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Congenital heart defects (CHD) constitute the most common type of birth
defect in humans. Maternal diabetes during the first trimester of pregnancy
(pregestational diabetes, or PGD) is one of the most prominent factors con-
tributing to CHD, and is present in a significant population of female patients
with diabetes in reproductive age. PGD is challenging to manage clinically due
to the extreme sensitivity of the developing embryo to glucose oscillations, and
constitutes a critical health problem for the mother and the fetus. The preva-
lence of PGD-induced CHD is increasing due to the ongoing diabetes epidemic.
While studies using animal models and cells in culture have demonstrated
that PGD alters critical cellular and developmental processes, the mechanisms
remain obscure, and it is unclear to what extent these models recapitulate
PGD-induced CHD in humans. Clinical practice precludes direct studies in
developing human embryos, further highlighting the need for physiologically
relevant models. To bypass many of these technical and ethical limitations, we
describe here a human pluripotent stem cell (hPSC)-based method to generate
developmentally relevant self-organizing human heart organoids. By using
glucose and insulin to mimic the diabetic environment that the embryo faces in
PGD, this system allows modeling critical features of PGD in a human system
with relevant physiology, structure, and cell types. The protocol starts with the
generation of hPSC-derived embryoid bodies in a 96-well plate, followed by a
small molecule-based three-step Wnt activation/inhibition/activation strategy.
Organoids are then differentiated under healthy (normal insulin and glucose)
and diabetic conditions (high insulin and glucose) over time, allowing for the
study of the effects of pregestational diabetes on the developing human heart.
We also provide an immunofluorescence protocol for comparing, characteriz-
ing, and analyzing the differences between the healthy and diabetic organoids,
and comment on additional steps for preparing the organoids for analysis by
other techniques after differentiation. © 2022 The Authors. Current Protocols
published by Wiley Periodicals LLC.
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and diabetes-like conditions
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assays
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INTRODUCTION

Congenital heart defects (CHDs) constitute the most common type of congenital defect
in humans (Zaidi & Brueckner, 2017). Pregestational diabetes (PGD), defined here as
diabetes of the mother before and during the first trimester of pregnancy (regardless of
whether it is T1D or T2D), is one of the most prominent non-genetic factors contribut-
ing to CHD (@yen et al., 2016), and is present in a significant and growing fraction of
the population of female patients in reproductive age (Centers for Disease Control and
Prevention, 2020). Newborns from mothers with PGD have increased risk of CHD (PGD-
CHD, 4%-12% depending on the sources) versus ~1% in the general population (i.e., up
to a 12-fold increase; Basu & Garg, 2018; Ornoy, Reece, Pavlinkova, Kappen, & Miller,
2015; Byen et al., 2016; Tabib et al., 2013). PGD is challenging to manage clinically due
to the extreme sensitivity of the developing embryo to glucose oscillations, and consti-
tutes a critical health problem for the mother and the fetus. The prevalence of PGD-CHD
is increasing significantly due to the ongoing diabetes epidemic, and although preventa-
tive and therapeutic interventions are critically needed, no significant advances have yet
been made to treat this condition.

Significant efforts have been devoted to understanding the molecular pathology of PGD-
CHD using animal models (Buchanan & Kitzmiller, 1994; Correa, 2016), leading to the
identification of increased ROS production, abnormal lipid metabolism, and mitochon-
drial stress, among other contributing factors (Engineer et al., 2018; Lehtoranta et al.,
2013, 2017; Ornoy et al., 2015; Piddington, Joyce, Dhanasekaran, & Baker, 1996). The
molecular links and the overall contribution of these abnormalities to the different pheno-
types observed in PGD-CHD, however, remain elusive. It also remains unclear to what
extent rodent models recapitulate abnormalities present in human PGD-CHD, particu-
larly given critical species differences in heart size as well as cardiac physiology and
bioenergetics (Gupta, Chacko, Schir, Akki, & Weiss, 2011; Hamlin & Altschuld, 2011;
Loiselle & Gibbs, 1979). For example, there are major species differences between mice
and humans in how the heart utilizes glucose, lactate, ketone bodies, and fatty acids.
Furthermore, rodent models—and most in vitro cell models—commonly rely on very
aggressive diabetic conditions (~25-50 mM blood glucose), which might lead to cyto-
toxic phenotypes not relevant to the condition under study. In addition, clinical practice
largely precludes studies of PGD-CHD in humans—or severely limits them—and, thus,
direct studies of human embryos are not viable. This is understandable given the care that
pregnant mothers need, particularly if they suffer from potential increased risk to their
fetus. The result, however, is significantly limited access to human tissues for research
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of early-stage disease and mechanisms of PGD-CHD, resulting in an over-reliance on
animal models.

In recent years, novel stem cell-based technologies have enabled the creation of engi-
neered, highly complex human organ—like 3D tissues in vitro, with properties that reca-
pitulate the physiological setting to a significant extent (Kretzschmar & Clevers, 2016;
Pasca, 2019; Rossi et al., 2020; Sasai, 2013; Weeber, Ooft, Dijkstra, & Voest, 2017).
These organoids (i.e., “resembling an organ”) are particularly useful to study unap-
proachable disease states in humans (e.g., early disease progression when symptoms
are not still present), or states for which animal models are not well-suited (Bredeno-
ord, Clevers, & Knoblich, 2017; Lewis-Israeli et al., 2021; Tuveson & Clevers, 2019).
Organoids can also be powerful tools to verify, in human models, what we have learned
in animal studies, thus complementing them. While organoids have been used to model a
wide range of human tissues and conditions, their applications to cardiovascular studies
have been sorely lacking until only very recently (Drakhlis et al., 2021; Hofbauer et al.,
2021; Lewis-Israeli et al., 2021; Rossi et al., 2020).

We recently took a crucial technical step forward by engineering one of the first synthetic
developmental models of human heart development (Lewis-Israeli et al., 2021). Previ-
ous studies into cardiac cell differentiation in 2D have described the use of strategic Wnt
pathway activation and subsequent inhibition using small molecules (Lian et al., 2012).
More recently, a study into epicardial cell differentiation demonstrated the ability to gen-
erate epicardial cell populations in 2D by the use of an additional Wnt pathway activation
step 7-9 days after the first activation (Bao et al., 2017). Our approach made use of these
findings, and we combined optimization of both the small molecule concentration and
time exposure with the addition of strategic growth factors to create a highly reproducible
3D human heart organoid model. Our heart organoids recapitulate critical steps of car-
diac development in humans, while displaying high complexity in cardiac cell types and
structural organization. The system is highly reproducible and amenable to screening
approaches (Lewis-Israeli et al., 2021; Lewis-Israeli, Wasserman, & Aguirre, 2021).

