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SUMMARY
Human-induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs) have wide potential application in basic research, drug dis-

covery, and regenerative medicine, but functional maturation remains challenging. Here, we present a method whereby maturation of

hiPSC-CMs can be accelerated by simultaneous application of physiological Ca2+ and frequency-ramped electrical pacing in culture. This

combination produces positive force-frequency behavior, physiological twitch kinetics, robust b-adrenergic response, improved Ca2+

handling, and cardiac troponin I expression within 25 days. This study provides insights into the role of Ca2+ in hiPSC-CMmaturation

and offers a scalable platform for translational and clinical research.
INTRODUCTION

Despite their immense potential for clinical and basic

science applications, stem-cell derived cardiomyocytes

(iPSC-CMs) have been limited by their relatively immature

phenotypes. Their structural, metabolic, and molecular

characteristics are often similar to those of neonatal cardi-

omyocytes (Feric and Radisic, 2016;Ma et al., 2018; Robert-

son et al., 2013; Sewanan and Campbell, 2020; Tiburcy

et al., 2017). Crucially, immature protein isoformsmanifest

as alterations in critical aspects of adult cardiac physiology,

notably twitch kinetics, Ca2+ handling, the force-length

relationship, the force-frequency relationship, and beta-

adrenergic responsiveness.

Recent work has made strides toward enhancing iPSC-

CM maturation through the use of complex media formu-

lations and electromechanical stimulation protocols

(Feyen et al., 2020; Funakoshi et al., 2021; Gomez-Garcia

et al., 2021; de Lange et al., 2021; Pakzad et al., 2021; Ro-

naldson-Bouchard et al., 2018; Zhao et al., 2019). For

example, in a decellularized matrix-based engineered

heart tissue (EHT), b-myosin heavy chain expression

levels of >90% (similar to adult human myocardium)

can be obtained by subjecting EHTs to constant electrical

pacing in an isometric format (Ng et al., 2021). Mean-

while, protocols that resulted in advanced electrophysio-

logical and Ca2+-related maturity used electrical pacing

with progressive rate increase over time (Ronaldson-Bou-

chard et al., 2018; Zhao et al., 2019). Such studies point

to important roles for progressive electrical pacing, a tis-

sue format that allows the formation of cardiac syncytia,
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proper mechanical substrate (matrix), and appropriate

mechanical loading.

As far as we are aware, the role of Ca2+ in maturation of

EHTs has not been systematically explored. This is surpris-

ing, given that development of Ca2+ handling behavior

precedes and may even drive cardiomyocyte differentia-

tion through a variety of downstream Ca2+-dependent

pathways (Louch et al., 2015; Tyser et al., 2016). The

RPMI basal media frequently used for growing iPSC-CMs

contains less than one-third the concentration of free

Ca2+ seen physiologically. It seems possible that this low

Ca2+ concentration is insufficient to spur full maturation

of Ca2+ handling and excitation-contraction machinery

of the cardiomyocyte. We hypothesized that providing

physiological Ca2+ to EHT grown under isometric condi-

tions with progressive electrical pacing would accelerate

and enhance functionalmaturation, representing a simple,

scalable advance in thematuration of iPSC-CMs. Asmetrics

ofmyocardialmaturation, we focused on the EHT force-fre-

quency response (FFR), post-rest potentiation, and isomet-

ric twitch force behavior.
RESULTS

To test whether physiological levels of Ca2+ alone

could alter functional maturation, we compared two

groups of EHTs: one was cultured in high-glucose DMEM

(nominally 1.8 mM free Ca2+) and the other in high-

glucose RPMI (nominally 0.42 mM free Ca2+), with neither

receiving ramp pacing (high-Ca2+ non-paced [HC-NP] and
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Figure 1. Physiological level Ca2+ alone increases contractile force but does not improve overall functional maturation profile
(A) Experimental design schematic of HC-NP and LC-NP groups. (B and C), (E and F) both n = 6, (H and I) HC-NP n = 6, LC-NP n = 4. All data
came from one differentiation batch.
(B) Unnormalized force-frequency relationship (FFR).
(C) Normalized FFR.
(D) Representative twitches of the two groups at 1 Hz.
(E) TTP at 1 Hz.
(F) RT50 at 1 Hz.
(G) Representative HC-NP post-rest potentiation data sequence.
(H) Post-rest potentiation.
(I) Diastolic excess fraction. two-way ANOVA with repeated measures (B and C) and unpaired two tailed t-tests (E, F, H, and I) were
performed. two-way ANOVA p = n.s. (B and C), and t-tests p = n.s. (E, F, H, and I).
low-Ca2+ non-paced (LC-NP) (Figure 1A). After 24 days in

culture, EHTs were mounted in a mechanical testing appa-

ratus and isometric force was measured in response to a

pacing frequency staircase from 1 to 3 Hz in 0.25-Hz incre-

ments. The raw FFR showed higher systolic peak forces for

HC-NP group across 1–3 Hz (Ca2+ p < 0.0001), but FFR in

both groups was negative overall (Figure 1B). A closer

look at the FFR with normalized systolic peak forces re-

vealed a marginal improvement in HC-NP, although both

were still highly negative (Figure 1C). Physiological Ca2+

alone also failed to significantly improve twitch kinetics

(Figures 1D–1F).

