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Recent innovations in differentiating cardiomyocytes from human
induced pluripotent stem cells (hiPSCs) have unlocked a viable path to
creatinginvitro cardiac models. Currently, hiPSC-derived cardiomyocytes
(hiPSC-CMs) remainimmature, leading many in the field to explore
approaches to enhance cell and tissue maturation. Here, we systematically
analyzed 300 studies using hiPSC-CM models to determine common
fabrication, maturation and assessment techniques used to evaluate
cardiomyocyte functionality and maturity and compiled the datainto an
open-access database. Based on this analysis, we present the diversity of,
and current trendsin, in vitro models and highlight the most common

and promising practices for functional assessments. We further analyzed
outputs spanning structural maturity, contractile function, electrophys-
iology and gene expression and note field-wide improvements over time.
Finally, we discuss opportunities to collectively pursue the shared goal of
hiPSC-CM model development, maturation and assessment that we believe
are critical for engineering mature cardiac tissue.

The average cost to bring a new pharmaceutical to the market in the
United States is estimated at more than1billion dollars', and approxi-
mately 10% of pharmaceuticals worldwide have been withdrawn due
to adverse cardiovascular side effects’. This high failure rate isin part
dueto therelative difficulty in predicting which drugs will have adverse
cardiac effects. Primary human cardiomyocytes (CMs) are difficult to
obtainandrapidly dedifferentiate invitro, renderingthemincapable of
faithfully detecting anything but acute effects of pharmaceuticals on

the heart®. On the other hand, while animal models can reveal cardio-
toxic and arrhythmogenic activity of pharmaceuticals, there are key
differencesin cardiac biology between species that limit their ability to
fully predict the potential for adverse cardiovascular effects in humans®.

The advent of the first differentiation protocol of human embry-
onic stemcells (hESCs) into CMsin1993 enabled researchers to study
human CMs in vitro in ways not possible with primary CMs>. In 2007,
the first hiPSCs were generated. Derived from skin or blood cells and
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reprogrammed intoa pluripotent state, these cells can be derived from
patients and can be differentiated into CMs without the ethical chal-
lenges associated with sourcing hESCs®. Thus, this approach allows for
the testing of pharmaceutical cardiovascular effects in a more physi-
ologically relevant model’.

The use of hiPSC technology to generate human CMs has also ena-
bled the study of myocardial physiology and pathobiology. Inherited
cardiomyopathies, such as hypertrophic, dilated and arrhythmogenic
cardiomyopathies (HCM, DCM, ACM), affect 1in 500,1in 250 and 1in
2,000-5,000 of the population, respectively®, and are caused by more
than1,000 possible genetic mutations across more than 100 genes’ ™.
Patient-derived hiPSC-CM models of genetic cardiomyopathies and
CRISPR-Cas9-edited hiPSC-CMs have thus been used to recapitulate
diseaseinvitro, to shed light on new disease mechanisms and to estab-
lish gene-editing strategies to correct these diseases'> . Additionally,
hiPSC-CMs have shown promise as regenerative therapies for patients
with heart failure?*,

However, despite all the promise associated with hiPSC-CMs, the
overall immaturity of hiPSC-CMs limits their utility. Fetal-like gene
expression patterns, immature structure and function, and nonphysi-
ologic or subphysiologic electromechanical activity are allimportant
caveatstothe conclusions drawn fromstudies using these cells to test
pharmaceuticals or model disease states and are major hurdles for
using these cellsin regenerative or reparative therapies.

hiPSC-CMs typically exhibit immature structural phenotypes,
including disorganized myofibrils, fewer mitochondria and poor
colocalization of calcium channels and ryanodine receptors, which
ultimately impair the functionality of hiPSC-CMs as compared to
adult CMs (Table 1)**. Additionally, engineered CMs mainly rely on
glycolysis for energy, rather than more efficient energy production
from oxidative phosphorylation used by adult CMs. Functionally,
human adult CMs exhibit a resting membrane potential (RMP) and
a conduction velocity of approximately -90 mV and 30-100 cms™
(ref. 25), respectively, while very few hiPSC-CM models have shown
anRMP below -80 mV (refs. 22,26-30) or aconduction velocity above
40 cm s (refs. 22,28,31). Additionally, the twitch force of adult human
CMs is 25-44 mN mm™ (ref. 32), and only a few hiPSC-CM engineered
constructs have achieved this level of contractility®-*.

In the past decade, there have been great strides made toward
understanding how to further mature hiPSC-CMs by combining knowl-
edge fromdiversefields. Inachieving these advances, researchers have
used many different cell lines, differentiation protocols, maturation
techniques and functional assessments, making it challenging for the
field to make head-to-head comparisons between studies. As the field
of cardiactissue engineering itself matures, standardized benchmark-
ing across the field will be essential to extract key findings and apply
them toward future advances.

To assess the current state of the art, we sought to systematically
analyze abreadth of studies using hiPSC-CMs by extracting protocols
and functional assessment metrics. In synthesizing the key findings
from these analyses, here we provide guidance on best practices for
generating and assessing the maturity of hiPSC-CMs with the goal of
fostering a transparent discussion toward convergence among the
community to progress toward engineering adult-like hiPSC-CMs.

Methodology

Across over 2,000 studies using hiPSC-CMs from 2016 to 2022, there
exists high variability in differentiation protocols, maturation strat-
egies and assessment of cell or tissue functionality. To understand
the nature of this variability, we systematically analyzed 300 studies
using hiPSC-CM models and compiled data on these components.
Using a PubMed search for ‘(((induced pluripotent stem cells) OR
(iPSC)) AND ((cardiomyocyte) OR (cardiomyocytes) OR (iPSC-CM)
OR (iPSC-CMs) OR (induced pluripotent stem cell-cardiomyocytes)
OR (induced pluripotent stem cell-CMs))) AND ((engineered heart

Table 1| Adult CM benchmarking parameters and values

Benchmarking parameters and corresponding values of adult CMs/tissues

Structural organization - Rod shaped with aligned, developed myofibrils

- Binucleated'™

- Sarcomere length: ~2.0-2.2um (refs. 164,165)

- CM surface area: ~10,000-14,000 ym? (ref. 166)

- T-tubules present

- Mitochondria localized near sarcomere™’

- Expression of adult ventricular CM-specific
structural genes (that is, MYH7, MYL2, TNNI3,
and so on)

- Tissue elastic modulus ~10-50kPa (ref. 168)

Mechanical properties

Force - Contractile stress: ~30-60mNmm™ (refs. 169,170)
- Positive force-frequency ratio
Electrophysiology - Low-to-zero spontaneous contractions®'”!

