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 Supplementary Methods 
 

Supplementary Method 1: Flow Cytometry Gating Strategies. 

  



Total live cells
(nuclear DNA signal area)

Single cells
(nuclear DNA signal width)

Gating strategy for cardiomyocyte and stromal cell quantification: Living cells were gated based on
nuclear DNA signal after labeling with Hoechst-33342 (Pacific Blue-channel). Single cells were separated
from cell aggregates. Cardiomyocytes and stromal cells were either labeled with antibodies directed against
ACTN2 or VIM, respectively, and detected with an Alexa Flour-488 (FITC-channel) conjugated secondary
antibody or exposed to fluorochrome-conjugated antibodies.
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Gating strategy for donor specific antibody (DSA) detection: (A) Cardiomyocytes (CM) not
stimulated or stimulated with IFN-γ for 48 h were gated based on FSC-A and SSC-A parameters to
exclude debris and not incubated or incubated with 1:20 diluted sera obtained from #2887 16 weeks after
EHM implantation and after withdrawal of immunosuppression. 20.000 events were measured. A FITC-
labeled anti-rhesus IgG antibody detected antibodies in the sera bound to the CMs. In addition to the
mean fluorescence intensity, the proportion of stained CMs has been determined using the second
marker (FITC-A subset 2). (B) The expression of MHC class I molecules on the CMs used in this
experiment has been determined in parallel using the W6/32 antibody and a FITC-labeled secondary
antibody against mouse IgG. Antibodies that display a selective reactivity to IFN-γ-stimulated CMs
presumably include DSAs to MHC class I molecules.



Gating strategy peripheral blood mononuclear cells: Leukocytes were gated based on 
CD45 expression versus SSC-A. Following exclusion of douplets either CD11c+ cells or CD45+ 
lymphocytes were further gated. T and B cells were distinguished based on CD3 versus CD20 
expression. T cells were further divided into CD4+ and CD8+ T cells. NK cells were identified as 
CD3- CD20-/CD8+ CD159a+ cells. Activation of immune cells was assessed by analyzing CD80 
expression on B cells and CD11c+ cells as well CD69 and HLA-DR expression on total CD3+, CD4+, 
CD8+ T cells and NK cells. 
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Supplementary Table 1: Overview of Rhesus macaque iPSC lines used in the study. 

CNPRC: California National Primate Research Center, Davis, US; DPZ: Deutsches 

Primatenzentrum (German Primate Center), Göttingen, Germany. 

Supplementary Table 2: Basic contractility data of human and Rhesus EHM. 

Supplementary Table 3: Overview of Rhesus macaques in Cohorts 1-3. 

Supplementary Table 4: MRI data summary (Cohorts 1 and 2 – Healthy Model). 

Supplementary Table 5: MRI data summary (Cohort 3 – Heart Failure Model). 

Supplementary Table 6: Antibodies used in the study. RTU: ready to use. *cross-reactive 

with Rhesus macaque mitochondria / not cross-reactive with rat mitochondria 

  



Supplementary Table 1

Rhesus iPSC 43110-4

Origin

Rhesus iPSC DPZ_iRH34.1

Rhesus iPSC DPZ_iRH25.B1

Rhesus iPSC DPZ_iRH23.1

Zhao et al. 2018

Reference

Stauske et al. 2020

unpublished

Stauske et al. 2020

CytoTune-iPSC Kit (Thermo Fisher)

Reprogramming Method

Episomal Vectors

CytoTune-iPSC Kit (Thermo Fisher)

Episomal Vectors

allograft

Implant

allograft

autograft

autograft

Skin �broblasts (CNPRC)

Origin

Skin �broblasts (DPZ)

Skin �broblasts (DPZ)

Skin �broblasts (DPZ)



Supplementary Table 2
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16 10EHM sample number 12 4 4

Spontaneous Beating Rate (bpm) 51±3 93±482±5 123±7 93±6

max. FOC (mN) 1.1±0.1 0.26±0.040.64±0.13 0.28±0.02 0.04±0.01

Resting Tension (RT in mN) 0.6±0.08 0.65±0.070.36±0.05 0.63±0.11 0.46±0.09

FOC/RT 2.2±0.3 0.44±0.071.8±0.3 0.48±0.08 0.09±0.04

Contraction Time (to 90% in ms) 140±4 104±3112±3 64±3 68±6

Relaxation Time (to 50% in ms) 114±4 88±399±3 65±2 86±7

iPSC-line TC1133 DPZ_iRH34.143110-4 #2483 #2500

Species Human RhesusRhesus Rhesus Rhesus



Supplementary Table 3

Animal#

Cohort 1 (3 months follow-up)

Implant DoseBWGender ImmunesuppressionAge

2444 1x EHM (34,960,000 CM / 5,040,000 StC)[i]13.7 kg allograft§male Tacrolimus + Methylprednisolone9.1 yrs

2529 1x EHM (33,240,000 CM / 6,760,000 StC)[i]12.4 kg allograft§male Tacrolimus8.5 yrs

1x EHM (36,960,000 CM / 3,040,000 StC)[i]2441 8.3 kg allograft§male Tacrolimus + Methylprednisolone10.2 yrs

1x EHM (32,240,000 CM[ii] / 7,760,000 StC)[i]2520 male 9.3 kg allograft§ Tacrolimus + Methylprednisolone9.1 yrs

2483 female 6.2 kg autograft 1x EHM (30,744,000 CM[ii] / 9,256,000 StC) none9.9 yrs

2616 7.0 kg allograft§female Tacrolimus7.5 yrs 1x EHM (36,960,000 CM / 3,040,000 StC)[i]

2551 female 7.6 kg allograft§ Tacrolimus + Methylprednisolone11.3 yrs 1x EHM (32,240,000 CM[ii]  / 7,760,000 StC)[i]

Cohort 2 (6 months follow-up)

2913 male 6.5 kg allograft§ Tacrolimus + Methylprednisolone5x EHM (112,860,000 CM[ii] / 87,140,000 StC)4.7 yrs

2909 male 7.8 kg allograft§ Tacrolimus + Methylprednisolone5x EHM (156,600,000 CM[ii] / 43,400,000 StC)4.8 yrs

2869 male 7.3 kg allograft§ Tacrolimus + Methylprednisolone[iii]5x EHM (129,060,000 CM[ii] / 70,940,000 StC)5 yrs

2500 female 7.6 kg autograft none5x EHM (125,400,000 CM / 74,600,000 StC)[i]10 yrs

2506 female 10.2 kg allograft§ 5x EHM (188,800,000 CM[ii] / 11,200,000 StC)[i] Tacrolimus + Methylprednisolone9.6 yrs

Animal# Implant DoseBWGender ImmunesuppressionAge

2887 male 6.9 kg allograft§ Tacrolimus + Methylprednisolone[iii]4.9 yrs 5x EHM (156,600,000 CM[ii] / 43,400,000 StC)

2915 male 7.6 kg allograft§ Ciclosporin + Methylprednisolone4.8 yrs 5x EHM (112,860,000 CM[ii] / 87,140,000 StC)

Allografts constructed from Rhesus iPSC 43110-0§ or DPZ_iRH34.1§§ 

[i] cells from cardiomocyte (CM) differentiation without addition of separately prepared stromal cells (StCs; number = per flow cytometry identified non-CM content)
[ii] use of cyropreserved cardiomyocytes (CM) for EHM formulation (stromal cells [StCs] were in all cases used after cryopreservation) 
[iii] withdrawal after 3 months to induce rejection

[v] at the time of EHM implantation / last weight recorded in animals that died prematurely or were excluded from the study
[vi] death upon weaning from aneasthesia
[vii] 5x EHM fusion

[iv] at the end of the study

2651 no immunosuppression13.6 kgmale9 yrs

2650 11.0 kgmale9 yrs

2750 11.0 kgmale8 yrs

2907 10.6 kgmale 2x EHM (62,352,000 CM / 17,648,000 StC)5.9 yrs

2911 male 9.1 kg death during reperfusion not applicable5.1 yrs

16299 male 9.4 kg not applicable (Control)9.2 yrs

2762 female 9.5 kg not applicable (Control)8.2 yrs

15301 female 7.5 kg SCD 1 week post-MI not applicable9.6 yrs

2819 male 9.8 kg 5x EHM (161,460,000 CM[ii] / 38,540,000 StC)7.3 yrs

2771 female 6.6 kg SCD 1 week post-MI not applicable7.3 yrs

16721 male 8.3 kg 2x EHM (66,096,000 CM / 13,904,000 StC)7.1 yrs

2735 female 8.2 kg not applicable (Control)8.2 yrs

16356 male 7.2 kg 2x EHM (69,408,000 CM[ii]  / 10,592,000 StC)8.3 yrs

2739 male 11.1 kg 5x EHM (171,000,000 CM[ii] / 29,000,000 StC)[vi]8.1 yrs

15389 female 6.0 kg excluded (low body weight) not applicablen.a.