In this article, we describe, in detail, how to utilize our heart organoid technology for
the study of PGD-CHD in humans, bridging the gap between rodent studies and the
human fetus. First, we describe how to generate embryoid bodies (EBs) from human
induced pluripotent stem cells (hiPSCs) in individual wells, allowing for independent
samples (Basic Protocol 1). We then describe the process of inducing cardiac mesoderm
and subsequent epicardial specification under healthy and diabetic conditions, facilitat-
ing a platform to model the effects of pregestational diabetes in the developing human
heart (Basic Protocol 2). Finally, in Basic Protocol 3, we describe an immunofluores-
cence protocol, and also provide the steps to prepare the fetal-like cardiac organoids for
other assays, which, together, can be used to study various features of congenital heart
defects caused by the hyperglycemic and hyperinsulinemic environment. An overview
of the entire workflow is shown in Figure 1.

STRATEGIC PLANNING

hESCs or iPSCs cultured under normal conditions in culture media based on the
E8 formulation developed by the Thomson Lab (Chen et al., 2011) are required for
this protocol. PSCs can be purchased through commercial vendors such as WiCell
(https://www.wicell.org/) or reprogrammed in-house using an iPSC reprogramming pro-
tocol (Malik & Rao, 2013; Panopoulos et al., 2017; Takahashi & Yamanaka, 2006). We
have validated this protocol with both hESCs and hiPSCs. hPSCs should be cultured
and passaged at least twice after thawing, to allow them to grow under the required cul-
ture conditions and to monitor for unwanted differentiation. While cells are cultured in
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Figure 1 Schematic overview of the protocols described in this article. The top panel depicts the
steps of Basic Protocol 1, showing confluent PSC colonies being dissociated and seeded onto
a round-bottom 96-well plate and centrifuged to create 3D aggregates. The center panel depicts
Basic Protocol 2, showing the medium added to the organoids and all medium-changing days for
healthy and diabetic conditions on a single plate. The figure also includes a depiction of medium
removal and addition using a multichannel pipette. The bottom panel depicts the steps outlined in
Basic Protocol 3, showing the preparation of a p200 tip for the collection of a single organoid and
the transfer of multiple organoids into a small tube for immunofluorescence and other analyses.

6-well plates in this protocol, other types of cell culture plates can be used, and the num-
ber of wells needed would then have to be extrapolated from the details provided in this
protocol.

All the work with cells, EBs, and organoids should be conducted in a laminar flow hood
under sterile conditions.

This protocol has been optimized for use with E8 medium and related formulations for
hPSC growth and expansion (Chen et al., 2011). Less defined cell culture media may
resultin higher variability and failure to achieve the desired results of this protocol. Media
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should be allowed to warm to room temperature before use (E8), or warmed up to 37°C
in a water bath (RPMI) before coming in contact with cells.

The user should always keep in mind throughout the protocols that the EBs and subse-
quent organoids are not attached to the plate and are sitting at the very bottom of the
well. Therefore, extra care should be employed when changing medium, to minimize
any organoid movements that may cause damage or stress. Once organoid differentiation
begins (Basic Protocol 2), medium changes should take place in a time-specific manner
(i.e., at the same time of day within a 20 min window).

Healthy and diabetes media can be prepared in advance according to the provided recipes,
and stored at 4°C for up to 1 month.

NOTE: Users should obtain the necessary permissions and approvals from the relevant
institutional and/or national research ethics committee, and research should be conducted
according to international guidelines.

GENERATION OF PSC-DERIVED EMBRYOID BODIES

In this protocol, users will aggregate dissociated PSCs into three-dimensional (3D)
spheres termed embryoid bodies (EBs). PSCs are first grown in the appropriate cell cul-
ture medium and allowed to reach the appropriate confluency. Then, the PSCs are dis-
sociated into single cells in suspension and are seeded onto a 96-well plate in which
the organoids will differentiate and be maintained. The ROCK pathway inhibitor thiazo-
vivin is kept in the medium while cells are being seeded, to improve survival and inhibit
apoptosis of the cells in suspension. The 96-well plate is then centrifuged to induce the
formation of spherical aggregates from the cells in suspension, resulting in the EBs. The
EBs are maintained in cell culture medium until the start of the differentiation protocol,
described in Basic Protocol 2.

Materials

PSC cells (e.g., iPSCs reprogrammed in the lab (Malik & Rao, 2013; Panopoulos
et al., 2017; Takahashi & Yamanaka, 2006) or obtained from commercial
sources (see Strategic Planning)

Essential 8 Flex medium (Gibco, cat. no. A2858501)

Penicillin-Streptomycin (Gibco, cat. no. 15140122)

Thiazovivin (Millipore Sigma, cat. no. SML1045)

Matrigel GFR (Corning, cat. no. CB40230)

PBS (Gibco, cat. no. 10010049)

ReLeSR™ (STEMCELL Technologies, cat. no. 05872)

Accutase (Innovative Cell Technologies, cat. no. NC9464543)

HERACcell VIOS 160i CO, incubator (Thermo Fisher Scientific, cat. no. 51030285)
Bead bath

15-ml Falcon tubes (Fisher Scientific, cat. no. 1495970C)

Sorvall Legend x1 centrifuge (Thermo Fisher Scientific, cat. no. 75004261)
6-well flat-bottom cell culture plates (Corning, cat. no. 0720083)

Light microscope (Olympus, cat. no. CKX53)

P-1000 and P-200 micropipettes and corresponding [wide-bore] pipette tips
50-ml reagent reservoirs (Fisherbrand, cat. no. 13681502)

Multichannel pipettes, 30-300 ul (Fisherbrand, cat. no. FBE1200300)

1.5-ml microcentrifuge tubes (Fisher Scientific, cat. no. 02682002)

Moxi Cell Counter (Orflo Technologies, cat. no. MXZ001) or hemocytometer
Serological pipettes (Fisher Scientific, cat. no. 14-955-233, 14-955-234)
96-well clear ultra low attachment microplates (Costar, cat. no. 07201680)
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Stem cell dissociation

1.

Culture the PSCs.

a. Thaw a cryovial containing the desired cell line by taking it out of liquid nitrogen
storage and placing it in a bead bath for 2-4 min until most of the medium is
thawed.

b. Transfer medium from the cryovial to a 15-ml Falcon tube containing 8 ml of
Essential 8 Flex medium (E8 Flex) with 1% (v/v) penicillin/streptomycin (5 ml
penicillin/streptomycin in 500 ml E8 Flex) and 2 uM thiazovivin (TZV).

c. Centrifuge for 5 min at 300 x g, discard supernatant, and resuspend pellet in
4 ml of E8 Flex containing 2 uM TZV.

d. Seed cells onto two wells of a 6-well plate coated with Matrigel (0.5 mg of Ma-
trigel per 6-well plate, according to manufacturer’s instructions) at a volume of
2 ml per well.

e. Replace medium after 24 hr with E8 Flex medium (without TZV) and culture
cells until sub-confluency (70%-80%) is reached, changing medium with fresh
ES8 Flex (without TZV) every 48 hr.

Perform medium changes on the cells every 24-48 hr based on the culture medium man-
ufacturer’s recommendation (e.g., ES Flex can be changed every 48 hr).

Cells are seeded onto two wells to avoid high seeding density, although only one well will
be required for the remainder of the protocol.

