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Cell-Derived Cardiac Organoids
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BACKGROUND: The therapeutic armamentarium for heart failure with preserved ejection fraction (HFpEF) remains notably
constrained. A factor contributing to this problem could be the scarcity of in vitro models for HFpEF which hinders progress
in developing new therapeutic strategies. Here, we aimed at developing a novel, comorbidity-inspired, human, in vitro model
for HFpEFR

METHODS: Human induced pluripotent stem cells—derived cardiomyocytes were used to produce cardiac organoids. The
generated organoids were then subjected to HFpEF-associated, comorbidity-inspired conditions, such as hypertension,
diabetes, and obesity-related inflammation. To assess the development of HFpEF pathophysiological features, organoids
were thoroughly evaluated for their structural, functional, electrophysiological, and metabolic properties.

RESULTS: Exposure to the combination of all comorbidity-mimicking conditions resulted in the largest cellular volume of
1692152 versus 1346+84 um® in RPMI (Roswell Park Memorial Institute medium) control group (P=0.003), while lower
in obesity, hypertension, and diabetes groups: 105940 pm?® (P=0.014), 127635 pm?® (P=0.940), and 157570 um?
(P=0.146), respectively. Similarly, ultrastructural fibrosis was most significantly observed after exposure to the combination
of all HFpEF-inducing conditions 14.6+1.2% compared with single condition exposure 5.2+1.3% (obesity), 6.7+3.56%
(hypertension), and 9.0£1.1% (diabetes; A<0.001). Moreover, HFpEF-related conditions led to an increase in passive force
compared with control (7.52+1.08 versus 2.33£0.46 mN/mm, A<0.001), whereas no significant alterations were noted in
active contractile forces. Relaxation constant t was significantly prolonged after exposure to HFpEF conditions showing a
prolongation of 95.9 ms (36.4—106.4; P=0.028) compared with a shortening of 35.6 ms (43.3-67.3; £=0.80) in the control.
Finally, organoid exposure to HFpEF conditions led to a significant increase in oxidative stress levels and a significant decline
in oxygen consumption rate.

CONCLUSIONS: We established a novel, human, in vitro model for HFpEF, based on comorbidity-inspired conditions. The model
faithfully recapitulated the structural, functional, and mechanistic features of HFpEF. This model holds the potential to provide
mechanistic insights and facilitate the identification of novel therapeutic targets.
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of the population leading to high rates of morbidity and
mortality.! Heart failure with preserved ejection frac-
tion (HFpEF) is a multifactorial disease associated with
significant morbidity and mortality along with detrimental
impacts on quality of life? HFpEF constitutes half of all

Heart failure is a growing pandemic affecting over 2%

heart failure cases, but unlike heart failure with reduced
ejection fraction, there are almost no treatments for HFpEF
that improve survival® One contributing factor to this issue
may arise from the limited availability of in vitro models for
HFpEF, which hampers the advancement of new therapeu-
tic approaches. Although some in vivo models have been
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WHAT IS NEW?

 Existing models for deciphering the pathogenesis
of heart failure with preserved ejection fraction
(HFpEF) and identifying potential novel therapeutic
targets remain limited.

* This study presents an in vitro model of HFpEF
generated with human cardiac organoids to emu-
late the disease.

* The development of the model was inspired by
mimicking in vitro the comorbidities commonly
associated with HFpEF, this multihit model effec-
tively reproduces essential HFpEF features, includ-
ing diastolic dysfunction with preserved contractile
forces, increased passive tension, mitochondrial
dysfunction, and oxidative stress.

WHAT ARE THE CLINICAL IMPLICATIONS?

* HFpEF is characterized by high morbidity and mor-
tality, with few survival-improving therapies avail-
able—unlike heart failure with reduced ejection
fraction.

* The absence of a suitable human-based HFpEF
model has likely posed a barrier to drug discovery
efforts.

* Developing an in vitro HFpEF model using human
cardiac organoids holds great potential for uncov-
ering the key mechanisms involved in the disease
and identifying new therapeutic targets.

* This model can support both broad-based and
patient-specific drug screening approaches.

Nonstandard Abbreviations and Acronyms

Ct cycle threshold

cTnT*e cardiac troponin T positive

DAPI 4’,6-diamidino-2-phenylindole

hCOs Human cardiac organoids

HFpEF Heart failure with preserved ejection
fraction

hiPSC human induced pluripotent stem
cells

iNOS Inducible nitric oxide synthase

NOS2 Nitric oxide synthase 2

NT-proBNP  N-terminal pro-B-type natriuretic
peptide

OCR Oxygen consumption rate

PCR Polymerase chain reaction

ROS reactive oxygen species

SERCA Sarcoplasmic/endoplasmic reticulum
Ca*? ATPase

XBP1s spliced Xbox-binding protein 1

XBP1u unspliced Xbox-binding protein 1

ZSF1 Zucker fatty spontaneously

hypertensive F1 hybrid rat

HFpEF Human Cardiac Organoid Model

recently suggested,*” there are currently no models based
on human tissues which could further impede the identifi-
cation of relevant novel therapeutic targets. An additional
complexity in the modeling of HFpEF arises from the mul-
tifactorial nature of the disease, commencing from the con-
fluence of various comorbidities, including but not limited to
obesity, hypertension, and diabetes.'®

In terms of functionality, HFpEF is characterized by
diastolic dysfunction,® including prolonged relaxation,
and increased stiffness accompanied by calcium mis-
handling.®'® This presentation is associated with various
intracellular mechanisms, including oxidative stress'"'?
leading to endoplasmic reticulum stress'® and compro-
mised energetics.'* Reactive oxygen species (ROS)
are known to be elevated and associated with mito-
chondrial dysfunction, resulting in diminished ATP con-
tent.'® These mechanisms trigger several downstream
pathological conditions, such as hypertrophy and ultra-
structural fibrosis, ultimately culminating in the well-
recognized diastolic dysfunction characteristic of HFpEF.