15266 female 6.7 kg death during reperfusion not applicable10.1 yrs

2868 male 6.6 kg not applicable (Control)6.7 yrs

2719 male 10.1 kg death during reperfusion not applicable7.9 yrs

2884 male 9.7 kg 5x EHM[vii] (158,400,000 CM[ii] / 41,600,000 StC)6.6 yrs

16441 male 8.2 kg 5x EHM[vii] (166,770,000 CM[ii] / 33,230,000 StC)7.8 yrs

Cohort 3 (6 months follow-up)

Animal# Implant DoseBW[v]Gender ImmunosuppressionAge[iv]

no graft

no graft

no graft

allograft§

no graft

no graft

no graft

allograft§

no graft

allograft§

no graft

allograft§

no graft

allograft§

allograft§§

no graft

no graft

no graft

no graft

allograft§§

Tacrolimus + Methylprednisolone

Tacrolimus + Methylprednisolone

Tacrolimus + Methylprednisolone

Tacrolimus + Methylprednisolone

no immunosuppression

no immunosuppression

Tacrolimus + Methylprednisolone

Tacrolimus + Methylprednisolone

Tacrolimus + Methylprednisolone

Tacrolimus + Methylprednisolone

Tacrolimus + Methylprednisolone

Tacrolimus + Methylprednisolone

Tacrolimus + Methylprednisolone

not applicable (Control)

not applicable (Control)

not applicable (Control)



Supplementary Table 4

Condition (pre vs. post EHM)

1x
 E

H
M

5x
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H
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Data presented as mean ± SEM / n = macaques

Data points: pre implant (average of two baseline recordings on the day of and ~44 days before EHM implantation) 
  post implant (average of three (1x EHM Cohort 1) or four (5x EHM Cohort 2) recordings at 4, 8, 12, and 24 weeks after EHM implantation)

*P < 0.05; **P < 0.01; ***P < 0.001 - two-tailed, unpaired t-test pre vs post (EHM) implant 

Heart rate (bpm) EDV (mL) ESV (mL)EF (%) TWThd (mm) TWThs (mm) TWThF (%) CLWThd (mm) CLWThs (mm) CLWThF (%)

1x EHM (n=7) 103±6 vs. 107±6 16±2 vs. 15±2 7.1±1.0 vs. 6.3±1.0 57±1 vs. 58±1 3.1±0.1 vs. 4.6±0.3*** 6.5±0.2 vs. 7.7±0.2** 118±10 vs. 78±8** 3.4±0.2 vs. 3.9±0.2 5.9±0.4 vs. 6.0±0.4 78±14 vs. 57±6 

Tac + MP (n=4) 101±9 vs. 108±10 16±2 vs. 14±2 7.1±1.0 vs. 6.0±1.056±2 vs. 58±2 3.3±0.2 vs. 4.5±0.3* 6.7±0.4 vs. 7.9±0.2* 110±10 vs. 86±10 3.4±0.3 vs. 3.9±0.3 6.5±0.4 vs. 6.2±0.4 96±19 vs. 63±6

5x EHM (n=7) 107±3 vs. 102±4 15±1 vs. 15±1 6.2±0.4 vs. 5.4±0.4 59±1 vs. 63±1* 3.1±0.3 vs. 7.6±0.8*** 7.1±0.4 vs. 11.6±1.0*** 137±4 vs. 59±8*** 3.3±0.1 vs. 3.7±0.2 5.5±0.2 vs. 6.0±0.2 73±7 vs. 65±5 

No ISP (autograft; n=1) 95 vs. 101 14 vs. 14 5.5 vs. 5.960 vs. 59 2.6 vs. 3.6 6.2 vs. 6.6 171 vs. 90 2.8 vs. 3.3 3.7 vs. 4.0 34 vs. 24

Tac  (n=2) 110 vs. 108 19 vs. 17 7.8 vs. 7.359 vs. 58 3.0 vs. 5.3 6.2 vs. 8.0 109 vs. 58 3.6 vs. 4.2 5.7 vs. 6.6 66 vs. 62

Tac + MP (n=3) 115±1 vs. 105±6 15±2 vs. 14±2 6.0±0.8 vs. 4.8±0.959±1 vs. 65±1* 3.4±0.5 vs. 9.0±1** 7.6±0.8 vs. 13.4±1.0* 136±7 vs. 55±11** 3.1±0.2 vs. 3.6±0.4 5.3±0.5 vs. 5.6±0.4 75±15 vs. 59±8

Tac + MP 3 months (n=2) 98 vs. 91 17 vs. 16 6.7 vs. 5.959 vs. 63 3.3 vs. 6.7 7.3 vs. 10.9 127 vs. 76 3.6 vs. 3.9 5.9 vs. 6.3 71 vs. 68

Cycl + MP (n=1) 110 vs. 107 15 vs. 15 6.5 vs. 6.356 vs. 59 2.7 vs. 6.3 6.6 vs. 9.7 150 vs. 59 3.0 vs. 3.5 5.5 vs. 6.3 85 vs. 85

No ISP (autograft; n=1) 99 vs. 109 15 vs. 14 5.7 vs. 5.662 vs. 61 2.4 vs. 6.9 5.8 vs. 9.4 146 vs. 39 3.4 vs. 3.9 5.3 vs. 6.0 54 vs. 57



Supplementay Table 5

Data presented as mean ± SEM / n = macaques

Data points: Pre-MI (1 time point 175±6 days before EHM implantation)  No ISP group: n = 3         
  Post-MI / Pre-Implant (20±3 days before EHM implantation)   ISP group: n = 4 (n=3)
  1 months post implant (27±1 days after EHM implantation)   2x EHM group: n = 3
  2 months post implant (55±1 days after EHM implantation)  5x EHM group: n = 3 
  3 months post implant (84±1 days after EHM implantation) 
  6 months post implant (167±1 days after EHM implantation) 

*P < 0.05 Pre-MI vs. Post-MI / Pre-Implant - Mixed-effect model with Šídák's multiple comparisons test
§P < 0.05 vs. Post-MI / Pre-Implant - Two-Way-ANOVA with Dunnett‘s multiple comparison test with Geisser-Greenhouse correction
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59±7
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60±8 

61±14
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59±7
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Condition

Pre-MI

2 months post implant

Post-MI / Pre-Implant

6 months post implant

3 months post implant

1 month post implant

No ISP ISP 5x EHM2x EHM 

99±3 75±8 88±6 88±4 

101±7 85±3 99±489±5

97±2 82±6 97±6 82±6 

101±8 86±6 94±683±7

106±7 87±4 100±886±9

103±2 88±5 98±1 87±6 

Heart Rate (bpm)

No ISP ISP 5x EHM2x EHM 

59±4 59±2 58±4 56±1

50±2 50±4 53±844±5

50±2 50±2 46±6* 43±3* 

47±4 49±2 52±642±3

46±1 51±4 53±845±2

51±1 52±4 52±10 43±3 

Ejection Fraction (%)

No ISP ISP 5x EHM2x EHM 

15.3±3.0 17.3±0.7 14.8±1.4 15.4±0.7 

18.6±4.7 16.6±1.5 13.2±0.816.1±2.6

17.7±4.9 19.6±1.8 17.6±1.7 19.5±1.2 

18.1±4.6 14.8±1.1 12.1±0.9§14.5±0.5§

17.9±4.8 16.1±1.2 12.9±1.514.7±0.8

17.3±4.9 16.8±1.4 13.4±1.4§15.7±1.6§

Enddiastolic Volume (mL)

No ISP ISP 5x EHM2x EHM 

6.5±1.6 7.5±0.2 6.1±0.9 6.3±0.6 

9.6±2.8 8.1±0.7§ 6.3±1.49.1±1.7

9.0±2.8 9.8±0.9 9.7±1.7* 11.3±1.2* 

9.6±2.4 7.5±0.5 5.8±0.98.4±0.6

9.8±2.8 7.9±0.6 6.3±1.88.1±0.8

8.7±2.7 7.9±0.8§ 6.8±1.8 9.1±1.2§ 

Endsystolic Volume (mL)

Condition

Pre-MI

2 months post implant

Post-MI / Pre-Implant

6 months post implant

3 months post implant

1 month post implant

No ISP ISP 5x EHM2x EHM 

Target Wall Thickness in Diastole (mm)

No ISP ISP 5x EHM2x EHM 

Target Wall Thickness in Systole (mm)

No ISP ISP 5x EHM2x EHM 

Target Wall Thickening Fraction (%)

Condition

Pre-MI

2 months post implant

Post-MI / Pre-Implant

6 months post implant

3 months post implant

1 month post implant

No ISP ISP 5x EHM2x EHM 

Contralateral Wall Thickness in Diastole (mm)

No ISP ISP 5x EHM2x EHM 

Contralateral Wall Thickness in Systole (mm)

No ISP ISP 5x EHM2x EHM 

Contralateral Wall Thickening Fraction (%)



Supplementary Table 6

Primary Antibodies
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Cardiac Troponin T
Human-mitochondria (FITC-conjugated)*
Oct3/4
Nanog
Sox2

Epitope Use

ACTN2 (clone EA-53)
Rhesus IgG (FITC-conjugated) 

1:200
1:100
1:100
1:100
1:100

Dilution

1:1,000
1:100

Abcam
Millipore
Santa Cruz
Santa Cruz
Cell Signaling

Vendor

Sigma
Southern Biotech

ab45932
MAB1273A4
sc-5279
sc-33760
mAb #3579

Catalog #

A7811
4700-02

Rabbit
Mouse
Mouse
Rabbit
Rabbit

Species

Mouse
Mouse

ACTN2 (clone EA-53)
ACTN2 (PE-conjugated) 

Mouse
Mouse

1:4,000
1:1,000

Sigma
Miltenyi Biotec

A7811
130-106-937

Fl
ow

 C
yt

om
et

ry
 (F

C
)

CD3 (AF700-conjugated)

CD45 (V500-conjugated)

VIM

CD8 (PerCP-Cy5.5-conjugated)

CD20 (FITC-conjugated)
CD11c (PE-Cy7-conjugated)

CD69 (ECD-conjugated)
CD80 (PE-conjugated)

CD159a (APC-conjugated)

CD4 (V450-conjugated)

HLA-DR (APC-Cy7conjugated)

VIM (AF647-conjugated)
Mouse

Mouse

Rabbit

Mouse

Mouse
Mouse

Mouse
Mouse

Mouse
Mouse

Mouse

Mouse

Mouse
1:50

1:50

1:1,000

1:25

1:25
1:25

1:100
1:25

1:50
1:200

1:1,000

1:50

1:1,000
BD

BD

abcam

BioLegend

BioLegend
BioLegend

Beckman Coulter
BD

Beckman Coulter
BioLegend

BD

BioLegend

Biolegend
557917

561489

ab92547

301032

302304
301608

6607110
557227

A60797
311402

560811

307618

677807

pan-HLA class I (clone W6/32)

