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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. 
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2. Zusammenfassung 
 
Die Hauptursache für den Tod von menschlichen Föten sind Fehlbildungen in der 

Herzentwicklung. Aufgrund der Unzugänglichkeit und der Geschwindigkeit der frühen 

Herzentwicklung beim Menschen es schwierig die Ursachen von angeborenen 

Herzkrankheiten zu untersuchen. Zusätzlich 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, einschließlich der rechten und 

linken Ventrikel, Vorhöfe, Ausflusstrakt und des Atrioventrikularkanals, nachbilden. 

Unter Nutzung von sowohl 2D- als auch 3D-Differenzierungstechniken haben wir 

effizient unterschiedliche Vorläuferpopulationen herstellen können, die die Identitäten 

des ersten, anterior und posterior zweiten Herzfeldes repräsentieren. Dieser 

Fortschritt ermöglichte uns die reproduzierbare Herstellung von Kardioiden mit 

Kompartiment spezifischen Genexpressionsprofilen, Morphologien und 

Funktionalitäten, ähnlich denen, die in vivo gefunden werden. Wir nutzten unsere 

Mehrkammer-Plattform, um die Ontogenese der Signal- und Kontraktionsausbreitung 

zwischen verbundenen Herzkammern zu verstehen. Darüber hinaus ermöglichte sie 

uns, zu analysieren und zu verstehen, wie Mutationen, Teratogene und Medikamente 

Kompartiment spezifische Defekte während der entscheidenden Phasen der 

menschlichen Herzentwicklung hervorrufen. 
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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 5th 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).  

 

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). 

 

 

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 FOXA2 

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 (Ivanovitch 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, TBX5, 

FOXF1 and HOXB1 (Kelly, Buckingham, and Moorman 2014; Meilhac and 

Buckingham 2018; Kelly 2023). 

 

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. 

 

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. 
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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/β-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 HAND2. 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 HAND2 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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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. I 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, I 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, I developed a protocol for the aSHF using dual WNT and TGFb 

inhibition. Since the original 3D cardioid protocol led to a heterogenous TBX1+ 
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population, I 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, I 

established a robust and highly efficient differentiation protocol to differentiate these 

aSHF progenitors into RV and OFT CMs. In addition, I 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. I 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 Ilmer, we characterized the morphology and the gene 

expression of the cardioids derived from different progenitors using RNAseq, various 

histology techniques, and flow cytometry. Moreover, I 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 Ilmer 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, I 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). I 

mainly focused on the morphological, gene expression, and beating behavior changes 

of the TBX5 KO line, whereas Tobias Ilmer 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 Ilmer, 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, 
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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 
progenitors SAN and AVN Migration of SHF progenitors 

and looping Patient specific defects  

  Atria derived from 
FHF Interaction with endoderm Adult-onset 

cardiomyopathies 

    

Later processes including 
valve initiation, septation, 
pacemakers, chamber 
trabeculation and ballooning, 
coronary vasculature and 
circulation 

Validation of the platform at 
a more mature stage 

    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 containing a 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 



 
 
 
 
 

66 

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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