Post-rest potentiation was assessed by pacing tissues at

3 Hz, pausing stimulus for 15 s, and then restarting pacing

at 1 Hz (Figures 1G–1I). The ratio between the first twitch

and the subsequent twitches at 1 Hz is an indirect measure

of sarcoplasmic reticulum Ca2+-handling capacity (Pieske

et al., 1996). The diastolic excess fraction, or the relation-

ship between the diastolic force at 3 Hz and at rest was

correlated with tissues’ ability to inhibit contraction at

low Ca2+ levels (Varian et al., 2009). The HC-NP group ex-

hibited improvements in neither post-rest potentiation
2038 Stem Cell Reports j Vol. 17 j 2037–2049 j September 13, 2022
nor diastolic excess fraction compared to the LC-NP group

(Figures 1G–1I).

To test our hypothesis that near-physiological levels of

free Ca2+ in culturemedia in conjunctionwith ramppacing

would functionally improve EHTs, we again divided the tis-

sues into high-glucose DMEM and high-glucose RPMI cul-

ture groups. This time, 10 days after seeding both groups

were subjected to a 2-week, 2- to 4-Hz ramp up pacing pro-

tocol (Figure 2A) in a custom pacing bioreactor (Figure 2B)

and then FFR was tested 1 day after ramp completion.

Representative raw twitches demonstrated that the high-

Ca2+ ramp-paced group (HC-RP) tissues had positive FFR

behavior up to 2 Hz, while the low-Ca2+ ramp-paced group

(LC-RP) tissuesmaintained purely negative FFR (Figure 2C).

Both groupsmaintained a similar twitch forcemagnitude

at 1 Hz pacing rate, but diverged significantly in terms of

both raw and normalized force as frequency was increased

from 1 to 3 Hz (Figures 2D and 2E). HC-RP EHTs also dis-

played significantly faster time to peak (TTP, Figure 2F)

across the entire frequency range and time to 50% relaxa-

tion (RT50) (Figure 1G) up to 2 Hz. Representative records

and summary data at 1 Hz clearly showed the overall
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Figure 2. Physiological level Ca2+ and pacing result in functional improvement
(A) Experimental design of high-Ca2+ ramp-paced (HC-RP) and low-Ca2+ ramp-paced (LC-RP) groups with 2-week continuous 2-4 Hz ramp
pacing. C-J n = 6 for both groups from a single differentiation batch. M-N HC-RP n = 8, LC-RP n = 11 from two batches. O-P n = 6 for both
groups from two batches.
(B) SOLIDWORKS drawing of the pacing apparatus for individual tissues cultured in a 12-well plate.
(C) Representative force-frequency relationship (FFR) for HC-RP (blue) and LC-RP (red) groups respectively from 1–3 Hz with 0.25 Hz
increments.
(D) Unnormalized FFR.
(E) Normalized FFR (p < 0.0001).
(F) Time to peak (TTP) at 1–3 Hz (p = 0.0003).
(G) Time to 50% relaxation (RT50) at 1–3 Hz (p < 0.0001).
(H) Representative twitches at 1 Hz.
(I) Time to peak (TTP) at 1 Hz (p = 0.0009).
(J) Time to 50% relaxation (RT50) at 1 Hz (p = 0.0028).
(K) Representative sequence of HC-RP group to measure post-rest potentiation and diastolic excess fraction as the ratio between 3 Hz and
1Hz diastolic baselines.
(L) Representative LC-RP data sequence.
(M) Post-rest potentiation (p = 0.0049).
(N) Diastolic excess fraction (p = 0.0325).
(O) Sample Fura-2 Ca2+ transients at 1 Hz.
(P) Fura-2 Ca2+ transient signal intensity at 1 Hz (p = 0.0248).
(Q) Ca2+ transient decay time constant from peak to 80% relaxation (t80, p < 0.0001). Two way ANOVA with repeated measures (D–G) and
unpaired two-tailed t tests (I, J, M, N, P, Q) were performed. *p < 0.05, **p < 0.005, ***p < 0.001, ****p < 0.0001.
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Figure 3. Physiological level Ca2+ and pacing result in improved b-adrenergic response to ISO
(A and B) Representative normalized HC-RP and LC-RP twitches at 1 Hz before and after 1 mM ISO infusion.
(C) Systolic force increases in percentage (both n = 7, p = 0.0012).
(D) TTP changes in percentage (both n = 7, p = 0.0033).
(E) RT50 change in percentage (both n = 7).
(F and G) Representative normalized HC-RP and LC-RP tissue Ca2+ transients with Fura-2 before and after ISO infusion.
(H) Ca2+ transient intensity increases (HC-RP n = 5, LC-RP n = 7, p = 0.0223).
(I) Ca2+ transient time decay constant from peak to 80% relaxation (t80, HC-RP n = 5, LC-RP n = 7, p = 0.0035). Unpaired two-tailed t-tests
were performed for panels (C, D, H, and I). *p < 0.05, **p < 0.005. All data came from one differentiation batch.
more rapid character of isometric twitches in HC-RP

compared with LC-RP tissue (Figures 2H–2J).