Secondary Antibodies

Anti-mouse IgG (Alexa Fluor 488-conjugated) 
Anti-rabbit IgG (Alexa Fluor 594-conjugated)
Anti-mouse IgG (Alexa Fluor 594-conjugated)
Anti-rabbit IgG (Alexa Fluor 633-conjugated)

Anti-mouse (horseradish peroxidase-conjugated) 
Anti-rabbit (horseradish peroxidase-conjugated) 
Anti-mouse IgG (FITC-conjugated) 

Epitope 

Goat
Goat
Goat
Goat

Goat
Goat
Goat

Species

1:1,000
1:200
1:200
1:200

RTU
RTU
1:200

Dilution

Thermo Fisher
Thermo Fisher
Thermo Fisher
Thermo Fisher

Dako
Dako
Dianova

Vendor

A-11029
A-11012
A-11032
A-21071

K802121-2
K800921-2
115-095-062

Catalog #Use

Desmin (clone D33)
OCT3/4 (clone N1NK9)
vWF (polyclonal)

Im
m
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oh

is
to

ch
em

is
try

 (I
H

C
)

ACTN2 (clone EA-53)

REA293 / rh(c) IgG1 (PE-conjugated)
MOPC-173 / IgG2a (AF647-conjugated)

Ki67 (clone MIB-1)
Slow skeletal troponin I (clone OTI8H8)
Cardiac troponin I (polyclonal)
Myosin Light Chain 2a (clone S58-205)
Myosin Light Chain 2v (polyconal)

Connexin 43 (polyclonal)
N-cadherin (polyclonal)

CD3 (polyclonal)
CD20 (clone L26)
CD56 (clone 123C3)
CD57 (clone TB01)
CD68 (clone PG-M1)

TCRγ/δ (clone H-41)
TCRα/β (clone 8A3)

Cleaved Caspase 3

Mouse
Mouse
Rabbit

Mouse

Human
Mouse

Mouse
Mouse
Rabbit
Mouse
Rabbit

Rabbit
Rabbit

Rabbit
Mouse
Mouse
Mouse
Mouse

Mouse
Mouse

Rabbit

RTU
RTU
RTU

1:500

1:1,000
1:500

RTU
1:100
1:200
1:250
1:250

1:500
1:50

RTU
RTU
RTU
RTU
RTU

RTU
1:50

1:200

Dako
Dako
Dako

Sigma

Miltenyi Biotec
BioLegend

Dako
Novus Biologicals
abcam
BD Pharmigen
Proteintech

abcam
Santa Cruz

Dako
Dako
Dako
Dako
Dako

Master diagnostica
Invitrogen

Cell Signal Tech

IR 60661-2
IR 09261-2
IR 52761-2

A7811

130-118-347
400240

IR 62661-2
NBP2-46170
ab47003
565496
10906-1-AP

ab217676
sc7939

GA50361-2
IR60461-2
IR62861-1
GA64761-2
IR61361-2

MAD-780QD-3
TCR1151

9664S



Supplementary Notes: 

 

(1) Clarification of snRNseq analyses presented in Extended Data Figure 1. 

Panels of transcripts used to identify and distinguish cardiomyocytes, stromal cells, pluripotent 

cells, and osteochondral cells by single nucleus RNA-sequencing.  

 

Cardiomyocyte Panel (curated list according to Tiburcy et al. 2017): 

ACACB, ACTCA1, ACTC1, ACTN2, ANKRD1, APOA1, APOBEC2, APOE, ATP1A2, ATP1B1, 

BMP5, C7, CAMK2B, CASQ2, CAVIN4, CCDC141, CGNL1, CHD7, CKM, CKMT2, CLIC5, 

CNN1, COL15A1, COL23A1, COL4A5, CPE, CRIP2, CRYAB, CSRP3, CYP2J2, DES, DMD, 

DTNA, EEF1A2, ENO3, EPHA4, FABP3, FHOD3, FMNL3, FZD3, GABRB1, GATM, GNG7, 

HAND2, HCN4, HOOK1, HOPX, HSPB3, HSPB7, IGFBP2, ITGA7, ITGB1BP2, KCNJ12, 

KCNQ5, KCNT1, KRT8, LAPTM4B, LDB3, LMOD2, MB, MDK, MEF2A ,MLF1, MLEP, 

MOGAT1, MTUS1, MYADML2, MYBPC3, MYH6, MYH7, MYL2, MYL3, MYL4, MYL7, 

MYOCD, MYOM1, MYOZ2, NCAM1, NEBL, NPNT, NPPA, NPPB, NREP, PDK1, PLN, 

PLXDC1, POPDC2, PPARGC1B, PPM1L, PPP1R1C, PPP1R3A, PPP1R9A, PREX2, 

PRKAA2, PROX1, PYGM, RAB6B, RASGRP2, RBFOX1, RBPMS2, RCAN2, RGS5, RGS6, 

RNASE1, RORB, RRAGD, RYR2, SCN5A, SGCA, SH3BGR, SLC25A4, SLC8A1, SLC8A1-AS1, 

SMPX, SMYD1, SNTA1, SPINT2, TBX20, TBX5, TECRL, THBS4, TMEM176B, TMEM71, 

TNNI1, TNNI3, TNNT2, TPM1, TRIM24, TTN, YPEL2 

 

Stromal cell panel (curated list according to Tiburcy et al. 2017): 

ABCG2, ACTG2, ADAM33, ADAMTS2, ADAMTS5, ADH1B, ADM, ALDH1A3, ALDH3B1, 

ALPL, ANKRD29, ANPEP, ANXA1, ANXA2, APOD, ARHGAP22, ARHGEF28, ARSJ, ATOH8, 

ATP8B1, AXL, BDNF, BHMT2, BST1, C8orf4, CAMK2N1, CCBE1, CCDC144A, CCDC36, 

CCL11, CCND1, CCR1, CD109, CD248, CD34, CD44, CD9, CDH19, CDKN2C, CFH, 

CLDN11, CLEC11A, CLEC14A, CLEC3B, CLMP, COMP, COL12A1, COL1A1, COL8A1, 

COLEC10, COLEC12, COTL1, CPED1, CPXM2, CRIM1, CRLF1, CSF2RB, CTSF, CTSK, 

CTSS, CXCL1, CYP1B1, DAB2, DCN, DDX3Y, DIO2, DKK2, DLL4, DOCK10, DPP4, 

DRAM1, EBF3, EDN1, EGFR, EHF, ELN, EMP1, ENG, ENPP2, ERAP2, F3, FAM162B, 

FAM180A, FAM20C, FAP, FBLN1, FBLN5, FGF2, FMO2, FN1, FRMD6, GIMAP2, GPR176, 

GPR68, HIST1H1A, HIST1H2BB, HLA-DMB, HMGA1, HMOX1, HPCAL1, HSPA2, IL6, IL7R, 

ITPR3, L1CAM, LAMA3, LAYN, LGALS1, LIMA1, LOX, LOXL3, LPAR1, LPXN, LRRK1, 

LRRN4CL, LTBP2, LTF, MAMDC2, MEOX2, MFAP5, MGLL, MKRN3, MLPH, MME, MMP2, 



MR1, MRGPRF, MT1X, MT2A, MUSK, MYC, MYO10, NAALADL1, NBL1, NEGR1, NEK10, 

NFASC, NGF, NKAPL, NOV, NQO1, NR4A2, NT5E, NTN4, OAS2, OLFML1, OSR2, PAMR1, 

PCDH18, PCOLCE, PEG3, PID1, PLAU, POSTN, PRDM1, PRELP, PRR16, PTGER4, 

PTGS1, PTX3, RASSF2, RGCC, RGMB, RND3, S100A4, S100A6, SAMD9L, SERPINE1, 

SERPINE2, SFRP4, SH2D4A, SH3GL2, SHISA3, SLC14A1, SLC16A4, SLC1A1, SLC37A2, 

SLCO4A1, SLFN11, SLFN5, SPESP1, SPHK1, SQRDL, SRGN, STC1, STC2, SVEP1, SYNE3, 

SYTL2, TAGLN2, TBC1D2, TCF21, TDRD1, THBS1, TNC, TNFRSF11B, TRPA1, USP9Y, 

UTY, VASN, VEGFC, VGLL3, VIM, VIT, WNT5B, ZFY, ZNF662 

 

Osteochondral cell panel: 

ACAN, COMP, EPYC, MGP, OGN, PHOSPHO1, SHOX2, SOX5 

 

Pluripotent cell panel 

ALPL, DNMT3B, GDF3, LIN28A, NANOG, POU5F1, TERT, ZFP42 

 

Remaining unidentified cells were individually identified as cardiomyocytes, mesodermal 

stromal cells or mesendodermal cells using the following rules: 

 

Cardiomyocyte identification by expression of: 

1. TNNT2 amongst the top 1,000 detected transcripts  

2. ACTC1 amongst the top 1,000 detected transcripts  

3. ACTN2 amongst the top 1,000 detected transcripts  

4. TTN amongst the top 100 detected transcripts  

5. RYR2 amongst the top 100 detected transcripts  

6. DMD amongst the top 100 detected transcripts  

 

Extended Data Figure 1A (i): 8 of 17 initially unidentified cells  

Extended Data Figure 1A (ii): 285 of 401 initially unidentified cells  

Extended Data Figure 1A (iii): 74 of 87 initially unidentified cells 

Extended Data Figure 1B (i): 0 of 40 initially unidentified cells  

Extended Data Figure 1B (ii): all cells annotated  

Extended Data Figure 1C (i): 504 of 573 initially unidentified cells  

Extended Data Figure 1C (ii): 52 of 77 initially unidentified cells  

 



