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Abstract

Cardiomyopathies are a group of structural and functional disorders of the heart muscle that often lead to heart failure, caused by
combined genetic and acquired triggers. Phospholamban (PLN) is a cardiac protein involved in Ca2+ homeostasis in cardiomyocytes
(CMs), being a crucial regulator of cardiac contractility. Deletion of arginine 14 in the PLN gene (R14del) cardiomyopathy is a severe, not
yet fully understood disease. R14del is associated with the dilated cardiomyopathy (DCM) phenotype, including ventricular arrhythmias,
cardiac fibrosis and sudden cardiac death, with no effective treatment available. Thus, the current in vitro systems available fail to
translate, not providing a proper insight into the complex dynamics of the human heart. Alternatively, three dimensional (3D) models can
recapitulate the native tissue’s microenvironment and its pathophysiological conditions, possibly comprising cells derived from human
induced pluripotent stem cells (hiPSCs), obtained from patients with specific known genotypes. Specifically, using R14del patient-
specific hiPSC-derived CMs can help bridging the disease modelling gap and elucidate on the link between impaired contractility,
Ca2+ mishandling and the amount of fibrosis in the hearts of PLN R14del patients.

In this project, a new methodology for the generation of cardiac spheroids was developed and a technique for human cardiac
organoids (hCOs) generation was adapted and optimised using mutation carrier and healthy cell lines. The systems established
permitted the study of 3D cellular architecture, detection of cardiac fibrotic remodelling in PLN R14del, beating rate measurements and
Ca2+ transients analysis, where a clear contrast was identified between PLN R14del and CTRL.
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1. Introduction
Cardiovascular diseases (CVDs), including cardiomy-

opathies, are the number one cause of death globally,
according to the World Health Organization [1]. Thus, they
have taken centre stage in many biomedical research projects.
Genetic predisposition, such as mutations in Phospholamban
(PLN), have a relevant causal link in the development of car-
diomyopathies. These pathologies are disorders of the cardiac
muscle that cause mechanical and/or electrical dysfunction.
Since cardiomyocytes (CMs) are the key component for cardiac
contraction which is regulated by Ca2+ homeostasis in each
CM, it is natural that pathologies linked to a disruption in
the beat-to-beat controlled Ca2+ handling process amount
to a third of all deaths in the developed world [2]. Cardiac
development and pathology are regulated by Ca2+ signalling
pathways acting on gene expression and CM growth, which are
also crucial factors for Ca2+ homeostasis in the heart. Notably,
altered Ca2+ underlies a number of pathological events such
as inappropriate cardiac growth, rhythmic disturbances and
heart failure [2]. Specifically, CM dysfunction and consequent
arrhythmias can arise from an increase in cytosolic Ca2+

concentration or prolonged intervals of increased Ca2+ [3].
The pump function of the heart is mediated by the syn-

chronous contraction of the CMs where intracellular Ca2+ han-
dling is a tightly-controlled process to ensure optimal electri-
cal and mechanical CM function. Excitation-contraction cou-
pling (ECC) is the process in which the action potential gener-
ated by pacemaker cells is transducted into the CMs’ contrac-
tile response. Briefly, CM depolarization activates Ca2+ entry
in the cell via depolarization-activated L-type Ca2+ channels
(LTCC). Subsequently, Ca2+-induced Ca2+ release (CICR) oc-
curs where Ca2+ binds to and opens ryanodine receptor type 2
(RYR2), inducing the release of a much larger quantity of Ca2+

from the sarcoplasmic reticulum (SR). The increase in cytoso-
lic Ca2+ concentration potentiates Ca2+ binding to troponin C
allowing the thin (actin) and thick (myosin) filaments to interact
and develop force, allowing for CM contraction. During diastole
(heart’s relaxation), Ca2+ dissociates from troponin C and its
removal from the cytosol occurs due to Sarcoplasmic reticulum
Ca2+-ATPase’s (SERCA2a) function to reuptake Ca2+ back in
the SR [2, 4, 5].

PLN is a 52-amino acid protein located in the SR mem-
brane that regulates the SERCA2a pump, reversibly inhibiting
its Ca2+ affinity [6]. Evidently, mutations in the PLN gene are
highly linked to the disruption of the SERCA-induced balance
of Ca2+ handling. The deletion of arginine 14 codon (R14del)
in the PLN gene has an irreversible super-inhibitory effect of
SERCA2a activity, resulting in blockage of Ca2+ reuptake [7].
PLN R14del, being linked to an impaired Ca2+ reuptake and
contractility, results in malignant arrhythmias and sudden car-
diac death [8, 6]. Interestingly, the R14del mutation appeared
to be the most prevalent cardiomyopathy-related mutation in
the Netherlands, being present in 15% of patients with dilated
cardiomyopathy (DCM) [8]. Arising from a variety of genetic
and acquired triggers, the clinical course of patients with DCM
is remarkably heterogeneous given distinct pathophysiological
features [9]. When compared to other mutation carriers, pa-
tients with a PLN mutation have a higher frequency of left ven-
tricle structural and functional abnormalities [8]. Moreover, PLN
R14del hearts were compared with hearts with desmosomal,
lamin A/C, sarcomeric and desmin mutations and presented the
highest amount of myocardial fibrosis (found in a distinct pat-
tern in the posterolateral left ventricle wall) [10]. Ultimately, it
has been determined that PLN R14del mutation carriers have
higher incidence of malignant ventricular arrhythmias with left
ventricular ejection fraction <45%, premature sudden cardiac
death and end-stage heart failure when compared to DCM pa-
tients that do not carry this pathogenic variant [6, 7].

