context of a cardiac
malformation in cardioids.

We next asked whether the HAND1 KO phenotype could be
rescued by exogenous signaling factors. Increased dosage of
WNT signaling during mesoderm induction rescued the HAND1
KO phenotype, confirming the involvement of WNT in cavity
morphogenesis (Figures 4F and 4G). Consistently, HAND1, a hu-
man-specific FHF and early ventricular chamber marker (Cui
et al., 2019), was upregulated in high WNT conditions that also
promoted cavity expansion (Figure 3C). Moreover, HAND1 pro-
tein levels were diminished on BMP inhibition, confirming that
a WNT-BMP-HAND1 axis drives cardioid cavity self-organiza-
tion (Figure 3G). Taken together, these data show that self-orga-
nization and genetic cardiac defects can be quantitatively
modeled in our high-throughput cardioid platform.

WNT, ACTIVIN, and VEGF coordinate endothelial and
myocardial self-organization

We next explored whether cardioids can be used to dissect
signaling pathways directing patterning and separation of the
myocardium and endocardium to form an inner lining, a hallmark
feature of the heart chamber. To probe these relationships, we
compared the RNA-seq time course of cardioids, which were
generated using high versus low WNT activation dosage during
mesoderm induction. We found that lower WNT activation re-
sulted in upregulation of VEGF-A, and other EC-specifying fac-
tors (ETV2, TAL1, LMO2, and PECAM1) during the cardiac
mesoderm stage (Figures 5A and 5A’). At the same time,
scRNA-seq analysis of ventricular-like cardioids induced with
low WNT/low ACTIVIN conditions revealed a higher proportion
of CMs expressing VEGF-A in comparison to cardioids induced
with intermediate WNT/high ACTIVIN (Figure 5B). We therefore
hypothesized that low WNT and ACTIVIN signaling dosages co-
ordinate CM and EC co-specification by inducing VEGF-Ain car-
diac mesoderm and in CMs to stimulate EC differentiation.
Indeed, we discovered that lower levels of WNT signaling in com-
bination with low ACTIVIN signaling dosages during mesoderm
induction promoted later ECs self-organization within cardioids
(Figures 5C and 5D). Those ECs often (55.2%, N = 4, n = 29)
formed a partial inner lining of the cardioid cavity (Figures 5C-
5E, S5A, and S5A’) but never on the outside of cardioids, resem-
bling the in vivo tissue architecture. In contrast, in higher WNT
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and ACTIVIN dosage conditions, we never observed EC self-or-
ganization in the absence of exogenous VEGF (Figure 5C). In
conclusion, optimal WNT and ACTIVIN signaling dosages during
mesoderm induction control later EC self-organization resulting
in a partial lining of the cardioid cavity.

We next interrogated the effects of exogenous VEGF on CM
and EC co-specification in cardioids (Figure 5F). When we
included VEGF-A after the CM specification stage, we occasion-
ally observed formation of an EC layer lining the cardioid cavity
but also some EC specification on the surface of cardioids
(Figures S5B-S5D). To further elucidate whether we can control
the early self-organization of CM and EC layers in cardiac meso-
derm, we included VEGF-A at this stage. Because CMs and ECs
co-differentiated from cardiac mesoderm into cavity-containing
structures in the presence of VEGF-A, they separated into CM
and EC layers (Figures 5F-5F"). Here, using an optimal (interme-
diate) WNT activation during mesoderm induction always re-
sulted in an EC layer surrounding the CM layer (Figures 5F",
S4A, and S4C). Moreover, a third layer of COL1A1* cells
emerged next to the EC layer (Figure 5F”). In contrast to cardi-
oids, aggregates of ECs and CMs initially differentiated in 2D
formed intermingled networks, but they did not pattern into
layers (Figure S4B). This suggested that VEGF stimulates the
early separation of the two layers, which is an important aspect
seen in embryonic cardiac mesoderm and at the heart tube
stage. However, exogenous VEGF was not sufficient to control
the correct outer versus inner orientation of the EC lining. Thus,
the dosage of WNT/ACTIVIN and timing of VEGF signaling coor-
dinate specification, cavity morphogenesis, and in vivo-like
patterning of CM and EC lineages.

To further dissect the WNT and VEGF signaling control of
lineage specification and morphogenesis in cardioids, we asked
whether an EC cell layer can be formed without CM co-differen-
tiation. In the absence of WNT inhibition and in the presence of
VEGF during the cardiac mesoderm stage, we discovered that
cardioid-like structures that contained primarily ECs and
COL1A1* cells, without CMs, could be reproducibly formed
(Figures 5G, 5G’, and S4F). This observation again underscores
how signaling control of morphogenesis could be separated
from signaling control of cell specification in cardioids. Collec-
tively, these data show that as cardioids self-organize to give
rise to the first two heart lineages, they can be used to dissect

Figure 5. WNT, ACTIVIN, and VEGF coordinate endothelial and myocardial self-organization
(A) Low WNT dosage (CHIR99021, 4 uM) during mesoderm induction results in higher expression of EC-specifying genes (VEGFA, TAL1, LMO2, ETV2, and

PECAM?1) compared to high WNT (CHIR99021, 8 uM).