Mesodermal stromal cell identification by expression of: 

1. FN1 amongst the top 1,000 detected transcripts 

2. COL1A1 amongst the top 1,000 detected transcripts 

3. COL1A2 amongst the top 1,000 detected transcripts 

4. CALD1 amongst the top 1,000 detected transcripts  

Extended Data Figure 1A (i): 2 of 17 initially unidentified cells  

Extended Data Figure 1A (ii): 94 of 401 initially unidentified cells  

Extended Data Figure 1A (iii): 13 of 87 initially unidentified cells 

Extended Data Figure 1B (i): 39 of 40 initially unidentified cells  

Extended Data Figure 1B (ii): all cells annotated 

Extended Data Figure 1C (i): 53 of 573 initially unidentified cells  

Extended Data Figure 1C (ii): 17 of 77 initially unidentified cells  

 

Mesendodermal cell identification by expression of: 

1. MEF2A amongst the top 1,000 detected transcripts 

2. AFP amongst the top 1,000 detected transcripts 

Extended Data Figure 1A (i): 7 of 17 initially unidentified cells  

Extended Data Figure 1A (ii): 12 of 401 initially unidentified cells  

Extended Data Figure 1A (iii): 0 of 87 initially unidentified cells 

Extended Data Figure 1B (i): 0 of 40 initially unidentified cells  

Extended Data Figure 1B (ii): all cells annotated  

Extended Data Figure 1C (i): 12 of 573 initially unidentified cells  

Extended Data Figure 1C (ii): 5 of 77 initially unidentified cells  

 

The procedure resulted in the annotation of >99% of the cells in the different differentiations: 

Extended Data Figure 1A (i): all 3,264 (0%) cells annotated  

Extended Data Figure 1A (ii): 10 of 3,874 (0.34%) cells not annotated  

Extended Data Figure 1A (iii): all 3,098 (0%) cells annotated 

Extended Data Figure 1B (i): 1 of 2,251 (0.04%) cells not annotated 

Extended Data Figure 1B (ii): all 3,022 (0%) cells annotated  

Extended Data Figure 1C (i): 4 of 3,630 (0.11%) cells not annotated 

Extended Data Figure 1C (ii): 3 of 1,339 (0.22%) cells not annotated  

  



(2) Clinical Research Information  

Provided according to Nature editorial policies @:  

https://www.nature.com/nature/editorial-policies/clinical-research  

Registration:  

BioVAT-HF-DZHK20 is registered under EudraCT No. 2019-000885-39 (EU CT No. 2024-

515708-38-01) and ClinicalTrials.gov ID NCT04396899  

Study Protocol: 

The most recent version (V6) of the Clinical Trial Protocol Synopsis is provided. We are 

referring to a single case from BioVAT-HF, which was subjected to heart transplantation.  

Interim Analysis: 

Does not apply – we are reporting a case from BioVAT-HF (the only patient from this trial 

that was heart transplanted as of today) – interim analysis of BioVAT-HF is anticipated for 

the second half of 2025. 

Reporting Guidelines: 

We report a case from the BioVAT-HF-DZHK Phase I/II clinical trial. Information as to the 

origin of the data (from BioVAT-HF-DZHK20 EudraCT No. 2019-000885-39 [EU CT No. 

2024-515708-38-01] / ClinicalTrials.gov ID NCT04396899) is included. The patient history 

with a limited set of clinical data is provided in Extended Data Figure 9. The full clinical data 

will be reported at the as to the study protocol predetermined endpoint.  

Data Sharing: 

A Data Availability Statement (DAS) is included in lines 316-319 of the main manuscript. 

Competing interests: 

A Competing Interests statement is included in lines 946-950 of main manuscript file. 

  

https://www.nature.com/nature/editorial-policies/clinical-research
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This Clinical Trial Protocol contains confidential information. Circulation of this material to 
individuals who are not involved in the carrying out of the study or any kind of publication 
requires the approval of the sponsor. These limitations similarly relate to all confidential 

information and data which will be obtained in the future. 
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Synopsis 

TITLE OF TRIAL Safety and Efficacy of Induced Pluripotent Stem Cell-derived 
Engineered Human Myocardium as Biological Ventricular Assist 
Tissue in Terminal Heart Failure 

SHORT TITLE BioVAT-HF 
EU CT NO 2024-515708-38-01 
FOMA-ID 02289 
HEALTH CONDITION 
STUDIED 

Terminal heart failure 

PHASE  Phase I/II 
OBJECTIVE(S) Primary objective: 

• to assess safety and efficacy of Engineered Human 
Myocardium (EHM) in patients with terminal heart failure 
(HFrEF EF ≤35%) with or without RV dysfunction (TAPSE <16 
mm) 

Secondary objective: 
• to assess effects of EHM-grafts on disease-specific events 

and symptoms 
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TREATMENT(S) Experimental intervention/Index test: 
Implantation of EHM on dysfunctional left or right ventricular 
myocardium in patients with HFrEF (EF ≤35%).  
 
Part A: Dose Finding Cohort to determine the Minimally Effective Dose 
and Optimally Effective Dose Range, and if possible the Safe Maximal 
Dose of EHM.  
 
Part B: Refinement/Expansion Cohort to specify the most optimal EHM 
target heart wall, i.e. the left ventricle (LV) or the right ventricle (RV), 
and to collect proof-of-concept data as to efficacy of EHM mediated 
augmentation of the LV or RV by remuscularization. 
 
Epicardial implantation will be via a minimal invasive left lateral 
thoracotomy performed as standalone procedure in case of LV 
targeting and concomitant to a scheduled open chest LV surgery if the 
RV is targeted. This strategy will reduce confounding effects as to the 
interpretation of EHM efficacy data.  
 
Duration of intervention per patient: 

• Start of immune suppression 7±3 days before EHM 
implantation until the end of the study (daily intake of a 
calcineurin inhibitor and a corticosteroid for 12 months after 
EHM implantation) 

• Implantation of EHM: 90 minutes according to experience from 
preclinical studies and similar surgical procedures (i.e., 
epicardial pacemaker lead placement) 
 

Note: After the final study visit (Visit 10), patients will be further 
monitored by their treating physician. Immune suppression by 
calcineurin inhibition will be continued until end-of-life if evidence for 
efficacy without safety concerns can be obtained within the 12 month 
study period. Corticoid administration will be stopped after 3-6 months 
according to guidelines for immune suppression in organ heart 
transplantation. The treating physician is requested to report clinically 
relevant observations to the principal investigator. After 12 month 
follow-up, study patients will be enrolled in a separate registry study 
(BioVAT-HF-registry set up by the Study Center) until end of life for the 
documentation of long-term outcome. 
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 Follow-up per patient: 
• 17 segment high-resolution echocardiography and MRI or CT 

to study global and regional heart/graft function (echo: before 
EHM implantation as well as 2 weeks, 1 month, 3 months, 6 
months, and 12 months after surgery; MRI: before EHM 
implantation as well as 2 weeks, 3 months, 6 months, and 12 
months after surgery; CT: before EHM implantation as well as 
1 month and 12 months after surgery) 

• Biomarkers: CK, CK-MB, cTnT, CRP, IL-6, and NT-proBNP; in 
addition, experimental assessment of graft derived DNA for the 
monitoring of graft retention/rejection (before EHM implantation 
as well as 2 weeks, 1, 3, 6, and 12 months after surgery)  

• Telemetric monitoring via Implantable Cardioverter Defibrillator 
(ICD)- or Cardiac Resynchronization Therapy-Defibrillator 
(CRT-D)-devices with event recorder for the whole duration of 
the study.  

• Pathology to obtain data on graft survival, integration, and 
maturation upon heart transplantation or death (according to 
patient consent). 

• Monitoring of pulmonary artery pressure with a CardioMEMS 
HF Device (St. Jude Medical) or a similar device, if device has 
been implanted due to standard of care. 
 

 Accompanying measures: 
• Therapeutic drug monitoring (TDM) to verify effective trough 

levels of accompanying immune suppressive drugs (calcineurin 
inhibitors) according to the proceeding in orthotopic heart 
transplantation (ISHLT Guidelines; Costanzo et al. 2010), i.e.:  
for Tacrolimus:  
10-15 ng/ml at the time of implantation maintained for 2 month 
followed by a reduction to 8-12 ng/ml until 6 months and finally 
a reduction to 5-10 ng/ml in stable patients  
or alternatively  
for Cyclosporine A:  
275-375 ng/ml at the time of implantation maintained for 6 
weeks followed by a reduction to 200-350 ng/ml until week 12 
and then followed by a reduction to 150-300 ng/ml until 6 
months and then followed by a further reduction to maintenance 
levels at 150-250 ng/ml. 

• Biomarker analysis to monitor rejection: CK/CK-MB, cTnT, 
circulating cell-free allograft DNA (experimental method; 
substudy)  

• Monitoring of specific allograft immune responses: donor 
specific antibodies (DSA) 
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INCLUSION CRITERIA 1. Heart failure with reduced ejection fraction (HFrEF with EF ≤ 
35%) as assessed by high-resolution echocardiography and 
MRI or CT. 

2. At least one hypo- or dyskinetic segment to demark the implant 
target area. 

3. Stable disease condition allowing for an elective left-lateral 
mini-thoracotomy (for LV applications) or open-chest surgery 
(for RV applications) for a clinically indicated intervention on the 
LV (e.g., coronary bypass surgery, valve repair, mechanical 
circulatory support device implantation) with concomitant RV 
dysfunction, diagnosed using the Tricuspid Annular Plane 
Systolic Excursion (TAPSE) index <16 mm (Rudski et al. 2010).  