Given the highly variable phenotype of patients with PLN
R14del cardiomyopathy, ranging from asymptomatic to car-
diomyopathic, the prognosis is significantly poor. Therefore, it
is understandable that the assessment of the molecular mech-
anisms underlying the pathogenesis of the disease becomes
an even more difficult task [8]. The previously developed mod-
els for this disease have highlighted a few pathological features.
Some of this data has even been correlated to the human dis-
ease phenotype. However, further elucidation is still needed
to connect the phenotype to disease development and sever-
ity. Additionally, to date, the link between impaired contractility,
Ca2+ mishandling and the profound amount of fibrosis found
in the hearts of PLN R14del patients remains unknown along
with the link between the mutation and the severity of the car-
diomyopathy and arrhythmias generated. Nevertheless, in the
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past decade, research using animal and standard cellular mod-
els has potentiated further understanding into the genetics and
physiology of the heart. Complemented by work with cellular
models using human pluripotent stem cells (hPSCs), including
human embryonic stem cells (hESCs) and hiPSCs, the field is
progressing with providing proper insight into the complex dy-
namics of the human heart as a whole [11, 12, 13, 14, 15].

Specifically, hiPSCs can be an unlimited supply of cells ob-
tained from patients with known genetic diseases. Hence,
they can better represent their pathophysiological phenotypes,
constituting a clinically-relevant platform for cardio-active drugs
screening [16]. Deriving CMs from hiPSCs can be efficiently
done through defined small molecule differentiation protocols
using chemically defined serum free media, which were re-
ported to have reduced lot-to-lot variability of CMs [17, 18].
Upon cardiac differentiation, the model developed needs to be
evaluated for its fundamental characteristics. Taking into con-
sideration either cell-cell and cell-extracellular matrix (ECM) dy-
namics in the human heart or tissue dynamics between the dif-
ferent cardiac cell layers, there is a high demand for the devel-
opment of new experimental models that allow for a long-term
evaluation of cardiac function in a controlled laboratory setting.
Animal models are the most physiological model but there is an
imprecise control of complex integrated processes in vivo which
can mask key underlying mechanisms and present contradic-
tory outcomes. 2D cell cultures on engineered substrates are
undoubtedly easier to control than animal models but strikingly
non-physiological and present a limited predictability [19]. In-
stead, 3D systems such as spheroids can provide a microenvi-
ronment mimicking the native tissue dynamics and their patho-
physiological conditions. This investigation can rarely be per-
formed directly in the organ due to ethical issues and source
scarcity. As a result, 3D structures formed by stem cells and
consisting of organ-specific cell types have also been devel-
oped, called organoids.

Organoids are defined as 3D structures, mimicking tissue
and respective organ dynamics and structure. They are com-
posed of organ progenitors or different stem cell types typi-
cally present in the organ it intends to resemble with the ability
to self-organize through cell sorting and spatially restricted lin-
eage commitment, reflecting organogenesis in vitro [20]. These
structures are expected to present both functional similarities
and homologous gene expression profiles compared to their
in vivo tissue counterpart [21]. Importantly, as spheroids and
organoids can be derived from hiPSCs either from healthy
donors or patients, using Clustered Regularly Interspaced Short
Palindromic Repeats (CRISPR)-Cas9 technology, they can be
applied for not only disease modelling but also patient-specific
drug screening. Therefore, they represent highly relevant tech-
nologies to be applied for personalized medicine [22].

Hence, 3D models are incredibly pertinent for PLN R14del
cardiomyopathy, for which there are no specific therapeutic
treatment options available. Current guidelines for heart failure
and ventricular arrhythmias are followed, where, unfortunately,
the therapeutic option for this cardiomyopathy is heart trans-
plantation. This is not a lifetime solution as the average lifespan
of a heart transplant is 9.16 years [23]. In attempts to advance
the field, studies in human mutation carriers are laborious, ex-
pensive and strikingly long, explaining the urgent need for ef-
ficient, physiological, robust and reproducible disease models.
This way, the field is progressing towards recapitulating com-
plex cardiac disorders and to engineer 3D models of the heart
in vitro.