Post-rest potentiation was also assessed in HC-RP versus

LC-RP tissues (Figures 2K and 2L). HC-RP tissue demon-

strated significantly higher post-rest potentiation and

smaller diastolic excess fraction (Figures 2M and 2N).

Finally, to further confirm the Ca2+-handling differences

between the two groups, Ca2+ transient measurements

with FURA-2AM were performed. HC-RP EHTs showed

lower fluorescent signal intensity change (Ca2+ transient

amplitude) compared with LC-RP tissues (Figure 2O). A

calculated decay time constant to 80% relaxation (t80)

showed a highly significant improvement in Ca2+ reuptake

rate for HC-RP tissues (Figure 2P).

To investigate themechanistic underpinningsof the func-

tional improvements shown in HC-RP tissues, we per-

formed acute b-adrenergic response tests for both HC-RP

and LC-RP EHTs. After the tissues had stabilized in the

testing setup, EHTswere superfusedwith1mMisoproterenol

(ISO) at 0.4 mL/min. The twitches at 1 Hz constant pacing

were recorded every 40 s for 10 min until force stabilized.

Representative normalized HC-RP twitches before and after

ISO addition showed visible improvement in positive

inotropic response to b-adrenergic stimulation compared

with the RPMI group (Figures 3A and 3B). The systolic
2040 Stem Cell Reports j Vol. 17 j 2037–2049 j September 13, 2022
peak force increase was significantly larger for HC-RP

compared with LC-RP (Figure 3C). In addition, the HC-RP

group showed a significantly decreased TTP in response to

ISO (Figure 3D). Both groups exhibited a similar shortening

of RT50 (Figure 3E). Moreover, HC-RP showed greater Ca2+

handling changes in response to b-adrenergic stimulation,

as shown by the HC-RP’s representative normalized Ca2+

transient intensity increase after ISO comparedwith limited

changes seen in LC-RP (Figures 3F and 3G). HC-RP’s higher

Ca2+ transient intensity increase and faster t80wereboth sig-

nificant (Figures 3H and 3I). Altogether, the HC-RP group

displayed a more potent b-adrenergic response.

To understand the enhanced HC-RP response to ISO,

myofilament andCa2+ handling-related protein expression

and composition were examined using western blots for

sarcoplasmic reticulum Ca2+-ATPase (SERCA), phospho-

lamban (PLN), phosphorylated PLN (p-PLN), cardiac

troponin I (cTnI), and phosphorylated cTnI (p-cTnI). Sarco-

mere content measured with tropomyosin 1 (TPM1) re-

mained similar between HC-RP and LC-RP (Figure 4A).

Blots revealed significantly higher SERCA expression

in LC-RP EHTs (Figure 4A), significantly higher PLN in

HC-RP, marginally higher p-PLN in LC-RP (Figure 4B),

and highly elevated cTnI and p-cTnI expression in HC-RP

(Figure 4C).
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Figure 4. Physiological level Ca2+ and pacing result in more mature protein and RNA expression
All protein and RNA samples were extracted from tissues fresh frozen immediately after pacing. For western data, n = 4 for both groups and
all measurement and ratios were first normalized against total protein. For RNA-seq, HC-RP n = 4, LC-RP n = 3, HC-NP n = 3, and LC-NP n = 4.
Both western blotting and RNA-seq data came from one separate differentiation batch of the same single cell.
(A) TPM1 and SERCA content (p = 0.0003).
(B) PLN (p = 0.0477) and p-PLN.
(C) cTnI (p < 0.0001) and p-cTnI (p < 0.0001).
(D) RNA expression comparisons for Ca2+-handling proteins, sarcomere proteins, fatty acid metabolism, ion channels, and maturation
markers.
(E) HC-RP versus LC-NP volcano plot.
(F) HC-RP versus LC-RP.
(G) HC-RP versus HC-NP.
(H) HC-NP versus LC-NP. Unpaired two-tailed t-tests were performed for (A–C). *p < 0.05, ***p < 0.001, ****p < 0.0001.
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Additionally, RNA sequencing (RNA-seq) was carried out

on a new set of conditioned tissues representing each of the

four groups. Ca2+ concentration in the culture medium

(irrespective of pacing) accounted for 341 differentially ex-

pressed genes, while the effect of ramp pacing (irrespective

of culture medium) was associated with 653 gene expres-

sion differences (|log(fold change)| > log(2), p < 0.05)

(Figures S1A and S1B). RNAs of interest were further

categorized into Ca2+ handling, sarcomere proteins, fatty

acid metabolism, ion channels, and maturation markers.

A comparison of HC-RP relative to LC-NP EHTs (the

most extreme difference in culture conditions) (Figure 4E)

showed significant changes in expression of genes

relating to calcium handling ([ S100A4, [ CACNA2D1),

the sarcomere ([ TNNI3, [ MYL2), ion channels

([ SLC8A1, [ SCN5A, [ ATP1A3, and [ KCND3), meta-

bolism ([ PPARGC1A, [ PPARA), and maturation

([ NPPA, [ NPPB). HC-RP versus LC-RP (Ca2+ effect in the

presence of pacing, Figure 4F) showed expression changes

related toCa2+ handling ([CASQ2,[AKAP6), ion channels

([ KCND3), the sarcomere ([ MYL2), and maturation

([ NPPA, [ NPPB). Comparing HC-RP relative to HC-NP

(Pacing effect under high Ca2+, Figure 4G) showed

changes in expression of genes relating to Ca2+ handling

([ ATP2A2, [ CACNA2D1, and Y CASQ1), ion channel ([

SLC8A1),metabolism ([ PPARA), andmaturation ([NPPB).