The recent development of technologies based on
organoids from human induced pluripotent stem cells
(hIPSCs) resulted in a paradigm shift in the drug discovery
arena and resulted in the identification of multiple potential
therapies for genetic cardiomyopathies.'®"'® Although this
technology has played a crucial role in addressing genetic
cardiomyopathies, studies showcasing its applicability to
acquired and multifactorial diseases are scarce.” In this
study, we aimed at inducing HFpEF in vitro by subjecting
human cardiac organoids (hCOs) to conditions inspired
upon the known comorbidities leading to HFpEF.

METHODS
Data Availability Statement

The authors declare that all supporting data are available within
the article and its Supplemental Material.

hIPSCs Derivation

All relevant studies were approved by the Helsinki committee
of RAMBAM Medical Center, Haifa, Israel. Two distinct lines of
patient-specific induced pluripotent stem cells (hIPSCs) were
generated from biopsies obtained from 2 healthy volunteers,
a male and a female. Reprogramming of skin fibroblasts was
achieved through retrovirus delivery of the reprogramming fac-
tors KLF4 (Kruppel-like factor 4), SOX2 (SRY-box transcrip-
tion factor 2), and OCT4 (octamer-binding transcription factor
4),2%21 as previously described by our group.?2?® All cell lines
used in this study were shown to have normal karyotype.

hIPSC Culture

The hIPSCs were cultured as monolayers on 6-well plates, pre-
coated with growth factor—reduced Cultrex (R&D Systems), and
maintained in mTESR Plus medium (Thermo Fisher Scientific)
in a humidified incubator (5% CO,, 37 °C). Passaging was per-
formed every 3 to 4 days, with dissociation using a 0.5 mM
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EDTA solution (Life Technologies) at a 1:10 to 1:14 ratio. Cell
cultures were tested routinely for mycoplasma using MycoBlue
Mycoplasma Detector (Nanjing Vazyme Biotech, Co, China).

hIPSCs-Derived Cardiomyocytes Differentiation
The differentiation process commenced on day O when hIP-
SCs, reaching an 80% cell confluence, were subjected to 6
pM CHIR99021 (R&D Systems) in CDM3 (chemically defined
medium 3) medium for a duration of 48 hours. On day 2, the
medium was replaced, and 2 uM of WNT (Wingless and Int-
1)-C59 (Selleck Chemicals) was applied. Subsequently, on day 4,
the medium was shifted to RPMI 1640 (Roswell Park Memorial
Institute medium; Thermo Fisher Scientific) supplemented with
B-27 minus insulin (Thermo Fisher Scientific) and 1% penicil-
lin/streptomycin (Biological Industries Beit-Haemek, Israel). The
cultivation conditions persisted with RPMI supplemented with
B-27 and 1% penicillin/streptomycin being refreshed on day 7.
From day 9 onward, the differentiation milieu returned to CDM3,
with a regular refreshing interval of every 2 days.

CDM3 Medium

CDM3 medium was prepared with RPMI 1640, 500 pg/mL
recombinant human albumin (Thermo Fisher Scientific), 213
pg/mL L-ascorbic acid 2-phosphate, and 1% penicillin/strep-
tomycin (Biological Industries Beit-Haemek, Israel).

Micro-Organoids Construction

hIPSCs-derived cardiomyocytes were detached using TrypLE
express X1 (Thermo Fischer Scientific) for 5 minutes at 37 °C.
The detached cells were seeded on a V-bottom 96-well plate
(Thermo Fisher Scientific) in a concentration of 10* cells/50
L for each well. Microplates were then centrifuged for 10 min-
utes at 200g. Micro-organoids were incubated at 37 °C, 5%
CO, for 3 days with RPMI-B-27 media without insulin. The
medium was refreshed every 48 hours.?

Cardiac Organoids Media

The media was based on DMEM medium without glucose
(Thermo Fischer) with 3 mM glucose (Merk) added and sup-
plemented with B-27 minus insulin (Thermo Fisher Scientific),
0.5% free fatty acids in the form of Albumax (Thermo Fischer
Scientific) 10 mM lactate (Merk), 5 ug/mL B12-vitamin, 0.82
pM biotin, 5 mM creatine monohydrate, 2 mM taurine, 2 mM
L-carnitine, 0.6 mM ascorbic acid (all from Merk), 1% KOSR
(knock-out serum replacement), and 1% nonessential amino
acids, 100 ng/mL dexamethasone, 4 nM Triiodo—L-thyronine
(all from Thermo Fischer Scientific), and 1% penicillin/strepto-
mycin (Biological Industries Beit-Haemek, Israel).