Therefore, the following thesis aims to elucidate the molecu-
lar mechanisms related to the PLN R14del phenotype in a 3D
context establishing cell-based systems for 3D culturing of pro-
liferative CMs derived from hiPSCs. Using this culturing plat-
form, it is expected that the 3D model contributes to a better
understanding of the disease phenotype and can constitute a
robust middle-high throughput screening platform for novel ther-
apeutic strategies to cure the PLN R14del disease.

2. Materials and Methods
2.1. Cardiac spheroids and organoids genera-

tion
Two previously established hiPSC lines (SCVI-273, Sendai

virus reprogrammed, peripheral blood mononuclear cells
(PBMCs), female [24] and PLN R14del patients [25] were grown
to ∼90% confluence in a 6 wells cell culture plate (Greiner,
657160). All hiPSC lines (passage 20-50) were maintained in
E8 medium (Gibco, A1517001) for at least three passages be-
fore starting cardiac lineage differentiation with media change
occurring every day. hiPSC-CM differentiation was performed
using small molecule-based Wnt-modulated protocol previously
described starting at D0 with RPMI 1640 + L-Glutamine (Life
Technologies, 11875-093) supplemented with 2% B-27 supple-
ment minus insulin (Life Technologies, A1895601) and 8 µM
CHIR99021 (CHIR) (Selleckchem, S2924), a canonical Wnt
pathway activator (via specific GSK3β) inhibition) [11, 26].

At D11, wells that contained more than 80% beating cells
were treated with TrypLE Select Enzyme 10X (Gibco, A12177)
at 37° C for 10-15 minutes (0,75 mL/well in a 6-well plate). In
a 6 wells low attachment plate (Corning Costar, 3471) culture
format, spheroid generation was optimized to obtain ∼400 µm
diameter structures, resulting in seeding 1.2 million cells per
mL of RPMI 1640 + L-Glutamine (Life Technologies, 11875-
093) supplemented with 2% B27 supplement plus insulin (Life
Technologies, 17504-044) with rho-associated coiled-coil pro-
tein kinase (ROCK) (1:1000, Roche, S1049). In 96 wells round-
bottom ultra-low attachment plate (Corning Costar, 7007) cul-
ture format, the number of cells to seed were 7500 and 5000
for 250 µL of RPMI-B27+ins + ROCK (1:1000), allowing for the
generation of 1 spheroid per well. The plates were kept on the
rotation plate (70 rpm, 37° C, 5% CO2) until fixation on the final
time point. On D12, the spheroids were formed using both for-
mats and spontaneous beating was detected from D12-D13, 2
days after spheroid assembly. Medium exchange (∼1 mL for 6
well format and 166 µL in 96 well format) took place every 2-3
days with previously warmed media in water bath (37° C) till the
spheroids were ready to be fixated and assays performed. To
ensure the fidelity of the disease model and enhance electro-
physiological and mechanical characteristics of hiPSC-derived
CMs, a maturation medium was used [27]. In both formats, the
media was changed from RPMI-B27+ins to maturation medium
around D19-21, depending on the morphology of the spheroids.
For a minimum of 3 weeks (∼D42) prior to the characterization
and functionality assays were performed, spheroids were kept
in this maturation medium, which was also exchanged every 2-3
days (166 µL) [27].

The hCO generation protocol was based, adapted and opti-
mized according to previously established protocols for the for-
mation of 3D cardiac microtissues and self-organizing hCOs
[11, 28, 12, 13]. Embryoid body (EB) formation occurred 2
days prior to the start of cardiac differentiation (D-2). This way,
∼70% confluent hiPSCs were dissociated with 0.5 mM EDTA
(Thermo Fisher, 15575020) (0,5 mL in 6 well format, 3 mL in a
T75 flask (Greiner, 658170) waiting 3-5 min, checking for disso-
ciating cells under the microscope. After cell counting, hiPSCs
were transferred to a round-bottom ultra-low attachment 96 well
plate (Corning Costar, 7007) making up 10000, 7500 and 5000
cells per well where the final volume of E8 + ROCK (1:1000)
media was 250 µL. The plate was centrifuged after cell seeding
at 200xg for 5 min, and kept in the rotation plate (70 rpm, 37°
C, 5% CO2) throughout the whole experiment, namely until as-
says could be performed on hCOs. On D-1, E8 medium was re-
freshed. The differentiation process was followed as described
for the spheroid generation protocol with alterations on D2, D6
and D7. Differentiation began on D0, after EBs were formed,
as 166 µL of media were removed from each well, adding 166
µL of RPMI-B27-ins supplemented with 4 µM/8 µM of CHIR in
each well [28]. After activation on D0 occurred using CHIR,
Wnt pathway was inhibited on D2 through exposure to 2 µM of
Wnt-C59 (Tocris Bioscience, 5148) for 48h in each well. On
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D4, media was refreshed and on D6 it was exchanged to RPMI-
B27+ins. Spontaneous beating was to be detected around D6-
D8, 8 days after EB assembly. On D7, each well was exposed to
2 µM CHIR for 1h, constituting the last pathway activation step.
From D7 onwards, media was exchanged every 2 days until
RPMI-B27+ins was exchanged to maturation media on D19-21.
hCOs were kept in maturation media for a minimum of 3 weeks
(∼D42) until fixation prior to assays execution [27]. Bright-field
images were obtained with microscope Olympus CKX41 and
further analysed for diameter measurements using the open-
source Fiji Software, ImageJ (https://imagej.net/software/fiji/).