Passage iPSCs.

a. Aspirate medium from sub-confluent iPSCs and wash cells with 1 ml/well of PBS.

b. Aspirate PBS and passage cells using ReLeSR™!, according to the manufac-
turer’s instructions. Passage the cells at a 1:6 well ratio by resuspending one well
of detached cells in 12 ml of E8 Flex containing 2 uM of TZV, and then seeding
onto six wells of a 6-well plate coated with Matrigel, at a volume of 2 ml per well.

c. Replace medium after 24 hr and culture cells in E§ medium until sub-confluency
(70%-80%) is reached. If more cells are desired, repeat for the other well; if not,
discard the cells in the second well.

Repeat step 2 to maintain cells in culture until you are ready to create organoids. iPSCs
can be passaged for >50 passages without any karyotypic abnormalities.

Aspirate medium from sub-confluent iPSCs and wash cells with 1 ml of PBS. Use
2-3 wells of the 6-well plate from step 2 for each desired 96-well plate of organoids.

The number of organoid plates created is up to the user and will depend on the experi-
mental design. If the user intends to run two immunofluorescence assays on three different
test compounds with eight organoid replicates, they will therefore need 2 x 3 x 8 =48
organoids for healthy and 2 x 3 x 8 = 48 organoids for diabetic conditions, resulting
in one full 96-well plate of organoids.

Aspirate PBS from each of the wells you will use and add 1 ml of room temperature
Accutase to each of them. Gently tap the side of the plate 3-5 times every minute
to induce cell detachment. Continue doing so for ~5 min or until most cells have
detached. Monitor the cells under a light microscope to ensure cells have detached.

Accutase should not be warmed above room temperature, as this may cause permanent
inactivation of the enzyme.

Prepare 1 ml per well of E8 Flex containing 2 pM TZV. Stop the reaction by adding
1 ml of this mix to each well. Gently pipette the cells up and down 2-3 times using
a wide-tip p1000 pipette to dissociate any remaining cell aggregates, and transfer
medium from all wells to a single conical 15-ml Falcon tube.

As mentioned in Strategic Planning, E8 Flex should be at room temperature.
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PSC Aggregate

Figure2 Embryoid body generation. Left: hPSCs in an aggregate sphere immediately after being
centrifuged in a round-bottom, ultra-low-attachment 96-well plate. Right: 24 hr after centrifugation,
EBs can be visualized as a small sphere at the center of the well.

6.
7.

Centrifuge the tube for 5 min at 300 x g, room temperature.

Aspirate supernatant and resuspend the pellet in 1 ml of E8 Flex + 2 uM TZV, gently
pipetting up and down 2-3 times. Make sure to pipette up and down enough so that
the pellet is resuspended.

Take 10 pl of medium with cells and transfer to a microcentrifuge tube containing
990 ul of PBS, to prepare a 1:100 dilution. Count the number of dissociated cells
using a Moxi Cell Counter.

For a higher concentration of cells (e.g., >10 million cells), and for counting purposes,
a further 1:10 dilution is recommended. Take 10 ul from the diluted cells and dilute in
90 ul of PBS, for a final 1:1000 dilution.

Cell can also be counted using a hemocytometer (see Current Protocols article: Strober,
2015).

Gently mix the medium with cells using a wide-tip pl000 pipette to cre-
ate a uniform cell suspension, and transfer the cells to fresh E8 Flex + 2
uM TZV in a 15-ml Falcon tube. Adjust to a final cell concentration of
100,000 cells/ml.

For one 96-well plate, transfer 1.1 million cells and adjust to 11 ml to obtain 100,000
cells/ml.

Cell aggregation into embryoid bodies

10.

11.

12.
13.

14.

For a single 96-well plate, and using a serological pipette, transfer 11 ml of E8
Flex + TZV containing 100,000 PSCs per ml into a reagent reservoir.

Using a multichannel pipette, transfer 100 pl of cell-containing medium to each well
of a 96-well clear ultra low attachment microplate, for a total of 10,000 cells per well.

A total of 9.6 ml of cell-containing medium will be used; the remaining 1.4 ml in the
reservoir are to ensure that exactly 100 ul of medium can be easily transferred into each
well using a multichannel pipette.

Centrifuge the plate for 3 min at 100 x g, room temperature.

Carefully remove plate from the centrifuge, check aggregates under a light micro-
scope, and place the plate in an incubator at 37°C with 5% CO, for 24 hr.

The cells should have aggregated into a ball near the center of the well (see Fig. 2, left).

After 24 hr, check EBs under a light microscope. Carefully remove 50 ul of medium
from the wells using a multichannel pipette and add 200 ul of fresh E8 Flex medium.
Return to incubator at 37°C with 5% CO, for an additional 24 hr.

At the end of this period, the user will obtain the EBs.
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Fresh ES8 Flex medium should not contain TZV and should be at room temperature. There
should be a total volume of 250 ul of medium in each well.

The EBs should look like small spheres (~200 um) (see Fig. 2, right).

15. After the 24 hr incubation, proceed to Basic Protocol 2.

DIFFERENTIATION OF EBS INTO HEART ORGANOIDS UNDER
HEALTHY AND DIABETES-LIKE CONDITIONS

Here, the user will begin a time-specific (i.e., same time of day for every required medium
change) differentiation protocol on the PSC-derived EBs generated in Basic Protocol 1,
based on three Wnt pathway modulations. The basal medium of differentiation will differ
across organoids, with half of the plate placed in healthy glucose and insulin levels and
half in hyperglycemic and hyperinsulinemic levels, the latter to simulate diabetes condi-
tions. Aside from the levels of glucose and insulin in the medium, all other conditions
are identical, and the organoids are differentiated in the same manner at the same time,
side by side. Care should be taken when performing medium changes on the developing
organoids, as they are in suspension at the bottom of the well and very delicate and, there-
fore, sensitive to agitation. The user is advised to conduct the removal and addition of
medium slowly on the side of the well, and to vary the angle of the multichannel pipette
in accordance with the level of medium. See Figure 1 for a summary of the protocol steps.

Materials

Healthy differentiation medium (see recipe)

Diabetes differentiation medium (see recipe)

10 mM CHIR-99021 (Selleck, cat. no. 442310)

29.4 uM (1 pg/ml) Recombinant Human BMP-4 (Gibco, cat. no. PHC9534)

76.9 uM (1 pg/ml) Activin A Recombinant Protein (R&D Systems, cat. no.
338AC010)

Embryoid bodies generated in Basic Protocol 1

10 mM WNT-C59 (Selleck, cat. no. NC0710557)

Serological pipette (Fisher Scientific, cat. no. 14-955-233, 14-955-234)
Multichannel pipettes, 30-300 ul (Fisherbrand, cat. no. FBE1200300)

50-ml reagent reservoirs (Fisherbrand, cat. no. 13681502)

P-200, and P-200 micropipettes and corresponding tips

HERACcell VIOS 160i CO, incubator (Thermo Fisher Scientific, cat. no. 51030285)

Cardiac mesoderm organoid differentiation
1. Prepare an aliquot of healthy differentiation medium and a separate aliquot of dia-
betes differentiation medium. Prepare 10 ml of each for a single 96-well plate. To
each 10-ml aliquot, add 6 ul of 10 mM CHIR99021, 18.8 pl of 29.4 uM BMP4, and
15 pl of 76.9 uM Activin A, for a final medium concentration of 6 uyM CHIR99021,
36 nM BMP4 (1.25 ng/ml), and 79.9 nM Activin A (1 ng/ml).