HFpEF Induction

Cardiomyocytes in 2-dimensional cultures, micro-organoids,
and the passively stretched human cardiac organoids (hCOs)
were all cultured in basal cardiac organoids medium with added
factors emulating the comorbidities associated with HFpEF:
obesity-related inflammation, diabetes, and hypertension and
were referred to as HFpEF-inducing conditions. To emulate
obesity-related inflammation, inflammatory cytokines 10 ng/
mL IL (interleukin)-18 and 100 ng/mL IFN (interferon)-y
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(Thermo Fisher Scientific) were added to the medium. Diabetic
conditions were modeled by using high glucose concentration
(11.1 mmol/L) with insulin deprivation. Finally, hypertension
was emulated by using 10 ng/mL angiotensin-Il and 10 ng/mL
endothelin-1 (both from Merck). All cells and organoids were
exposed to the HFpEF-inducing conditions for 7 days.

Micro-Organoids Optical Characterization
Organoids were assessed using an automated imaging system.
ORCA-Flash 4.0 camera (Hamamatsu, Japan) was mounted
on an Olympus [IX83 microscope with x4/0.16 objective
(Olympus, Japan). Organoids were automatically scanned using
the TANGO Desktop stage controller (Marzhauser Wetzlar,
Germany). Cross-sectional area of the organoids was analyzed
using Cell Profiler software (Broad Institute).?®

Fibrosis Analysis

Micro-organoids were grown in HFpEF-inducing conditions and
isolated comorbidity—mimicking conditions. The organoids were
then fixed using 4% paraformaldehyde. Micro-organoids were
sectioned by a blinded technician followed by Masson trichrome
staining. For the evaluation of fibrosis, the center of each organ-
oid was selected to represent the largest area. Imaging was con-
ducted using a panoramic 250 Flash Il automatic slide scanner
(3DHISTECH, Hungary). Fibrosis was evaluated using an auto-
mated process based on a sequence of modules performed in
Cell Profiler software (Broad Institute)?® as outlined in Figure S1.

hCOs Construction

A mixture of 2 million cells in hCOs construction media, with
bovine collagen (LLC Collagen solutions, Britain), 2x DMEM,
and 0.1 NaOH for pH neutralization was cast in a ring-shaped
mold. After 3 days of condensation, the construct was trans-
ferred to a passive stretching device, with cardiac organoids
media medium refreshed every 2 days, as previously described.?®
The hCOs were used in experiments only after 1 week in the
passive stretching device, to allow for tissue compaction. The
2x DMEM media was composed of 40% 5x DMEM, 40% FBS
(both from Biological Industries Beit-Haemek, Israel), 15% H,0,
1% glutamine, and 1% penicillin/streptomycin.

hCOs Construction Media

The medium was based on Iscove-Medium (Biological
Industries Beit-Haemek, Israel) with 20% FBS, 1% nones-
sential amino acids (Thermo Fisher Scientific), 1% L-glutamine
(Thermo Fisher Scientific), 1% penicillin/streptomycin, and 0.1
pmol/mL B-mercaptoethanol (Thermo Fisher Scientific).

hCOs Force-Length Evaluation

Force of hCOs was measured using a force transducer with a
length controller by Aurora Scientific (Canada), in Tyrode's solu-
tion (140 mmol/L NaCl, 5.4 mmol/L KCI, T mmol/L MgCl,, 10
mmol/L glucose, 1.8 mmol/L CaCl,, 10 mmol/L HEPES, pH
7.4 with NaOH at 25 °C). Tissues were paced at 1 Hz and were
stretched over 2 hooks every 10 seconds by 0.1 mm up to 2 0.8
mm maximal stretch, followed by return to basal O mm stretch. To
ensure accurate measurement of passive force, the final 3 sec-
onds after each stretch were recorded as the stretch-induced
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passive force, mitigating potential transient changes that may
occur immediately after tissue stretching. To exclude differen-
tial tissue relaxation dynamics after each stretching step (the
inherent viscoelastic relaxation of the tissue) between the stud-
ied groups we calculated the exponential decay constant of the
passive force, tau (1), after each lengthening step. For this pur-
pose, we applied a low pass filter (gaussian, low pass filter 0.2
Hz) analyzing solely the alteration of the passive force without
the active contractions (Clampfit 10.7 software) and calculated
the tau (1) of the decay in passive force.

Immunofluorescence Staining

Cardiomyocytes and organoids exposed to HFpEF-inducing
conditions and control organoids media were stained for
DAPI (4,6-diamidino-2-phenylindole; dilution of 1:1000, CAS:
28718-90-3, from Merk) and cTnT (cardiac troponin T; dilution
of 1:250, CAS: AB91605, Abcam, Britain).

3-Dimensional Micro-Organoid Size Analysis
Micro-organoids were stained as full tissues and scanned in
z-stack using an LSM900 confocal microscopy platform (Zeiss,
Germany).?” The scans were analyzed via Imaris software for
their total volume and their nuclei quantity. Each micro-organoid
volume was normalized to the nuclei quantity to detect hyper-
trophy rather than hyperplasia.

hCO Cellular Hypertrophy Evaluation

To assess for cellular hypertrophy within the hCOs after expo-
sure to HFpEF, we quantified the relative cTnT*™* (cTNT posi-
tive) area per nuclei (stained using DAPI) within the area in
representative sections of the hCOs.