2.2. β-adrenergic stimulation in cardiac
spheroids

On the final time point (D42, upon ∼3 weeks of maturation),
isoproterenol hydrochloride (ISO) (Tocris, 1747/100), was di-
luted in the maturation media at a final concentration of 100
nM and added at 37° C to the wells (6-wells format). CTRL and
PLN spheroids were treated in the same conditions and bright-
field videos were captured after 15 minutes of exposure to ISO,
to be analysed to quantify beats per second.

2.3. Immunofluorescence analysis
For immunofluorescence (IF) staining, a recently published

protocol was used and optimized [29]. The spheroids and
organoids were resuspended in 1 mL 4% paraformaldehyde
(PFA) solution (Santa Cruz, 30525-89-4) for 45 min for fixation
at 4° C. Spheroids and organoids were labelled using nuclei
(DAPI/Hoechst 33342, Invitrogen), CM sarcomeric (α-actinin,
Merck, A7811) and CF (Pro-COL1A1, Millipore, ABT257) mark-
ers. The samples were imaged using Leica SP8 Confocal Mi-
croscope at 63x magnification. Confocal images were anal-
ysed with the ImageJ software where the relative levels of the
α-actinin and pro-COL1A1 proteins were measured. For cell
quantification in the microtissues, DAPI/Hoechst positive cells
were counted and used for normalization against the target cell
marker of interest (α-actinin and Pro-COL1A1). A MaxEntropy
threshold was used to measure the DAPI/Hoechst+, α-actinin+
and Pro-COL1A1+ areas.

2.4. Calcium assay
To examine electrophysiology in the generated CTRL and

PLN constructs, a 3D-calcium handling assay previously devel-
oped in our lab was used. The constructs were loaded with
the Cal520 dye (Abcam, ab171868). The Cal520 working solu-
tion was prepared on the days of the assay diluting the Cal520
aliquot (2.5 mM stock) 1:1000 with 0,02% Pluronic® F-127
(10% stock, required for successful dye loading according to
the manufacturer, Sigma Aldrich, P2443) in FluoroBrite DMEM
media (Thermo Fisher, A1896701). Thereafter, the spheroids
and organoids were diluted 1:1 with the Cal520 working so-
lution, removing maturation media accordingly. The plates al-
ready dye-loaded were incubated in 37° C 5% CO2 for 1h be-
fore the calcium assay was performed. During the incubation
step, the microscope was warmed to 37° C. Leica Thunder i8
microscope was used to collect the videos of the Ca2+ tran-
sient of whole spheroids and organoids with a capture rate of
200 frames per second (8-10 seconds videos) and low expo-
sure. Finally, the video files (AVI) were converted to TIFF format
pictures using the ImageJ software, and uploaded in the Cyte-
Seer® Automated Video Analysis software (Vala Sciences).

2.5. Statistics
Two-group analysis used the Unpaired Student’s t test. The

p values for significant differences are visualized as: *p < 0.05,
** p < 0.01, *** p < 0.001, **** p < 0.0001. Data are expressed
and plotted as the Mean ± SD as indicated in figure legends.
The sample size used in each experiment is indicated in the
figure legends. Statistical analysis was performed using Graph-

Pad Prism 8.2.0.

3. Results & Discussion
3.1. Generation of cardiac CTRL and PLN

spheroids and organoids
In this project, we aimed to construct a 3D model of the hu-

man heart able to recapitulate hallmarks of the PLN R14del car-
diomyopathy. To achieve this purpose, two methodologies were
developed, optimized and examined.