4. 18-80 years of age 
5. Previous implantation of an ICD or CRT-D with event recorder 
6. New York Heart Association (NYHA) Class III or IV under 

optimal medical therapy  
7. Willingness and ability to give written informed consent 
8. Female subjects of childbearing potential must agree to use 

acceptable method(s) of contraception for the full study 
duration. 

EXCLUSION 
CRITERIA 

1. Contraindication to immunosuppressive drugs (e.g. known 
history of unresolved cancer, hepatitis B/C, HIV, HTLV1)  

2. Contraindication to TachoSil® (e.g. hypersenstitivity to human 
fibrinogen, human thrombin, horse collagen, human albumin, 
Riboflavin, Natriumchloride, Natriumcitrate, L-Arginin-
Hydrochloride) 

3. Hypertrophic cardiomyopathy (HCM) 
4. Terminal kidney failure (stage 4; GFR <30 ml/min) at the time 

of enrolment 
5. Terminal liver failure (Child-Pugh stage C; score >10) at the 

time of enrolment 
6. Autoimmune disease 
7. History of disabling stroke 
8. Reduced life expectancy in the short term due to non-cardiac 

disease 
9. Any condition that excludes adherence to study protocol (in 

particular lack of adherence to prescribed medication) 
10. Simultaneous participation in another interventional trial 
11. Pregnant or breastfeeding females 
12. Known or suspected alcohol and/or drug abuse 
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SAFETY ENDPOINTS Assessment of safety: 
Primary Safety Endpoint 

• Part A (Dose Escalation steps): Adverse events related to the 
procedure, including in particular arrhythmic events and 
worsening of disease progression within 28 days (based on a 
comparison of data obtained during visit 2 and visit 7)  

• Part B: Adverse events related to the procedure, including in 
particular arrhythmic events and worsening of disease 
progression within the whole study duration 

 
Secondary Safety Endpoints: 

• Frequency of major adverse cardiac events (MACE; non-fatal 
myocardial infarction, non-fatal stroke and cardiovascular 
death) 

• Frequency and severity of arrhythmic events 
• Incidence of immune rejection (allograft DNA, CK/CK-MB, 

cTnT. DSA)  
• Incidence of mechanical perturbation of ventricular function by 

EHM graft 
EFFICACY 
ENDPOINTS 

Primary efficacy endpoint: 
• Evidence for structural and functional muscular augmentation 

of target myocardium determined as enhanced target heart wall 
thickness (HWT) and thickening fraction (HWTF) 

 
Key secondary endpoint: 

• Recurrent HF hospitalizations  
 

Further secondary endpoints: 
• Left ventricular ejection fraction (EF) 
• Change in heart failure medication 
• Functional status in patients as determined by cardiopulmonary 

stress testing (VO2max), six-minute walk test (6MWT), and 
hand-grip strength measurements 

• Patient reported outcomes assessed by NYHA classification, 
quality of life score (KCCQ, EQ-5D, QoL-VAD), and study 
adherence motivation (PHQ-9, HAF-17, ESSI, LOT-R, ULS-8, 
medication adherence, Trust/Mistrust in medical staff)  

• All-cause and cardiovascular mortality 
TRIAL DESIGN Combined, open-label, phase I/II safety and efficacy study 
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STATISTICAL 
ANALYSIS 

Primary Endpoints:  
Primary efficacy analyses are based on the changes in HWT/HWTF 
between baseline (visit 2) and 2 weeks (visit 6), 1 month (visit 7), 3 
months (visit 8), 6 months (visit 9) and 12 months (visit 10) after 
implantation. To test for a time effect a linear mixed model will be 
employed for each of the two primary endpoints.  
 
Secondary endpoints: 
Secondary endpoint analyses will be similar as the analyses of the 
primary endpoint and comprise of Gaussian longitudinal models 
evaluating changes over time from baseline prior to EHM implantation. 
For recurrent event data such as HF hospitalizations appropriate 
regression models such as the negative binomial regression model or 
the semiparametric LWYY model will be used.  
 
Safety: 
The maximal feasible dose (MFD; 20 g EHM comprised of 800 million 
cells) was chosen conservatively based on preclinical experience in 
Rhesus macaque and allometric scaling considerations. The 
probability of dose-limiting toxicity will be modelled by a Bayesian two-
parameter logistic regression model. Safety events will be summarized 
as rates with 95% confidence intervals. Survival will be displayed as 
Kaplan-Meier curve and analyzed using a Cox proportional hazards 
model exploring the prognostic quality of the biomarkers assessed at 
baseline. 

 Effect size assumed for estimation of sample size:  
A sample size of 30 patients (in Part B) yields a power of 80% (90%) 
in a pre-post comparison of means at a two-sided significance level of 
10% given a standardized mean difference (Cohen’s d) of 0.47 (0.55).  

SAMPLE SIZE 
 

Part A: n = 18 (max.), in dose cohorts of 
minimally 2 patients 

 

Part B  n=35 (min. 5 with LV and min. 5 
with RV EHM placement; max. 30 
per LV or RV indication) 

To be assessed for eligibility: n = 65 
To be allocated to trial: n = 53 
To be analysed: n = 53 

TRIAL DURATION Time for preparation of the trial: 6 months 
Recruitment period (part A to 
part B):  

60 months 

First patient in to last patient out 
(LPO):  

72 months 

Post processing after LPO: 6 months 
Duration of the entire trial:  84 months 
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Duration of surgical intervention 
per patient: 

90 minutes (according to 
experience from preclinical studies 
and similar surgical procedures) 

Follow up duration per patient: 12 months 
PLANNED DATES 
 

Enrolment of first patient, first 
patient in (FPI) 

1st quarter 2021 

Enrolment of last patient, last 
patient in (LPI) 

4th quarter 2026 

End of trial defined as last 
patient last visit (LPLV) 

4th quarter 2027 

Final statistical analysis 2nd quarter 2028 

Planned interim analysis Interim analysis will be performed 
after end of study part A and after 
15 of the patients treated with the 
SMD either with LV or RV EHM 
implantation have completed at 
least 3 month follow-up. 

PARTICIPATING 
SITES 

3 sites (Göttingen, Lübeck, Bad Oeynhausen) are planned in 
Germany. 

FUNDER(S) The trial is funded by the DZHK (Deutsches Zentrum für Herz-
Kreislauf-Forschung e.V.) and Repairon GmbH. 



Supplementary Data (refer to excel spreadsheets)  

Supplementary Data 1: Therapeutic Drug Monitoring - Calcineurin Inhibitors 

Supplementary Data 2: Donor-specific antibodies (DSA) 

Supplementary Data 3: Clinical Chemistry  

 

  



Supplementary Videos: 

Supplementary Video 1: Contracting Rhesus EHM suspended in Ringer solution. 

Spontaneous contractions of EHM can be readily observed. 

Supplementary Video 2: MRI documentation 2 months after EHM implantation in a 

healthy Rhesus macaque (#2444). Refer to Figure 2 for a still image with arrows indicating 

the EHM graft. 

Supplementary Video 3: Mechanically triggered contraction in human EHM. Ring-shaped 

human EHM 1 (mechanically stimulated) and EHM 2 (spontaneously contracting/not 

mechanically stimulated) suspended on flexible poles of an EHM patch holding device. 

Recordings were performed at room temperature.  
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Reporting Summary
Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency 
in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code

Data collection BD FACSDiva Software (Version 6.1.3), Kaluza 2.2.1 (Beckman), VitroDat 3.52 (Föhr Medical Instruments), Zen 2.3 SP1 (Zeiss)

Data analysis Microsoft Excel 2019 MSO (16.0.10415.20025) 32-Bit, Graph Pad Prism 10.1.2 (64-bit), FlowJo 9.6 software, BD FACSDiva Software (Version 
6.1.3), Kaluza 2.2.1 (Beckman), CellRanger (v.3.1.0; 10XGenomics), SeqPilot (JSI medical systems GmbH, Version 5.2.0 Build 505), Varbank 2.0 
(Cologne Center for Genomics (CCG); University of Cologne), VitroDat 3.52 (Föhr Medical Instruments), Zen 2.3 SP1 (Zeiss), Segment v4.0 
R12067 (Medviso, segment.heiberg.se), Medis-Suite Version 3.2 with QMass module Version 8.1 (Medis)   

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and 
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A description of any restrictions on data availability 
- For clinical datasets or third party data, please ensure that the statement adheres to our policy 

 

The data sets generated during and/or analysed during the current study are available from the corresponding author. Please refer also to the Source Data 
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document. The snRNAseq data is publicly accessible under GSE276021 (GEO data base). Gene counts were obtained by aligning reads to the hg38 genome 
(NCBI:GCA_000001405.22; GRCh38.p7) using CellRanger software (v.3.0.2; 10XGenomics).

Human research participants
Policy information about studies involving human research participants and Sex and Gender in Research. 

Reporting on sex and gender gender is reported

Population characteristics not appliacable

Recruitment Case report from BioVAT-HF-DZHK20 - EudraCT No. 2019-000885-39 [EU CT No. 2024-515708-38-01] and ClinicalTrials.gov ID 
NCT04396899 

Ethics oversight The BioVAT-HF-DZHK20 Phase I/II clinical trial (ClinicalTrial.gov NCT04396899) was approved by the responsible regulatory 
agency (Paul-Ehrlich-Institute) and the competent ethics committee (ethics committee of the University Medical Center 
Göttingen under the file #18/7/20). 

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting
Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences Behavioural & social sciences  Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size Sample size (n=7 Cohort 1 ; n=7 in Cohort 2; n=20 in Cohort 3) was chosen based on previous experience and taking in account 3R 
considerations. The adaptive study design in Cohorts 1 and 2 informed choice of immune suppression and dosing in Cohort 3. Refer to 
Supplementary Table 3 for an overview of all Rhesus macaques included in the study.