Last, HC-NP versus LC-NP (Ca2+ effect alone, Fig-
Figure 5. Functional improvements from high calcium and ramp
(A) Two-way ANOVA experimental design (high Ca2+ vs. low Ca2+; ramp
(two-way ANOVA p < 0.0001). Mechanical data (B–K) were from three s
n = 14, and LC-RP n = 12). FURA data (M, N, and T–W) were from two
batches (n = 13, 10, 11, and 9, respectively).
(B) Raw and normalized FFR (p < 0.0001).
(C) TTP from 1 to 3 Hz.
(D) RT50.
(E) Sample normalized peak force at 1 Hz.
(F) TTP at 1 Hz (two-way ANOVA p = 0.0002, HC-RP vs. all others p <
(G) RT50 at 1 Hz (two-way ANOVA p < 0.0001, HC-NP vs. LC-NP p = 0.00
vs. LC-NP p < 0.0001, HC-RP vs. LC-RP p = 0.0018).
(H and I) Raw post-rest potentiation data for HC-RP and LC-RP.
(J) Post-rest potentiation.
(K) Diastolic excess fraction (two-way ANOVA p < 0.0019, HC-RP vs.
p = 0.0003).
(L) Ca2+ transient signal intensity.
(M) Ca2+ transient decay (t80).
(N and O) Sample HC-RP and LC-RP force responses to 1 mM ISO.
(P) Summary force changes to 1 mM ISO (two-way ANOVA p = 0.004,
(Q) TTP changes to ISO.
(R) RT50 changes to ISO.
(S and T) Example HC-RP and LCRP Ca2+ transients in response to 1 m
(U) Ca2+ transient intensity changes to ISO.
(V) t80 changes to ISO (two-way ANOVA p = 0.0058, HC-RP vs. HC-NP p
Three-way ANOVA with repeated measures was performed for (B–D), tw
V). **p < 0.01, ***p < 0.001, ****p < 0.0001.
ure 4H) included changes to Ca2+ handling ([ CASQ1),

sarcomere- ([MYL2,[ TNNI3),metabolism- ([ PPARGC1A),

and maturation- ([ NPPA, [ NPPB) related genes.

To further validate that the functional improvement we

saw in the healthy control line was not cell-line depen-

dent, the complete suite of FFR and ISO response experi-

ments was repeated in a different healthy control line

from three separate differentiation batches for all four

conditioning groups (Figure 5A). Only the HC-RP group

showed positive FFR behavior, similar to that observed

previously (Figure 5B), and HC-RP had the fastest TTP

and RT50 across 1–3 Hz (Figures 5C and 5D). HC-RP

significantly affected twitch kinetics at the baseline fre-

quency of 1 Hz (Figure 4E), displaying a faster TTP and

RT50 (Figures 5F and 5G). HC-RP was the only group

with consistent post-rest potentiation (Figures 5H–5J)

and significantly decreased diastolic excess fraction (Fig-

ure 5K). Ca2+ transients showed a higher signal intensity

for both low-Ca2+ groups (Figure 5L). The Ca2+ transient

decay constant showed a similar improvement for both

ramp-pacing groups (Figure 5M). For adrenergic response

to ISO, HC-RP showed a highly increased positive ino-

tropy (Figures 5N–5P). All groups had insignificant TTP

and RT50 changes (Figures 5Q and 5R). Last, all groups

showed similar Ca2+ transient intensity increase

(Figures 5S–SU), and HC-RP was the only group with a

faster decay constant in response to ISO (Figure 5V).
pacing were observed in a second iPSC line
vs. no pacing) and spontaneous beating rate after ramp completion
eparate differentiation batches (HC-NP n = 14, HC-RP n = 13, LC-NP
batches (n = 8, 9, 7, and 8, respectively). ISO data were from three

0.0001).
03, HC-NP vs. LC-RP p < 0.0001, HC-NP vs. HC-RP p < 0.0001, HC-RP

HC-NP p = 0.0001, HC-RP vs. LC-NP p = 0.0009, HC-RP vs. LC-RP

HC-RP vs. all others p < 0.0001).

M ISO.

= 0.0003, HC-RP vs. LC-NP p = 0.0053, HC-RP vs. LC-RP p = 0.0025).
o-way ANOVA with planned comparisons for (F, G, J–M, P–R, U, and
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DISCUSSION
Here we present a scalable advance in the maturation of

iPSC-CMs, namely, growth of EHTs under conditions of

physiological Ca2+ and ramp pacing. As far as we are aware,

this is the first study that systematically examines the role

of Ca2+ in cardiomyocytematuration. In combinationwith

ramp pacing, physiological Ca2+ led to functional charac-

teristics that are realistically comparablewith those of adult

human ventricular myocardium, particularly in terms of

their FFR, twitch kinetics, adrenergic responsiveness, and

high expression and phosphorylation of the key regulatory

myofilament isoform cTnI.