The spheroid generation protocol is a novel system resulting
from extensive literature review that allows for the production of
a significant amount of cardiac physiologically-relevant models
[15, 13, 14]. The protocol for hiPSC differentiation into CMs for
CTRL and PLN R14del cell lines was followed as Figure 2 A
presents with bright-field images taken at the indicated times
(Figure 2 C). As stated in literature, most successful cardiac ex-
pansion is obtained when started between D10 and D14 and
spontaneous contraction in hiPSC-derived CMs monolayers is
detected on D11 [30]. Consequently, expansion of CMs was
started on D11 along with spheroid formation. After cell recov-
ery from replating, CMs began aggregating seeded in 6 wells
low attachment and 96 wells ultra-low attachment culture plates.
Regarding cell seeding number, 7500 cells presents no signifi-
cant diameter change over the course of the experiment for both
cell lines. In contrast, using 5000 cells showed a statistically sig-
nificant increase, possibly indicating that cell-cell contact could
be inhibiting CM proliferation as stated in previous reports [26].
Thus, 5000 can be considered as a more valuable option to use
as cell seeding number given that spheroids from both cell lines
were established and showed significant growth overtime with
beating activity. Spontaneous beating was detected after 24-
48h of plates incubation in the rotation plate (Figure 2 G). Func-
tional spheroids were successfully established as a significant
amount of spheroids (∼80%) first started beating after aggre-
gation (D12). Before maturation conditions were applied (D19),
99% showed regular beating. This was observed for both cell
lines which supports the robustness and reproducibility of the
differentiation and spheroid generation techniques used. Fur-
thermore, at the final time point (D42) after maturation, the beat
rate was measured for both conditions, validating the function-
ality of the spheroids generated (Figure 2 G).

Secondly, a different technique was used to focus on estab-
lishing a system for 3D culturing of hiPSCs as EBs prior to car-
diac differentiation. The end goal of using this different proto-
col was to obtain a more organoid-like functional structure in
the sense that self-organization throughout differentiation in 3D
would be possible. This system was adapted from established
methodologies in order to create self-organizing morphologi-
cally complex hCOs from hiPSCs [11, 28, 12], according to the
timeline presented in Figure 2 B. hiPSCs aggregation 2 days
prior to the start of the differentiation process allows for cardiac
differentiation to occur in 3D. The organoids were first kept in an
incubator during organoid generation and maintenance. Never-
theless, it was noted that hCOs were not increasing in size and
showed an abnormal development attributed to poor medium
quality (Figure 5B from the work of Baillie-Johnson et al. [31]).
Hence, an adjustment was made for optimized hCOs genera-
tion and, for all subsequent experiments and batches analysed
in this study, the plates were kept in a rotation plate instead.
This proved to enhance proper EB aggregation, size increase
and appropriate cardiac differentiation. Allowing for a proper
flow of the small molecules and media used, this adjustment
circumvented the significant diffusion gradient possibly under-
lying these problems and more homogeneous hCOs exposure
to the components and nutrients was possible. In Figure 2 D,
whole mount bright-field images of developing hCOs over the
course of the experiment show that both CTRL and PLN cell
lines were expanding during the experiment, being kept in the
rotation plate similar to the cardiac spheroids plates. A signif-
icant diameter increase was detected for both cell lines using
5000 and 7500 as cell seeding numbers (Figure 2 F), endors-
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ing the use of the same numbers for 96-well setup in spheroid
formation. Albeit, following Lewis-Israeli et al. [11], 10 000 hiP-
SCs were seeded in each well. This condition generated abnor-
mal EBs with irregular morphology along development, whose
structure was associated with a too high number of cells (Figure
5B from the work of Baillie-Johnson et al. [31]). Furthermore,
this condition also reported a much less significant diameter in-
crease overtime (Figure 2 F). This can be explained by the pos-
sible diffusion gradient of small molecules and nutrients asso-
ciated with 3D structures during the differentiation process and
media refreshing being more striking given the higher cell num-
ber. Since CHIR concentration is cell-line-dependent [30, 26],
CHIR concentrations of the 24h exposure on D0 were tested (4
µM and 8 µM) [11, 28]. Indeed, a significantly higher amount
of hCOs were beating on D15 having been exposed to 4 µM of
CHIR for 24h on D0 in comparison with the hCOs exposed to 8
µM (Figure 2 H). Thereafter, taking these results into account,
for all subsequent batches analysed, 5000 and 7500 hiPSCs
were seeded in the 96 wells plate and 4 µM of CHIR was used
for the start of cardiac differentiation, since the response to both
concentrations tested was similar in both CTRL and PLN cell
lines (Figure 2 H).

3.2. Cardiac spheroids responsive to β-
adrenergic stimulation

After setting up the spheroid system, an evaluation of the con-
structs’ response to β-adrenergic stimulation was performed.
For this purpose, a cardioactive drug widely used clinically was
selected - isoprenaline (isoproterenol hydrochloride) [32, 33].
Isoproterenol is a β-1 and β-2 adrenergic receptor agonist,
binding to the β-adrenergic receptors in CMs. When this hap-
pens, a G-alpha stimulatory second messenger system is acti-
vated, resulting in adenylate cyclase activation. Subsequently,
this enzyme converts intracellular ATP to cyclic AMP (cAMP),
which activates protein kinase A (PKA). PKA phosphorylates
LTCC in CMs and enhances Ca2+ release from the SR via
RYR2 channels. Ultimately, this significant increase in intracel-
lular Ca2+ concentration translates in heart rate acceleration
given the positive inotropic and lusitropic effects of ISO [33, 34].