(A") Timeline of differentiations performed with no VEGF, low or higher WNT, and activin dosages.

(B) Percentage of VEGF expressing CMs (single-cell sequenced) is increased in optimized, ventricular-like CMs (low WNT [CHIR: 4 uM}/low activin [4 ng/mL], N=
2, n = 5,097) compared to the intermediate WNT (CHIR: 6 uM)/high activin [S0 ng/mL] condition, N =2, n = 1,717).

(C) Example images of emergence of partial EC-lining in “no activin” condition. Scale bars, 200 pm.

(D) Quantification of the different EC formation and lining occurrences. N = 4, n = 29.

(E) Example images for categories 1 and 2. Scale bars, 200 um.

(F) Timeline of differentiations performed with added VEGF and intermediate WNT (CHIR: 6 uM)/high activin (50 ng/mL) dosages as well as WNT inhibition.
(F") Quantification of FACS data showing a robust ratio of CMs and ECs in cardioids. Mean + SD.

(F") Cardioids show separation of CM and EC layers as well as emergence of a layer of fibroblast-like cells (COL1A1*). Scale bars, 200 um.

(G) Timeline of differentiations performed with added VEGF and intermediate WNT (CHIR: 6 uM)/high activin (50 ng/mL) dosages as well as no WNT inhibition.
(G') Cryo-section of cardioids containing only ECs and fibroblast-like cells without CMs when WNT is not inhibited during the cardiac mesoderm stage and VEGF

is added. Used cell lines in this figure: WTC.
See also Figures S4 and S5.

3308 Cell 784, 3299-3317, June 10, 2021



Cell

¢ CelPress

A PECAM1 NP
¢
. . s
: P
2 ™
E 3
10
o
'S 0 ¥
Ed
%
0 = - - =N J 3l 2 = -n -0 o "
o) aawe
10 THNT2 wr
-30 -0 -10 o 10 0 " "0 3
UNAP_1 py l
£ .
o
COH5 "
= - - EL -1 [ » £l = a N i 3 " 0
o e
10 : .
) I 8 coL3at coum
L .
- N 204
-0 - -
£y - a 0 2 ¥
IR 5 0 a4 1
-0
" ] 5 £ "% = 3 i E3
L e
B, sox1e B" KLF2
»
0
i b I
2 E '
2 o
o W
N * 1 o il X 1
e
! : o
3D Organoid EC 2D Endothelial Cells (EC)
- Pluripotency
ros
Cc 1 oo | Machano
_ Jeensing
Y MGenes
S0X18
30 3D
VWE
20 [ e
10 2D | 7 Nec.Genes
TE
PC3 0 .
-10 84745 W cardiac
—20 GaT44 N Transcription
-20 30 o151 |f_c Transeription
=20 ETvZ Factors
0 -10 i
PC2 10° WR2 - Nendocardiaklike
20 20 N wFaTct fGenes
30 PC1 o
a0 a0 =
. o
e
2D Anterior EC 2D Patsch et al. EC R P
® 3D Cardioid EC 2D Pluripotency oy |EC-Genes
2D HCMEC 3D Vascular Organoid EC e exnn
2D HUVEC o
ey

Cell 184, 3299-331

(legend on next page)

7,June 10,2021 3309




¢? CellPress

aspects and stages of myocardial and endocardial co-
development.

Endocardial and fibroblast-like cells in cardioids

All self-organizing organoids share related tissue-like specifica-
tion, patterning, and morphogenesis processes but are distin-
guished by their organ-specific cell types. Hence, we next
investigated cellular heterogeneity within cardioids. When we
used intermediate WNT activation and VEGF, we found that
the ratio of CMs to ECs was stable at 41% (MYL7%) to 53%
(CDH5%) (Figure 5F' and S4D), which facilitated quantitative
analysis using this model. This observation was further corrob-
orated by the deconvolution of bulk RNA-seq data (Wang et al.,
2019) and a cardiac cell-type-specific single-cell expression
reference (Cui et al., 2019) for the developing human heart
(Figure S6A). Smart-seq2 of sorted cells (Figure S4E) and
scRNA-seq analysis used to categorize cells based on the
in vivo human heart data further confirmed key CM and EC
marker profiles and GO-terms (Figures 6A, 6D, S6D, and
S6E), while the remaining cells (MYL7 /CDH5") expressed
genes (e.g., SOX9, MSX1/2, COL1A1, and COL3A1) related to
putative EC-derived fibroblast-like cells (Huang et al., 2019;
Neri et al., 2019) (Figures 6A and S6F). Finally, bulk proteomic
analysis of cardioids confirmed their CM and EC proteome
expression signatures (Figure S6B).