- Characteristic notch at the top of upstroke'®

- RMP: ~-90mV (ref. 172)

- Action potential amplitude: ~100-110mV (ref. 173)
- Action potential duration: ~230-300ms (ref. 174)
- Depolarization velocity: ~250-300Vs™ (ref. 173)

- Conduction velocity: ~30-100cms™ (ref. 25)

- Cytosolic Ca® concentration'®
- Resting: ~100nM
- Post-sarcoplasmic reticulum calcium
release: ~1uM
- Mature sarcoplasmic reticulum function
- Increased gene expression of calcium-handling
machinery (CACNA1C, SCN5A, KCND3, KCNJ2,
SLC8AT1, ATP2A2, CASQ2, RYR2, GJAT, PLN)
- Robust organization of calcium-handling
machinery

Calcium conduction

- Reliant mainly on fatty acid oxidation: >70%'**'**

- Reduction in glycolysis: <10% of total energy

Metabolic maturity source'?

- Mitochondrial volume: ~30% of cell volume*

tissue) OR (cardiac microtissue) OR (maturation) OR (mature))’, we
identified 846 potential publications for analysis. We eliminated publi-
cations focusing on atrial differentiation due torelatively limited work
in this space and focused our benchmarking on ventricular CMs. We
also eliminated publications that were solely focused on disease mod-
elingbutincluded disease-modeling publications in which maturation
techniques (the primary focus of our analysis) were used in model
development. To capture overall trends in the field, we focused on
300 publications. This included the top 100 cited publications from
the 846 potential publications based on citation numbers reported by
the Web of Science database as 0f 2022,100 randomly selected publi-
cations from the potential publications and 100 additional hiPSC-CM
publications that were manually selected from references in recent
high-impact reviews on cardiactissue engineering or top search results
for ‘iPSC-cardiomyocytes’ on Google Scholar.

After accumulating and analyzing data reported from these pub-
lications, we analyzed functional outputs in structural, contractile,
calcium-handling, electrophysiology, gene expression and metabolic
assessments to identify patterns in the effects of model parameters
on cardiac maturation. Graphs depicting functional outputs show
mean = s.e.m. unless otherwise noted. Data were assessed with one-way
ANOVA that was corrected for multiple comparisons using a Tukey
test with a 95% confidence level. All data used for these analyses can
be foundinSupplementary Datal (ref. 34).

Current approaches to engineer hiPSC-CM
invitro models

hiPSC culture and differentiation

Withthe widespread adoption of hiPSC-CMsin the field of cardiac tissue
engineering, more hiPSC lines are being generated and used in stud-
ies to capture global diversity and generate patient-specific models.
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Fig. 1| hiPSC culture and differentiation. a, Histogram of the number of control
hiPSC lines that publications reported using for hiPSC-CM differentiation. b, Top
15reported hiPSClines in the analyzed publications. Gibco epi, Gibco episomal.
¢, Histogram of the reported purity of CMs after hiPSC-CM differentiation. Inset:
reported methods of assessing the purity of CMs after hiPSC-CM differentiation.
d, Schematic of the variability in hiPSC-CM differentiation protocols. Confluency
of hiPSCsis typically at ~-80-90% at the start of differentiation (day 0) (n =108).
Thereis variability in the time course of WNT pathway activation (green) and

inhibition (blue) in hiPSC-CM differentiation, along with wheninsulinis added
to the medium (pink) and the hiPSC-CM purification method (red). Pie charts
represent the top reported WNT pathway activators (n = 229), WNT pathway
inhibitors (n =219) and purification methods (n =300). n values represent

the number of publications that used and reported on each differentiation
component. BMP4, bone morphogenetic protein 4; bFGF, basic fibroblast
growth factor.

Here, we compiled information on the most commonly used hiPSClines
and hiPSC-CM differentiation protocols within the field.

hiPSC lines. A major source of variability across studies is the choice
of hiPSClines. Over 200 different hiPSClines were used across the ana-
lyzed studies. Over two-thirds of these studies used only one healthy
control hiPSCline and thus failed to assess how different hiPSC lines
may influence study findings (Fig. 1a). Of the 15 most used hiPSClines
across the papers analyzed (Fig. 1b), two-thirds have a female genetic
background and only six have ancestral information available (Sup-
plementary Table1).Four of these 15 lines are hiPSClines that are com-
mercially differentiated into CMs (Fig. 1b). Of note, Cor.4U CMs, which
were used in 5% of the studies we analyzed, were found to be derived
from hESCs, rather than hiPSCs, which are the focus of this Perspec-
tive®. The most frequently reported lines that are not commercially
differentiated include WTC11, IMR-90, DF19-9-11T.H, PGP1, 253G1, the
Gibco episomalline, 201B7, BJ1, SCVI-273, C25 and ATCC (Fig. 1b). It has
been shown that the genetic background of hiPSC lines impacts the
maintenance of hiPSC pluripotency® and influences transcriptional

variation®, which could ultimately impact the differentiation and func-
tion of derived hiPSC-CMs*®, highlighting the importance ofincluding
hiPSCs from diverse genetic backgrounds.