In Figure 1, it can be seen that CTRL and PLN spheroids pre-
sented a ∼2.1-fold increase of beating frequency upon admin-
istration of ISO. A previous report has demonstrated the same
behaviour in hiPSC-CMs cardiac organoids [15], while another
one using human heart slices showed a ∼2.04-fold increase
in contractility [35], which is comparable to the measurements
obtained in the present assay. Notably, these results are in con-
cordance with human heart measurements upon isoproterenol
administration [36].

Overall, the positive inotropic and lusitropic effects of ISO in-
dicate that the β-adrenergic signaling pathways in hiPSC-CMs
within the cardiac spheroids are intact, as a physiologically rel-
evant stimulation is detected. Physiological responses to iso-
proterenol have also been correlated with tissue maturity when
using the same maturation media and time exposure to it as
used in this project [37, 27]. Thus, appropriate hiPSC-CMs
maturity can be inferred. Consequently, this proof-of-concept
experiment of drug responsiveness in the 3D models generated
validates the potential physiological functionality. Therefore, this
indicates the applicability of the method for possible evaluation
and comparison of pathological features between the CTRL and
PLN spheroids.

Figure 1: Quantification of the contraction frequency of CTRL and PLN spheroids
untreated (-) and treated (ISO) with 100 nM of isoprenaline (3 independent biological
replicates, n=10 spheroids per condition, value = mean ± s.d., two-tailed, unpaired
t-test, ****p < 0.0001).

3.3. Heart spheroids and organoids produce
cardiac-specific cell lineages

Firstly, we examined overall morphology and cellular architec-
ture by whole-mount IF staining for nuclei (DAPI/Hoechst), CM
(α-actinin) and CF (Pro-COL1A1) markers with fixated struc-
tures on D42, after 3 weeks of maturation. These results can
be observed in Figure 3.

In Figure 3 A, it is noticeable that CMs showing sarcomeric
striation were located throughout the entire spheroid, whereas
CFs were found interspersed among CMs. Comparing CTRL
and PLN spheroids, cellular sorting and architecture in 3D
showed no remarkable difference that could be visualized us-
ing this assay. The evaluation of the overall spheroid morphol-
ogy aligned with previous reports also based on the seeding of
hiPSC-derived CMs resulting in similar size structures [38, 39].
As for hCOs, in Figure 3 B, the self-organization of each cell lin-
eage can be observed and cellular architecture understood us-
ing the same CM and CF markers previously specified. Spatial
cardiac differentiation was successful and could be observed
using CTRL and PLN hiPSCs. Notably, CMs appeared through-
out the whole hCO, being more directed towards the perime-
ter. CFs also seemed to be dispersed in the whole structure,
where the PLN R14del also did not seem to be related to any
significant cellular organization alteration. These observations
are supported by the report from which the methodology was
mostly adapted from [11].

Interestingly, we aimed to quantify the contribution of the dif-
ferent cardiac cell populations to the models obtained (Figure
3 C, D). Evidently, the spheroids were generated from hiPSC-
derived CMs whereas the organoids resulted from hiPSCs car-
diac differentiation in 3D. This means that disparities in cell ratio
were expected between spheroids and organoids as the self-
organizing method is associated with a possibly less controlled
differentiation process in the EB. Once again, the cellular com-
position obtained in the spheroids is consistent with other mod-
els [13, 40] and the cellular ratio quantified for CTRL hCOs is
similar to a previous report, from which the fabrication method-
ology was adapted [11]. Nonetheless, despite the differences
observed, in both systems there is a ∼90% and ∼73% increase
in Pro-COL1A1-positive area from CTRL to PLN spheroids and
organoids, respectively.

Taking the previous observations into account, we questioned
whether myocardial fibrosis could be recapitulated in the in vitro
models obtained, given that this is a hallmark of PLN R14del
cardiomyopathy. Cardiac fibrosis is characterized by excessive
deposition of ECM proteins in the myocardium, disrupting its ar-
chitecture and ECC with collagen as the main component of the
cardiac ECM [41, 10, 42]. The carboxy-terminal propeptide of
pro-collagen type 1 is synthesized by CFs and released during
the biosynthesis process and deposition of collagen 1, being
considered a biomarker of collagen synthesis and cardiac fibro-
sis [43, 44, 45].