All vascularized tissues and organs contain specific EC sub-
types, and accordingly, the endocardium has an identity-specific
EC gene expression signature (Nakano et al., 2016). To deter-
mine EC identity in cardioids, we performed a Smart-seq2 anal-
ysis on sorted CDH5" cardioid ECs and compared them to ECs
generated using a well-established 2D differentiation protocol
(Patsch et al., 2015), our 2D differentiation protocol using similar
media conditions as in 3D, ECs from vascular organoids
(Wimmer et al., 2019), human umbilical vein endothelial cells
(HUVECSs), and human cardiac microvascular endothelial cells
(HCMEGCs) (Figures 6C and 6D). We found that cardioid-derived
ECs were most similar to ECs from vascular organoids despite
their age difference (day 7.5 versus day >18). Importantly, ECs
from cardioids showed increased transcript levels for cardiac
transcription factors, such as GATA4/5, and genes associated
with endocardial-like identity (NFATC1, NPR3) (Tang et al.,
2018) (Figure 6D). Importantly, NFATC1 was also found in the
proteomics data (Figure S6B) and NPR3 in the scRNA-seq
data (Figure 6A). Their anterior HOX gene expression profile
matched that of HCMECs from the adult human heart and that
of ECs derived from cardiac mesoderm in 2D (anterior ECs),
but not that of the other analyzed more posterior EC subtypes
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(Figure S6C). Thus, the signature of ECs derived from cardioids
is consistent with an endocardial-like identity.

The ability of endothelium to sense fluid flow, pressure, and
mechanical stretch is an instrumental requirement for its devel-
opmental and physiological roles, especially in the heart
(Duchemin et al., 2019; Haack and Abdelilah-Seyfried, 2016).
As expected for a bona fide model of cardiac development, a
Smart-seq2 analysis of sorted ECs from cardioids revealed an
upregulation of mechanosensitive genes (SOX18, KLF2,
FOXO1, and FOS) compared to ECs in 2D (Figures 6B-6B"
and 6D), similar to the more matured 3D vascular organoid
ECs. These observations were confirmed in the scRNA-seq da-
taset and with staining for SOX18. Markers of EC maturation
(VWF, TEK, and TIE1) were also upregulated in cardioid ECs
compared to 2D EC differentiations (Figure 6D). Overall, these re-
sults indicate that self-organization of CMs and ECs in 3D trig-
gers essential aspects of endocardial identity and endothelial
physiology.

Tri-lineage cardioid platform as a developmental

injury model

After endocardial lining formation, the epicardium envelopes
early myocardial chambers, thereby adding the third major car-
diac lineage to the heart (Cao and Poss, 2018; Simoes and Riley,
2018). The epicardium originates from a small cellular clump
called the pro-epicardial organ and goes on to cover the outer
surface of the heart (Andres-Delgado et al., 2018). After engulf-
ment, signals from the CM layer (transforming growth factor
[TGF-B], platelet-derived growth factor B [PDGF-f], and FGFs)
drive epicardial cell differentiation into smooth muscle cells
(SMCs) and cardiac fibroblasts (CFs)—both crucial for further
development, maturation, and regeneration of the heart on injury
(Cao and Poss, 2018; Simoes and Riley, 2018). To mimic this
self-organization process in cardioids, we developed an epicar-
dial differentiation protocol compatible with cardioids and based
on the signaling sequence known to specify the pro-epicardial
organ in vertebrates and hPSCs (Figures 7A and S7A-S7C)
(Guadix et al., 2017; lyer et al., 2015; Witty et al., 2014). We
then co-cultured cardioids with epicardial aggregates in media
without exogenous TGF-B, FGF, and PDGF to test whether
endogenous expression of these signaling factors by cardioids
(Figure S7D) is sufficient to stimulate epicardial/cardioid interac-
tions. Within 2-7 days, we observed spreading of epicardial cells
on top of cardioids (Figures STE-S7G). After 7 days and without
additional growth factors, epicardial cells interacted with the CM
layer, migrated into it, and underwent differentiation (Figures 7B-
7D, S7H, and S7I). The migrating cells downregulated epicardial

Figure 6. Cellular identities of cardioid cells on VEGF treatment

(A) Classification of cells of VEGF-supplemented cardioids based on markers determined by Cui et al. (2019) (human fetal hearts). CM, cardiomyocytes; EC,
cardiac endothelial cells; EP, epicardial cells. Selected markers for cardiac ECs (PECAM1, CDHS5, and NPR3), CMs (TNNT2 and MYL7), and fibroblast-like cells

(COL1A1 and COL3A1) are shown.