Calcium Imaging

Cardiomyocytes were dissociated and seeded on a 35-mm
Glass bottom dish with 10 mm microwell #1.5 cover glass
(Cellvis) as single cells (50 000 cells/mL). Calcium imaging was
performed using Fluo-4 calcium dye (Thermo Fisher Scientific)
in an LSM900 confocal microscopy platform (Zeiss, Germany).?

N-Terminal Pro-B-Type Natriuretic Peptide
Measurement

NT-proBNP (N-terminal pro-B-type natriuretic peptide) was
measured using an NT-proBNP kit and Abbott ARCHITECT
analyzer (Abbot Laboratories) from the 1:20 diluted media of
the passively stretched organoids.

ATP Content

Cells were seeded on a 96 optic plate (Thermo Fisher Scientific)
and analyzed for their ATP content using CellTiter-Glo 2.0
Assay kit (Promega) following the manufacturer’s instructions.
The ATP content was assessed via Infinite M200 PRO plate
reader (Tecan Trading AG, Switzerland).

Sea Horse Metabolic Assay Test

Cardiomyocytes were seeded at 50 000 cells/well density in
Seahorse XF cell culture plates (By Agilent), ensuring even
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distribution across the wells. The cells were exposed to HFpEF-
inducing conditions and cardiac organoid media as a control.
The instrument automatically records the oxygen consumption
rate (OCR) as an indicator of mitochondrial respiration. The
OCR was analyzed using Wave 2.6.3 (By Agilent).?®

ROS Measurement

Cardiomyocytes were seeded and allowed to attach in a
96-well plate and analyzed for their ROS content via DCFDA/
H2DCFDA  (2'7'-dichlorodihydrofluorescein diacetate)—
Cellular ROS Assay Kit (Abcam, Britain). The quantification of
fluorescence intensity indicative of ROS levels was performed
using Infinite M200 PRO plate reader (Tecan Trading AG,
Switzerland).

Quantitative Real-Time Polymerase Chain

Reaction

For quantitative real-time polymerase chain reaction (PCR), total
RNA was purified with Bio-Tri Reagent (BioLabs, Israel) following
the manufacturer’s extraction protocol. RNA (1 pg) underwent
reverse transcription using Iscript cONA Synthesis Kit (Bio-Rad).
Quantitative real-time PCR was performed using LightCycler
480 SYBR Green | Master (Roche, Switzerland). StepOnePlus
Real-Time PCR System (Thermo Fisher Scientific) was used to
assess gene expression levels. Results were analyzed using the
comparative cycle threshold (Ct) method. Analysis employed the
comparative Ct method, generating ACt values by subtracting
the Ct of the housekeeping gene GAPDH Ct from each mRNA
Ct in every sample. Relative expression was calculated using
22(AACY). The primer list is available in the Table S1.

Statistical Analysis

Shapiro-Wilk test was used to assess whether the data are dis-
tributed normally. Normally distributed data sets are presented
as meantSEM. Non-normally distributed data are presented
as median and interquartile range (IQR). Comparisons among
groups were analyzed with 2-tailed Student ¢ test or ANOVA
for normally distributed data and Mann-Whitney U test and
Kruskal-Wallis for non-normally distributed data. For repeated
measurements, 2-way repeated measure ANOVA was per-
formed, followed by least square means with Dunn-Sidak
correction in post hoc. Whenever multiple comparisons were
performed, the post hoc Tukey test was used. For the evalua-
tion of force-length relationships in hCOs, the Pearson correla-
tion coefficient was calculated, and a linear regression model
was used. Data are displayed as XY scatter plots or box plots.
<0.05 was considered significant. The statistical analysis was
performed using GraphPad Prism 9.5.1.

RESULTS

To evaluate the contribution of the conditions mimick-
ing HFpEF-related comorbidities on HFpEF induction,
micro-organoids (10# cells per organoid) were initially uti-
lized. The micro-organoids were exposed to comorbidity-
inspired inducing conditions commonly associated
with  HFpEF: hypertension, obesity-related inflamma-
tion, and diabetes. The effect of each isolated condition
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Figure 1. Ultrastructural analysis of micro-organoids.
A, Bright-field images of the micro-organoids, during relaxation. Scale bar: 100 pm. B, Immunofluorescent staining of a micro-organoid, cTnT
(cardiac troponin T) in red, DAPI (4’,6-diamidino-2-phenylindole) in blue. Scale bar: 20 pm. C, Cross-sectional area differences as calculated
from bright-field images, taken before and after treatment, in mm?2. The biological replicate numbers in RPMI (Roswell Park Memorial Institute
medium), obesity, hypertension, diabetes, and heart failure with preserved ejection fraction (HFpEF) groups were 9, 12, 6, 13, and 26,

respectively. Measured as the difference between micro-organoids postexposure and their preexposure size. D, Micro-organoids (Continued)
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was evaluated and compared with the control medium,
RPMI-B-27, and to the combination of all conditions
associated with HFpEF. Organoid morphology on bright-
field imaging is depicted in Figure TA.