2. Take the 96-well plate containing the EBs (from Basic Protocol 1, step 14, containing
250 pl of medium per well) out of the incubator and remove 166 pl of medium (i.e.,
2/3 of total volume) using a multichannel pipette from each well. To half of the plate
(48 wells), add 166 pl of the healthy differentiation medium prepared in step 1 per
well. To the other half, add 166 pl of the diabetes medium per well.

As only 2/3 of the medium is replaced, the concentration of the differentiation compounds
that the EBS are exposed to are 4 uM, 0.36 pM (1.25 ng/ml), and 0.08 pM (1 ng/ml) for
CHIR99021, BMP4, and Activin A, respectively.

This day marks day 0 of differentiation.
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3. Incubate the plate at 37°C with 5% CO, for exactly 24 hr.

Note the time the differentiation has begun and perform subsequent medium changes
within a 20-min window of that time in the following steps (e.g., if the medium change
on day 0 of differentiation in step 2 was executed at 10:00 am, all subsequent medium
changes in steps 3-10 should be executed between 9:50 am and 10:10 am on their re-
spective days).

4. On day 1 of differentiation, take the plate out of the incubator, remove 166 ul of
medium from each well (i.e., 2/3 of the total volume) using a multichannel pipette,
and add 166 pl of fresh healthy or diabetes differentiation medium to the correspond-
ing wells, making sure to change tips between the healthy and diabetic condition.
Return the plate to the incubator at 37°C with 5% CO, for exactly 24 hr.

It is recommended that the plate be labeled with healthy and diabetic on each side, to en-
sure that organoids in the healthy conditions only receive healthy differentiation medium,
and those in the diabetic conditions only receive diabetes differentiation medium.

5. On day 2, prepare 10 ml of healthy differentiation medium and 10 ml of diabetes
differentiation medium per 96-well plate, each with 3 pl of 10 mM WNT-C59, for a
final medium concentration of 3 uM WNT-C59. Take the plate out of the incubator
and remove 166 ul of medium from each well (i.e., 2/3 of the volume) using a mul-
tichannel pipette. Add 166 ul of fresh healthy or diabetes differentiation medium
containing 3 uM of to the corresponding wells, resulting in a final concentration of
2 uM WNT-C59 in each well. Return the plate to the incubator at 37°C with 5%
CO, for exactly 48 hr.

6. On day 4, take the plate out of the incubator and remove 166 pl of medium from
each well (i.e., 2/3 of the volume) using a multichannel pipette, and add 166 pl of
fresh healthy or diabetes differentiation medium to the corresponding wells. Return
the plate to the incubator at 37°C with 5% CO, for exactly 48 hr.

Proepicardial induction and cardiac organoid maintenance
7. On differentiation day 6, remove 166 ul of medium from each well (i.e., 2/3 of the
volume) using a multichannel pipette and add 166 pl of healthy or diabetes mainte-
nance medium to the corresponding healthy and diabetic conditioned wells. Return
to incubator at 37°C with 5% CO, for exactly 24 hr.

Organoids may begin to beat around day 6. It is recommended to check for beating under
a light microscope between days 6-10.

8. On day 7, prepare 10 ml of healthy differentiation medium and 10 ml of diabetes
differentiation medium per 96-well plate, each with 3 pl of 10 mM CHIR99021,
for a final medium concentration of 3 uM CHIR99021. Take the plate out of the
incubator and remove 166 pul of medium from each well (i.e., 2/3 of the volume)
using a multichannel pipette. Add 166 ul of fresh healthy or diabetes maintenance
medium containing 3 pM of CHIR99021 to the corresponding wells, resulting in a
final concentration of 2 uM CHIR99021 in each well. Return to incubator at 37°C
with 5% CO, for 1 hr.

Incubation times of over 2 hr may result in an increased differentiation into epicardial
lineages and is not recommended.

9. Take the plate out of the incubator and remove 166 pl of medium from each well (i.e.,
2/3 of the total volume) using a multichannel pipette. Add 166 pl of fresh healthy
or diabetes maintenance medium to the corresponding wells. Return the plate to the
incubator at 37°C with 5% CO,.
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Healthy Diabetic

Figure 3 Day 15 heart organoids differentiated under healthy and diabetic conditions. Light mi-
croscopy images showing the relative size and shape of representative organoids on day 15 of
differentiation, grown under healthy (left) conditions (5.5 mM glucose) and under diabetic (right)
conditions (11.1 mM glucose). Glucose levels of 11.1 mM or more are considered diabetic in hu-
mans.

10. Perform medium changes every 48 hr by removing 166 pl of medium from each
well (i.e., 2/3 of the total volume) using a multichannel pipette and adding 166 pl of
fresh healthy or diabetes maintenance medium to the corresponding wells. Proceed
to downstream analyses (Basic Protocol 3) on differentiation day 15, or continue
culturing for longer-term organoid maintenance.

All organoids are expected to spontaneously beat by day 10. Organoids grown in diabetic
conditions should appear larger and more circular compared to the control counterparts
(Fig. 3). Users may notice that the medium surrounding the diabetic organoids is depleted
more quickly, causing it to turn yellow; this is expected, and is likely related to size and
metabolic rate differences of the diabetic organoids.

IMMUNOFLUORESCENCE AND ORGANOID PREPARATION FOR OTHER
ASSAYS

This protocol describes the steps for subjecting the healthy and diabetic organoids from
Basic Protocol 2 to immunofluorescence using confocal microscopy. Immunofluores-
cence analysis can help to identify key cellular markers within the organoids and to in-
vestigate the effects of pregestational diabetes on structural composition and morphology
in the developing human heart organoids, such as myocardial and epicardial tissue for-
mation.

In this assay, the organoids are fixed using paraformaldehyde (PFA), and primary antibod-
ies are used to detect tissue-specific proteins (e.g., TNNT?2 for cardiomyocytes and WT'1
for epicardial cells) within the organoids. Secondary antibodies, which are conjugates
with fluorescent labels, are then used to visualize the location of the primary antibodies
under confocal microscopy. This technique allows us to determine the tissue composition
of the organoids and visualize the structural organization of major heart tissues in relation
to one another. The epicardium, for example, plays a crucial role in the developmental
stages of the heart, and gives rise to other cardiac cell types (J. Cao & Poss, 2018; Y. Cao,
Duca, & J. Cao, 2020), while the myocardium makes up the muscle tissue and forms the
heart chambers (Keung et al., 2019; Zhao et al., 2020). The formation of these heart tis-
sues is critical for establishing a recapitulative human heart model in vitro. Visualizing
the development of these tissues in the organoids using immunofluorescence can provide
essential information on the health of the heart organoids in response to treatments or
toxicity screening.