Healthy humanmyocardium typically exhibits a positive

FFR up to 2–2.5 Hz (Chung et al., 2018a; Mulieri et al.,

1992), similar to the behavior shown by HC-RP group in

this study. At the same time, isometric twitch kinetics re-

ported here (TTP of approximately 290 ms, RT50 at

120 ms) are similar to that of human trabeculae as well,

with human TTP at approximately 200 ms and RT50 at

approximately 120 ms (Chung et al., 2018b; Frank et al.,

1998; Hasenfuss et al., 1994, 1996). In comparison, previ-

ous studies that combined supraphysiological (up to

6 Hz) ramp pacing and lower Ca2+ level possess unusually

robust positive FFR up to 3–6Hz and extremely fast kinetics

(TTP and RT50 as low as 120 ms and 70 ms, respectively)

(Ronaldson-Bouchard et al., 2018; Zhao et al., 2019).

Interestingly, one study has reported achievement of a

positive FFR in EHTs without requiring electrical pacing

in culture (Tiburcy et al., 2017). EHTs in that case were

cultured in IMDM media (nominally 1.49 mM Ca2+),

possibly leveraging some of the gene expression changes

associatedwith higher Ca2+ we uncover in this study. Other

possible factors contributing to the observed positive FFR

are their use of antibiotics in culture (reported to reduce

L-type Ca2+ current and intracellular Ca2+) (Belus and

White, 2001, 2002), a number of additional factors (insu-

lin-like growth factor-1, fibroblast growth factor-2, vascular

endothelial growth factor, and transforming growth factor-

b1), and possibly the specific cell line used. It is conceivable

that, for certain cell lines, near physiological Ca2+ concen-

trations in media are sufficient to produce a positive FFR.

However, this was certainly not the case in the two

different iPSC lines that we examined, both of which

showed a negative FFR, even under HC-NP conditions.

The combination of high Ca2+ and pacing conditions

seems to be a more reliable way of promoting positive

FFR, independent of the specific cell line.

Other maturation strategies have attempted more com-

plex media formulations, with, for example, hormones

and fatty acids. Such protocols often prolong experiments

to a time frame of several months, and, with or without a
2044 Stem Cell Reports j Vol. 17 j 2037–2049 j September 13, 2022
pacing protocol, these media formulations have not led

to the maturation of twitch, Ca2+, b-adrenergic, and FFR

maturation to levels we observed here (Birket et al., 2015;

Feyen et al., 2020; Funakoshi et al., 2021; Gomez-Garcia

et al., 2021; Jackman et al., 2018; de Lange et al., 2021; Pak-

zad et al., 2021; Rupert and Coulombe, 2017).

Moreover, RNA-seq shows upregulation in genes for Ca2+

handling, ion channels, sarcomere, fatty acid metabolism,

and maturation in response to higher Ca2+ and ramp pac-

ing compared with the baseline control in low Ca2+ and

no pacing. These differentially expressed genes are helpful

to understand the improved functional results in HC-RP in

terms of FFR, contractile kinetics, post-rest potentiation,

and enhanced b-adrenergic response. Interestingly, high

Ca2+ alone (Figure S1C) can induce expressions in

sarcomere ([MYL2, [ TNNI3), Ca2+ handling ([ CASQ2, [

CASQ1), metabolism ([ PPARGC1A), and maturation ([

NPPA, [ NPPB). Ramp pacing itself (Figure S1D) also upre-

gulates Ca2+ handling ([ CACNA2D1), ion channels

([ ATP1A3), and metabolism ([ PPARA). Furthermore, the

addition of both high Ca2+ and ramp pacing together

shows additional upregulated Ca2+ handling ([ S100A4),

sarcomere ([ TNNI3), ion channels ([ SCN5A, [ KCND3,

[ SLC8A1), and hypertrophy ([ ACTA1) genes, suggesting

synergy between physiological Ca2+ and ramp pacing in

driving toward a more mature phenotype.

It was also noted that the maturation and hypertrophy

markers NPPA, NPPB, and ACTA1 (Ronaldson-Bouchard

et al., 2018) have higher expression in the HC-RP group

relative to all others. To understand if this indicates physi-

ological hypertrophy in myocyte growth and develop-

ment, an analysis of genes in the P13K-Akt signaling

pathway was conducted; Akt is reported to be critical in

modulating physiological hypertrophy (DeBosch et al.,

2006; Walsh, 2006). Akt is upregulated in HC-RP versus

LC-RP (Figure S1E), but not for HC-NP versus LC-NP (Fig-

ure S1F), suggesting that the specific combination of high

Ca2+ and ramp pacing promotes physiological growth in

this instance.

To further assess ourmaturation progress, an analysis was

performed to benchmark to human hearts and other matu-

ration studies. We compared our data against RNA-seq data

fromMills et al. (engineered three-dimensional [3D] tissues

with maturation media) (Mills et al., 2017), Zhao et al. (en-

gineered tissues with rapid pacing) (Zhao et al., 2019), and

Sim et al. (adult, young and fetal ventricular samples from

21 human donors) (Sim et al., 2021). We obtained a com-

mon set of genes present in all four datasets, which was

then used to perform principal component analysis

(Figures S2A and S2B). From our analysis, we observed

that samples from studies using engineered tissues clus-

tered together and had less variability in terms of gene

expression compared to donor samples from Sim et al.