Data exclusions No data was excluded

Replication Data was replicated in Cohorts 1 to 3 with adequate groups sizes of 7 (Cohort 1), 7 (Cohort 2) and 20 (Cohort 3 - 1 animal was not allowed to 
be included in the implantation study due to low body weight, 5 animals died post myocardial infarction, 1 animal died upon weaning from 
anesthesia after implantation of a 5x EHM).

Randomization Rat study: animals were assigned radomly to the experiemtal groups (with vital or irradiated EHM implant). Rhesus macaque study: allograft 
animals were assigned to the different study groups by coin flip.

Blinding With the exception of the surgeons (blinding is not possible), investigators were blinded to the study protocol. Recording of MRI data were 
performed by investigators blinded to the treatment condition. MRI image analysis of Cohorts 1 and 2 were performed by 2 independent 
observers. Investigations of MRI data of Cohorts 3 were performed by 2 additional independent observers.  Pathological analyses were 
performed by as to the treatment condition blinded pathologists.

Behavioural & social sciences study design
All studies must disclose on these points even when the disclosure is negative.

Study description Briefly describe the study type including whether data are quantitative, qualitative, or mixed-methods (e.g. qualitative cross-sectional, 
quantitative experimental, mixed-methods case study). 

Research sample State the research sample (e.g. Harvard university undergraduates, villagers in rural India) and provide relevant demographic 
information (e.g. age, sex) and indicate whether the sample is representative. Provide a rationale for the study sample chosen. For 
studies involving existing datasets, please describe the dataset and source.

Sampling strategy Describe the sampling procedure (e.g. random, snowball, stratified, convenience). Describe the statistical methods that were used to 
predetermine sample size OR if no sample-size calculation was performed, describe how sample sizes were chosen and provide a 
rationale for why these sample sizes are sufficient. For qualitative data, please indicate whether data saturation was considered, and 
what criteria were used to decide that no further sampling was needed.
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Data collection Provide details about the data collection procedure, including the instruments or devices used to record the data (e.g. pen and paper, 
computer, eye tracker, video or audio equipment) whether anyone was present besides the participant(s) and the researcher, and 
whether the researcher was blind to experimental condition and/or the study hypothesis during data collection.

Timing Indicate the start and stop dates of data collection. If there is a gap between collection periods, state the dates for each sample 
cohort.

Data exclusions If no data were excluded from the analyses, state so OR if data were excluded, provide the exact number of exclusions and the 
rationale behind them, indicating whether exclusion criteria were pre-established.

Non-participation State how many participants dropped out/declined participation and the reason(s) given OR provide response rate OR state that no 
participants dropped out/declined participation.

Randomization If participants were not allocated into experimental groups, state so OR describe how participants were allocated to groups, and if 
allocation was not random, describe how covariates were controlled.

Ecological, evolutionary & environmental sciences study design
All studies must disclose on these points even when the disclosure is negative.

Study description Briefly describe the study. For quantitative data include treatment factors and interactions, design structure (e.g. factorial, nested, 
hierarchical), nature and number of experimental units and replicates.

Research sample Describe the research sample (e.g. a group of tagged Passer domesticus, all Stenocereus thurberi within Organ Pipe Cactus National 
Monument), and provide a rationale for the sample choice. When relevant, describe the organism taxa, source, sex, age range and 
any manipulations. State what population the sample is meant to represent when applicable. For studies involving existing datasets, 
describe the data and its source.

Sampling strategy Note the sampling procedure. Describe the statistical methods that were used to predetermine sample size OR if no sample-size 
calculation was performed, describe how sample sizes were chosen and provide a rationale for why these sample sizes are sufficient.

Data collection Describe the data collection procedure, including who recorded the data and how.

Timing and spatial scale Indicate the start and stop dates of data collection, noting the frequency and periodicity of sampling and providing a rationale for 
these choices. If there is a gap between collection periods, state the dates for each sample cohort. Specify the spatial scale from which 
the data are taken

Data exclusions If no data were excluded from the analyses, state so OR if data were excluded, describe the exclusions and the rationale behind them, 
indicating whether exclusion criteria were pre-established.

Reproducibility Describe the measures taken to verify the reproducibility of experimental findings. For each experiment, note whether any attempts to 
repeat the experiment failed OR state that all attempts to repeat the experiment were successful.

Randomization Describe how samples/organisms/participants were allocated into groups. If allocation was not random, describe how covariates were 
controlled. If this is not relevant to your study, explain why.

Blinding Describe the extent of blinding used during data acquisition and analysis. If blinding was not possible, describe why OR explain why 
blinding was not relevant to your study.

Did the study involve field work? Yes No

Field work, collection and transport

Field conditions Describe the study conditions for field work, providing relevant parameters (e.g. temperature, rainfall).

Location State the location of the sampling or experiment, providing relevant parameters (e.g. latitude and longitude, elevation, water depth).

Access & import/export Describe the efforts you have made to access habitats and to collect and import/export your samples in a responsible manner and in 
compliance with local, national and international laws, noting any permits that were obtained (give the name of the issuing authority, 
the date of issue, and any identifying information).

Disturbance Describe any disturbance caused by the study and how it was minimized.
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Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Clinical data

Dual use research of concern

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used Refer to Supplementary Table 6 for details

Validation Antibodies used in this study were validated in previous studies (e.g., Riegler et al. 2015 Circ Res, Tiburcy et al. 2017 Circulation). 
Antibodies used in the pathology studies are all validated for veterinarian and clinical use and tested for cross-reactivity to Rhesus 
macaque samples.

Eukaryotic cell lines
Policy information about cell lines and Sex and Gender in Research

Cell line source(s) Rhesus iPSC-lines: 
iPSC 43110-4: fibroblast obtained from the California National Primate Research Center in Davis were reprogrammed using 
Sendai Virus mediated deliver of Oct4, Sox2, Nanog, and cMyc as reported in Zhao et al 2018 (https://doi.org/10.1016/
j.stemcr.2018.01.002) and Yang et al. 2021 (https://doi.org/10.1093/cvr/cvaa281) 
 
DPZ_iRH34.1 and DPZ_iRH23.1 (from animal #2500 - autograft recipient): fibroblast obtained from the Deutsches 
Primatenzentrum (German Primate Center) in Göttingen were reprogrammed by nucleofection of three episomal vectors 
pCXLE-hOCT3/4-shp53-F (encoding for human OCT3/4 and shRNA against p53; Addgene #27077), pCXLE-hSK (encoding for 
human SOX2 and KLF4; Addgene #27078) and pCXLE-hUL (encoding for human L-MYC and LIN28; Addgene #27080) as 
reported in Stauske et al. 2020 (doi:10.3390/cells9061349). 
 
DPZ_iRH25.B1 (from animal #2483 - autograft recipient): fibroblast obtained from the Deutsches Primatenzentrum (German 
Primate Center)  were reprogrammed using Sendai Virus mediated delivery of Oct4, Sox2, Nanog, and cMyc similar as 
described in Zhao et al 2018 (https://doi.org/10.1016/j.stemcr.2018.01.002) and Yang et al. 2021 (https://doi.org/10.1093/
cvr/cvaa281). 
 
Human iPSC-line: 
Generation of the GMP line LiPSC-GR1.1 (also referred to as TC1133; lot number 50-001-21) was supported by the NIH 
Common Fund Regenerative Medicine Program, and reported in Baghbaderani et al. 2015 (doi:10.1016/
j.stemcr.2015.08.015).  Further information is available at https://hpscreg.eu/cell-line/RUCDRi002-A. The NIH Common Fund 
and the National Center for Advancing Translational Sciences (NCATS) are joint stewards of the LiPSC-GR1.1 resource.  A 
derivative from a GMP master cell bank of the TC1133-line was obtained by Repairon GmbH and was used as starting 
material for EHM production for the BioVAT-HF-DZHK20 Phase I/II clinical trial. 

Authentication By MHC (human) or Mamu (macaque) typing

Mycoplasma contamination All lines were tested to be free from mycoplasma contamination (in-house testing using Lonza MycoAlert® Detection Kit, 
external testing of GMP cell lines and products by Minerva Biolabs, Berlin, Germany).

Commonly misidentified lines
(See ICLAC register)

no commonly misidentified cell lines were used in the study

Palaeontology and Archaeology

Specimen provenance Provide provenance information for specimens and describe permits that were obtained for the work (including the name of the 
issuing authority, the date of issue, and any identifying information). Permits should encompass collection and, where applicable, 
export.
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Specimen deposition Indicate where the specimens have been deposited to permit free access by other researchers.

Dating methods If new dates are provided, describe how they were obtained (e.g. collection, storage, sample pretreatment and measurement), where 
they were obtained (i.e. lab name), the calibration program and the protocol for quality assurance OR state that no new dates are 
provided.

Tick this box to confirm that the raw and calibrated dates are available in the paper or in Supplementary Information.

Ethics oversight Identify the organization(s) that approved or provided guidance on the study protocol, OR state that no ethical approval or guidance 
was required and explain why not.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Animals and other research organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in 
Research

Laboratory animals Rats: 8-10 weeks old male RNU rats (250-350g) obtained from Charles River Laboratories, Wilmington, MA 
Rhesus macaques: refer to Supplementary Table 3 for a detailed overview of the experimental animals used in this study.

Wild animals No wild animals were used in the study.

Reporting on sex refer to Supplementary Table 3 for a detailed overview of the experimental animals (Macaca mulatta) used in this study

Field-collected samples No field collected samples were used in the study.

Ethics oversight Animal experiments were approved by the by the Stanford Animal Research Committee (nude rat study at Stanford) and 
Niedersächsisches Landesamt für Verbraucherschutz und Lebensmittelsicherheit (LAVES; 33.42502-04-15/1807 and -16/2370; 
Rhesus macaque [Macaca mulatta] studies in Göttingen).