We also briefly comment on how to prepare the organoids for other assays not described
here, including live assays or RNA-based assays such as RT-qPCR or RNA-seq. We
describe how to transfer and prepare the organoids for these analyses.
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Day 15 cardiac organoids (from Basic Protocol 2) are used here as an example for anal-
yses; however, organoids can be analyzed at any time point of interest throughout the
differentiation protocol, as well as after long-term culture beyond 15 days.

For assays that require transferring the organoids out of the culture plate to a secondary
location, it is advised to follow this protocol with care, to avoid damaging the organoids
in the transfer process.

The tools described here can be used to investigate the mechanisms underlying the ef-
fects of hyperglycemia and hyperinsulinemia on the developing human heart and explore
potential therapeutic avenues in a high-throughput systematic screening manner.

Materials

Healthy and diabetic cardiac organoids generated in Basic Protocol 2

RNAprotect Tissue Reagent (Qiagen, cat. no. 76104)

Extraction kit (RNEasy Mini Kit from Qiagen)

Paraformaldehyde (MP Biomedicals, cat. no. IC15014601)

1 x PBS (Gibco, cat. no. 10010049)

Glycine (Millipore Sigma, cat. no. 410225)

Immunofluorescence blocking solution (see recipe)

Immunofluorescence antibody solution (see recipe)

Anti-Cardiac Troponin T antibody (Abcam, cat. no. ab8295)

Recombinant Anti-Wilms Tumor Protein antibody (Abcam, cat. no. ab89901)

Donkey anti-Rabbit I Secondary Antibody, Alexa Fluor™ 488 (ThermoFisher
Scientific, cat. no. A-21206)

Donkey anti-Mouse Secondary Antibody, Alexa Fluor™ 594 (ThermoFisher
Scientific, cat. no. A-21203)

Polybead Microspheres, 90-um (Polysciences, Inc., cat. no. 73155)

Clearing mounting medium (see recipe)

Top Coat Nail Varnish (transparent)

P-200 micropipette andP-200 pipette tips

1.5-ml microcentrifuge tubes (Fisher Scientific, cat. no. 02682002)
Thermoshaker (ThermoFisher Scientific, cat. no. 13-687-711PM)
Kimwipes (Kimberly-Clark Professional, cat. no. 06-666)

Microscope slides (Fisherbrand, cat. no. 1255015)

Micro cover glasses (VWR, cat. no. 48393-241)

Nikon Instruments A1 Confocal Laser Microscope (Nikon, cat. no. HD25)

Organoid collection and transfer
1. Cut off the pointed end of a p200 pipette tip about 10 mm from the bottom so that
the opening of the tip is about 3 mm in diameter.

This allows collection of the organoids without causing damage as they enter and exit
the tip.

2. Remove the day 15 organoids plate (from Basic Protocol 2) from the incubator.
Using the p200 pipette with a cut tip (step 1), slowly collect one organoid from a
well by collecting 100-200 pl of medium with the organoid. To do this, hold the
pipette straight up and then lower it to the bottom of the well as you slowly extract
the medium along with the organoid.

The organoid should be visible to the naked eye inside the tip.

3. Slowly dispense the collected organoid and medium into a 1.5-ml microcentrifuge
tube. Collect the necessary number of organoids per condition into this same tube,
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but without exceeding 8 in a single tube; larger amounts of organoids per tube are not
recommended for some downstream analyses. If performing immunofluorescence,
proceed to step 6.

Organoids should sink to the bottom of the tube in a few seconds. It is recommended
that 6-8 organoids be collected for each tested condition in each assay (e.g., 8 healthy
organoids and 8 diabetic organoids in separate tubes to be used for immunofluorescent
co-staining of cardiomyocytes and epicardial cells).

For live assays, transfer organoids in tube with medium to the secondary location
for the live assays (e.g., calcium transient imaging, see note below), and analyze
immediately.

Organoids should not be kept at room temperature for more than 1 hr.

Live assays may include, but are not limited to, calcium transient imaging for electro-
physiology and live fluorescent imaging for transgenic lines with fluorescent markers or
molecular probes. Live assays should be conducted according to manufacturer’s instruc-
tions or published protocols (Lewis-Israeli, Volmert, Gabalski, Huang, & Aguirre, 2021;
Ming et al., 2022) and are not described in this protocol.

For gene expression analyses, including RT-qPCR and RNA sequencing, remove all
medium from the tube without disturbing the organoids, add 100 ul of RNAprotect
Tissue Reagent, place at 4°C for 24 hr, and then transfer to —20°C for long-term
storage. Proceed to RNA extraction using an extraction kit such as RNEasy Mini
Kit from Qiagen, per the manufacturer’s instructions. Subject the RNA to the anal-
ysis of interest, for instance, (see Drakhlis et al., 2021; Lewis-Israeli et al., 2021;
Manivannan et al., 2022).

Four organoids typically yield 40-100 ng/ul of RNA.

Whole-mount immunofluorescence analysis

Tubes should not contain more than 8 organoids per tube; higher numbers will reduce
the effectiveness of the fixing process.

6.

10.

11.

Remove as much medium from the tube of organoids as possible without disturbing
the organoids at the bottom.

Prepare 4% (w/v) paraformaldehyde (PFA) in PBS and add 400 pl to each tube.
Incubate for 30-45 min at room temperature.

Prepare a stock solution of 20 mM glycine in PBS by adding 150 mg of glycine to
100 ml of 1x PBS (store stock solution at 4°C for up to 1 month). Remove PFA
without disturbing the organoids at the bottom of the tube, and wash three times
with 400 ul PBS supplemented with 20 mM glycine, each time for 5 min.

Fixed organoids can be stored in PBS at 4°C for up to 2 weeks.

Remove PBS-glycine from each tube without disturbing the organoids. Add
100 ul of immunofluorescence blocking solution and place on a thermoshaker at
room temperature overnight, shaking at 300 x g.

Remove immunofluorescence blocking solution from each tube without disturbing
the organoids. Wash once with 100 pl of PBS.

Prepare antibody solution (see Reagents and Solutions) with added primary anti-
bodies according to the manufacturer’s recommended antibody dilution [e.g., Anti-
Cardiac Troponin T antibody (Abcam, ab8295) at a 1:200 dilution, and Recombi-
nant Anti-Wilms Tumor Protein antibody (Abcam, ab89901) at a 1:100 dilution,
diluted in immunofluorescence antibody solution]. Remove PBS from the tube
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12.

13.

14.

15.

16.

17.

18.

19.

without disturbing the organoids and add 100 pl of immunofluorescence antibody
solution containing the desired primary antibodies. Place on a thermoshaker at 4°C
set to 300 x g, for 24 hr.

Remove immunofluorescence antibody solution without disturbing the organoids,
and wash with 100 pl PBS three times, for 5 min each. Keep the tubes on the ther-
moshaker at 300 x g during the washes.