Initially, the micro-organoids exposed to HFpEF-
mimicking conditions were evaluated for the presence of
hypertrophy and ultrastructural fibrosis, among the key
hallmarks of HFpEF. Micro-organoids were stained for
cInT and DAPI to assess the cardiomyocyte cell den-
sity and viability (Figure 1B). After 1 week of exposure
to obesity-, hypertension-, and diabetes-mimicking con-
ditions, the cross-sectional area of the organoids dur-
ing maximal relaxation was increased by 0.03+0.001
mm? (P=0.003), 0.04+0.006 mm? (~=0.002), and
0.05+0.005 mm? (FA<0.001), respectively, when com-
pared with 0.003+0.001 mm? increase in control RPMI.
Notably, the combined exposure to all HFpEF condi-
tions resulted in the most substantial size augmenta-
tion: 0.07£0.004 mm2 (A<0.001) compared with obesity
(F<0.001), hypertension (F<0.001), diabetes (P=0.030),
and RPMI (R<0.001; Figure 1C; Table S2). To assess
for cellular hypertrophy, we initially evaluated the effect
of exposure of single-cell cardiomyocytes to HFpEF-
inducing conditions. Immunofluorescence staining of
cardiomyocytes as single cells (Figure S2A) revealed
significant hypertrophy of cardiomyocytes exposed to the
HFpEF conditions: 5934 um? (IOR, 2240-9757) versus
2391 pm? (IOR, 1544-35492) for control (P=0.023;
Figure S2B; Table S3). To further analyze tissue hyper-
trophy, the micro-organoids were stained as full tissues
and evaluated for their 3-dimensional volume, normal-
ized to nuclei content (Figure 1D). HFpEF organoids
demonstrated the largest volume of 1692152 pm? ver-
sus 1346184 um? in the RPMI control group (P=0.003;
Figure 1D; Table S4). The diabetes group demonstrated
a slightly larger, but not statistically significant, volume
of 1575£70 pm?® (P=0.146), as well as the hyperten-
sion group with an average volume of 1276+35 pym?
(P=0.940). The obesity group demonstrated a sig-
nificantly smaller volume of 105940 pym?® (P=0.014).
Three-dimensional volumes of the micro-organoids with-
out nuclei number normalization after the various HFpEF-
inducing conditions demonstrated a similar trend with
insignificant changes, but a similar trend in terms of nuclei
quantity (Figure S3A and S3B; Table Sb). The organoid
fibrosis burden was quantified using automated image
processing analysis for a Masson trichrome staining (Fig-
ure 1E). Among the evaluated conditions, a significant
increase in fibrosis burden was observed solemnly after
exposure to the combined HFpEF comorbidities, when

HFpEF Human Cardiac Organoid Model

compared with control group RPMI: 14.621.2% fibrosis
burden for the HFpEF organoids versus 6.8+£1.5% in
RPMI, A=0.001. Fibrosis burden for obesity, hyperten-
sion, and diabetes were 5.2+1.3% (~=0.96), 6.7+3.5%
(P>0.99), and 9.0+£1.1% (P=0.91), respectively, com-
pared with RPMI group (Figure 1F; Table S6).

To further investigate the impact of HFpEF-inducing
conditions on intricate cardiac physiological properties,
length-force dynamics were assessed using a large-
scale, ring-shaped organoid model (2x10° cells per
organoid; Figure 2A). The hCOs platform facilitates the
evaluation of the organoid's passive stiffness through
preload stretching (Figure S4A). In addition, for each
preload length, both passive and active forces were
directly measured using a force transducer (Figure 2A).
Assessment of passive forces across escalating preload
tissue lengths demonstrated a linear correlation between
the 2 with Pearson R correlation of 0.666 and 0.583
for HFpEF and control organoids, respectively. Impor-
tantly, the slope of the HFpEF regression model was
significantly higher, compared with control, indicating
elevated tissue stiffness: 7.52+1.08 versus 2.33+0.46
mN/mm (£<0.001; Figure 2C and 2B; Table S7). The
maximal passive force, at a tissue stretch of 0.8 mm
was significantly higher in HFpEF organoids: 3.93 mN
(IGR, 3.66-10.00) versus 1.20 mN (IOR, 0.95-3.33),
respectively, (P=0.03; Figure 2D; Table S8). To evaluate
whether differences in the inherent viscoelastic relax-
ation properties (after each stretching step) influenced
passive force measurements at steady state, the dynam-
ics of the poststretch viscoelastic relaxation were evalu-
ated. Although significant differences were detected in
the developed passive force at steady state between
HFpEF and Control hCOs, no significant changes were
detected in the viscoelastic relaxation dynamics of the
tissues poststretching steps. The tau constant for visco-
elastic relaxation was 1969127 ms in HFpEF-hCOs
and 21361144 ms in the control hCOs (P=0.429; Fig-
ure S4A and S4B). Although passive force was higher
in the HFpEF-hCOs, we did not identify significant
changes in active force between the HFpEF-hCOs
and control hCOs. Linear regression of active contrac-
tile force through a series of preload stretches revealed
the preservation of active force. With minimal preload
(denoted as a stretch of O mm), the hCOs demonstrated
0.58£0.10 mN in HFpEF-hCOs versus 0.65+0.17 mN
in control (P=0.13; Figure 2E; Table S9). In addition, the
change of active force as a function of length was evalu-
ated. There was no significant change in the slope of
active force as function of length of the hCOs (escalating

