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Supplemental methods

EHM - Starting Protocol. First, a suspension of differentiated single cells was prepared: (1)
EBs were digested with collagenase B (Roche, 1 mg/ml; H9.2), collagenase I (Sigma-Aldrich,
2 mg/ml) and/or trypsin/EDTA (Life Technologies, 0.25%/1 mmol/l; HES3, HES3-ENVY,
HES2, hiPS-BJ) as described elsewhere'™®; (2) monolayers (hES2-RFP, hIPS-G1) were
digested with Accutase (Millipore), 0.0125% Trypsin (Life Technologies), and 20 pg/ml
DNAse (Calbiochem) for 10-15 mins at room temperature; and (3) human fibroblasts were
dispersed using TrypLE (Life Technologies). Fibroblast culture was in DMEM with 4.5 g/l
glucose, 15% fetal bovine serum, 100 U/ml penicillin, and 100 pg/ml streptomycin (all Life
Technologies). Where indicated fibroblast were transduced with a lentivirus (pGIPZ,
Addgene) for stable expression of GFP under the control of a ubiquitously active CMV
promotor.

Freshly dispersed cells were counted using the electrical current exclusion method
(CASY, Roche) before proceeding with EHM construction, using a modification of our
original engineered heart tissue protocol7. Briefly, EHMs (reconstitution volume: 500 ul) were
prepared by pipetting a mixture containing freshly dispersed ESC-derivatives (1x10*-15x10°
cells in Iscove-Medium with 20% fetal bovine serum, 1% non-essential amino acids, 2 mmol/l
glutamine, 100 umol/l B-mercaptoethanol, 100 U/ml penicillin, and 100 pg/ml streptomycin)
with or without addition of fibroblasts as indicated, pH-neutralized collagen type 1 from rat
tails (0.4 mg/EHM), MatrigelTM (10% v/v; Becton Dickenson), and concentrated serum-
containing culture medium (2x DMEM, 20% horse serum, 4% chick embryo extract,

200 U/ml penicillin, and 200 pg/ml streptomycin) in circular molds



(inner/outer diameter: 2/4 mm; height: 5 mm - Starting Protocol, Table 1). EHM condensed

quickly within the casting molds and were transferred onto static or dynamic stretch devices

(110% of slack length)g'10 on culture day 3. Medium was exchanged every other day.

Definition of the EHM reconstitution and culture protocol towards cGMP. Initially, cells
were reconstituted in a mixture of pH-neutralized medical grade bovine collagen (LLC
Collagen Solutions, 0.4 mg/EHM), concentrated serum-containing culture medium (2x
DMEM, 40% fetal calf serum, 200 U/ml penicillin, and 200 pg/ml streptomycin) and cultured
in Iscove-Medium with 20% fetal calf serum, 1% non-essential amino acids, 2 mmol/l
glutamine, 300 umol/l ascorbic acid, 100 pmol/l B-mercaptoethanol, 100 U/ml penicillin, and

100 pg/ml streptomycin (Matrix Protocol, Table 1).

To generate defined, serum-free EHM, cells were reconstituted in a mixture of pH-
neutralized medical grade bovine collagen (LLC Collagen Solutions, 0.4 mg/EHM),
concentrated serum-free medium (2x RPMI, 8% B27 without insulin, 200 U/ml penicillin, and
200 pg/ml streptomycin) and cultured in Iscove-Medium with 4% B27 without insulin, 1%
non-essential amino acids, 2 mmol/l glutamine, 300 pumol/l ascorbic acid, 100 ng/ml IGF1
(AF-100-11), 10 ng/ml FGF-2 (AF-100-18B), 5 ng/ml VEGF¢s (AF-100-20), 5 ng/ml TGF-
B1 (AF-100-21C;mandatory during culture days 0-3), 100 U/ml penicillin, and 100 pg/ml

streptomycin (Serum-free Protocol, Table 1). All growth factors were purchased from

Peprotech as “animal-free recombinant human growth factors”. Where indicated full B27
(Life Technologies, A1486701) was compared to B27 without antioxidants (Life

Technologies, #10889038) and B27 without insulin (Life Technologies, #0050129SA).

Action potential recordings. We recorded spontaneous action potentials (APs) from
individual cardiomyocytes in EHMs via conventional intracellular glass microelectrodes filled

with 2.5 mol/l KCI in thermostatted (37°C) and pH-controlled (pH 7.4 under 5% O, and 95%
2



CO,) extracellular solution (mmol/l: 126.7 NaCl, 5.4 KCI, 1.8 CaCl,, 1.05 MgCl,, 22

NaHCO3, 0.42 NaH,POy, 11 glucose).