(B-B") Cardiac ECs in cardioids express mechanosensing genes (e.g., KLF2, SOX18). Scale bar, 200 um.
(C) PCA of 2D-derived ECs (anterior [Patsch et al., 2015] human cardiac microvascular [HCMEC], human umbilical vein [HUVEC]), hPSCs, and 3D-derived ECs
from cardioids (day 7.5, intermediate WNT dosage) and vascular organoids (Wimmer et al., 2019) (day >18). Anterior ECs: H9 line (Patsch et al., 2015) vascular

organoid ECs as indicated by Wimmer et al. (2019).

(D) Expression of mechanosensing and maturation genes, cardiac transcription factors, EC transcription factors, endocardial-like and general EC genes in FACS-

sorted ECs. Used cell lines in this figure (unless otherwise stated): WTC.
See also Figure S6.
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WT1 and upregulated the SMC and CF markers ACTA2 (Figures
7D and S7l)and COL1A1 (Figures 7C and S7H), as occurs in vivo.
Strikingly, some of the migrating epicardium-derived cells
started to interact with cardioid ECs (Figures 7B and 7D). We
concluded that co-culture in the absence of external signals trig-
gers intrinsic spreading of epicardium on cardioids, its inward
migration, differentiation, and interactions with CMs and ECs.
A postulated advantage of self-organizing developmental or-
ganoid models are their pathophysiological-like responses
(Lancaster and Huch, 2019; Schutgens and Clevers, 2020). How-
ever, current cardiac in vitro models (Voges et al., 2017) do not
recapitulate important aspects of either myocardial regeneration
seen in fetal (Drenckhahn et al., 2008; Sturzu et al., 2015), early
postnatal (Haubner et al., 2016; Porrello et al., 2011), and adult
in vivo injury models (Xin et al., 2013) or fibrosis seen in disease
models and patients (Tallquist, 2020). For instance, after cryoin-
jury of bioengineered heart organoids (Voges et al., 2017), there
is limited CM proliferation but no initial ECM accumulation typical
for the early stages of both regeneration (Hortells et al., 2019;
Mercer et al., 2013; Poss et al., 2002) and fibrosis (Tallquist,
2020). Given that cardioids contain all three major cardiac line-
ages, solely relying on developmental mechanisms and not
requiring external ECM scaffolds, we reasoned that cardioids
would likely produce a more physiological response upon cryoin-
jury. To test the potential of the cardioid platform as a develop-
mental injury model, we performed cryoinjuries in mono- (con-
taining CM only) and tri-lineage (containing CMs) (Figures 7G
and 7F), either ECs (Figures 7H, 71, and S7J-S7L), or epicardium
(Figures 7E and 7G) and associated fibroblast-like cells (cardi-
oids). The injury sites were characterized by intense, compacted
DAPI signals, severe necrosis detected by TUNEL staining
(Figure S7J), limited apoptosis, and no clear CM proliferative
response (Figure S7K). Cardioids continued to contract after cry-
oinjury (Video S7). In time course experiments, we observed tri-
chromium staining at the injury site, indicating localized ECM
accumulation (Figure 7G). Mono-lineage cardioids showed lower
fibronectin accumulation and absence of COL1A1* expressing
fibroblast-like cells at the injury site (Figures 7G and 7F). In
contrast, in trilineage cardioids, we observed significant tropism
of COL1A1™* fibroblasts toward the injury site and strong fibro-
nectin accumulation (Figures 7E and 7G). This rapid recruitment
of either EC or epicardial associated fibroblast-like cells (Figures
7E, 7H, and 71) is consistent with in vivo observations during injury
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responses (Ali et al., 2014; Moore-Morris et al., 2014). We could
therefore dissect cell-type-specific processes on cardiac injury
and conclude that cardioids are capable of mimicking an impor-
tant early aspect of regenerative and fibrotic responses.

In conclusion, we have established a high-throughput human
cardioid platform with capacity for intrinsic self-organization
into patterned layers and 3D structures reminiscent of the early
human left ventricular heart chamber. We also show that this
resource can be used to model mechanisms underlying develop-
ment of the three major cardiac lineages, including cavity forma-
tion and injury response.