(2021). We identified principal component 3 to be repre-

sentative of the combination of a set of genes that was

able to distinguish between the degrees of maturation be-

tween the tissues. To further confirm the comparability of

our data, we picked 50 relevant cardiac genes and plotted

the relative fold change of the treatment/most mature

group with respect to the control/least mature group for

each study (Figure S2C). The three EHT datasets exhibited

fold changes in many genes that agreed with those of

maturing human ventricular samples, but there were also

several exceptions. The overall impression is one of

continuing progress toward in vitro maturation of iPSC-

CMs with the possibility of further gains in the future.

Among the results of these studies, we note some surpris-

ing data that deserve further discussion. Among tissues of

both cell lines, those cultured in low Ca2+ media exhibited

greater intracellular Ca2+ transients when tested (Figures 1P

and 4L), with the latter confirming Ca2+ as the only signifi-

cant factor affecting Ca2+ transient amplitude (p < 0.0001).

It is important to recognize that low- and high-Ca2+ condi-

tioned tissues were both characterized in the same Tyrode’s

solution (1.8mMCa2+) after 25 days in culture. The elevated

Ca2+ transient amplitude in low Ca2+-conditioned tissues

may indicate avid Ca2+ uptake when they are suddenly

exposed to the higher Ca2+ concentration of Tyrode’s solu-

tion duringmeasurement. This is consistent with immature

cardiomyocytes’ increaseddependenceon extracellularCa2+

through sarcolemmal Ca2+ influx to activate contraction

(Louch et al., 2015; Vornanen, 1996). Moreover, RNA-seq

comparisons between high and low Ca2+ conditions reveal

elevated expression of CASQ1 and CASQ2 in high Ca2+

groups (Figure S2C), further suggesting low Ca2+ groups’

more limited capability to store Ca2+ in the SR (sarcoplasmic

reticulum). The seeming ability of physiological Ca2+ to pro-

mote SRmaturation is an important implicationof our study

and merits further investigation.

Beyond functional maturation, the presence of cTnI and

phosphorylation of cTnI has long proven to be an obstacle

in cardiomyocytematuration, with genetic engineering be-

ing used to artificially induce the isoform switch (Bedada

et al., 2014; Wheelwright et al., 2020). In this work, we

recognize that a hallmark of the FFR, which in an intact

heart is a feature of b-adrenergic regulation, is not only

the augmentation of systolic force, but also the decrease

and maintenance of a low diastolic force at higher fre-

quency with higher Ca2+ levels in the cells (Varian et al.,

2009; Wiegerinck et al., 2009). Indeed, it appears that

cTnI phosphorylation is crucial in promoting lusitropy by

desensitizing themyofilament during increased contractile

frequency (Nixon et al., 2012). In the HC-RP tissues in the

present study, higher levels of cTnI expression and cTnI

phosphorylation correlate well with their ability to present

a realistic systolic and diastolic response to higher fre-
quency of stimulation and robust b-adrenergic response

(Li et al., 2000). Furthermore, cTnI is exclusively expressed

in mature adult cardiomyocytes (Bedada et al., 2016; Sasse

et al., 1993; Thijssen et al., 2004), and previous reports

show less than 2% TnI is cTnI after 9.5 months of hiPSC-

CM culture (Bedada et al., 2014). Therefore, the upregula-

tion of TNNI3 seen in RNA-seq and western blot data

confirm that our study provides a fast and effectivemethod

to increase cTnI expression.

In addition, our study reveals that calcium and pacing

leads to interesting changes to Ca2+-handling proteins.

HC-RP tissues exhibit higher PLN, lower p-PLN, and lower

SERCA2 content compared with the LC-RP group.

Although SERCA western blot results are lower in HC-RP

compared with LC-RP, this may suggest post-translational

modification or that SERCA activity is alternatively modu-

lated through increased PLN phosphorylation (Figure 4B)

and CASQ2 and AKAP6 upregulation (Figure 4F) for the

same HC-RP versus LC-RP comparison. However, the

exact reason for lower SERCA protein expression in HC-

RP may warrant additional investigation. Nevertheless,

the resulting higher PLN-to-SERCA2 ratio may indicate

greater Ca2+-handling control and more headroom for

SERCA2 activation via PLN phosphorylation. This is

consistent with previous reports that increased PLN and

decreased SERCA2 lead to augmented FFR (Bluhm et al.,

2000; Meyer et al., 1999). The notion of enhanced head-

room in the HC-RP tissues also seems to explain the

more robust b-adrenergic response in both Ca2+ release

and twitch force. Moreover, although the LC-RP group

has significantly higher SERCA2 and higher p-PLN/PLN

ratios, factors that should contribute to greater SERCA2

activation and faster cardiac relaxation (Meyer et al.,

1999), twitch relaxation in this group (RT50) is actually

much slower compared with the HC-RP group. This sug-

gests that greater SERCA2 activity is not sufficient to over-

come the lack of p-cTnI/cTnI in terms of efficient twitch

relaxation. Collectively, the western blot results seemed

to indicate that physiological Ca2+ and pacing made

HC-RP group more efficient in handling Ca2+ and created

significantly more headroom in PLN phosphorylation

and subsequent SERCA activation, and a greater ability

to phosphorylate cTnI under b-adrenergic stimulus

compared with the LC-RP group.