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Clinical data
Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration EU CT No. 2024-515708-38-01 (previously EudraCT: 2019-000885-39) and ClinicalTrials.gov: NCT04396899

Study protocol We are reporting a case from the BioVAT-HF-DZHK20 Phase I/II clinical trial. Refer to Supplementary Note 5 for Clinical Reserach 
Information and the Synopsis of the BioVAT-HF-DZHK20 Clinical Trial Protocol. 

Data collection Here we are reporting immunohistochemistry and clinical data from a heart explant patient included in the BioVAT-HF-DZHK20 Phase 
I/II clinical trial (case report). The release of the data was approved by the Sponsor (University Medical Center Göttingen) and the 
repsonsible clinical trial statistician (Prof. T. Friede, Institut of Medical Statistics). The clinical trial is ongoing and the full data set will 
be reported seperately after completion of the clinical trial.

Outcomes iPSC-derived cardiomyocyte allograft retention was determined by histopathology (H&E staining and immunohistochemistry) and 
deep sequencing of microdissected FFPE-samples followed by sequence alignment to determine host and graft specific single 
nucleotide variants (SNVs).

Dual use research of concern
Policy information about dual use research of concern

Hazards
Could the accidental, deliberate or reckless misuse of agents or technologies generated in the work, or the application of information presented 
in the manuscript, pose a threat to:

No Yes
Public health

National security

Crops and/or livestock

Ecosystems

Any other significant area
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Experiments of concern
Does the work involve any of these experiments of concern:

No Yes
Demonstrate how to render a vaccine ineffective

Confer resistance to therapeutically useful antibiotics or antiviral agents

Enhance the virulence of a pathogen or render a nonpathogen virulent

Increase transmissibility of a pathogen

Alter the host range of a pathogen

Enable evasion of diagnostic/detection modalities

Enable the weaponization of a biological agent or toxin

Any other potentially harmful combination of experiments and agents

ChIP-seq

Data deposition
Confirm that both raw and final processed data have been deposited in a public database such as GEO.

Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links 
May remain private before publication.

For "Initial submission" or "Revised version" documents, provide reviewer access links.  For your "Final submission" document, 
provide a link to the deposited data.

Files in database submission Provide a list of all files available in the database submission.

Genome browser session 
(e.g. UCSC)

Provide a link to an anonymized genome browser session for "Initial submission" and "Revised version" documents only, to 
enable peer review.  Write "no longer applicable" for "Final submission" documents.

Methodology

Replicates Describe the experimental replicates, specifying number, type and replicate agreement.

Sequencing depth Describe the sequencing depth for each experiment, providing the total number of reads, uniquely mapped reads, length of reads and 
whether they were paired- or single-end.

Antibodies Describe the antibodies used for the ChIP-seq experiments; as applicable, provide supplier name, catalog number, clone name, and lot 
number.

Peak calling parameters Specify the command line program and parameters used for read mapping and peak calling, including the ChIP, control and index files 
used.

Data quality Describe the methods used to ensure data quality in full detail, including how many peaks are at FDR 5% and above 5-fold enrichment.

Software Describe the software used to collect and analyze the ChIP-seq data. For custom code that has been deposited into a community 
repository, provide accession details.

Flow Cytometry

Plots
Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Flow cytomry analysis of EHM cell composition. EHM were washed in PBS and dissociated in 2 mg/ml Collagenase 1 (Sigma-
Aldrich) in PBS with 20% FBS at 37°C for 1 h followed by Accutase (Millipore), 0.025% Trypsin (ThermoScientific) and 20 μg/ml 
DNAse I (Calbiochem) at 20-24°C for 30 min. After fixation in 70% ice cold EtOH for >10 min, cells were either exposed to 
primary antibody directed against sarcomeric actinin (ACTN2: 1:4,000; A7811, Sigma) or vimentin (VIM; 1:1,000; ab92547, 
abcam) in blocking buffer for 45 min followed by secondary antibodies in blocking buffer and Hoechst 33342 for 30 min at 4°
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C (Supplementary Table 6). Control samples were exposed to undirected IgG1 (MAB002; R&D Systems). Human samples 
were fixed with 4% formalin and exposed to conjugated antibodies directed against sarcomeric actinin (ACTN2-PE, 1:1000, 
130-106-937, Miltenyi Biotec) and vimentin (VIM-AF647, 1:1000, Biolegend, 677807) for 15 min at 4°C. A BD LSRII SORP 
system (BD Biosciences) or CytoFLEX (Beckman/Coulter) was used for flow cytometry analysis. 
 
Donor-specific antibody analysis. iPSC-derived cardiomyocytes (CMs) and stromal cells (StCs), unstimulated and after IFNγ 
(100 ng/mL for 48 h) were exposed to sera obtained before (pre) and at the indicated timepoints during the study at 
different dilutions (1:5 to 1:40). A FITC-labeled anti-Rhesus IgG antibody (4700-02, Southern Biotech; Birmingham, AL, USA) 
was used to detect antibodies in the sera bound to the CMs and StCs. The cell mean fluorescence intensity (MFI) and the 
proportion of stained cells were determined by flow cytometry (LSR II SORP, BD Biosciences). Antibodies that display a 
selective reactivity to IFNγ stimulated CMs presumably include DSAs to MHC class I molecules. The pan-HLA antibody W6/32 
(Biolegend, San Diego, CA, USA), which reacts with MHC class I molecules of rhesus macaques was used to demonstrate the 
expression of these molecules on CMs and StCs. 
 
Flow Cytometry analysis of peripheral immune cells. 50 μl of whole blood were stained with a mixture of pre-titrated 
monoclonal antibodies (refer to antibody information in Supplementary Table 6) for 30 min at room temperature in the dark. 
Lysis of red blood cells and fixation was performed by incubation with 1 ml RBC lysis/fixation solution (BioLegend, San Diego, 
CA) for 15 minutes. Following a washing step with PBS/BSA cells were analyzed using a LSRII cytometer (BD Biosciences) and 
FlowJo 9.6 software (Treestar, Ashland, OR).

Instrument BD LSRII SORP system (BD Biosciences)

Software FlowJo 9.6 software, BD FACSDiva Software, Kaluza 2.2 (Beckman)

Cell population abundance Cell sorting was not applied

Gating strategy Gating strategy for cardiomyocyte and stromal cell quantification: Living cells were gated based on 
nuclear DNA signal after labeling with Hoechst-33342 (Pacific Blue-channel). Single cells were separated 
from cell aggregates. Cardiomyocytes and stromal cells were either labeled with antibodies directed against 
ACTN2 or VIM, respectively, and detected with an Alexa Flour-488 (FITC-channel) conjugated secondary 
antibody or exposed to fluorochrome-conjugated antibodies. 
 
Gating strategy for donor specific antibody (DSA) detection: Cardiomyocytes (CM) not 
stimulated or stimulated with IFN-γ for 48 h were gated based on FSC-A and SSC-A parameters to 
exclude debris and not incubated or incubated with 1:20 diluted sera obtained from #2887 16 weeks after 
EHM implantation and after withdrawal of immunosuppression. 20.000 events were measured. A FITClabeled 
anti-rhesus IgG antibody detected antibodies in the sera bound to the CMs. In addition to the 
mean fluorescence intensity, the proportion of stained CMs has been determined using the second 
marker (FITC-A subset 2). The expression of MHC class I molecules on the CMs used in this 
experiment was determined in parallel using the W6/32 antibody and a FITC-labeled secondary 
antibody against mouse IgG. Antibodies that display a selective reactivity to IFN-γ-stimulated CMs 
presumably include DSAs to MHC class I molecules. 
 
Gating strategy peripheral blood mononuclear cells: Leukocytes were gated based on CD45 
expression versus SSC-A. Following exclusion of douplets either CD11c+ cells or CD45+ lymphocytes 
were further gated. T and B cells were distinguished based on CD3 versus CD20 expression. T cells 
were further divided into CD4+ and CD8+ T cells. NK cells were identified as CD3- CD20-/CD8+ 
CD159a+ cells. Activation of immune cells was assessed by analyzing CD80 expression on B cells and 
CD11c+ cells as well CD69 and HLA-DR expression on total CD3+, CD4+, CD8+ T cells and NK cells. 
 
Refer for further details to Supplementary Information: Supplementary Method 1_Flow Cytometry Gating Strategy

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.

Magnetic resonance imaging

Experimental design

Design type Indicate task or resting state; event-related or block design.

Design specifications Specify the number of blocks, trials or experimental units per session and/or subject, and specify the length of each trial 
or block (if trials are blocked) and interval between trials.

Behavioral performance measures State number and/or type of variables recorded (e.g. correct button press, response time) and what statistics were used 
to establish that the subjects were performing the task as expected (e.g. mean, range, and/or standard deviation across 
subjects).
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Acquisition

Imaging type(s) Specify: functional, structural, diffusion, perfusion.

Field strength Specify in Tesla

Sequence & imaging parameters Specify the pulse sequence type (gradient echo, spin echo, etc.), imaging type (EPI, spiral, etc.), field of view, matrix size, 
slice thickness, orientation and TE/TR/flip angle.

Area of acquisition State whether a whole brain scan was used OR define the area of acquisition, describing how the region was determined.

Diffusion MRI Used Not used

Preprocessing

Preprocessing software Provide detail on software version and revision number and on specific parameters (model/functions, brain extraction, 
segmentation, smoothing kernel size, etc.).

Normalization If data were normalized/standardized, describe the approach(es): specify linear or non-linear and define image types used for 
transformation OR indicate that data were not normalized and explain rationale for lack of normalization.

Normalization template Describe the template used for normalization/transformation, specifying subject space or group standardized space (e.g. 
original Talairach, MNI305, ICBM152) OR indicate that the data were not normalized.