hiPSC differentiation into CMs. hiPSC culture medium can also
influence the maintenance of hiPSC pluripotency and self-renewal®.
Over 55% of publications used one of two commercially available
hiPSC culture media as the backbone medium: mTeSR 1 (Stemcell
Technologies) or Essential 8 Medium (Gibco) (Supplementary Datal).
During and after differentiation, the backbone culture medium was
typically changed to RPMI 1640 (>50%), StemPro-34 (-5%) or those
from commercially available kits. Supplements and additives such
as B-27 (>50% of publications), L-ascorbic acid, albumin, L-glutamine,
HEPES and more were added to some cultures (Supplementary
Data1). Additionally, the matrix (if any) that hiPSCs are seeded on
during and after differentiation has been found to impact hiPSC-CM
purity and maturation*®*", Matrigel (-30%), gelatin (-20%) and
fibronectin (-15%) were the most commonly reported matrices used
for hiPSC culture (Supplementary Data1).
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While most protocols used to generate CMs are based on temporal
modulation of the WNT signaling pathway*, adjustments to differentia-
tion parameters are often required for successful CM differentiation
across hiPSC lines* (Fig. 1d). Of the analyzed studies, CHIR9901 was
the most commonly employed WNT agonist used to initiate the dif-
ferentiation process (used in >60% of studies analyzed). CHIR9901 was
typically added to hiPSCs at ~-80-90% confluency for 24 h from day O
toabout day1.Subsequent WNT pathway inhibition with IWR-1, IWP-2
or IWP-4 was conducted from approximately day 3 to day 4 of differ-
entiation. Insulin was typically added on day 7 of differentiation. The
use of metabolic selection to improve the purity of hiPSC-CMs** was
only reported in one-third of the publications. Of these publications,
about 70% removed glucose from the medium and supplemented the
medium with lactate to starve non-myocytes.

While many studies failed to quantify hiPSC-CM purity after dif-
ferentiation, over half of the studies reported using either flow cytom-
etry or immunohistochemistry for cardiac-specific markers, such as
cardiac troponin T (cTnT) or &-actinin, to quantify the percentage
of successfully differentiated hiPSCs (Fig. 1c). The average reported
purity of CMs was 84%.

Overall, similar differentiation protocols are used across the field;
however, variationsin timing and concentration of WNT agonists and
antagonists appear to be necessary for successful CM differentiation of
different lines*. Additional variability arises from differencesin culture
techniques across groups. While we acknowledge the challenges asso-
ciated with controlling for these variables, it would be advantageous
for the field to reduce variability in differentiation protocols when
possible. As a start, more studies should adopt a common differen-
tiation protocol as a comparator to their group’s traditional protocol
andreport the purity of their hiPSC-CMs. Purity isimportant not only

when interpreting studies but also to provide additional assurance
that non-CMs are not unknowingly impacting downstream functional
outputs. Identifying and reporting the common non-CM cell popula-
tions that arise during differentiation could also aid in optimizing
differentiation protocols to improve differentiation efficiency.

Platforms used to study hiPSC-CMs

Following the differentiation of hiPSCs into CMs, these cells are typi-
cally incorporated into a variety of culture platforms to study their
function, ranging from simple, high-throughput platforms to more
complex bioreactor-like systems, many of which require engineering
expertise and/or the inclusion of additional cell types.

Two-dimensional platforms. A variety of platforms have been used
to generate hiPSC-CM models for studying hiPSC-CM maturation,
disease progression and drug toxicity. These models can broadly be
dividedinto two-dimensional (2D) versus three-dimensional (3D) tissue
platforms. Two-dimensional platforms are more commonly used than
3D tissue platforms due to their accessibility and higher-throughput
readouts. Additionally, 2D platforms facilitate the use of imaging and
higher-resolution analysis techniques to study CM structure and func-
tion. Across both2D and 3D tissues, the most used culture platform for
hiPSC-CMs was extracellular matrix (ECM)-coated glass or plastic sub-
strates (60%) (Fig. 2a). While fibronectin or Matrigel are typically coated
onto culture surfaces to facilitate cell adhesion, stromal cell-derived
ECM has recently been reported to also improve the maturation of
hiPSC-CMs*’.

Recent improvements to 2D platforms have focused on provid-
ing topographical cues to hiPSC-CMs to drive CM alignment, mim-
icking the organization of the native myocardium. This alignment
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has been achieved by culturing CMs on micropatterned rectangles
or lines”**7%, electrospun scaffolds composed of aligned poly-
meric fibers****, grooved substrates®7° and 3D-printed anisotropic
scaffolds” 7, Additionally, several studies have cultured hiPSC-CMs
on elastomeric surfaces that better recapitulate the mechanics of
the native myocardium’™ 7’ These substrates are typically made from
hydrogels or elastomers, including polyacrylamide®*~>%%% or polydi-
methylsiloxane (PDMS)*52°% respectively. While 2D platforms can
provide insights into the effect of specific parameters (that is, sub-
strate stiffness and ligand type and density) on CMs, they are difficult
to maintain in long-term culture and do not accurately recapitulate
the complex structure and dimensionality of native tissue. Thus, they
are limited in their ability to mimic specific aspects of development,
physiology and disease.

Three-dimensional platforms. Three-dimensional hiPSC-CM tissues
have become more widespread as they more accurately recapitulate
the 3D architecture of the cardiac microenvironment in which CMs
normally function. The majority of 3D cardiac microtissues studied
are considered scaffold free (Fig. 2b). An example of scaffold-free
microtissues includes spheroid cultures, which have been used as a
high-throughput assay to test the effects of non-CMs on tissue stabil-
ity and maturation. Other 3D hiPSC-CM tissues require the addition
of ECM proteinsto facilitate tissue assembly. The most common ECM
proteins used include fibrin, collagen, Matrigel or some combination
of these materials. Additionally, a handful of groups have explored
the use of decellularized ECM®**~® and synthetic hydrogels made of
materials such as polyethylene glycol”*’ to generate cardiac microtis-
sues. Furthermore, the culture medium used to maintain these tissues
has a substantial impact on the system, with over 80 combinations of
medium components used. More than one-third of the 3D hiPSC-CM
models were cultured in medium containing serum, despite its lim-
ited translational potential. Three-dimensional hiPSC-CMs are more
physiologically relevant overall, but complex fabrication processes
andincreased sources of variability limit both the accessibility and the
throughput of these models.