Finally, some limitations of this work should be acknowl-

edged. Although our intention was to develop a method

with commercially available media and supplements for

easy adoption, we recognize that there are compositional

differences besides Ca2+ concentration between the high-

glucose DMEM and RPMI with ATCC modification used

in this study (Table S1). A comparison between the major

components of the two media formulations shows the

same K+ and glucose (5.33 and 1.80 mM, respectively),
Stem Cell Reports j Vol. 17 j 2037–2049 j September 13, 2022 2045



but differences exist between DMEM and RPMI in total

amino acids (10.7 mM vs. 6.6 mM, respectively), total con-

centration of various vitamins (0.15 mM vs. 0.24 mM,

respectively), Na+ (155.3 mM vs. 128.0 mM, respectively),

and Mg2+ (0.81 mM vs. 0.41 mM, respectively). Although

the most significant difference remains in Ca2+ (1.8 mM

vs. 0.42mM, respectively), the additional differences could

have also contributed to the functional, transcriptional,

and protein differences observed in this study and may

warrant further investigation. Last, albumin in the form

of bovine serum albumin (BSA) is an important Ca2+-bind-

ing protein and critically affects the free Ca2+ concentra-

tion available to the tissues. RPMI- andDMEM-basedmedia

in our study only have BSA (fatty acid free fraction V) from

B-27 at the same concentration, and, therefore, have no

relevant impact on the final Ca2+ concentration. In any

case, this does not detract from our principal finding,

namely, that the combination of pacing and culture in

DMEM constitutes a robust protocol for enhancing matu-

ration in EHTs.

Furthermore, this is noted for the same HC-NP versus LC-

NP comparison (Figures 1B and 5B), high Ca2+ improved

twitch force. For the same HC-RP versus LC-RP comparison

as thefirst control line (Figure 2D), highCa2+ andpacing did

not improve raw twitch force. This showed that the raw

twitch force development by Ca2+ is cell line specific. How-

ever, we did not observe batch-to-batch variation of this

behavior within the second cell line. This points to the

inherent variability of force development between different

cell lines under the same pacing condition, suggesting that

cell line-specific pacing condition optimization may be

required to ensure consistent twitch force development.

While the work shown here demonstrates specific gains

in functional maturation, it must be acknowledged that it

does not constitute a technique for achieving comprehen-

sive cardiomyocyte maturity. Conspicuously, we have not

investigated additional gains that may be made achieved

by providing EHTs with a more realistic metabolic sub-

strates, as others have done (Feyen et al., 2020; Yang

et al., 2019). Future work will investigate the use of fatty

acid-containing media in combination with HC-RP condi-

tions. Nonetheless, we believe that HC-RP conditioning

contributes meaningfully to the body of iPSC-CM matura-

tion techniques because of its minimal complexity and

shortening of the overall timeline to produce EHTs of

acceptable maturity.
EXPERIMENTAL PROCEDURES

Reagents
High-glucose Dulbecco’s Modified Eagle Medium (DMEM) and

RPMI 1640 Medium (ATCC modification), B-27 supplements

with and without insulin, TrypLE, Dulbecco’s PBS (DPBS), fetal
2046 Stem Cell Reports j Vol. 17 j 2037–2049 j September 13, 2022
bovine serum (FBS), penicillin-streptomycin (P/S), non-essential

amino acids (NEAA), G-glutamine, and sodium pyruvate were pur-

chased from ThermoFisher Scientific. CHIR99021, IWP4, and

mTeSR were from STEMCELL Technologies. FURA 2/AM and ISO

were from Sigma-Aldrich. Primary antibodies included SERCA2

(Invitrogen MA3-910), cTnI (Proteintech 66376-1-IG), p-cTnI

(Cell Signaling Technology 4004S), p-PLN (Invitrogen PA5-

38317), PLN (Invitrogen MA3-922), and TPM11 (Invitrogen PA5-

29846). Secondary antibodies were from Bio-Rad.
EHT production
Decellularized porcine scaffolds to make EHTs were prepared as

previously reported (Schwan et al., 2016). Briefly, fresh pig hearts

(J Latella & Sons) were preserved in cold DPBS with 5% P/S until

left ventricular free walls were cut into blocks and frozen on dry

ice. Frozen blockswere sectioned into 150-mmslices with a cryostat

microtome (Leica CM3050 S) and laser cut into 2.5 3 6 mm scaf-

folds. The scaffolds were then incubated in lysis buffer (10 mM

Tris and 0.1% 0.5 M EDTA in de-ionized [DI] water) and decellula-

rization buffer (0.5% w/v SDS in DPBS). The scaffolds were affixed

to laser-cut polytetrafluoroethylene holders and incubated over-

night in incubation media (10% FBS and 2% P/S in DMEM) before

seeding.
Cardiomyocyte differentiation
hiPSC-CMs differentiation followed commonly used protocol