Figure 1 Continued. 3-dimensional (3D) hypertrophy evaluation. Left, Representative 3D volume and nuclei quantification of volume of micro-
organoids, presenting cTnT in red and DAPI in blue. Scale bar: 50 pm. Right, Statistical analysis of micro-organoids’ volume divided by nuclei
quantity, in pm?. The biological replicate numbers in RPMI, obesity, hypertension, diabetes, and HFpEF groups were 4, 6, 3, 3, and 6, respectively.
E, Masson trichrome staining of micro-organoids. Arrows point at collagen deposits. Scale bar: 50 um. F, Statistical analysis of fibrosis percentage
out of total micro-organoids size. The biological replicate numbers in RPMI, obesity, hypertension, diabetes, and HFpEF groups were 11, 8, 3, 6,
and 24, respectively. One-way ANOVA was performed for the experiments in C, D, and F. *~<0.05, **£<0.01, ***F<0.001.
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Figure 2. Assessment of heart failure with preserved ejection fraction (HFpEF)-associated characteristics in human cardiac
organoids (hCOs).

A, The settings of the experiment. Left, A representative image of the ring-shaped hCOs. Middle, The force transducer coupled with the length
controller used in the experiment. Right, A representative force-length experiment, paced at 1 Hz and stretched in a series (Continued)
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preloads according to the Frank-Starling effect) between
HFpEF-hCOs and control hCOs: 0.41+£0.21 mN/mm
stretch versus 0.65+0.36 mN/mm stretch (P=0.55; Fig-
ure 2E; Table S9), respectively. Furthermore, the mean
NT-proBNP levels were significantly increased in hCOs
after exposure to HFpEF conditions and were mea-
sured as 5956 (IQOR, 5682-9848) pg/mL compared
with 1440 (IOR, 686-3153) pg/mL in the control group
(P=0.008; Figure 2F; Table S10). To assess for cellular
hypertrophy within the hCOs, we quantified the cell size
of cardiomyocytes by assessing the average sarcomeric
area per nuclei using cTnT** immunostaining and DAPI.
The average sarcomeric area was significantly higher
after exposure to HFpEF-inducing conditions, reflecting
hypertrophy: 363.5£17.2 ym? versus 281.2+25.3 pm? in
the control (P=0.022; Figure 2G; Table S11).

Diastolic relaxation properties were evaluated by mea-
suring T (tau), the relaxation time constant. With HFpEF
conditions, T was significantly prolonged compared with
preexposure baseline from 76.7 ms (IQR, 71.0-90.0 ms)
to 166.8 ms (IOR, 123.0-1837 ms; P=0.028) versus a
shortening from 122.6 ms (IQR, 108.0-130 ms) to 97.1
ms (IOR, 53.3-154.1 ms) in the control group (P=0.80;
Figure 3A; Table S12). To elucidate whether the prolon-
gation of relaxation is associated with calcium handling
abnormality, Ca*? transients in single cells were analyzed
optically using confocal microscopy (Figure 3B). Expo-
sure to HFpEF conditions resulted in prolonged Ca*?
clearance from the cytosol during diastole. A mean decay
time of 567.2+16.2 ms was measured after HFpEF induc-
tion, compared with a significantly shorter, 505.5+16.9
ms for control (P=0.015; Figure 3C; Table S13). Real-
time PCR analysis revealed that SERCA (sarcoplasmic/
endoplasmic reticulum Ca*? ATPase) expression did not
change significantly in HFpEF-induced cardiomyocytes
compared with the control, 1.00£0.17-fold change ver-
sus 1.03+0.11 (P=0.90; Figure 3D; Table S14).

Finally, we examined the oxidative stress in the tissues,
which is known as a mediator of several pathophysi-
ological mechanisms associated with HFpEF including
increased production of ROS, mitochondrial dysfunction,
and impaired energetic status. ROS content was signifi-
cantly elevated in HFpEF conditions: 26 350+1494 arbi-
trary units (a.u.). in HFpEF tissues versus 19 760+1971
a.u.in control organoids media (P=0.026; Figure 4A; Table
S15). Real-time PCR analysis revealed a 12.48+5.7-fold

HFpEF Human Cardiac Organoid Model

nominal increase in NOS2 expression without reaching
statistical significance (P=0.122; Table S16), encod-
ing iINOS, a key factor in the pathophysiology of oxida-
tive stress in HFpEF. Expression of the XBP1s (spliced
XBP1 [Xbox-binding protein 1]), the active form, affect-
ing as a transcription factor of endoplasmic reticulum
stress genes, was unchanged 1.39+0.23 (P=0.358;
Table S16). The transcription of the inactive form, the
XBP1u (unspliced XBP1) was significantly increased
by 2.48%0.43-fold (P=0.0375; Figure 4B; Table S16).
A study of mitochondrial function revealed a decreased
OCR of 256.9+4.4 pmol/min after exposure to HFpEF
conditions, compared with 366.7£15.8 pmol/min in the
control (R<0.001; Figure 4C; Table S17). ATP content
was decreased accordingly, with 413 9356606 a.u.
in HFpEF versus 517 487£8187 au. in control using
CellTiter-Glo 2.0 ATP assay (R<0.001; Figure 4D; Table
S18). Taken together, these findings demonstrate the
induction of oxidative stress and metabolic dysfunction
after exposure to HFpEF conditions.