Flow cytometry. Single cell suspensions were analysed either alive or fixed in 70% ice cold
ethanol or 4% formaldehyde (Histofix, Roth). For live cell analysis, cells were incubated for
10 min in Sytox Red Dead Cell Stain (Life Technologies, 5 nmol/L) to exclude dead cells and
Hoechst-3342 (Life Technologies, 10 ug/ml) to analyse nuclear DNA content and exclude
cell doublets. The following gating strategy was applied: (1) gating of cells based on forward
scatter area (FSC-A) and sideward scatter area (SSC-A), (2) gating of live cells (Sytox Red
negative), (3) gating of single cells (based on DNA signal width), (4) gating of RFP-positive
cells (cardiomyocytes), and (5) assessment of cardiomyocyte size based on median SSC-A or
median RFP fluorescence intensity. Cardiomyocyte size measurements by flow cytometry
were validated against morphometric measurements of cell area in microscopic images of
identical samples using ImagelJ software (Supplementary Figure 9).

Fixed cells were stained with Hoechst-3342 (Life Technologies, 10 pg/ml) to analyse
nuclear DNA content and to exclude cell doublets.

The following flow cytometry parameters were established for the factorial screen
(Supplementary Figure 3): (1) cell viability (100% minus percentage of cells in the sub-G1
DNA fraction), (2) cardiomyocyte and non-myocyte percentage (actinin-positive and -
negative cells, respectively), (3) cardiomyocyte median actinin fluorescence intensity (MFI,
as a quantitative surrogate for cardiomyocyte sarcomere content), (4) cardiomyocyte, and (5)
non-myocyte size (based on median SSC-A). Refer to Supplementary Table 2 for details on
antibodies utilized in this study. Cells were run on a LSRII SORP Cytometer (BD
Biosciences) and analysed using DIVA or Cyflogic software. At least 10,000 events were

analysed per sample.



Immunofluorescence staining. EHM-derived cells or 2D monolayer cardiomyocytes were
fixed in 4% formaldehyde (Histofix, Roth). After 3 washes with PBS, cells were incubated
with primary antibodies in PBS, 5% goat serum (Thermo Scientific), 1% bovine serum
albumin, 0.5% Triton-X (both Sigma-Aldrich) for 2 hours at room temperature or overnight at
4°C. The antibodies used in this study are summarized in Supplementary Table 2. After
several washes, appropriate secondary antibodies and Hoechst-3342 (Life Technologies, 10
pug/ml) to detect nuclear DNA were added for 1 hour at room temperature. Where indicated
Alexa Fluor coupled phalloidin (Thermo Scientific) to stain f-actin was added (1:60 dilution).
Immunostainings were imaged using a Zeiss LSM710 confocal microscope''. For sarcomere
length measurements individual cardiomyocytes were semi-automatically analyzed using a
custom-made Matlab (version 2014b) script. Briefly, individual actinin-stained sarcomeres
were interactively traced using impoly command. Intensity values of the resulting pixel trace
were smoothed (5 pixel moving average) and Z-bands were identified by the findpeaks
command with a manually adjustable MinPeakProminence Parameter (default 50 for 8 bit
images). Pixel X and Y indices were scaled to their respective physical length and converted
to positions along the trace line by cumulatively summing the norms of vectors connecting

neighboring pixel.



Supplemental Tables

Supplementary Table 1

PSC line Cardiomyocyte differentiation Input cells/500 yl EHM Contractions (defined areas / whole construct) Experimental data
H9.2 Spontaneous, EB; Kehat et al.” 10,000 local: 2-3 days after casting / whole: not observed n.a.
H9.2 250,000 local: 2-3 days after casting / whole: not observed n.a.
HES3-ENVY Spontaneous, EB; ESI' 10,000 local: 2 days after casting / whole: not observed n.a.
HES3-ENVY 100,000 local: 2 days after casting / whole: not observed n.a.
HES3-ENVY 250,000 local: 1-2 days after casting / whole: not observed n.a.
HES3-ENVY 1.5x10° local: 1 day after casting / whole: 3 days after casting Figure 2f
HES3-ENVY 15x10° local: 1 day after casting / whole: 3 days after casting n.a.
HES3 Spontaneous, EB; ESI’ 1.5x10° local: 1 day after casting / whole: 3 days after casting n.a.
HES2 Directed, EB; Yang et al.’ 1.5x10° local: 1 day after casting / whole: 3 days after casting Figure 1b
Suppl. Fig. 1f, 3d
HES2-RFP Directed, monolayer; refer to methods 1.5x10° local: 1 day after casting / whole: 3 days after casting  Figure 1a-e, 2c,f, 3a-f, 4a-g
Suppl. Fig. 1a-f, 2a-d, 3, 4a,
5,6,7,8,9b, 10
hiPS-G1 Directed, monolayer; refer to methods 1.5x10° local: 1 day after casting / whole: 3 days after casting Figure 1f, 2a-e, 3a,b
Suppl. Fig. 4b,c, 5, 7b, 9a,b
H7 Directed, EB; Riegler et al.® 1.5x10° local: 1 day after casting / whole: 3 days after casting Figure 1f, 5b-g
Suppl. Figure 1f, 10
hiPS-BJ Directed, EB, Yang et al.® 1.5x10° local: 1 day after casting / whole: 3 days after casting Figure 1b
iCell® CM CDI-undisclosed 1.5x10° local: 1 day after casting / whole: 3 days after casting Figure 1f, 3a,b