DISCUSSION

The variability and complexity of self-organizing organoid sys-
tems still hinders quantitative modeling of morphogenetic de-
fects (Little and Combes, 2019). In cardioids, we address this
challenge by omitting exogenous ECM and using a high-
throughput approach to reach optimal signaling conditions. We
further increased reproducibility by tightly controlling self-orga-
nization via signaling and the stepwise incorporation of the three
main cardiac lineages into cardioids. This approach allows
dissecting, with high statistical power, when and where the func-
tions of specific factors are required. The simplicity and modu-
larity of the system that can contain either one, two, or three
cardiac lineages, without interference of non-cardiac tissues as
in more complex embryoid models (Drakhlis et al., 2021; Rossi
et al., 2021), makes it possible to reduce self-organization and
its underlying molecular and cell biological mechanisms to its
bare essentials. Complexity in cardioids can therefore be tailored
to the biological question asked. This is an important advantage
for an organoid model, because complex biological systems
often employ redundant mechanisms that are otherwise chal-
lenging to tease apart.

Cardioids, as all other self-organizing organoid systems, reca-
pitulate some aspects of development but also differ from
embryogenesis in others. Self-organization encompasses only a
subset of intrinsic developmental mechanisms, which are suffi-
cient to recapitulate aspects of the in vivo-like architecture
(Sasai, 2013). Consequently, using cardioids, we showed that car-
diac mesoderm alone, instructed by signaling, is sufficient to form
a chamber-like cavity in vitro. We propose that this cavity could be
analogous to the cavity of the heart tube and early left ventricular

Figure 7. Epicardial- and endocardial-derived fibroblasts react to cryoinjury in cardioids

(A) Schematic of epicardial co-culture and cryoinjury.

(B) Confocal images of fluorescently labeled epicardial derivatives after 7 days of co-culture with cardioids (TNNT2") encompassing EC (PECAM1") inner lining in

the presence of 100 ng/mL VEGF-A. Scale bar, 200 um.

(C and D) Confocal images of COL1A1* (C) and ACTA2"* (D) epicardial derivatives after 7 days of co-culture with cardioids containing ECs (PECAM1*). Scale

bars, 50 um.

(E and F) Confocal images of cryoinjury response (1 h and 3 days after injury) staining fibronectin (FN1) and COL1A1" cells in cardioids in the presence (E) or
absence (F) of epicardium. Scale bar, 200 um (E and F) and 50 um (€', detail of E).
(G) Masson's trichrome staining (blue, connective tissue; red, muscle) of cryoinjured cardioids in the presence or absence of epicardium 1 h and 3 days post

injury. Scale bar, 200 um.

(H) Confocal images of CM+EC-+fibroblast co-differentiated cardioids 3 days post injury marking FN1 and COL1A1* cells. Scale bar, 200 um.

() Quantification of COL1A1* cells in the injured (purple) versus healthy (blue) area of co-differentiated CM+EC+fibroblast cardioids 3 days post injury. Number of
COL1A1" cells was normalized to injured area/total area. Dashed lines mark the injury area in figures. Used cell lines in epicardial figures: H9, experiments also repeated
with WTC lines. Used cell lines for CM/EC/Fibroblast co-differentiations: WTC. All bar graphs show mean +/— SD. *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001.
See also Figure S7 and Video S7.
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heart chamber. In vivo, the first cavity arises from foregut endo-
derm-assisted migration and fusion of bilateral cardiac mesoderm
and endocardial tubes into a single heart tube (Abu-lssa and
Kirby, 2007). However, bilateral heart tubes and chambers can
form in the absence of either endocardium (Ferdous et al., 2009)
or foregut endoderm constriction (DeHaan, 1959; Li et al., 2004),
but the mechanism is still unknown. This indicates the inherent
capability of cardiac mesoderm to intrinsically form cavities and
chambers in vivo (lvanovitch et al., 2017), which is in agreement
with the self-organization we observed in cardioids and chick em-
bryo explants in vitro. Lateral plate mesoderm, a subtype
comprising cardiac mesoderm, has a similar potential to form a
cavity—the pericardial body cavity (Schlueter and Mikawa,
2018). Thus, cavitation is likely a more general characteristic of
mesoderm that could be called on in embryos with a foregut
defect. Finally, the HAND1 KO cavity formation phenotype dem-
onstrates the heart chamber defect modeling potential of cardi-
oids (Grossfeld et al., 2019; McFadden et al., 2005; Risebro
et al., 2006).