Prepare antibody solution (see Reagents and Solutions) with secondary antibodies
added according to the manufacturer’s recommended antibody dilution [e.g., Don-
key anti-Rabbit I Secondary Antibody, Alexa Fluor™ 488 (Thermo, A-21206) at
a 1:200 dilution, and Donkey anti-Mouse Secondary Antibody, Alexa Fluor™ 594
(Thermo, A-21203) at a 1:200 dilution, diluted in immunofluorescence antibody
solution]. Remove PBS from each tube without disturbing the organoids and add
100 pl immunofluorescence antibody solution containing the secondary antibodies
corresponding to the primary antibodies used in the previous step. Place on a ther-
moshaker at 4°C set to 300 x g, for 24 hr. Cover thermoshaker with aluminum foil
to provide a dark environment for the tubes.

Remove immunofluorescence antibody solution without disturbing the organoids,
and wash with 100 ul PBS three times, each time for 5 min. Work with minimal light
exposure, to minimize the effect on the fluorophores of the secondary antibodies.

Prepare slides by pipetting a drop of 90-um Polybeads around the inside corners of
where the cover glass will be. Dry the Polybeads using a Kimwipe. Place a drop of
clearing mounting medium over the Polybeads so that they remain in place.

Placing mounting medium on top of the beads first will prevent them from moving around
when adding the organoids and accidentally overlapping with the organoids during imag-

ing.
Using a cut p200 pipette tip (see step 1), transfer the stained organoids to the slide,
positioning them between the Polybeads. Dry excess PBS around the organoids us-
ing the tip of a Kimwipe. Space out the organoids so that they do not touch each

other and therefore interfere with the imaging process. Do not exceed 8 organoids
per slide, for ease of imaging.

Place approximately 120 pl of clearing mounting medium on top of the organoids
on the slide, ensuring that no bubbles are formed. Use a pipette tip to reposition
organoids that may have moved when the mounting medium was added. Cover with
a cover glass.

Seal the perimeter of the cover glass with transparent nail varnish, and store in the
dark overnight at room temperature before imaging. Store in the dark at 4°C for
long-term storage (up to 6 months).

An overnight incubation before imaging provides enough time for the clearing mounting
medium to settle, improving the quality of image acquisition.

Proceed to imaging using a confocal microscope (e.g., Nikon Instruments A1 Con-
focal Laser Microscope). Use a 10x objective for full organoid structure analysis,
as shown in Figure 4, or a 60x objective for cellular-level imaging analysis, as pre-
viously described (Lewis-Israeli et al., 2021).

For whole-organoid (10x) imaging, it is recommended to acquire a Z-stack 20-80
um in depth using the recommended Nyquist sampling frequency step size (~2-3 um).
For high-magnification (60x ) imaging, it is recommended to acquire multiple Z-stacks
of 5-10 um in depth using the recommended Nyquist sampling frequency step size
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Diabetic

Healthy

Figure4 Confocal immunofluorescence images of representative day-15 organoids differentiated
in healthy and diabetic conditions. Organoids grown under healthy (5.5 mM glucose) and diabetic
(11.1 mM glucose) conditions were fixed on day 15 and stained for the cardiomyocyte-specific
marker TNNT2 (red), the epicardial specific marker WT1 (green), and the nuclear dye DAPI (blue),
allowing visualization of the disparities in morphological organization of the heart tissues between
the conditions. Scale bar: 500 pm.

(~0.2-1 um), and at least six different locations throughout the organoid, for represen-
tative image acquisition.

Representative confocal images are shown in Figure 4.

REAGENTS AND SOLUTIONS
Clearing mounting medium (Dekkers et al., 2019)

Distilled H,O containing:

60% (v/v) glycerol (Millipore Sigma, cat. no. G5516)
2.5 M d-(—)-fructose (Millipore Sigma, cat. no. F0127)
Store at 4°C for up to 3 months

Diabetes differentiation medium

RPMI 1640 Medium, no glucose (Thermo Fisher Scientific, cat. no. 11879020)

2% (v/v) B-27™ Supplement, minus insulin (Thermo Fisher Scientific, cat. no.
A1895601)

1% (v/v) penicillin-streptomycin (Gibco, cat. no. 15140122)

11.1 mM glucose (Thermo Fisher Scientific, cat. no. A2494001)

Store at 4°C for up to 1 month

Diabetes maintenance medium

RPMI 1640 Medium, no glucose (Thermo Fisher Scientific, cat. no. 11879020)

2% (v/v) B-27™ Supplement, minus insulin (Thermo Fisher Scientific, cat. no.
A1895601)

1% (v/v) penicillin-streptomycin (Gibco, cat. no. 15140122)

5.5 mM glucose (Thermo Fisher Scientific, cat. no. A2494001)

1.14 nM insulin, human recombinant (Millipore Sigma, cat. no. 91077C)

Store at 4°C for up to 1 month

Healthy differentiation medium

RPMI 1640 Medium, no glucose (Thermo Fisher Scientific, cat. no. 11879020)

2% (v/v) B-27™ Supplement, minus insulin (Thermo Fisher Scientific, cat. no.
A1895601)

1% (v/v) penicillin-streptomycin (Gibco, cat. no. 15140122)
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5.5 mM glucose (Thermo Fisher Scientific, cat. no. A2494001)

Store at 4°C for up to 1 month

Healthy maintenance medium

RPMI 1640 Medium, no glucose (Thermo Fisher Scientific, cat. no. 11879020)
2% (v/v) B-27™ Supplement, minus insulin (Thermo Fisher Scientific, cat. no.

A1895601)

1% (v/v) penicillin-streptomycin (Gibco, cat. no. 15140122)
5.5 mM glucose (Thermo Fisher Scientific, cat. no. A2494001)
170 pM insulin, human recombinant (Millipore Sigma, cat. no. 91077C)

Store at 4°C for up to 1 month

Immunofluorescence antibody solution
PBS (Gibco, cat. no. 10010049)

1% (v/v) donkey serum (Millipore Sigma, cat. no. S30-M)

0.5% (w/v) bovine serum albumin (Fisher Scientific, cat. no. 50253966)

0.5% (v/v) Triton™ X-100 (Millipore Sigma, cat. no. T8787)

Store at 4°C for up to 1 month, or at —20°C for long-term storage (up to 1 year)

Immunofluorescence blocking solution
PBS (Gibco, cat. no. 10010049)

10% (v/v) donkey serum (Millipore Sigma, cat. no. S30-M)

0.5% (w/v) bovine serum albumin (Fisher Scientific, cat. no. 50253966)

0.5% (v/v) Triton™ X-100 (Millipore Sigma, cat. no. T8787)

Store at 4°C for up to 1 month, or at —20°C for long-term storage (up to 1 year)