Suppl. Video 2

Supplementary Table 1: Overview of EHM generation from various pluripotent stem cell lines. n.a.: not applicable, EB: embryoid body differentiation protocol



Supplementary Table 2

Order Nr./
Primary Antibodies Dilution Vendor Clone
Sarcomeric a-actinin 1:1000-4000 | Sigma-Aldrich A7811
CD31 (Pecaml) 1:100 Abcam abh28364
Human Anti-Integrin 1 (CD29) 1:200 Millipore MAB1965

Dev. Studies Hybridoma
Human B Myosin heavy chain 1:100 Bank A4.951
Dev. Studies Hybridoma
B Myosin heavy chain 1:500 Bank MF20
Human cardiac Troponin T 1:200 Abcam ab45932
MLC2V 1:500 Synaptic Systems 310003
MLC2A 1:500 Synaptic Systems 56F5
Myomesin-1 1:500 Proteintech 20360-1-AP
N-cadherin (CDH2) 1:50 Sigma-Aldrich HPA058574
Ki67 1:100 Thermo Scientific SP6
.| |

Secondary Antibodies Dilution Vendor Order Nr.
Goat anti mouse Alexa Fluor 488 | 1:1000 Thermo Scientific A-11001
Goat anti mouse Alexa Fluor 633 | 1:1000 Thermo Scientific A-21052
Goat anti rabbit Alexa Fluor 633 1:1000 Thermo Scientific A-21070
Goat anti rabbit Alexa Fluor 546 1:1000 Thermo Scientific A-11010

Supplementary Table 2: Overview of primary and secondary antibodies



Supplementary Table 3: Cardiomyocyte transcriptome

















































Supplementary Table 3: Cardiomyocyte transcriptome. Cardiomyocyte-specific gene

transcription in pluripotent stem cell-derived (embryonic) cardiomyocytes (pooled from
HES2, hiPS-G1 and hiPS-CDI [iCell] cardiomyocytes; n=3/group), fetal heart (3 biopsies
from single donor), and adult hearts (4 biopsies from the left ventricles of 4 non-failing

hearts). Data displayed for direct comparison as RPKM and ranked by expression level.



Supplementary Table 4: Fibroblasts transcriptome













Supplementary Table 4: Fibroblasts transcriptome. Fibroblast-specific gene transcription

in fibroblasts (pooled from heart, skin, and gingiva derived fibroblast cultures; n=3/group),
fetal heart (3 biopsies from single donor), and adult hearts (4 biopsies from the left ventricles
of 4 non-failing hearts). Data displayed for direct comparison as RPKM and ranked by

expression level.



Supplementary Table 5: Gene clusters according to the trajectory of cardiomyocyte-
specific gene transcription in embryonic, fetal, and adult cardiomyocytes.

Adult CM genes
ABCC8
ABLIM1
ABLIM2
ACACB
ACTC1
ACTN2
ADPRHL1
ADRA1A
ADRA2B
ADRB1
ADSSL1
AK4
AKAP6
ANO5
AQP7
ARHGEF15
ART3
ASB10
ASB11
ASB15
ATP1A2
ATP1A3
AVPR1A
BCO2
C10orf71
C140rf180
C2orf71
CA8
CAMK2B
CAND2
CASQ2
CCDC69
CD38
CDK18
CES1
CKM
CKMT2
CLEC7A
CLGN
CLIC5
CMYA5
COL23A1

Embryonic CM genes
ACVR2B
ADAMTS9
AFAP1L2
AMT
APOBEC2
APOE
ARHGAP42
ATP1B1
B4GALNT4
C100rf35
Clorfl05
Cc7
CADM4
CCDC3
CDKN1C
CIB2
CLYBL
CNTN4
COL14A1
COL4A5
COL4A6
COL9A3
CPT1B
CSRNP3
CXADR
CXXC4
DENND5B
DLK1
DMKN
DSC2
DSG2
EBF4
EDNRA
EFNA1
ENPEP
EPB41L3
EPHA3
EPHX2
ERBB3
FAM184A
FAM84B
FTCD

CM genes without directed pattern
ABCB4
ABCD2
ABCG1
ABLIM2
ABRA
ACACB
ACE2
ACOT11
ACSM3
ACTAl
ADAM11
ADAMTSS
ADCY1
ADCY5
ADD2
ADHFE1
ADORA1
AGL
AGT
AIF1L
ALDOC
ALPK3
AMY2B
ANK2
ANKRD1
APLNR
APOA1
APOB
APOBEC4
AQP1
ARHGAP26
ARHGAP4
ARHGAP44
ASB12
ASB2
ASB4
ASXL3
ATG9B
ATP1B2
ATRNL1
AUTS2
B3GNT7