Another layer of complexity to some 3D cardiac microtissues is
theincorporation of supporting cell types. While some 2D hiPSC-CM
cultures contained admixed cell types®?, over 90% of 2D studies
used purified hiPSC-CM cultures. By contrast, about half of the 3D
hiPSC-CMtissues contained cell types such as mesenchymal stromal
cells (SCs) and endothelial cells (ECs) due to either their ability to facil-
itate tissue compaction or the potential to study theimpact of these
cell types on cardiac microtissue maturation and function (Fig. 2¢).
SCsusedinthese studiesinclude primary cardiac fibroblasts, mesen-
chymal stem cells, hiPSC-derived cardiac fibroblasts, lung fibroblasts,
mural cells, dermal fibroblasts, foreskin fibroblasts, hiPSC-derived
stromal cells, hiPSC-derived mural cells, adipose-derived stem cells,
pericytes and hiPSC-derived smooth muscle cells. This variability
is consequential, as it has been shown that the stromal cell source
can impact tissue assembly and functionality®. Additionally, the
proportion of stromal cells included, which can impact hiPSC-CM
function®, varied, but many groups used them in either a1:9 or 1:3
ratio with hiPSC-CMs (Fig. 2d).

Lastly, many groups have also explored the incorporation of ECs
to vascularize and further mature cardiac microtissues (Fig. 2c). Not
only does vascularization of cardiac microtissues enable the genera-
tion of thicker tissues, but the addition of ECs has also been found to
mature CMs via paracrine signaling®. Prominent EC sources include
hiPSC-derived ECs and primary human umbilical vein ECs. In CM-EC-
SCtissues, ECs and SCs were most oftenincluded inal:1ratio, with over
50% of the tissue being composed of hiPSC-CMs (Fig. 2d).

Overall, the composition of each platform is influenced by the
intended use and resource accessibility. This variability inmodel design
can impact the techniques used to assess resulting tissues and their

maturation. Dissemination of detailed protocols is critical to making
complex cardiac microtissue platforms widely accessible, allowing
othersinthefield to apply new techniques toimprove the maturation
and physiological relevance of their models.

Strategies used to mature hiPSC-CMs

Numerous strategies have been developed to simulate developmental
cues foundin the native cardiac microenvironment to direct hiPSC-CM
maturation toward amore adult-like phenotype (Fig. 3). In this analysis,
we grouped these cues into five categories (alignment, mechanical,
electrical, co-culture and metabolic maturation techniques) to iden-
tify trends in how these techniques are being implemented across
the field.

Alignment cues. Given the high degree of alignment of native CMs,
alignment cues are common maturation techniques in 2D hiPSC-CM
platforms and include micropatterning, aligned electrospun fibrous
scaffolds and grooved surfaces at the microscale*****% and the
nanoscale®*”° (Fig. 3a). Other variables that may contribute to the
success of alignment cues in 2D platforms include adhesive ligand
and substrate stiffness. Three-dimensional pillar platforms provide
alignment via tension, and recent work extended these techniques
by bioprinting anisotropic microtissues into larger-scale organized
tissue patches’.

Mechanical stimulation. Mechanical maturation techniquesinclude
the use of passive tension?'%°, culturing on hydrogel or elastomeric
substrates®*'°"1°2, dynamic mechanical stimulation of tissue®*'*%”
and the application of shear forces'*™ (Fig. 3a). Across all studies
analyzed, mechanical cues were the most used maturation technique
(Fig.3b), likely due to the widespread adoption of 2D hydrogel culture
platforms as well as 3D engineered heart tissues (EHTs) composed of
tissues tethered between two elastomeric pillars (Fig. 2a,b). Elastic
hydrogels of physiologically relevant elastic moduli between 3 and
10 kPa have been shown to improve the maturation and function
of hiPSC-CMs compared to supraphysiologic, stiff tissue culture
plastic or glass®**1°21 In EHT platforms, increasing passive ten-
sion, or afterload, modulated by pillar stiffness has generally been
shown to improve tissue formation, CM alignment and functional
maturation’®"2, However, too high of an afterload can lead to patho-
logical responses'>,

Lastly, cyclic mechanical stimulation to mimic the contractile
behavior of the heartand pace hiPSC-CMsin2D or 3D has been achieved
using pressure changes'**'** and cyclic stretching'*'°*™>, However, this
technique was used sparingly, inless than 7% of the studies we analyzed.

Electrical stimulation. Electrical pacing has shown great improve-
mentsin the maturation"® of engineered cardiac microtissue, leading
>12% of studies to use this technique (Fig. 3b). Previous work showed
that initiating electrical stimulation earlier in hiPSC-CM differen-
tiation and gradually increasing stimulation frequency over time
(Fig. 3a) can greatly improve the maturation of EHTs compared to
the commonly used constant stimulation of 1 Hz initiated later after
EHT assembly™. These electrically paced tissues had adult-like gene
expression profiles, increased mitochondrial density, the presence
of transverse tubules (t-tubules) and a positive force-frequency
relationship.

Co-culture of hiPSC-CMs with other cell types. As heterocellular
signaling plays animportant role in native tissue development®, there
have been notable effortsto characterize theimpact of other cell types
on hiPSC-CM maturation and overall tissue function. Over 50% of publi-
cationsincorporated SCs and/or ECs when generating cardiac microtis-
sues (Figs. 2cand 3b), which canimprove hiPSC-CM maturation, such
asincreased formation of t-tubules, contractility and electrophysical
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function®. Soluble factors from SCs, without physical co-culture, can
alsoimprove the maturation of hiPSC-CMs'.

Metabolic maturation. Strategies focusing on metabolic maturation
typically employ medium formulations and small molecules that drive
a shift from glycolysis to oxidative phosphorylation as the primary
source of adenosine triphosphate production in hiPSC-CMs. Studies
have shown that the use of triiodothyronine® and dexamethasone™
increases mitochondrial activity and improves contractile perfor-
mance and calcium handling of hiPSC-CMs. Other studies have shown
that the switch from media containing glucose to those containing
galactose and fatty acids promotes maturation’*'”, Metabolic matura-
tion is a more nascent technique adopted in under 10% of studies; its

ease of implementation makes it likely to be more widely integrated
into workflows across laboratories.