We used the cardioid platform to demonstrate that WNT and
BMP drive chamber-like self-organization. These pathways are
known to regulate cardiac specification in vivo and in vitro
(Meilhac and Buckingham, 2018) but whether and at what stage
they control cardiac patterning and morphogenesis was unclear.
The surprising finding that early mesodermal WNT controls
later cardiac self-organization is consistent with early cardiac line-
age diversification during mesoderm induction in vivo (Garcia-
Martinez and Schoenwolf, 1993; Ivanovitch et al., 2021; Lescroart
et al., 2018). Patterning and morphogenesis occur in parallel with
specification but they are not necessarily linked. In agreement
with this notion, cavities can self-organize in the absence of car-
diac specification and in HAND1 KO cardioids there is a defect
in self-organization but not in CM specification. Conversely, inhi-
bition of WNT signaling at the cardiac mesoderm stage is essential
for CM specification but does not regulate cardioid self-organiza-
tion. Cardioids are therefore a powerful system to intrinsically
dissect regulation of specification and morphogenesis. At the
same time, cardioids are simple enough to determine sufficiency
of a factor for one of these processes and are thus complementary
to more complex systems.

We found that WNT, ACTIVIN, and VEGF control CM and EC
self-organization in cardioids. In vivo, cardiac ECs first form
endocardial tubes, later become separated from the outer CM
tube by an ECM-filled (cardiac jelly) interspace, and finally form
the inner lining of the heart chambers (Abu-lssa and Kirby,
2007; Ivanovitch et al., 2017). How signaling coordinates these
patterns and morphogenetic processes with specification was
unclear. In cardioids, the patterning and morphogenesis of CM
and EC lineages is controlled by the dosage of WNT and ACTI-
VIN at the earliest stage of mesodermal differentiation and by
VEGF that directs both specification and patterning of the EC
layer in cardiac mesoderm. Interestingly, the same range of
lower WNT and ACTIVIN signaling dosages stimulated ventricu-
lar specification and EC lining formation suggesting a potential
coordination between these processes. Inner lining of a cardiac
chamber-like structure has not been observed before in neither
cardiac microtissues (Giacomelli et al., 2017) nor more complex
foregut-heart organoids and gastruloids (Drakhlis et al., 2021;
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Rossi et al., 2021). Generation of a separate EC layer/lining in
the context of a chamber cavity is crucial for activation of mecha-
nosensing in vivo. Cardiac chamber mechanobiology is required
for physiological EC and CM crosstalk, driving the next stages of
heart development including trabeculation, myocardial compac-
tion, and interaction with epicardium (Wilsbacher and McNally,
2016). Cardioids are therefore a promising system to study the
underlying mechanisms of CM and EC patterning and crosstalk
in the context of a beating chamber.

By co-culturing cardioids with epicardium, we observed
epicardial spreading, migration, and differentiation reminiscent
of these processes in vivo (Cao and Poss, 2018; Simées and
Riley, 2018). Epicardial and CM co-cultures have been studied
before using microtissues (Guadix et al., 2017) but not in the
context of a cardiac chamber-like model. This aspect is impor-
tant because the crosstalk between derivatives of the epicardial,
EC, and CM lineages is dependent on the mechanobiology of the
heart chamber (Wilsbacher and McNally, 2016). We therefore
propose that self-organization of the three cardiac lineages in
chamber-like cardioids will be important to reignite the develop-
mental and regenerative crosstalk that drives growth, matura-
tion, and pathophysiological responses of the heart as in vivo.
The striking difference in response on cryoinjury between bio-
engineered organoids (Voges et al., 2017) and self-organizing
cardioids supports the argument that developmental mecha-
nisms impact later pathophysiology.

Limitations of study
To build the cardioid platform as aresource, we focused primarily
onthe FHF lineage and the earliest stages of cardiogenesis, in line
with the chronology of embryonic development. However, as
heart development progresses, additional lineages (second heart
field, cardiac neural crest), cell types (pacemakers, immune
cells), and structures (atria, right ventricle, outflow/inflow tracts)
become integrated into the heart, and most congenital diseases
arise during these later stages (Kelly et al., 2014; Meilhac and
Buckingham, 2018). Certain aspects of cardiogenesis also
depend on interactions with other germ layers, which can be spe-
cifically studied with other models (Drakhlis et al., 2021; Rossi
etal., 2021; Silva et al., 2020). Cardioids therefore provide a foun-
dation for incorporation of additional cardiac lineages and struc-
tures by signaling controlled self-organization but in the present
form, are unlikely yet to faithfully recapitulate most cardiac de-
fects. However, we envision that increased complexity using
developmental principles will facilitate further in vitro maturation
and functionalization that could render cardioids transformative
for cardiovascular research. In this context, the human cardioid
injury model still does not correspond to regenerative fetal and
neonatal in vivo injury models and will therefore require further
development and maturation. More broadly, cardioids are com-
plementary to existing cardiac models as well as embryoids
and comprise a significant advance in cardiac-specific organoid
technology akin to what has been achieved for other organs.
Overall, the cardioid platform has a wide potential to explore
fundamental mechanisms of self-organization and congenital
defects as well as to generate future mature and complex human
heart models suitable for drug discovery and regenerative
medicine.
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7. Discussion