COX6A2
CPNE4
CRIP2
CRIP3
CRYAB
CTNND2
CYBB
CYP2J2
CYSLTR2
CYYR1
DANDS5
DES
DHRS7C
DOK?7
DTNA
DUSP27
DYSF
EDNRB
EEF1A2
EFHC2
ENAM
ESAM
ESRRB
F13A1
F5
FABP3
FAM107A
FAM134B
FBX040
FILIP1
GABRA4
GABRB1
GIMAP4
GIMAPS
GIMAPG6
GIMAPS8
GNG7
GRM1
HEYL
HHATL
HPR
HRC
HSPB7
IFNK
IGSF5
INPP5J
IRX6

FXYD1
FXYD2
FZD3
GABRP
GAS7
GATM
GCA
GRIA4
GUCY1A3
HAND1
HEPH
HOOK1
HOPX
HRASLS
IGF2
IGFBP2
IGSF3
ISYNAL
JPH1
KBTBD11
KCNIP1
KCNJ5
KIAA0895
KIAA1324L
KRT8
LAPTM4B
LLGL2
LRRC17
MAN1C1
MDK
MERTK
METTL7A
MMP15
MPP7
MST1
NAP1L3
NRK
P2RY1
PCDHB12
PDE9A
PDGFD
PLBD1
PLEKHH1
PRICKLE1
PRKCZ
PROM1
PTH1R

B4GALNT3
BCAM
BCL11A
BCL2L11
BCL6B
BMP5
BMP7
BST2
BVES
Clilorf21
Clorf105
Clorfl68
C6

CA14
CA2

CA3
CACNA1H
CACNB2
CADPS
CAMK2A
CASQ1
CASZ1
CBFA2T3
CCDC141
CCL21
CEACAM1
CELSR1
CFlI
CGNL1
CHD7
CHDH
CHN2
CHRDL2
CHRNA3
CILP
CLEC10A
CMTM5
CNN1
COBL
COL15A1
COL19A1
COL21A1
COL9A3
COLEC11
COoLQ
CORIN
CORO6



ITGA7
ITGA9
ITM2A
KBTBD13
KCNJ11
KCNJ12
KCNJ4
KCNQ1
KCNT1
KLHL31
KLHL34
KLHL38
LDB3
LDHD
LMOD3
LPAR5
LPL
LSP1
MAOB
MB
MCF2L
MFNG
MLIP
MOGAT1
MS4A4A
MS4A6A
MTUS1
MURC
MYADML2
MYBPC3
MYH11
MYH7
MYL2
MYL3
MYLK3
MYOM1
MYOM2
MYOM3
MYOZ2
NCAM1
NDRG2
NEBL
NGFR

NIPSNAP3B

NRAP
NTN1
OBSCN

RAB17
RAB3C
RAP1GAP
RASGEF1B
RASL10B
RASL11B
RASSF4
RELN
RNF43
SAMSN1
SERPINI1
SH3BGRL2
SHC2
SLAIN1
SLC40A1
SLC44A5
SORCS1
SPINT2
SPOCK2
SPON1
ST6GALL
ST6GALNAC3
SYTL1
TMC6
TMEM133
TMEM139
TMEM176B
TMEM88
TNNI1
TPD52
TRIM24
TSHZz2
TSTD1
UNC13D
VANGL2
VCAM1
WNT11
ZNF853
ZNRF2

CP

CPE
CPEB3
CPNES5
CPVL
CREB5
CSF3R
CSRP3
CTNNA3
CXCR4
DERL3
DLG2
DMD
DNAJC5G
DSC1
DUSP13
DUSP26
DUSP8
DYNC1I1
EDA
EGF
EGLN3
ELF3
ELMO1
ELOVL2
ENO3
EPB41L4A
EPHA4
EPHA7
EPN3
ERBB4
ESRRG
FAM110C
FAM110D
FAM13C
FAM151A
FAM155B
FAM160A1
FAM189A2
FAM222A
FAMA4TE
FAM78A
FAM81A
FBXL22
FCGR2B
FGF12
FGF18



OR51E1
P2RX3
PCLO
PCP4
PDE1B
PDK4
PGM5
PIP5K1B
PLINS
PLN
PLXDC1
PPARGC1B
PPM1L
PPP1R1C
PPP1R3A
PREX2
PRIMA1
PRKAA2
PRSS46
PYGM
RAB6B
RASGRP2
RBFOX1
RBPMS2
RCAN2
RD3L
RGS5
RGS6
RNASE1
RORB
RRAGD
RYR2
SCN2B
SCN5A
SELP
SEMA3G
SFMBT2
SGCA
SGSM1
SH2D3C
SHE
SLC25A4
SLC26A9
SLC2A4
SLC35F1
SLC4A3
SLC5A1