DISCUSSION

HFpEF is a rapidly growing global disorder, typically
resulting from the interplay of diabetes, hypertension,
and obesity, and often serving as a shared end point for
these detrimental conditions.?® Although our comprehen-
sion of the pathophysiology and mediators of HFpEF
has significantly improved in recent decades, progress
in developing remedies for the disease has been lim-
ited.33931 Alongside the recent progress in animal mod-
els of HFpEFR®3? we anticipate that the introduction of
a human, organoid-based model of HFpEF will further
enhance the identification of novel therapeutic targets
aimed at preventing or mitigating the disease.

In the present study, we generated a novel human in
vitro platform that emulates the typical and most com-
mon pathological conditions associated with HFpEF. We
have shown that exposure of the organoids to a com-
bination of comorbidity-inspired conditions resulted in a
synergistic effect ultimately manifesting as cellular and
tissue hypertrophy, ultrastructural fibrosis, and abnormal
relaxation, the pathophysiological hallmarks of HFpEF.
Consequently, we opted to use the combination of the
comorbidities-mimicking conditions as the HFpEF induc-
ers. Through comprehensive physiological assessments

Figure 2 Continued. of length increments up to a 0.8 mm stretch. B and C, Linear regression of the passive force of the hCOs exposed to
control (B; 6 biological replicates) and HFpEF conditions (C; 7 biological replicates), measured as the force (mN) applied after each 0.1 mm
preload stretch. D, Statistical analysis of maximal passive force (mN) measured after a 0.8 mm stretch. Five and 7 biological replicates were
analyzed in the control and HFpEF groups, respectively, using the Mann-Whitney U test. E, Linear regression of active contraction force (mN)
over increasing preload stretches (mm). The number of biological replicates for the control and HFpEF-hCOs was 4 and 6, respectively. The
data are presented as linear regression lines and SE bands. F, Analysis of NT-proBNP (N-terminal pro-B-type natriuretic peptide) levels (pg/
mL) in the media of the exposed organoids. Nine and 7 biological replicates were analyzed in the control and HFpEF groups, respectively,
using the Mann-Whitney U test. G, Immunofluorescence staining of hCOs. Representative images (left) and quantification of sarcomeric cTnT
(cardiac troponin T) area (um?) normalized to nuclei quantity (right) are presented. Five and 9 biological replicates were analyzed in the control
and HFpEF groups, respectively, using Student t test. DAPI indicates 4/,6-diamidino-2-phenylindole. *<0.05, **F<0.01.
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Figure 3. Diastolic evaluation of heart failure with preserved ejection fraction (HFpEF) induction.

A, Relaxation constant T (tau) of the human cardiac organoids (hCOs) contraction (ms) pre-1 week and post—1 week exposure. Six and 5
biological replicates were analyzed in the control and HFpEF groups, respectively, using repeated-measure 2-way ANOVA. B, Representative
calcium transients of single contraction cycles, from 0% (baseline) to 100% (peak). C, Calcium decay time of the calcium transients (ms).
Overall, 12 and 15 biological replicates were analyzed in the control and HFpEF groups, respectively, using Student ¢ test. D, Real-time
polymerase chain reaction of ATP2A gene, encoding SERCA (sarcoplasmic/endoplasmic reticulum Ca*? ATPase). Relative expressions were
normalized to GAPDH. Six biological replicates in each group were analyzed using a Student ¢test. NS indicates nonsignificant. */£<0.05.

that integrate dynamics of force-length relationships,
we have illustrated that subjecting the organoids to
the HFpEF-inducing conditions leads to significantly
increased passive stiffness, extended relaxation periods,
and prolonged calcium decay. Finally, our findings reveal
that cardiac organoids exposed to HFpEF-inducing con-
ditions exhibit the key pathophysiological characteristics
of the disorder such as increased levels of ROS*** and
compromised energetic status as evidenced by reduced
OCRs and diminished ATP content.'59:36

Disease models are vital for gaining a profound
understanding of the pathophysiology of human illnesses
and are nearly always indispensable for identifying novel
therapeutic targets and for drug development®'® Recent
advancements in the field of in vivo modeling further
enhance our understanding of HFpEF and elegantly
demonstrate that several hits are required to more
thoroughly emulate the disease phenotype.*5'32 The
multihit strategy for the development of HFpEF in vivo

Circ Heart Fail. 2025;18:¢011690. DOI: 10.1161/CIRCHEARTFAILURE.124.011690

models includes perturbations related to senescence and
aging,®” emulation of hypertension,*® and inducers mim-
icking cardiometabolic disorders such as high-fat diet
and nitrosative stress.'' The ZSF1 (Zucker fatty spon-
taneously hypertensive F1 hybrid) rats,®? derived from
crossing Zucker diabetic fatty rats with spontaneously
hypertensive heart failure rat strains, are widely recog-
nized as a reliable model for HFpEF?® Their development
underscores the importance of incorporating various
comorbidity-inspired modifications to induce the dis-
ease phenotype accurately.®* One of the key mechanistic
insights derived from the in vivo models is that HFpEF is
driven by a metabolic inflammation (meta-inflammation)
resulting in impaired myocardial energetics.*°~*? Although
animal models offer valuable insights, both in general
and particularly for HFpEF modeling, they possess
inherent limitations stemming from fundamental inter-
species differences in cardiovascular physiology (eg, the
resting heart is about 5-fold higher in rodents). Finally,
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Figure 4. Oxidative stress and energetics evaluation in cardiomyocytes exposed to heart failure with preserved ejection fraction

(HFpEF)-mimicking conditions.