Consequently, the images obtained by whole-mount IF stain-
ing of 3D structures were processed to understand the ex-
pression of COL1A1 gene in the 3D microenvironment. Pro-
COL1A1-positive spheroid area was significantly increased in
PLN spheroids at this final time point (Figure 3 E). Similarly, Pro-
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Figure 2: Generation of cardiac spheroids and cardiac organoids from CTRL and PLN R14del hiPSCs. A: Cardiac differentiation protocol including spheroid generation
steps; B: Cardiac differentiation while self-assembling hCOs are generated; C: Bright-field images of developing CTRL and PLN spheroids over the course of the experiment
(6 wells format). Scale bar: 400 µm; D: Brightfield images of developing CTRL and PLN hCOs throughout the differentiation process. Scale bar: 1000 µm; E: Quantification
of spheroid diameter overtime, according to cell number seeded on a 96 wells format (3 independent biological replicates, n = 8 spheroids per condition, value = mean ± s.d.,
two-tailed, unpaired t-test, ns: no significance, *p < 0.05, **p < 0.001); F: Quantification of organoid diameter overtime, according to cell number seeded (3 independent
biological replicates, n = 8 organoids per condition, value = mean ± s.d., two-tailed, unpaired t-test, ns: no significance, ***p < 0.001, ****p < 0.0001); G: Percentage of
beating spheroids from D12 to D19 (3 independent biological replicates). Quantification of the contraction frequency of CTRL and PLN spheroids at D42 (3 independent
biological replicates); H: Percentage of beating hCOs from D8 to D15 in exposure of different concentrations of CHIR on D0 (2 independent biological replicates).
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Figure 3: Cellular characterization of CTRL and PLN cardiac spheroids and organoids. A: Confocal immunofluorescence images of spheroids at D42 for Hoechst (blue),
α-actinin (green), Pro-COL1A1 (red) (CTRL in 96-well format and PLN represents the 6-well format). Scale bar: 50 µm; B: Confocal immunofluorescence images of hCOs at
D42 according to the same staining conditions as A. Scale bar: 50 µm; C: Pie charts of average cell composition in cardiac spheroids, calculated as the percentage of cells
with respective cell marker over all cells by nuclei counting using ImageJ (4 independent biological replicates, n = 10 spheroids per condition); D: Pie charts of average cell
composition in hCOs, calculated as the percentage of area with respective cell marker over all cells by nuclei counting using ImageJ (2 independent biological replicates, n =
5 CTRL organoids, n= 7 PLN organoids). E: Quantification of Pro-COL1A1+ area in the CTRL and PLN spheroids against total cell area (4 independent biological replicates,
n = 10 spheroids per condition, value = mean ± s.d., two-tailed, unpaired t-test, **p=0.001); F: Quantification of Pro-COL1A1+ area in the CTRL and PLN hCOs against total
cell area (2 independent biological replicates, n = 5 CTRL organoids, n= 7 PLN organoids, value = mean ± s.d., two-tailed, unpaired t-test, **p=0.0032).
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COL1A1-positive organoid area showed a significant increase
when also normalized to DAPI/Hoechst-positive area (Figure 3
F). It is statistically significant that COL1A1’s expression was el-
evated in PLN spheroids and organoids compared with CTRL.
This way, a possible recapitulation of myocardial fibrosis may
be considered where several pathological features intrinsic to
cardiac fibrosis can be underlying this phenotypic behaviour.
On account of cardiac fibrosis being a scarring event in the
myocardium with pathological alterations, these can comprise
an increased collagen type 1 deposition followed by cardiac fi-
broblast activation and transdifferentiation into myofibroblasts
[46, 47].

Once fibroblasts are activated, proliferation and migration ca-
pacity are increased and this is accompanied by abundant ECM
synthesis and deposition, showing increases in fibrillar colla-
gens in the ECM [43, 46]. Withal, myofibroblasts are pheno-
typically modulated and characterized by the expression of α-
smooth muscle actin (α-SMA) in organized stress fibers. They
show enhanced migratory, proliferative and secretory proper-
ties, being essential to fibrosis formation [42, 48, 10]. As de-
scribed, several distinct pathological scenarios can be the rea-
son for a significant enhancement of COL1A1 expression. Be-
sides, an alternative cause for this observation could be unpure
differentiation of hiPSC-derived CMs prior to spheroid formation
and unpure differentiation process of the hiPSC-EBs.

3.4. Ca2+ handling impairment in PLN R14del
models

Malignant ventricular arrhythmias are another key patholog-
ical feature of PLN R14del cardiomyopathy in human patients.
To further investigate this, Ca2+ handling properties were mea-
sured, namely, Ca2+ handling of CMs in the spheroids and
hCOs during ECC, including Ca2+ transient pattern and kinet-
ics using fluorescent Ca2+ imaging. In Figure 4 B and E, the
corresponding Ca2+ transients of the constructs can be seen.
These results indicate that the spheroids and hCOs generated
presented cardiac-like Ca2+ transients, which in turn translated
into contractions.