FGF9
FHIT
FIGN
FITML
FNDC5
FRAS1
FREM1
FRMD4B
FSD2
FXYD6
GABL
GADD45G
GARNL3
GATA3
GATA4
GCNT2
GCoM1
GJIA3
GKAP1
GLPIR
GLT1D1
GPD1
GPR22
GPRIN3
GPX3
GREB1
GRIK5
GRM8
GUCY1B3
Gucy2c
HAND2
HCN4
HEY1
HEY2
HFE2
HFM1
HIF3A
HLA-DOA
HLA-DQB1
HLA-DRB1
HMGCS2
HOOK1
HP

HRH2
HS6ST3
HSPB3
HTR4



SLCO2B1
SORBS1
SOX7
SPTB
SRL
ST8SIAS
STAB1
SYNPO2L
TCF15
TDRD10
TECRL
TGFB3
THBS4
TKTL1
TMCS8
TMEM252
TMEM38A
TMOD1
TNNI3
TNNT1
TRDN
TRIM54
TSPAN18
TTN
TXLNB
USP2
VSNL1
VWC2
VWF
WBSCR17
XIRP1
XIRP2
XK
ZBTB16
ZPBP

HTRA3
ICA1
IF144L
IGSF1
IGSF9B
ILDR2
INHA
IRX4
ISYNAL
ITGB1BP2
ITIH3
ITK
JAG2
JPH2
KCNA4
KCNH2
KIAA0895
KIAA1324L
KIAA1958
KIF26A
KLHL3
KLHL30
KLHL6
KRT8
L3MBTL4
LAD1
LGI2
LGl4
LMOD2
LRMP
LRRC10
LRRC39
LRRTM3
LYz
MAEL
MAPK4
MARK1
MED12L
MEP1B
METTL11B
METTL24
MGAT3
MGAT4A
MLF1
MOG
MPPED2
MPZL2



MSI1
MTSS1
MTTP
MTUS2
MYH14
MYH6
MYH7B
MYL4
MYL7
MYO18B
MYO5C
MYOCD
NAALAD2
NAP1L2
NEB
NEURL2
NFATC2
NINJ2
NKX2-5
NMNAT3
NPNT
NPPA
NPPB
NPR1
NROB2
NREP
NRXN1
NT5M
NTRK1
NUP210
0OSBP2
P2RY14
PACRG
PACSIN1
PAIP2B
PAQR9
PARK2
PARM1
PCDH7
PCDHB14
PCDHB15
PCDHB5
PDCD1
PDE3B
PDE4D
PDK1
PEBP4



PHACTR3
PIK3AP1
PIK3CG
PKP2
PLA1A
PLCB2
PLCL2
PLCXD3
PLEKHA7
PLVAP
PNMT
POF1B
POPDC2
PPARGCIA
PPFIA4
PPM1K
PPP1R12B
PPP1R13B
PPP1R14C
PPP1R1A
PPP1R9A
PRDM16
PRKCB
PRKCH
PROX1
PRRG3
PRSS42
PRSS45
PTGER3
PTGES3L
PTP4A3
PTPN6
PTPRD
PTPRE
PZP
QRFPR
RAB3IP
RAB9B
RALGPS1
RALYL
RAMP1
RAMP2
RAPGEF4
RASD2
RASGRP3
RASSF5
RBM20



RBM24
RBM38
RCOR2
RCSD1
REEP1
RERG
RGS1
RGS16
RIC3
RIMKLA
RNASEG
RNF144A
RNF165
RNF207
RRAD
RTN4RL1
RXRG
S100A8
S1PR1
SCARF1
SEC14L5
SEMAS5B
SEMAGB
SEPP1
SERPINA3
SERPINAS
SH3BGR
SIPA1L2
SKIDA1
SLC15A2
SLC16A10
SLC16A12
SLC1A3
SLC22A7
SLC29A2
SLC30A3
SLC38A3
SLC38A8
SLC47A1
SLC6A13
SLC7A2
SLC8A1
SLCO5A1
SMOC2
SMPX
SMTNL2
SMYD1



SNTA1
SOBP
SORBS2
SPATA25
SPHKAP
SPINKS
SPINK7
SPN
SPSB4
SRGAP3
SSTR2
ST6GALNAC1
ST8SIA6
STAT4
STOX2
SULT1C4
SuUSD4
Sv2B
SYT17
SYT2
TAL1
TBX20
TCAP
TESC
TET1
THSD7A
TLL2
TMEM176A
TMEM178A
TMEM179
TMEM56
TMEM71
TMEM74
TMEM74B
TNFSF10
TNNI3K
TNNT2
TNNT3
TPD52L1
TPRG1
TREM1
TRIL
TRIM63
TSPAN12
TSPAN7
TTC39A
TYRP1



UGT2B4
UNC45B
UPB1
VASH1
VAV3
VIP
VIPR2
VSTM2L
VTN
VWA7
WNK2
WT1
XPO4
YBX2
YPEL1
YPEL2
ZBTB7C
ZDHHC15
ZMAT1
ZNF385B
ZNF711