In the last few years, many breakthroughs have been achieved in developing cardiac
in vitro systems. Most of these self-organizing models focus on mimicking the
development of the left ventricle and atria derived from the FHF progenitor population,
while only a few studies also started to include the SHF progenitor populations.
However, most of these SHF protocols have several limitations, including
heterogeneity, the unclear identity of CMs, and they miss the genetic and functional
validation of compartment specificity. In addition, present cardiac organoid systems
exhibit significant variability during generation, including the ratio of FHF versus SHF
cells within one organoid, thereby hindering the quantitative analysis of developmental
processes or morphogenetic disorders.

We developed a cardiac in vitro system that is signaling controlled, aligned with
development, and encompasses all major compartments of the developing embryonic
human heart. We generated differentiation protocols for the three cardiac progenitor
populations (FHF, aSHF, and pSHF) and differentiated them further into different
regions of the heart, including LV, RV, OFT, Atria, and AVC. The 2D to 3D
differentiation approach, where we aggregate cells in 3D only after they undergo
mesoderm induction, ensures that we generate homogenous progenitors and that no
sorting step is required. We discovered that different levels of Activin/Nodal and WNT
signaling during mesoderm induction, followed by TGF-beta/Nodal signaling inhibition
during the patterning stage, determine the specificity of the SHF lineage vs. the FHF.
This contrasts with most other SHF protocols, which mainly change mesoderm
induction conditions to specify the SHF. However, TGF-beta/Nodal inhibition has been
previously shown to instruct cells towards the head mesoderm region of the embryo,
which springs from a shared cardio-pharyngeal progenitor pool as the aSHF
(Nandkishore et al. 2018; Arkell and Tam 2012).
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Additionally, the role of RA signaling in our system is particularly noteworthy. We
showed that the timing and dosage of RA signaling play a crucial role in the
specification ((Niederreither and Dollé 2008; Zaffran, El Robrini, and Bertrand 2014;
Nakajima 2019). We found that aSHF patterning and further OFT differentiation do not
require any RA addition, while for RV specification, high levels of RA at a later stage
are necessary. Additionally, high levels of RA during the patterning stage are needed
for pSHF and subsequent atrial and AVC specification. In contrast to many other SHF
protocols, we performed an extensive analysis of the identity of the CMs, where we
were able to confirm region-specific gene expression, morphogenesis, and

functionality.

We validated our cardioid platform using compartment-specific teratogens and
knockout lines. Drug experiments were performed using acitretin, which led to specific
effects and highlighted again the importance of RA signaling in our system. Retinols
have a strong effect on differentiation speed, morphogenesis, differentiation efficiency,
and, most importantly, cardioid identity. We were able to demonstrate that the addition
of acitretin leads to an identity switch of the OFT cardioids more towards an atrial fate.
Furthermore, we used well-studied KO lines (TBX5 and ISL1) (Bruneau et al. 2001;
Cai et al. 2003) that are known to lead to region-specific effects, as well as less
characterized transcription factors in the cardiac context, like FOXF1. Since the
cardioid system is very robust and quantifiable, it enables us to study so far unknown
factors that could cause cardiac defects and allows for cardiac drug discovery and
drug toxicity testing. Additionally, our HTP platform will enable the study of patient-
specific mutation lines, which could be vital to modeling diseases and developing
therapies.

Multi-chambered cardioids provide a unique opportunity to investigate a time window
of development inaccessible in the human embryo. In particular, the initiation of the
beat in the human heart is very difficult to explore (Watanabe et al. 2016). Data from
mice and chickens suggest directional electrochemical signal propagation occurs early
in heart development. The differentiating LV derived from FHF progenitors is the

region where the electrochemical signal first appears (R. C. Tyser et al. 2016). In our
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multi-chambered cardioids, we were able to recapitulate this process and have shown
that the LV starts to beat and that the electrochemical signal can propagate through
the other compartments of the multi-chambered cardioid. This allows a unidirectional
flow within the cardioid. Taken together, using multi-chambered cardioids, we were
able to study so far hidden aspects of early human heart development, like the
crosstalk of different compartments and the unidirectional electrochemical signal

propagation.