Utilization of maturation techniques. Despite maturationtechniques
generally leading to improvements in the function, robustness and
utility of hiPSC-CM models, more than one-third of the studies we ana-
lyzed did not use any of these techniques (Fig. 3c). By contrast, many
studies combined multiple maturation techniques toward enhancing
hiPSC-CM maturation, withabout one-third of studies exploring at least
two maturation techniques (Fig. 3c). We note a steady increase in the
average number of maturationtechniquesimplemented per study from
1.3in2016t02.0in2022 (Fig. 3d). More systematic studies are needed
to understand which of these techniques are most successfulin driving
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specific phenotype changes in hiPSC-CMs and how combinations of
techniques may act synergistically to improve maturation.

Metrics to assess hiPSC-CM maturity and function

Identifying techniques that are most effective in driving hiPSC-CM
maturation requires robust methods to assess hiPSC-CM function. To
quantify which assessment metrics are most commonly used and might
bestinform overall tissue maturity, we examined commonly reported
approaches used to obtain data on the structure and the function of
hiPSC-CMs and derivative tissues.

Structural analyses. Over 85% of studies reported data on the mor-
phology and the organization of sarcomeres in hiPSC-CMs or cardiac
microtissues, giventhe critical role of myofibrilsin cell contractile func-
tion (Fig. 4a). To obtain these metrics, over 60% of studies performed
immunostaining, while over 20% of studies used electron microscopy
to assess the structure of hiPSC-CMs (Fig. 4b). Proteins that were com-
monly labeled by immunostaining to visualize hiPSC-CM subcellular
structure include cTnT, a-actinin, cardiac troponin I, 3-myosin heavy
chain and connexin43. While some studies showed qualitative changes,
many used immunostaining of sarcomeric proteins to assess myofibril
morphometrics, suchassarcomere length and orientation. There are
dozens of published image analysis scripts used to analyze sarcomere
alignment with unique approaches in sarcomere segmentation and
computinggradients, for example, refs.120-124. These differing meth-
ods lead to many metrics of alignment, including orientation order
parameter'?'??, dispersion parameter'** and the Haralick correlation
score'”, thereby obfuscating direct comparisons across studies.

Methods of imaging the ultrastructure of hiPSC-CMs mainly focus
onidentifying key subcellular structural components and their posi-
tioning. These features include the relative organization of Z-lines,
the I-band, H-zones and M-lines in sarcomeres, the morphology and
density of mitochondria and the presence of caveolae. A structural
feature thatis associated with highlevels of maturation of hiPSC-CMs
isthe presence and orientation of t-tubules, which has been confirmed
in numerous recent studies®**378951161257135

Contractility measurements. Contractility measurements were the
second most reported metric of analysis, with over half of the stud-
ies reporting a contractility measurement (Fig. 4a). In 2D, the most
high-throughput and accessible method of obtaining a contractility
metric was using video-based analysis to quantify the displacement
of hiPSC-CMs during contraction?*°, While this method provides
valuable data on contractility kinetics and allows for insight into
relative changes in contractility, it does not provide a quantitative
value of contractility that can be compared across studies. A more
quantitative contractility metric thatis usedin2D is sarcomere short-
ening (the fraction that sarcomeres displace relative to their spacing
in a relaxed state)'”. While this quantification method can be more
readily compared across studies, it still does not directly quantify the
contractileforce or stress of the cells and requires live-cell fluorescent
labeling of sarcomeres'”. Traction force microscopy, in which the
displacement of fluorescent beads embedded in an elastic hydrogel
istracked over time, can be used to quantify the contractile force and
stress of unpatterned or patterned hiPSC-CMs, both at single-cell'
and multicellular®levels.

Similarly, contractile force and stress of hiPSC-CMs in 3D plat-
forms can be quantified using video motion analysis of the displace-
ment of tissue constraints of known stiffness such as elastomeric
pillars'°°, Three-dimensional hiPSC-CM tissues also produce enough
forcetobe captured by force transducers. Among the studies we ana-
lyzed thatreported contraction metrics, over 15% of studies used force
transducers (Fig. 4b)***"*, To address the variable size of 3D micro-
tissues across and within platforms, contractile stress factoring in
tissue geometry should be calculated in addition to force to enable

benchmarking of contractility between various platforms. Addition-
ally, we have noted that, in traditional EHT systems composed of two
elastic pillars that both deflect upon tissue contraction, some groups
calculate the EHT contractile force by measuring the displacement
of one of the pillars, while other groups sum the deflection of the two
pillarsto obtain a ‘total’ tissue displacement. However, tension within
the suspended tissue is applied equally on each post, and thus the
tension in the tissue equals the tension applied at one post, not the
sumofthetension atboth posts. These observations and suggestions
highlight the importance of the quantification method in comparing
metrics across studies.

Genetic analyses. The next most reported metric was gene expression.
Most studies that report gene expression used quantitative polymerase
chain reaction with reverse transcription to analyze relative changes
inexpression of genes predetermined from their study design. Amore
thorough look at changes in gene expression is now accessible due
to many recent innovations in RNA sequencing, in which the average
relative changes in expression of all detected genes can be reported,
enabling pathway-level analyses to determine changesin cellular signal-
ing underlying CM maturation.

Genesthatwere mostreportedinclude MYL2, MYH7, MYH6, TNNT2,
ATP2A2, TNNI3,RYR2,MYL7,GJA1, NKX2-5, PLN, CASQ2, SCN5A, CACNAIC
and KCNJ2 (Fig. 4c). These genes are associated with pathways and
proteinsinvolvedin cardiac contraction and electrical conduction. As
the composition of CMs evolves during maturation, their expression
of different protein isoforms does as well. Oftentimes, the relative
expression of genes encoding these isoform transitions is reported
to assess improvements in maturation (that is, MYH7-MYH6, MYL2-
MYL7, TNNI3-TNNII).

In addition to gene expression analyses of hiPSC-CM models,
over 20% of studies performed other omics analyses. While transcrip-
tomics providing gene expression analyses were the most common,
proteomics and metabolomics have also been used recently, oftenin
combination with transcriptomics to better understand transcriptional
and translational changes as well as their interrelationship during
hiPSC-CM maturation.