Supplementary Table 5: Gene clusters according to the trajectory of cardiomyocyte-
specific gene transcription in embryonic, fetal, and adult cardiomyocytes. Adult CM
genes (progressively up in HES2-CM monolayer culture<fetal heart<adult heart), embryonic
CM genes (progressively down in HES2-CM monolayer culture>fetal heart>adult heart), and
CM genes without a uniform increase or decrease from embryo (HES2-CM monolayer

culture) to fetal and finally adult stages.
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Supplementary Figure 1. Maturation of EHM constructed from defined cardiomyocyte
and non-myocyte populations. (a) Force per cardiomyocyte (CM) in undefined vs. defined
EHM. (b) Actinin median fluorescence intensity (MFI) assessed by flow cytometry in
cardiomyocytes isolated from undefined vs. defined EHM. (c) Inotropic response (left panel)
and time-to-50%-relaxation (right panel) in undefined vs. defined EHM in response to 1
pmol/L  isoprenaline followed by 10 pmol/L carbachol at 0.8 mmol/L calcium.
(d) Immunostaining of MLC2A (green), MCL2V (magenta) and nuclei (blue) in
cardiomyocyte monolayer culture. Note grey appearance of double positive cells (arrows);
bar: 20 um. (e) Quantification of MLC2A single positive (green), MLC2V single positive
(magenta), and MLC2A/V double-positive (grey) cardiomyocytes before EHM generation
(“input cells”) and after isolation from undefined vs. defined EHM (*output cells”). (f)
Maximal FOC in undefined and defined EHM from indicated PSC lines; each label
represents one EHM. (a-c) undefined (n=10) vs. defined (n=9) EHM: *p<0.05 by two-
tailed, unpaired Student’s t-test (a,b) and *p<0.05 by 2-way repeated-measures ANOVA
followed by Tukey’s multiple comparison test (c); (e) n=3-4 cell pools/group, p<0.05
by 1-way ANOVA followed by Tukey’s multiple comparison test for MLC2A/V double-

positive cardiomyocytes.
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Supplementary Figure 2. Expression of pluripotency associated genes and cell cycle
activity in defined vs. undefined EHM. (a) Expression of indicated pluripotency genes
relative to pluripotent stem cells (HES2) in human foreskin fibroblasts (HFF), 2-week-old
undefined EHM (HES2), and 2-week-old defined EHM made from purified cardiomyocytes
(HES2) and HFF; n=3-6 per group, *p<0.05 undefined EHM vs. defined EHM by two-tailed,
unpaired Student’s t-test. (b) Representative immunostaining of cell cycle marker Ki67 in
monolayer cardiomyocytes before EHM generation (“input cells”), in 2-week-old undefined
EHM, and in 2-week-old defined EHM (all HES2). Actinin (green), Ki67 (magenta), Nuclei
(blue); bars: 50 um. (c) Quantification of Ki67" cardiomyocytes (actinin® cells) and (d) Ki67"
non-myocytes (actinin” cells) in monolayer cultures before EHM generation (“input cells”), 2-
week-old undefined EHM, and 2-week-old defined EHM by flow cytometry. n=3-6 per

condition, *p<0.05 by 1-way ANOVA followed by Tukey’s multiple comparison test.
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Supplementary Figure 3. Definition of defined, serum-free EHM. (a) Normalized force of
contraction (FOC) at 2 mmol/L calcium of EHM made with rat collagen and Matrigel™
(n=12) or bovine collagen and Matrigel™ (n=14). (b) Normalized FOC at 2 mmol/L calcium of

EHM made according to the Starting Protocol (n=12) and Matrix Protocol (n=9); see Table 1 for

details. (c) Normalized FOC at 2 mmol/L calcium of EHM made with bovine collagen only (0.4
mg/EHM), bovine collagen plus fibronectin (5 pg/EHM), or bovine collagen plus laminin (5
MO/EHM) as indicated; n=4/group. (d) Factorial screen in cardiac aggregate cultures:
aggregates were cultured for 10 days in the presence or absence of respective factors and then
analyzed by flow cytometry. Table of tested medium supplements and growth factors with a
semi-quantitative analysis of viability, cardiomyocyte (CM) actinin content, CM and non-
myocyte (NM) size, and CM/NM ratio. Comparison is either to serum-containing medium

(Matrix Protocol) for medium supplements or control medium (aoMEM with 2% B27 with

insulin) without growth factor supplementation for the indicated growth factors (n=1-3 biological
replicates). (¢) Normalized FOC in EHM cultured for the indicated days in the presence of the
indicated growth factors (GF: 100 ng/ml IGF-1 [n=10], 10 ng/ml FGF-2 [n=3], 5 ng/ml VEGF¢s5
[n=3], 5 ng/ml TGFB1 [n=6], combination [ALL] of IGF-1, FGF-2, VEGFis5, TGFB1 [n=16])
compared to serum-free medium (Iscove’s with 4% B27 plus insulin) without respective growth
factor supplementation (No GF, n=6). (f) Normalized FOC in EHM cultured in 2% full B27
(n=9), 4% full B27 (n=16), 4% B27 without antioxidants (-AO, n=5), or 4% B27 without
insulin (-insulin, n=6) in the presence of ALL growth factors. (g) Normalized FOC in EHM
cultured in indicated basal media, Iscove’s (IMDM, n=9), cMEM (n=12), RPMI (n=9), and RPMI
supplemented with calcium (total free calcium ~1.2 mM, n=3) in the presence of 4% B27 and
ALL growth factors as indicated in (e); numbers in square brackets indicate free calcium
concentration of respective medium. (e-g) Dashed lines indicate mean (black) and SEM (grey) of