Regardless of the utility, there are still several limitations to the current cardioid system
that need to be addressed in the future. One major limitation is the morphology of the
cardioids. Migration of SHF progenitors into the heart tube, looping, septation, and the
inclusion of pacemaker cells are important factors that need to be considered to fully
mimic the development of the human heart. Another limitation is the maturation of the
CMs within the cardioids. We observed that when the cardioids are kept in our
standard media composition (CDM-I), they slowly lose their identity. To be able to
mature the CMs and to ensure that they keep their identity, we cultured our cardioids
in published maturation conditions (M. Feyen et al. 2020; Garay et al. 2022). We tested
these protocols successfully on the LV and RV and observed the upregulation of
maturation markers and the development of organized sarcomeres. However, these
protocols only focus on the maturation of ventricular CMs and do not promote the
maturation of atrial cardioids. This treatment led to the upregulation of MYL2, a
ventricular maturation marker independent on the identity of the CMs. This suggests
that all cardioid subtypes need separate maturation conditions, and further

optimization is still needed for atria, AVC, and OFT cardioids.
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Aspects missing in Schmidt, Deyett et al., 2023

Progenitor

identities CM identities morphogenesis disease aspect

Juxta-cardiac field Migration of SHF progenitors

progenitors SAN and AVN and looping Patient specific defects
Atria derived from . . Adult-onset
Interaction with endoderm . .
FHF cardiomyopathies

Later processes including
valve initiation, septation,
pacemakers, chamber Validation of the platform at
trabeculation and ballooning, | a more mature stage
coronary vasculature and
circulation

Growth of cardioids and
maturation of CMs

Table 3: Limitations of this study.

In vivo, after the looping of the heart, cardiac valve development gets initiated in the
AVC and OFT region (human embryonic day 31 to 35) to ensure unidirectional flow.
This process requires the interaction of two cardiac layers, CMs and ECs, as well as
the cardiac jelly in between, an ECM layer filled with hyaluronan (Haack and Abdelilah-
Seyfried 2016). In Hofbauer et al., 2021, we demonstrated that by modulating the
Activin and WNT signaling during the mesoderm induction, we observe an inner lining
of EC, an outer lining of CMs, and in-between a fibroblast population. Since the
epicardium was absent in these cardioids, we assume that the ECs underwent EMT
and differentiated into fibroblasts, thereby mimicking the early steps of valve initiation
(cushion formation). However, in Hofbauer et al. 2021, the CMs had an LV-like identity
and not OFT or AVC-like. Therefore, we optimized the valve initiation approach in our
current cardioid system and used OFT and AVC cardioids containinga CM and an EC
layer. Based on developmental literature (O’Donnell and Yutzey 2020) and protocols
to generate 2D valve cells from hiPSC (Neri et al. 2019; Cheng et al. 2021), we added
TGF beta, BMP, and FGF to induce valve initiation. This led to an additional cell layer
between ECs and CMs that was SOX9 positive, which is a marker for interstitial valve
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cells. This suggests that cardioids are a promising system for future studies to
understand developmental mechanisms driving early human vasculogenesis in
development and disease. This would be particularly important since most of the
described human cardiac mutations are causing developmental valve defects (Houyel
and Meilhac 2021).

One challenge in the cardiac organoid field is the generation of endothelial cells with
distinct gene expression profiles and functional properties within the heart, which are
called endocardial cells. The ECs appearing in our cardioids mainly lack the
expression of these key endocardial markers (NKX2-5 and NPR3). Our hypothesis is
that adding VEGF inhibits endocardium identity; however, most of our protocols to co-
differentiate CMs and ECs include VEGF. We envision that an alternative approach
could be to adapt a published endocardial protocol based on FGF2- and BMP10-
mediated specification and generate separate cardioids with either CM or endocardial
cells. After the specification of these cell types, these cardioids can be combined
again, allowing the use of cardioids containing CMs representing all regions, as well
as region-specific endocardial cells in a more precise media composition independent
of signaling important for CMs development. This approach would more closely mimic
in vivo development since ECs and CMs progenitors split up very early in

development.

Another related aspect that is still missing in our cardioid system is coronary
vascularization. Organs must be supplied with nutrients, remove waste, and maintain
gas exchange via a vascular network filled with blood. Since in all organoids, proper
circulatory vascularization is missing, many systems, for example, cerebral organoids,
show a necrotic core. Recently, there have been attempts to generate vascular
networks in cardiac organoids (Lewis-Israeli, Wasserman, and Aguirre 2021), but real

circulation has not yet been achieved.

In summary, cardioids provide an advanced platform to study human compartment-
specific cardiac defects and the underlying mechanisms. In addition, they allow us to
investigate the interaction of different compartments and study signal propagation at
a time window of human development that is inaccessible. Lastly, because of the HTP
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aspect, cardioids have a great potential to develop novel drug discovery and toxicity
testing pipelines. Nevertheless, cardioids are unlikely to fully replace animal models in
preclinical investigations, but they are highly complementary and will allow us to bridge

fundamental and translational research as the system develops further.
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