Calcium handling and electrophysiological measurements. Cal-
cium handling and electrophysiological measurements were also
common measures of CM function (Fig.4a), as they are directly related
toboththe structural and functional maturity of hiPSC-CMs. Calcium
handling is most often quantified with calcium-sensitive dyes, such
as Rhod-2, Fura-2 AM or Fluo-4 AM, which enable imaging of calcium
dynamics via high-speed microscopy (Fig. 4b). Some studies have
also implemented genetically encoded calcium indicators, such as
GCaMP"4, to observe calcium transients. Several algorithms have
been developed to quantify calcium fluxes™****°, and cell-screening
systems have implemented software for the high-throughput analysis
of calcium handling.

Similarly, electrophysiology can also be quantified by adding
voltage-sensitive dyes, such as FluoVolt, di-4-ANEPPS, di-8-ANEPPS or
BeRST to CMs, by imaging genetically encoded voltage sensors™ or by
directly measuring electrical properties using multielectrode arrays
or patch clamping (Fig. 4b). Patch clamping is the gold standard for
electrophysical recordings of cells, providing specific electrophysical
properties such as RMP that allow for benchmarking of hiPSC-CMs
against adult CMs. However, it can be difficult to obtain patch-clamp
measurements from3D cultures, leading many groups to opt for optical
mapping via voltage-sensitive dyes to obtain tissue-scale measure-
ments. One of the most reported metrics fromboth calcium handling
and electrophysiological measurements was conduction velocity,
which assesses the maturity of the calcium-handling machinery across
an entire tissue and the electrical coupling of hiPSC-CMs within the
tissue, both of which are critical to the function of myocardial tissue.
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Metabolic measurements. A final metric to report on the maturation
of hiPSC-CM s is metabolic activity. As metabolic changes in CMs are
observed throughout the development of the myocardium, increasing
efforts have been made to quantify metabolic activity of hiPSC-CMs
to capture the shift from glycolysis to oxidative phosphorylation.
Quantifying metabolic activity has become more common in recent
years to assess hiPSC-CM maturity, although it was still only used by
<15% of studies (Fig. 4a).

The most common assay used to quantify metabolic activity was
the Agilent Seahorse assay, which monitors adenosine triphosphate
production from glycolytic and oxidative pathways in cultures due
to changes in free protons and dissolved oxygen in culture medium
(Fig. 4b). Of note, <6% of studies provided a measure reflecting the
uptake of fatty acids, the main energy source of mature CMs"*'*>, Fatty
acid uptake was assessed using labeled fatty acids**""’ or measuring
the oxygen consumption rate with the addition of fatty acids’® and/
or a fatty acid oxidation inhibitor***. Many of the publications that
assessed metabolism were also focused on developing methods to
specifically mature hiPSC-CMs by directly shifting their metabolic
activity?*"?>1*¢ while others used it to assess hiPSC-CM maturation
more holistically®>"¢'*,

Response to cardiac modulatory drugs. A final method for assess-
ing hiPSC-CM maturation was treating cultures with small molecules
that are known to impact CM function and quantifying the ability of
hiPSC-CMs to respond in a manner reflecting the response of adult
CMs (Fig. 4d). Most commonly, the B-adrenergic agonistisoproterenol
was added to culture medium to quantify chronotropic and inotropic
responses, with a greater contractile force or frequency response
indicatingincreased adrenergic receptors and greater maturity. Other
studies used small molecules to determine whether contractility is
impaired upon inhibition of specific ion channels found in adult CMs
and provide insightinto the maturity of the calcium-handling machin-
ery present's,

Motivation, progress and challenges in hiPSC-CM
maturity

Applications of in vitro models requiring improved hiPSC-CM
maturity

Drug screening. In addition to using drug challenges to assess the
maturity of hiPSC-CM tissues, many models show great potential as
mid-to-high-throughput drug-screening platforms. As such, many
groups, including regulatory agencies, have begun exploring how
patient-specific hiPSC-CM tissues could be used to more accurately
identify cardiotoxic effects of therapeutics and ultimately replace
expensive and time-consuming in vivo cardiotoxicity assays’. However,
hiPSC-CMs used for cardiotoxicity testing must be sufficiently mature
to ensure that the drug-induced phenotype faithfully represents the
cardiacresponse to the drug in human patients.

For example, verapamil can exhibit false positives in commonly
used 2D monolayer toxicity assays, prolonging action potential dura-
tion at low doses'*’. By treating hiPSC-CMs in 3D culture with matura-
tion medium, these effects were nolonger observed at relevant doses,
likely due to changesinion channel expressionin more mature tissues.
This highlights the necessity to generate mature hiPSC-CMs to accu-
rately assess the potential effectiveness or toxicity of a drug in vitro.
However, because many studies did not employ maturationtechniques,
less mature hiPSC-CMs may be sufficient for testing the efficacy and
toxicity of certain drugs, depending on their mechanisms of action
(Supplementary Data1).

Disease modeling. Theincreased maturation of hiPSC-CM models has
also enabledinvitro studies of amultitude of cardiac pathologies. Over
15% of the studies analyzed used hiPSC-CM platforms to model various
cardiac pathologies, ACM,HCM, DCM, myocardial infarctionand long

QT syndrome (Fig. 4¢,f). By using patient-derived or genetically edited
hiPSC-CMs or stress-inducing culture conditions, such as hypoxia, stud-
ieshavebeen ableto model changesin CM structure, contractility and
electrophysiology associated with pathology'®***"**, Implementing
maturation techniques, such as metabolic conditioning, has enabled
the recapitulation of key disease phenotypes that were not otherwise
prominent in hiPSC-CMs (Fig. 4f)**""*, With increasing maturation
of hiPSC-CMs, there is growing potential to use these models to shed
light on disease mechanisms and potential therapeutic approaches.

Field-levelimprovements in the maturation of hiPSC-CMs
Despite high variability among maturation techniques and assessment
metrics, there were noticeable improvements in frequently assessed
metrics (Fig. 5a-d). Sarcomere length, contractile stress and conduc-
tionvelocity all trended upward over time, suggesting that the field is
engineering more mature hiPSC-CMs. Improved measurement tools
and techniques could also be contributing to these improvements
by enabling more accessible and standardized assessment metrics.