normalized FOC in Matrix Protocol EHM (refer to Table 1); *p<0.05 vs. Matrix Protocol EHM

and §p<0.05 for indicated comparisons by 1-way ANOVA followed by Tukey’s multiple

comparison test.
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Supplementary Figure 4. EHM protocol development. (a) Summary of EHM constructed

according to indicated protocols (details in Table 1) from different pluripotent stem

cell lines (details in Supplementary Table 1). (b) Force of contraction (FOC) recorded in
EHM (after 4 weeks in culture [W4]; constructed from indicated pluripotent stem cell lines;

refer to Supplementary Table 1) under isometric conditions, electrical field-stimulation at

1.5 Hz, and increasing extracellular calcium concentrations . EHM were constructed

according to the indicated protocols (Table 1): Starting Protocol with undefined cell

composition, Matrix Protocol with undefined cell composition, Serum-free Protocol with

defined cell composition (n-numbers indicated in (a); n.d.: not determined; *p<0.05 serum-
free, defined vs. serum-containing (Starting or Matrix protocol), undefined EHM by 2-way

ANOVA with Tukey’s multiple comparison test.
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Supplementary Figure 5. Morphology of EHM-derived cardiomyocytes. (a)
Immunostaining of sarcomeric actinin (left) and myosin heavy chain (right) in 2D monolayer
cardiomyocytes (top row) or EHM-derived cardiomyocytes (lower row). Graph depicts the
average sarcomere size with minimal to maximal values of 2D monolayer
cardiomyocytes (2D CM), Starting Protocol (SP), or Serum-free Protocol (SF)
EHM-derived cardiomyocytes (EHM CM); bars: 20 pum; *p<0.05 by 1-way ANOVA
followed by Tukey’s multiple comparison test. (b) Electron micrographs of 4 week serum-
free EHM (hiPS-G1); characteristic sarcomere structures, organelles, and cell-cell
contacts are labelled (Mito: mitochondria, Cav: caveolae); bars: 1 pum. (c)
Immunostaining of myomesin (M-band protein), MLC2V, and n-cadherin (associated
with intercalated disc) in 2D monolayer cardiomyocytes (left panels) and EHM-derived

cardiomyocytes (right panels); bars: 20 um
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Supplementary Figure 6. Cellularity and dimensions of EHM during long-term culture.
(a) Output cardiomyocyte (CM) number for HES2 (left panel) and hiPS-G1 (right panel)
EHM after 2, 4, and 6/8 weeks in culture. n=12/10/3 for weeks 2/4/6 in HES2 EHM, n=4/7/6
for weeks 2/4/8 in hiPS-G1 EHM. (b) Cross sectional area (CSA) of HES2-RFP EHM (left
panel) and hiPS-G1 EHM (right panel) at 2, 4, and 6/8 weeks in culture. n=12/10/8 for weeks
2/4/6 in HES2 EHM; n=7/10/8 for weeks 2/4/8 in hiPS-G1 EHM; *p<0.05 by 1-way ANOVA
followed by Tukey’s multiple comparison test. (c) Absolute uncorrected FOC of HES2 EHM
(left panel) and hiPS-G1 EHM (right panel) at 2, 4, and 6/8 weeks in culture. *p<0.05 by 2-
way ANOVA followed by Tukey’s multiple comparison test; n=12/14/8 for weeks 2/4/6 in

HES2 EHM and n=7/10/8 for weeks 2/4/8 in hiPS-G1 EHM.
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Supplementary Figure 7. Cardiomyocyte maturation transcripts. Expression of
cardiomyocyte (CM) genes (according to analyses in Figure 3a) with a developmental
trajectory (up: “adult” CM genes; down: “embryonic” CM genes) in: 22-day-old
cardiomyocyte monolayer cultures (2D D22); 60-day-old cardiomyocyte monolayer cultures
(2D D60); 2-week-old undefined, serum-containing EHM (EHM serum W2, Matrix
Protocol); 2-week-old defined, Serum-free Protocol EHM (EHM serum-free W2); 6-week-old
defined, Serum-free Protocol EHM (EHM serum-free W6); fetal and adult heart; n=3-
4fgroup. *p<0.05 vs. 2D D22 and p<0.05 for indicated comparisons by 1-way ANOVA
followed by Tukey’s multiple comparison test. Note that the 6 weeks EHM culture is
preceded by 3 weeks of cardiomyocyte differentiation and selection; hence EHM and 2D D60