Regarding the Ca2+ sparks represented in Figure 4 A and
D, it is possible to note that for both PLN models, the Ca2+ dye
intensity is slightly lower which can be related to the decreased
SR Ca2+ storage. PLN R14del has a super inhibitory effect
on SERCA2a, causing a blockage in Ca2+ reuptake in the SR.
This means that the SR Ca2+ content decreases and, conse-
quently, less Ca2+ in the SR is available for subsequent con-
tractions. Additionally, in Figure 4 B and E, the CTRL showed
regular Ca2+ sparks, whereas PLN R14del constructs showed
a-synchronized Ca2+ sparks, potentially indicating an arrhyth-
mic Ca2+ cycling profile [7].

CTD25 and CTD75 together account for the overall duration
of the Ca2+ transient which is shortened in PLN. This is sup-
ported by the decreased Decay Time for both models, where
Decay Time represents the time SERCA2a takes to reuptake
Ca2+ back in the SR. Several factors could be underlying this
response. More specifically, this could also be an indicator on
the depressed SR Ca2+ content, that will contribute to a lower
amount of Ca2+ being present in the cytosol for contraction.
Hence, during relaxation, given low Ca2+ cytosolic concentra-
tion, impaired SERCA2a will pump it into the SR at a higher
rate than CTRL, where a greater concentration of Ca2+ needs
to be reuptaken for relaxation to occur [49]. Essentially, this
assay can indicate there is indeed abnormal Ca2+ handling
connected with the PLN R14del mutation. However, the ob-
servation of Ca2+ transient pattern and kinetics is not enough
to properly understand the high frequency of ventricular arrhyth-
mias in PLN R14del cardiomyopathy.

4. Experimental Limitations and Future Work

In an attempt to elucidate the still elusive PLN R14del patho-
physiology, the assays established were amenable and robust

to be performed in a middle-high throughput manner. Even
though the experiments allowed for a clear visualization and
detection of pathological phenotype features (such as cardiac
fibrotic remodelling and Ca2+ mishandling), their clear cause,
possible direct link or connection to disease severity was not
possible to unravel. Adjustments should be considered to im-
prove on the findings of this study.

Overall, across all assays, more replicates of hCOs batches
are necessary. On the spheroid generation methodology, it
would be valuable to co-culture hiPSC-derived CFs and en-
dothelial cells (ECs) alongside the CMs. This way, more cardiac
cell types would be present and a better representation of the
human heart could be obtained.

As for the immunostaining assay, it can be an appropriate
method for visualization purposes but not entirely for precise
quantification. For a complete understanding of cellular archi-
tecture and composition, staining of more cardiac specific cell
types is also crucial (ECs, endocardial and epicardial cells).As
discussed before, staining for α-smooth muscle actin (marker
for myofibroblasts) could help towards shedding light on the
exact fibrosis scenario associated with PLN R14del cardiomy-
opathy. After considering all the enumerated constraints, the
assay performed here also needs further validation for a ro-
bust and reliable cellular characterization and evaluation of car-
diac fibrosis as it is highly user-dependent and low throughput.
Fluorescence-activated cell sorting (FACS) could be an extra
assay performed, allowing for a differentiation efficiency quality
control step prior to spheroid formation and, on the final time
point, for both 3D systems, to better understand cellular content
in the models generated.

Taking into consideration both the complexity of the cardiac
arrhythmic scenario in general, and the still unclear cause of
the arrhythmic behaviour in PLN R14del cardiomyopathy, differ-
ent assays should taken into consideration. Possibly, applying
the previously established Ca2+ quantification assay [50] could
help bridging knowledge gaps, measuring Ca2+ content of the
SR, whether confirming or rejecting the hypothesis presented
based on Ca2+ content.

5. Conclusions

The present study sought to respond to the pressing need
for an adult human heart model, having established promis-
ing methodologies. The spheroid and organoid systems were
successfully developed and adapted, being able to confirm the
pathological features related to PLN R14del cardiomyopathy.

Regarding myocardial fibrosis, a fibrotic behaviour was in-
deed detected in a 3D microenvironment, which is highly rel-
evant in a human disease scenario with various components
possibly underlying the readout. Ca2+ mishandling was also
identified given the irregular Ca2+ transient pattern observed
in the PLN R14del models, attributed to a wide variety of dis-
tinct arrhythmic elements. Unraveling such specific pathological
mechanisms should be the focus of research in the future in or-
der to find ways to delay or revert the disease’s natural course
and severity progression.

Importantly, the poor prognosis associated with PLN R14del
cardiomyopathy and the absence of an available therapy is
a strong concern. Therefore, both methodologies developed
showed potential to be implemented for drug screenings in
a patient-specific high-throughput manner using their hiPSCs.
Being adjustable to a 96-well format, both platforms enable the
culture of one construct per well, where the tracking of individ-
ual hCOs under specific conditions is possible. This opens new
avenues for target identification and efficient therapeutic inter-
vention, potentiating new personalized medicine approaches.
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