The average reported sarcomere length of hiPSC-CM models
increased from ~1.7 pm in 2016-2018 to 1.8-1.9 um in 2020-2021,
approaching the sarcomere length of adult CMs, -2 pm (ref. 150)
(Fig. 5a). Sarcomere length measurements have been obtained with
many different approaches, including the use of different protein
markers, imaging techniques and image analyses. Thus, while matu-
ration strategies should lead to improvements in this value, reported
values may also be influenced by the employed measurement meth-
ods, each of which may have limitations. While some of the highest
reported sarcomere lengths are from hiPSC-CM models from studies
exploring maturation techniques such as intensity-ramped electrical
stimulation™, tricultures™ or patterned elastomeric substrates”, the
highest reported average sarcomere lengthis from astudy that did not
use any of the maturation techniques assessed here but instead simply
cultured hiPSC-CMs for extended periods of time'”’. Extended culture
as a technique for hiPSC-CM maturation has also been explored by
other groups, but the use of simplistic, 2D culture platforms employed
inthese studies appears to limit the development of other features of
maturation such as t-tubules™.

Contractile stress, on the other hand, has seen more marked
improvements in recent years (Fig. 5b). While the average contractile
stress of hiPSC-CM models was 12 mN mm™ (or 12 kPa) in 2021, more
recent models have shown contractile stress performance approach-
ing that of adult CMs (25-44 mN mm™or kPa). These modelsincludea
micropillar system with passive tension and co-culture® and metabolic
maturation on micropatterned substrates”. While it appears that the
use of maturationtechniquesisimportanttotheimproved contractility
of hiPSC-CMs, there was no consensus on best techniques.

Numerous maturation strategies have targeted calcium han-
dling and electrophysiology of hiPSC-CMs. As a result, conduction
velocity trended upward in recently published work (Fig. 5¢). Mul-
tiple models achieved average conduction velocities greater than
30 cms™, including models with dynamic mechanical culture?, small
molecules targeting signaling pathways®, conductive biomaterials™,
decellularized ECM"***, human perinatal stem cell-derived ECM*,
ventricular-specific tissues' and 3D-printed tricultures™®.

Despite these improvements, RMP, another common assessment
metric, remained stagnant over time at approximately -65 mV with
recentdecreases toward more adult-like levels (Fig. 5d). This could be,
at least in part, because many recent advances have been focused on
the development of 3D tissues, in which patch-clamp electrophysiol-
ogy measurements are difficult to obtain directly. Models that have
obtained adult-like RMP, below —80 mV, used dynamical mechanical
stretch?'™*, ECM-coated elastomeric surfaces”?* and modifications
to culture media***°, all in 2D culture systems. Overall, there is a clear
need for improved measurement techniques that accurately assess
electrophysiology in 3D tissues.
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Variability at all levels of hiPSC-CM tissue formation affects
maturation outcomes

A major limitation in the field is difficulty in parsing the individual
impacts of each maturation technique due to confounding variables
present atalllevels of engineering hiPSC-CM tissues. Overall, we found
no statistically significant differencesin sarcomere length, contractile
stress, conduction velocity and RMP due to the type of maturation
technique (Fig. 5f-h). Additionally, using a greater number of matu-
ration techniques did not improve hiPSC-CM performance (Fig. 5i-1).
For this analysis, maturation techniques were grouped as described
inFig. 3. Forinstance, tissues formed between elastomeric pillars with
stromal cells to aid in compaction would be considered to have used
two maturation techniques. Thus, while individual studies have shown
improvements in hiPSC-CM maturation compared to internal study
controls, field-level findings do not reflect this.

Surprisingly, hiPSC-CMs matured with electrical stimulation did
not perform as well as hiPSC-CMs matured with other approaches.
There are many variables that contribute to differences in electrical
stimulation protocols across studies, including the time between dif-
ferentiation initiation and the beginning of stimulation, stimulation

durationand electrical pulse voltage, width and frequency. For exam-
ple, one study showed that constant high-frequency stimulation at
3 Hz leads to mitochondrial dysfunction and increased apoptosis in
hiPSC-CMs, while low-frequency stimulation at1 Hz did not'””. Another
study showed that intensity-ramped frequencies improved the matu-
ration of hiPSC-CMs, likely due to beneficial effects of mimicking the
changesin electromechanical loading that occur during the fetal-post-
natal transition of CMs"®,

While it is clear from study-specific experimental controls that
maturation techniques exert a positive effect, it is also difficult to
parse the individual impacts of each maturation technique because
of the numerous variables involved. However, variables at multiple
levels prevent comparisons of outcomes across studies and therefore
also limit convergence on the most promising maturation strategies.

Collective outlook forimproved hiPSC-CM
maturation

To begin to rigorously assess progress as a field, we have created
an accessible database with the protocol parameters and the func-
tional outputs of the 300 studies reported here. These data will allow
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researchers to determine current trends more easily within the field,
directly compare studies and extract the information needed to rep-
licate a study®*. We urge researchers to continue to incorporate data
from additional publications so that it can stay current and provide a
forum for coordinating progress.

The knowledge gained from compiling this database should sub-
sequently be used to design comprehensive studies that directly com-
pare current maturation techniques to improve the function and the
reproducibility of hiPSC-CM models. One way to bypass the influence
of protocol variability in determining which maturation techniques
are most effective is through a series of studies directly comparing
maturationtechniques using the same few hiPSC lines within the same
platform, culture conditions, measurement techniques and assessment
metrics. This would allow the field to gain a better understanding of
which components of the CM are most responsive to a given stimula-
tionand how changes impact different aspects of cell or cardiac tissue
function. Furthermore, measuring the same metrics with the same
techniques and software at the same time point is necessary for direct
comparisons of hiPSC-CM functionality.

Inaddition, there are many other parameters that have been under-
studied as potentially important factors to systematically investigate.
For example, there are many different ECM and ECM-like components
usedinhiPSC-CMmodels™®, but there are very few studies investigating
the effects of this variable on hiPSC-CM functionality"*'*°. Many pro-
tocols across the field are used by only one or a handful of groups and
arenot systematically compared to other existing protocols. As such,
we do not have sufficient data to identify which variables presented
yield the best results, whichin turn hampers the field from progressing.