have been cultured for a similar duration under similar culture medium conditions.
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Supplementary Figure 8. Adrenoceptor expression and function in EHM. (a) RPKM of
adrenoceptor subtypes: 22-day-old and 60-day-old monolayer CM culture (2D D22 and 2D
D60); 2 week undefined, serum-containing EHM cultures (EHM serum W2); 2 and 6 week
defined, Serum-free Protocol EHM cultures (EHM SF W2 and EHM SF W6); fetal and adult
heart; n=3-4/group. *p<0.05 vs. 2D d22 and 8p<0.05 and indicated comparisons by 1-way
ANOVA followed by Tukey’s multiple comparison test. Note that the 6 weeks EHM culture is
preceded by 3 weeks of cardiomyocyte differentiation and selection; hence EHM and 2D D60
have been cultured for a similar duration under similar culture medium conditions. (b) hiPS-G1
EHM and (c) HES2 EHM change in force of contraction (FOC) in response to 1 pmol/L
isoprenaline at ECsp extracellular calcium; EHM were constructed according to: (1) undefined
Starting Protocol (n=11/20); (2) Matrix Protocol (n=11/32) and (3) defined, Serum-free
Protocol (n=15/18); *p<0.05 by 1-way ANOVA followed by Tukey’s multiple comparison test.
(d) Inotropic response of EHM to isoprenaline at 0.6 mmol/L extracellular calcium in percent of
baseline force of contraction (FOC; n=11); inset: original contraction traces of unstimulated
EHM (black) and after exposure to 1 pmol/L isoprenaline (red). (e) Inotropic effect of
isoprenaline (100 nmol/L; n=11) alone or after 30 min pre-incubation with the specific B1-
adrenoceptor antagonist (CGP-20712A, 300 nmol/L, n=7), the specific p2-adrenoceptor
antagonist (IC1-118551, 50 nmol/L, n=7), or both (n=5); *p<0.05 CGP vs. ICI by two-tailed,

unpaired Student’s t-test.
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Supplementary Figure 9. Validation of flow cytometry-based cardiomyocyte size
measurements. (a) Panel 1: flow cytometry gating strategy for the enumeration of EHM-
derived cells: total cells; panel 2: live cells (negative for SytoxRed stain); panel 3: single cells
(homogenous nuclear DNA signal to exclude doublets); panel 4: RFP* cardiomyocytes vs.
GFP™ fibroblasts; panel 5: cardiomyocyte size analyzed by RFP median fluorescence intensity
(MFI; representative distribution of cardiomyocytes from control [grey area] and NE-treated
[1 pmol/L, red line] EHM); panel 6: RFP™ cells stained for sarcomeric actinin after fixation to
confirm cardiomyocyte identity. (b) Measurement of RFP* cardiomyocyte cell area by
fluorescence microscopy; representative images of cells derived enzymatically from control
EHM and EHM treated with 1 pumol/L NE for 7 days; bars: 50 um. (c¢) Correlation of
cardiomyocyte area measured by fluorescence microscopy and flow cytometry parameters for
size approximation (FSC: forward scatter; SSC: sideward scatter, live cells and cells fixed

with 70% ethanol).
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Supplementary Figure 10. Serum masks chronic catecholamine stimulation induced

heart failure phenotype. (a) Force frequency response in defined, serum-free EHM

(Serum-free Protocol, n=4) and undefined, serum-containing EHM (Starting Protocol, n=4)

after treatment with 1 umol/L norepinephrine (NE) for 7 days. *p<0.05 by 2-way repeated-

measures ANOVA followed by Sidak’s multiple comparison test. (b) Overview of change in

force of contraction (FOC), acute isoprenaline response (ISO), and cardiomyocyte (CM) size

after treatment with 1 umol/L NE for 7 days compared to untreated controls in undefined,

serum-containing EHM (Starting Protocol, black bars, n=8) and defined, serum-free EHM

(Serum-free Protocol; grey bars, n=11). *p<0.05 Starting vs. Serum-free Protocol by two-

tailed, unpaired Student’s t-test.
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Supplementary Figure 11. EHM patch function. Correlation of force of contraction (FOC)

and fractional area change (FAC) recorded in small EHM loops and patches from the same

production runs (n=10 production runs).
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Supplemental Video Legends:

Supplementary Video 1: Defined, serum-free small EHM loop (2 weeks old) on flexible

holders.

Supplementary Video 2: High purity cardiomyocyte (CM) EHM (left) and 70:30% CM:HFF

EHM (right); input cardiomyocyte were from identical cardiomyocyte pools (iCell CM; CDI).

Supplementary Video 3: Free floating defined, serum-free small EHM loop (4 weeks old).

Supplementary Video 4: Color-coded EHM on flexible holders. Sequential recordings of

GFP*-fibroblasts, RFP*-cardiomyocytes, and EHM in transmitted light.

Supplementary Video 5: Defined, serum-free EHM patch (1.5x1.7 cm, 3 weeks old) on a 3D

printed array of flexible holders.
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