(Lian et al., 2013). Healthy control hiPSC line PGP1 (GM23338,

Coriell Institute) was differentiated with 15 mM CHIR99021 on

day 0 for 24 h and 5 mM IWP4 on day 3 for 48 h. On day 12,

4-day treatment with 4 mM lactate was used to purify hiPSC-

CMs before cells were seeded on day 18. A second healthy control

linewas generated frommonocytes in a peripheral blood sample of

a healthy adult male and differentiated with 17.5 mM CHIR99021

on day 0. The same differentiation protocol was followed after day

0 to day 14, after which the cells were expanded (Maas et al., 2021)

with 2.4 mM CHIR99021 on day 1, 3, and 5 after expansion. The

media were switched back to RPMI + B27 Plus on day 6 withmedia

change every other day until seeding on day 10.

For seeding, 1million cells of 90%hiPSC-CMs and 10% adult hu-

man cardiac fibroblasts (PromoCell 306-05A) were used per tissue

in the seedingmedia (10% FBS, 1% P/S, 1%NEAA, 1% L-glutamine,

and 1% sodium pyruvate in DMEM). After seeding, tissues were

maintained in either DMEM or RPMI with B27 (with insulin)

and media were changed every other day.
Electrical stimulation and biomechanical testing
A custom bioreactor was used to electrically stimulate EHTs. It was

assembled with laser-cut Teflon frames and CNC machined

graphite electrodes (Graphitestore) to fit on top of a 12-well plate.

It was connected to an Arduino Uno microcontroller and printed

circuit board to provide bipolar pulses to individual tissues over a

2-week period with continuous ramp from 2 to 4 Hz. We applied

a 2.5-V/cm across individual tissues. The bioreactor was cleaned

with 70% ethanol and DI water and autoclaved in 30 min gravity

cycle twice before use. Cell culturemediawere changed every other

day during pacing.



A custom experimental setup was used to measure the biome-

chanical properties and Ca2+ transients of EHTs. A 3D-printed

testing bath with platinum wires and printed circuit board pro-

vided pacing and heating with continuous perfusion during

testing. A force transducer and linear actuator holding the tissue

enabled precise real-time isometric force measurement. Tyrode’s

solution (in mM: 140 NaCl, 5.4 KCl, 1.8 CaCl2, 1 MgCl2, 25

HEPES, and 10 glucose; pH 7.30) was used in testing. MATLAB

scripts were used to record, process, and analyze mechanical

data. Isometric twitches, FFR, post-rest potentiation, andCa2+ tran-

sient recordings were conducted at 10% stretch.

Statistics
To compare the difference in biomechanical properties, Ca2+ tran-

sients, and protein expression levels between DMEM and RPMI

groups, unpaired two-tailed t-tests (Figures 2, 3, and 4) and two-

way ANOVA with repeated measures (Figure 2) were performed.

All analyses were performed in GraphPad Prism 8 software and in-

dividual data points were presentedwhenever possible withmeans

and SEM A p value of <0.05 was used for all analysis to be consid-

ered significant.

Western blot
The EHTs were flash frozen on dry ice and stored in �80�C freezer

for up to 2 weeks. The proteins were homogenized in RIPA buffer

supplemented with sodium orthovanadate, PMSF, protease inhib-

itor cocktail, and phosphatase inhibitor cocktail (Santa Cruz

Biotechnology). The protein was separated on precast 4%–20%

Mini-PROTEAN TGXgels (Bio-Rad) before transfer to a PVDFmem-

brane (Millipore). Samples were normalized using Revert Total

Protein Stain (Li-Cor). The membrane was incubated in primary

antibodies overnight at 4�C. The membranes were imaged on a

Li-Cor Odyssey scanner. Quantification and analysis were per-

formed using Image Studio Lite software (Li-Cor).

RNA-seq
For RNA extraction, tissues were flash frozen and crushed with

plastic pestles. Aqueous phase was collected after TRIzol (Ambion)

phase separation, and the RNA pellets were precipitated for total

RNA extraction. Samples were treated with DNAse and cleaned

with Qiagen RNeasy columns.

Sampleswere sequenced by Yale Center for Genomic Analysis (Il-

lumina HiSeq 2500, multiplexed, paired-end reads of 100 base pair

length with 25 million reads per sample). Data analysis was per-

formed on PartekFlow. Alignment was performed using STAR

2.7.8a and hg38 as the reference genome. Samples were clustered

by average linkage using Pearson’s dissimilarity. Fifty relevant

genes were then selected to perform differential analysis using DE-

Seq2 with p < 0.05 and fold change of %�2 or R2.

Pathway analysis was performed using the pathway enrichment

functionality of Partek Flow software on a dataset of R15,000

genes. Relevant pathways which had an enrichment score >5

and a p value of <0.05 were considered. For each pairwise compar-

ison between treatment groups, relevant Kyoto Encyclopedia of

Genes and Genomes pathways were visualized to make qualitative

observations regarding the directionality of regulation of specific

genes.
Data and code availability
The RNASeq data from this study are available under GEO acces-

sion ID: GSE201437.
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