Tobenchmark new approaches against prior literature and future
studies, researchers should use the same control to report on a pre-
determined set of metrics. One study directly compared hiPSC-CMs
derived from ten different lines and showed wide variability in func-
tional outputs within the same EHT platform?®. To address this variabil-
ity, each new study could compare functional properties of hiPSC-CM
models to those of the same cell line, perhaps commercially available
hiPSC-CMs that come as predifferentiated CMs, minimizing variability
thatarises from different differentiation protocols. Experimental tech-
niques, such as maturation medium or electrical stimulation, should
be tested on hiPSC-CMsinadish aswellasin the engineered platform
to separate the effects of experimental techniques from that of the
platform on hiPSC-CM maturation. In addition to a shared control
line, studies focused on improving hiPSC-CM maturity should use at
least five hiPSC-CM lines to test the consistency of their protocols. Far
more lines should be included when reporting pharmaceutical and
therapeutic effects, including a representative number of lines from
different sexes and ancestorial backgrounds to account for the poten-
tial variability in hiPSC-CM responses. There are increasing efforts to
establish and share hiPSCs lines from different sexes and ancestorial
backgrounds™ that should be further utilized.

While we have highlighted the abundance of metrics used to
assess hiPSC-CM structure and function, we propose converging
on a few essential metrics that are widely accessible using the same
methodology to enable direct comparisons across studies and labo-
ratories. Some of the most reported metrics that provide important
insight into hiPSC-CM maturation include sarcomere and myofibril
morphometrics, contractile stress, conduction velocity and gene
expression. Some metrics are highly sensitive to the specific image
analysis pipeline used. Thus, it would be critical to develop and
jointly adopt open-source analysis pipelines that robustly handle
data generated from a range of different platforms to enable direct
comparisonof dataacross experiments and laboratories. Furthermore,
we encourage the use of voltage-sensitive dyes, such as FluoVolt or
di-4-ANEPPS, or calcium-sensitive dyes, such as Fluo-4 AM, to report
conduction velocity'. Additionally, hiPSC-CMs should be electri-
cally paced during calcium-handling analysis to reduce variability in

calcium-handling metrics resulting from inconsistent spontaneous
contractions of immature hiPSC-CMs. Lastly, gene expression ratios
of key maturation-related genes, such as MYH7:MYH6, MYL2:MYL7 and
TNNI3:TNNI1,should be reported.

Implementing common analysis software and experimental con-
trols in future experiments and subsequently updating our database
with these new results will facilitate the growth of aresource that can
be mined using machine learning and high-dimensional data analy-
sis techniques. Analyzing a more comprehensive dataset using such
techniques could glean valuable insights into the effects of specific
maturation techniques or combinations thereof on maturation out-
comes. While the current dataset presented here is currently the most
comprehensive analysis in this space, the lack of consistency among
studies and the limited number of comparable data points make such
analyses quite challenging. As such, once amore comprehensive data-
set can be compiled, these techniques and others could be leveraged
to extract information that can guide continued progress of the field
toward generating mature hiPSC-CMs and derivative cardiac tissue.

While we focusonin vitro hiPSC-CM models, much of the insights
from this analysis can be used to inform in vivo implantation of
hiPSC-CM-based tissue patches or cardiac regeneration studies using
animal models?*?*. Delivery and implantation of hiPSC-CMs in vivo
has made great progress, showing improved function in the injured
heart??*; however, this introduces additional variables and complex
outputs to assess, such as host integration and system-wide func-
tional changes. Similar comprehensive benchmarking of the potential
variables inherent to these complex experiments, like the analysis
conducted oninvitro hiPSC-CM systems presented here, isnecessary
and would greatly move the field forward. Additionally, while in vitro
tissue platforms have great potential to model disease and expedite
thedrugdiscovery process, synergizing findings from these platforms
with animal models or patient samples is critical toward gaining a
comprehensive understanding of cardiac pathophysiology. More
specifically, it may be necessary to verify findings from reductionist
invitro modelsin more complexin vivo settings before moving forward
with specific disease-modeling studies, for example. Additionally,
duetotheirincreased complexity, various animal models can provide
unique insightsinto specific processesimportantin cardiac develop-
ment, regeneration and disease progression and thus should be used
to inform the design of novel in vitro models.

The multidisciplinary nature of the cardiac tissue-engineering
field brings together clinicians, biologists and engineers. Providing
researchers from diverse perspectives with a standardized venue to
reporttheir findings will allow them tolearn from each other and move
forward more efficiently. These types of analyses will allow the field
to streamline advances in developing models for drug discovery and
therapies for cardiac pathologies.

Conclusion

Inrecentyears, there has been substantial progress in the field of car-
diac tissue engineering toward generating mature tissues composed
of hiPSC-CMs for use as disease models and drug-screening platforms.
However, quantitatively benchmarking progress across the field has
proved challenging due to variability in many aspects of tissue for-
mation, culture and subsequent assessment, including the choice of
hiPSC lines, differentiation protocols for generating CMs, platforms
for forming tissues, maturation techniques and various measurements
used to assess cell or tissue function. Given the many sources of vari-
ability at multiplelevels, itis difficult to ascertain which techniques are
most effective in improving the maturation of hiPSC-CMs or deriva-
tive tissues formed from these cells. Here, we highlight the need for
convergence on controls and quantitative analysis methods that will
enable more efficient progress toward generating hiPSC-CM tissues
that recapitulate adult cardiac physiology with utility for numerous
applications. Furthermore, we have made all dataused in this analysis
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freely accessible and encourage others in the field to contribute to and
use this database to better inform their ongoing research and support
the collective advancement of the field as awhole*.

Data availability

The datasupporting the findings of this field-wide analysis are available
within the paper and its Supplementary Information. Additionally, the
dataset has been deposited at Dryad and will continue to be updated
asnew manuscriptsare publishedin thisarea of research (https://doi.
org/10.5061/dryad.ksn02v7bh)*,
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