COMMENTARY

Background Information

Congenital heart defects (CHDs) are the
most common structural birth defect, oc-
curring in 1%-5% of live births worldwide,
making them the leading cause of death in the
first year of life (Gilboa et al., 2016; Pierpont
et al.,, 2007). The prevalence of CHDs has
been rapidly increasing (Marelli et al., 2014),
and it is estimated that ~2.4 million Ameri-
cans, including 1 million children, are living
with a congenital malformation of the heart
(Gilboa et al., 2016). The prevalence of dia-
betes mellitus (DM) around the world ranges
from 2%-17% (Hunt & Schuller, 2007). This
increasingly prevalent disease carries a high
prenatal disease and mortality risk. Numerous
retrospective case studies have reported a
clear correlation between maternal DM dur-
ing pregnancy and an increase in the risk of
CHDs (Correa, 2016; Geurtsen et al., 2019;
@yen et al., 2016). In addition, in vivo studies
in mice have investigated the symptoms and
potential mechanisms in which pregestational
diabetes affects fetal development. Many stud-
ies have demonstrated that maternal diabetes
alters the expression of some genes involved
in the development of the heart, including
developmental morphogens and transcription
factors, such as Bmp4, Msx1, Pax3 (Kumar,
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Dheen, & Tay, 2007), Gata4, Tbx5, Nkx2.5,
Gata5, Bmpl10, and Notchl (Engineer et al.,
2018), leading to congenital heart defects.
These studies have also alluded to the involve-
ment of increased oxidative stress during
development (Engineer et al., 2018; Kumar
et al.,, 2012; Moazzen et al., 2014). Impor-
tantly, in vitro studies using 2D monolayers of
cardiomyocytes derived from human induced
pluripotent stem cells (hiPSCs) have been
used to investigate the effects of diabetic con-
ditions in human cells (Drawnel et al., 2014,
Geraets et al., 2018). In these reports, and to
create a diabetogenic environment, hiPSC-
derived cardiomyocytes were exposed to a
high glucose (HG) environment. HG-treated
cardiomyocytes were reported to be 5 times
larger than normal glucose-treated cardiomy-
ocytes. In line with the observed hypertrophic
changes, high glucose treatment resulted in
a significant increase in the expression of the
cardiac hypertrophy markers ACTA1, FHL,
and MLC2A (Ng et al., 2018).

Human pluripotent stem cells (hPSCs),
including embryonic stem cells (hESCs) and
induced PSCs (hiPSCs), have the capabil-
ity to self-organize into three-dimensional
(3D) structures called organoids, resembling
embryo-like tissue patterns in vitro. Although
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organoid models have been described for
a broad range of tissues, progress in the
cardiovascular field has been limited. The
field of engineered heart tissues has tradition-
ally relied on direct assembly approaches,
where different cardiac cell types (obtained
from animal tissues or, more recently, differ-
entiated from PSCs) are co-cultured into a
3D aggregate using various approaches such
as layering, surrounding pillars, embedding
in hydrogels, or seeding in patterned molds,
to name a few (Lewis-Israeli et al., 2021).
More recently, self-assembling heart organoid
protocols have emerged. Self-assembling
organoids better mimic the physiological
steps of heart development and give rise to
complex organoids with sophisticated internal
organization. These protocols, however, are
often derived from non-human stem cells
(Andersen et al., 2018; Lee et al., 2020; Rossi
et al., 2020), giving rise to non-cardiac cells
such as those from the foregut (Drakhlis
et al., 2021), or rely on multiple protocols for
co-culture approaches (Hofbauer et al., 2021).
Here, we describe a protocol to create sophis-
ticated, self-assembling human PSC—derived
heart organoids (hHOs) in a simple, three step
Wnt pathway modulation workflow in a single
protocol. In a previous study, we employed the
protocol described here and demonstrated the
capacity of hiPSC-derived cardiac organoids
to model the effects of pregestational diabetes
on the developing human heart, and we were
also able to recapitulate several observable
symptoms, including enlargement of tissue,
disorganization of cell types, and arrythmias
in electrophysiology recordings (Lewis-Israeli
et al., 2021). These organoids were exten-
sively characterized, and exhibited high tissue
complexity, containing all major cardiac cell
types, including cardiomyocytes, epicardial
cells, endocardial cells, endothelial cells, and
cardiac fibroblasts (Lewis-Israeli et al., 2021).
We further demonstrated the similarity of
the hHOs to human fetal heart tissue at the
transcriptome level. The hHOs also contain
complex internal structures, including cham-
bers and a sophisticated vascular network. We
also reported a high level of reproducibility
and control over the differentiation of the
hHOs. Lastly, using a transgenic cell line
with a fluorescent marker for apoptosis, we
observed the absence of a necrotic core, and
using doxorubicin as a positive control, we
showed apoptotic responses and demonstrated
the capacity of this hHO platform to model
cardiotoxicity (Lewis-Israeli et al., 2021).

This methodology was optimized to sim-
plify the required steps and minimize the ad-
dition of complex growth factor mixtures. In
contrast to previous differentiation protocols,
the concentrations of glucose and insulin in the
medium were modified to reflect healthy phys-
iological concentrations in humans as well as
physiologically relevant elevated glucose and
insulin levels to model pregestational diabetes.

Human organoid cultures have a number of
advantages over animal models: first and fore-
most, they constitute a human model, and are
more readily accessible than mouse fetuses,
as PSCs are easy to procure, can be pas-
saged numerous times, and yield hundreds of
organoids at a time. Further, organoids can be
easily followed over time in vitro, and culture
conditions can be tailored to specific purposes.
They can also be produced in large quantities
in a systematic manner for high-throughput
analyses or high-content screenings (Kim,
Koo, & Knoblich, 2020). Heart organoids
have been used for a variety of studies, in-
cluding drug screenings (Mills et al., 2019;
Skardal, Shupe, & Atala, 2016), disease devel-
opment (Lewis-Israeli et al., 2021; Miyamoto,
Nam, Kannan, & Kwon, 2021), and toxicity
research (Hoang et al., 2021; Richards et al.,
2020). Indeed, PSC-derived heart organoids
provide an ideal platform to study the car-
diotoxicity of therapeutic agents. Toxicity
studies have previously relied on animals, but
differences in species morphology, anatomy,
and function of various tissues have limited
our understanding of the mechanisms of
toxicity in humans (Van Norman, 2020). For
example, recent studies explored the effects
of cardiotoxins on heart organoids, studying
the effects of relative toxicant concentrations
on cellular damage (Richards et al., 2017),
as well as the effects of the chemotherapy
drug doxorubicin (Richards et al., 2020).
These demonstrate the ability to investigate
cardiotoxicity with respect to therapeutic aid
effects and drug discovery in human tissue.

Some limitations of organoid work, par-
ticularly for longer-term cultures, include a
microenvironment that is lacking some crit-
ical features (e.g., lack of blood circulation
and absence of neighboring organs that might
provide additional cues), particularly as the
organoids age. Over time, this phenomenon
leads to a general loss of complex develop-
mental or physiological cues, which result in
an increasing deviation from the physiolog-
ical environment meant to be modeled, thus
reducing the value of the organoid model to
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address the specific problem at hand. Addi-
tionally, protocols for organoid generation and
quality control are not globally standardized,
affecting reproducibility, and their production
and maintenance are relatively expensive
compared to traditional cell lines or animal
models. Finally, studies of organoids become
increasingly difficult owing to the growing
cellular and structural complexity required,
and in many instances necessitate new tech-
nology development (Kim et al., 2020; Ming
et al., 2022).