A, Reactive oxygen species (ROS) content. Four and 7 biological replicates were analyzed in the control and HFpEF groups, respectively.
Measured in arbitray units (a.u.). B, Real-time polymerase chain reaction of oxidative stress—related genes: XBP1s (spliced Xbox-binding
protein 1), XBP1u (unspliced Xbox-binding protein 1), and NOS2 (NO synthase 2), encoding iNOS (inducible NO synthase). Five to 6
biological replicates were analyzed in the control and HFpEF groups. Relative expressions were normalized to GAPDH. C, Mitochondrial
activity, measured by the basal oxygen consumption rate (OCR), in pmol/min. Sixteen biological replicates were analyzed in both groups. D,
ATP content, measured by the fluorescence of the ATP indicator. Seven and 12 biological replicates were analyzed in the control and HFpEF
groups. Measured in a.u. A Student t test was performed in A through D. *<0.05, **£<0.01, ***P<0.001.

cardiovascular animal models have demonstrated lim-
ited reproducibility and a weak correlation with data from
human clinical trials, both overall**** and specifically in
the case of HFpEF.%46

The advent of hiPSC-based heart organoids induced
a paradigm shift in the ability to study cardiovascular
diseases and cardiac pharmacology.”” Over the past
decade, hiPSC and hiPSC-based cardiovascular organ-
oids have proven to be useful in deciphering the patho-
physiology of genetic cardiomyopathies.?3?448-%0 More
recently, encouraging preliminary findings have emerged
regarding acquired cardiomyopathies and drug-induced
cardiotoxicity.??5'%* There is, however, limited data

Circ Heart Fail. 2025;18:¢011690. DOI: 10.1161/CIRCHEARTFAILURE.124.011690

regarding the ability to model multifactorial disorders
such as HFpEF using hiPSC-based organoids. Drawnel
et al®® demonstrated the ability to mimic diabetic cardio-
myopathy by using high glucose (10 mM), endothelin-1,
and cortisol. The exposed cardiomyocytes presented
elevated BNP levels, cellular hypertrophy, and abnormal
calcium handling. Granéli et al®® used a more advanced
form of stimulation using higher glucose levels, palmitate,
free fatty acids, and uric acid, which resulted in higher
natriuretic peptide B/A gene (NPPB/A) expression and
lower maximal OCR. The current study illustrates the
ability to simulate the multifaceted origins of HFpEF,
beyond diabetes; we induced perturbations linked to
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both inflammations associated with obesity and hyper-
tension. Furthermore, the 3-dimensional organoid model
recapitulated the functional phenotype of HFpEF by
demonstrating the 2 key pathophysiological hallmarks
of HFpEF: increased stiffness and abnormal relaxation
(expressed both as tau and prolonged calcium decay).

Beyond the pathophysiological phenotype of HFpEF
demonstrated in the generated model, we evaluated
several pathogenic mechanisms known to participate in
mediating the disorder. Oxidative stress is an important
mechanism in the induction of HFpER'235%%8 affecting
among others fibrosis and impaired energetics.?* In our
current study, we showcased increased levels of ROS in
cardiomyocytes exposed to HFpEF-inducing conditions.
Furthermore, this effect was coupled by upregulation of
both /INOS (inducible NO synthase) and XBP1 expres-
sion, both known to be elevated in HFpEFR'® Additional
factors widely recognized for their role in mediating
HFpEF include mitochondrial dysfunction and abnormal
energetics.*1%%% |n the current work, we demonstrate
a compromised level of both total ATP and OCR in the
generated model.

In vitro models offer a valuable alternative to in vivo
approaches. The recent Food and Drug Administra-
tion Modernization Act 2.05'%2 strongly encourages the
utilization of animal-free alternatives, such as human
organoid models. It emphasizes the significance of
human organoid models in faithfully replicating human
physiology and disease processes, including those
related to the cardiovascular system, and underscores
their potential in drug development®? Despite the
advantages of in vitro HFpEF models in investigating
potential treatments and pathophysiology, it is crucial to
recognize their limitations, in general, and the limitations
of this specific work. The current model is suggested as
a complementary model to in vivo models because it
cannot replicate the intricate multiorgan environment
and the absence of immune cells, which play important
roles in HFpEF pathophysiology. The present study pro-
vides proof-of-concept for modeling an acquired mul-
tifactorial disease, such as HFpEF. The model may be
further developed in future studies by incorporating a
dimension of multicellularity, potentially offering further
mechanistic insights into the interplay between cardio-
myocytes and noncardiomyocytes in the pathogenesis
of the disease. Acknowledging these limitations, given
that, to our knowledge, there are no established and
replicable examples of in vitro models for HFpEF in the
literature, the novel model suggested herein could offer
a promising supplement for bridging gaps and through-
put issues currently acquainted with in vivo model of
the disease.

In summary, we established a novel, human, organoid-
based in vitro model for HFpEF utilizing comorbidity-
inspired mimicking conditions. The generated model
faithfully  recapitulated the structural, functional,
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electrophysiological, and mechanistic features in a con-
sistently replicable manner. The advent of acquired, mul-
tifactorial disease models may allow unparalleled insights
into the mechanisms underlying human disorders and
facilitate the identification of novel therapeutic targets,
both in general and specifically for HFpEF.
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