The protocol described here paves the
path to studying the etiology of congenital
heart disease associated with pregestational
diabetes, and allows access to stages of human
fetal heart development that are otherwise in-
accessible in research. It provides a relatively
low-cost and high-throughput platform to
investigate heart development and disease in
the context of drug screening and toxicology
studies.

Critical Parameters

Stem cell culture

Diligent stem cell culture technique is
crucial for the success of the protocols listed
here. Stem cells must remain pluripotent until
the directed differentiation protocol begins in
Basic Protocol 2. Successful maintenance of
stem cells is line dependent. hPSCs should
be cultured and passaged at least twice after
thawing, before embryoid body generation.

The use of defined medium is crucial for
the success of this protocol. PSCs cultured in
serum-based media are susceptible to variabil-
ity and may result in suboptimal organoids
or unsuccessful differentiation of cardiac
lineages.

Embryoid body generation

This protocol utilizes round-bottom ultra-
low-attachment plates to help shape the
embryoid bodies into spheres. This results in
the 3D spherical embryoid bodies sitting at
the bottom of the well, at the lowest point,
but not being attached to the plate itself. The
embryoid bodies are very delicate, especially
on the day after aggregation, and can very
easily come apart. For this reason, the very
first medium change after aggregation (Basic
Protocol 1, Cell aggregation into embryoid
bodies, step 14) should be executed slowly
and with care not to cause movement of the
EBs, which may result in their breakage.
Broken EBs may lead to unsuccessful differ-
entiation or in multiple smaller organoids in
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the same well that will not be reproducible or
representative of the rest of the plate. This is
true for both medium removal and medium
addition.

Organoid differentiation

For successful differentiation into func-
tional cardiac organoids, it is recommended
that all medium changes take place at the same
time of day, within a 20-min window. This
allows differentiation to occur as intended and
minimizes variability between plates.

The differentiation and maintenance media
should be warmed to 37°C prior to medium
changes, to minimize any temperature shocks
to the organoids during the protocol (this
is especially important in the early days of
differentiation).

For organoid cultures over 15 days, the
user should note that a slight decrease in
the size of the organoids after day 13 is to
be expected, as the organoids become more
compact. Organoids achieve human-fetal-like
heart features and, therefore, studies into
development and diseases of the adult/mature
human heart may need to incorporate addi-
tional maturation steps that are outside the
scope of this protocol, but that have been ex-
plored in recently published work (Ergir et al.,
2022; Silva et al., 2021; Yang et al., 2019).

Organoid analysis and testing

When transferring organoids from the
96-well culture plate to a secondary location
for live analysis (e.g., calcium imaging, life
fluorescence), fixation, or molecular biology
assays, we strongly recommend cutting the
tip off a p200 tip to create a wide opening, to
avoid any damage or stress to the organoids
(see Fig. 1).

When fixing organoids using 4% PFA, we
recommend a fixing time of 30-45 min, as
shorter times would fail to properly fix the
internal regions of the organoids, and longer
fixing times may require an additional antigen
retrieval step.

We also recommend not surpassing 8
organoids per tube for fixation and immunos-
taining, as we have experienced diminished
immunofluorescence quality under these
conditions.

Troubleshooting

Please see Table 1 for a list of common
problems with the protocols, their causes, and
potential solutions.
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Understanding Results

The generation of functional human heart
organoids under healthy and diabetic condi-
tions, as described in this article, is a delicate
process that requires some practice and
knowledge of basic cell culture techniques.
To achieve the desired results, the user must
start off with a good culture of pluripotent
stem cells, and follow the dissociation and
aggregation steps described in the protocol.
The top panel of Figure 1 illustrates the steps
that should be followed to obtain acceptable
embryoid bodies that are amenable to the dif-
ferentiation protocol described in Basic Pro-
tocol 2. The differentiation protocol depicted
by the center panel of Figure 1 demonstrates
the steps for the generation of healthy and
diabetic human heart organoids, which can be
subsequently analyzed in the steps described
in Basic Protocol 3 (Fig. 1, bottom panel).

Figure 2 shows images under a light micro-
scope of a PSC aggregate after centrifugation
(left) and subsequent formation of EB (right)
24 hr later, illuminated from below. These
should be used as a guide of what Basic Pro-
tocol 1 should yield, and if the results differ,
the user should consult the Troubleshooting
section for potential solutions. Once differen-
tiation begins, the EBs will noticeably grow
to be about 2-3 times their size in the first
4 days, and will maintain that size for the
remainder of the protocol. At day 15, healthy
organoids should be 600-800 um in diameter,
while diabetic organoids should be 800-1200
pum in diameter (Fig. 3). Organoids may begin
beating as early as day 6, with all organoids
expected to beat by day 10. Healthy organoids
often begin to beat earlier, and diabetic
organoids often beat more vigorously.

Immunofluorescence imaging should be
clear throughout most of the organoid, and is
limited by the depth penetration of confocal
microscopy. For this reason, 90-um Polybeads
are used between the slide and the coverslip,
so that the entire organoid can be imaged
throughout without losing all the 3D structure
this heart model provides. It is important to
keep in mind that the organoids are still flat-
tened on the slide and will, therefore, appear
larger in a confocal image and will lose some
3D information (Fig. 4). Immunofluorescence
imaging of cardiomyocyte marker TNNT2
and epicardial cell marker WT1 (shown in
red and green, respectively, in Fig. 4) show
the formation of myocardial and epicardial
tissue, and allow observing the notable dis-
parity in tissue organization between the
healthy organoids (5.5 mM glucose) and
diabetic organoids (11.1 mM glucose). These

disparities include an enlarged myocardial
area in the diabetic organoids, suggesting
hypertrophy, and a disorganized and scattered
epicardial tissue, suggesting morphological
abnormalities under diabetes conditions.

Time Considerations

Allow at least two passages of PSCs after
thawing, which can take 1-2 weeks depending
on the cell line. Basic Protocol 1 can be
initiated as soon as healthy and pluripotent
stem cells reach the required confluency. The
dissociation of the stem cells and subsequent
aggregation should take about 1-2 hr, de-
pending on user experience. EBs are ready
for differentiation 2 days after aggregation.
The differentiation protocol (Basic Protocol
2) is 15 days long, unless further culture is
desired for other specific applications. Allow
for at least 1 hr on every medium change day
for medium preparation and slow and care-
ful medium changes. Changing the medium
on a single 96-well plate should take any-
where from 10 to 30 min, depending on user
experience. Organoid analysis time varies
depending on the assay. Immunofluorescence
(Basic Protocol 3) takes 4 days, allowing a
day for the fixing and blocking step, a day for
primary antibodies, a day for secondary anti-
bodies, and a final day for imaging. Analyzing
the organoids for live imaging or for RNA
analyses can take between 1 and 4 hr, depend-
ing on the user and the protocol used. Fixed
organoids can be stored in PBS at 4°C for up to
2 weeks before starting immunofluorescence.
Organoid transfer from culture to a microcen-
trifuge tube using a cut pipette tip can take
between 5 and 20 min, depending on how
many organoids are retrieved at any one time.
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