Noise and artifact removal Describe your procedure(s) for artifact and structured noise removal, specifying motion parameters, tissue signals and 
physiological signals (heart rate, respiration).

Volume censoring Define your software and/or method and criteria for volume censoring, and state the extent of such censoring.

Statistical modeling & inference

Model type and settings Specify type (mass univariate, multivariate, RSA, predictive, etc.) and describe essential details of the model at the first and 
second levels (e.g. fixed, random or mixed effects; drift or auto-correlation).

Effect(s) tested Define precise effect in terms of the task or stimulus conditions instead of psychological concepts and indicate whether 
ANOVA or factorial designs were used.

Specify type of analysis: Whole brain ROI-based Both

Statistic type for inference
(See Eklund et al. 2016)

Specify voxel-wise or cluster-wise and report all relevant parameters for cluster-wise methods.

Correction Describe the type of correction and how it is obtained for multiple comparisons (e.g. FWE, FDR, permutation or Monte Carlo).

Models & analysis

n/a Involved in the study
Functional and/or effective connectivity

Graph analysis

Multivariate modeling or predictive analysis

Functional and/or effective connectivity Report the measures of dependence used and the model details (e.g. Pearson correlation, partial correlation, 
mutual information).

Graph analysis Report the dependent variable and connectivity measure, specifying weighted graph or binarized graph, 
subject- or group-level, and the global and/or node summaries used (e.g. clustering coefficient, efficiency, 
etc.).

Multivariate modeling and predictive analysis Specify independent variables, features extraction and dimension reduction, model, training and evaluation 
metrics.
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Version 0: 

Reviewer comments: 

Referee #1 

(Remarks to the Author) 
Jebran, et. al. present an interesting manuscript exploring whether allogeneic or autologous induced pluripotent stem cell-
derived cardiomyocyte (iPSC-CM) transplantation remuscularizes non-human primate hearts. The biggest advantage of this
study is that non-human primate is the most adequate model to evaluate immune response following allogeneic iPSC-CM
transplantation, as the authors mentioned. The results are not surprising but providing important information to the scientific
community. Comments are below. 

In the rat model, the authors identified grafted CMs with rhesus mitochondria. How did they identify grafted CMs transplanted
into rhesus hearts? If grafted CMs were easily identified because they were transplanted in the epicardial area (i.e., outside
of the heart) and separated by the fibrous tissue, how could grafted tissue support cardiac contraction? 

In the same context, do the grafted EHM contract in synchrony with the heart? It would be surprising if the EHM, located
outside of the heart, electrically integrated with host cardiomyocytes. 

What is the rationale for the use of irradiated EHM as a control graft. Is that just an object containing dead cardiomyocytes or
functional material releasing something? 

Extended data figure 6 contains important information, essential part of this manuscript in my view, but authors should
provide more detail regarding immune response. What kind of immune cells infiltrated? 

They mentioned that animal #2915 who received ciclosporin, different calcineurin inhibitor from other animals, showed
considerable leukocyte infiltration (line 158); however, Extended data figure 6F indicates essentially no inflammation in the
same animal. How do they explain? It would be of interest if the recipient treated with ciclosporin fails to have grafted CMs
with or without immune response, but multiple number of recipients with same combination of immunosuppressants would
be required to conclude this. 

The authors claimed that the immune response following iPSC-CM transplantation is stronger in Rhesus macaques than
that in human, but, in my view, no one knows that in human. 

Two recipients that received autologous EHT showed different outcome; one animal showed surviving graft CMs at 3
months post-transplantation but no graft CM at 6 months. They attributed this graft loss to immune response, indicating
autoimmune reaction. Detailed histological analysis will be required but again it would be hard to conclude this with just one
recipient. 

The authors should provide more detailed histological data from cohort 3 experiments, such as magnified image of graft
CMs, maturation markers, gap junction proteins, cadherins, inflammatory responses, etc. 

Some animals showed osteochondral tissue in the graft area and I was wondering if it is possible that the tissue was derived
from the stromal cell preparation. 

They presented EF data of Responder and Non-responder separately in figure3E and mentioned “EHM allograft-enhanced



target heart wall contractility and ejection fraction, measures for local and global heart support, was obtained” in the abstract.
They should show aggregated EF data. 

How did they calculate “cardiomyocyte volume”? 

They mentioned “clear separation of host and graft (5x EHM) heart muscle was possible” (line 246), but I am not sure about
this when I see figure4A without green and orange lines. 

Referee #2 

(Remarks to the Author) 

This study by Drs. Jebran al et al seek to examine whether the engineered heart muscle could repair myocardial infarction
using a resus macaques model. The manuscript is well prepared. Using the NHP model for a long term follow up is certainly
very valuable. The concern is that there is no convincing data demonstrating the EHM graft 6 months after transplantation.
For example, Figure 3B (and Figure 4A), the dotted line circulating an area. However, we do not see scientific data showing
that are muscle cells from the EHM. In extended Fig 3, the Rhesus mitochondria ( green) are so few in number, which makes
one concern that long term graft size could be very small if any. Similarly, in extended figure 6, because there is no EHM
specific staining, the claimed EHM staining is speculative, and are not supported by the scientific data. 
Specifics: 

1) Abstract, please include numbers in each groups (n=?) 
2) Heart failure is used in the entire manuscript. However, there is no data indicate that this is a heart failure NHP model.
Maybe you should use the term of postinfarction LV remodeling. 
3) From lines 63-66, for conveying the scientific clarity, please include mean+/- SD, and p= ? for each of the assessments of
contractility and ejection fraction, histological analysis, MRI graft size (I am not sure your MRI method applied can measure
graft size), and factional vascularization 
4) Discussion, maybe you can include a few sentences on Dr Y Sawa’s human clinical trial ( Japan) using hiPSC-
cardiomyocytes, which has been going on for a few years. 

Version 1: 

Reviewer comments: 

Referee #1 

(Remarks to the Author) 
The authors presented substantially new data, including the histological outcomes of human heart transplanted EHM, in the
revised manuscript, making it even more valuable. They have also addressed some issues raised in the initial round of
review, which were summarized in the point-by-point rebuttal; however, it brought forth additional concerns, and part of the
issues remains unresolved. 

1. The histological outcome from the human recipient of EHM is intriguing. The authors should provide detailed information. 
A. Firstly, why did the patient receive a heart transplant? Didn't the transplantation of EHM provide sufficient effects? 
B. Are there any immune responses to the grafted EHM? Please provide detailed immuno-histological data. 
C. Is the picture showing CD31 staining in the graft? Please provide pictures double-stained with a cardiac marker and
CD31 that clearly show location of host and grafted CMs. The authors repeatedly claimed, “EHM grafts, very much in
contrast to injected cardiomyocytes, can be clearly identified and distinguished from the recipient myocardium”. 
D. In the same context, please provide pictures, perhaps with cardiac markers, showing the location of graft and host CMs.
Also, it would be helpful to compare characteristics of CMs between host and graft CMs following human allogeneic
transplantation. 
E. Please provide the lengths of the three scale bars in figure 4A. 

2. The authors claimed that electrical coupling of EHM has been established in their previous publication as follows:
"Electrical coupling and synchronicity of EHM allografts9, as well as injected cardiomyocyte allografts10 and xenografts1, is
a consistent observation." However, ref#9 did not provide direct evidence of electrical integration of EHM; instead, it
presented indirect observations. The current manuscript does not demonstrate evidence of "mechano-electrical integration."
I was surprised that they did not assess any paracrine effects. 

3. The response, "Irradiated EHM represent an upon implantation dying tissue graft, which we had also used in a previous
rodent study13 as non-contractile/dead tissue controls," does not directly address the comment. In reference #13, the
transplantation of irradiated EHM yielded functional benefits comparable to intact EHM, in contrast to the findings in the
current study. This suggests distinct functional characteristics of irradiated EHM. Please address this discrepancy. 

4. The statement "We have also scored immune cell infiltration using clinical pathology standards" lacks specific information
about the actual scores related to immune cell infiltration. It would be helpful if the provided details or scores on immune cell



infiltration could be included for clarity. 

5. Please provide more reader-friendly figures. I will provide some of the examples: 
A. Include information regarding the experimental group and/or antibodies for pictures in Extended Data Figure 7A, B, D, G. 
B. In Extended Data Figure 7, along with the raw data, consider creating a figure or table that summarizes the results for
better clarity. 
C. Present the aggregated ejection fraction (EF) figure shown in the rebuttal within the manuscript for better integration and
understanding. 

6. Extended Data Figure 9 was confusing. Please provide clarification by specifying which cells are graft cardiomyocytes
and which are host cardiomyocytes. Additionally, despite the numerous CD56 positive cells observed, the claim of "no
evidence for innate immune cell (NK-cells, macrophages) involvement" appears contradictory. Addressing this discrepancy
would enhance the clarity of the presented data. 

7. The authors utilized cyclosporin in only one animal (#2915) and did not observe either graft survival or inflammation. The
conclusion drawn, suggesting graft rejection due to donor-specific antibodies (DSA), may not accurately reflect the actual
graft rejection, as this determination would require the examination of a larger number of animals under cyclosporin
treatment. It is recommended to conduct the analysis on multiple animals to establish a more robust conclusion regarding
"graft rejection" under the influence of cyclosporin. 

8. I am not certain if the equation for “cardiomyocyte volume” presented by the authors accurately represents the actual
volume. Using the term "cardiomyocyte area" might be more accurate, considering that the parameters were obtained from
2-dimensional sections. This adjustment would better align with the nature of the data obtained. 

9. To enhance clarity, it would be beneficial to measure and present graft size in all recipients. This additional information
would provide a more comprehensive understanding of the study's results. 

Referee #2 

(Remarks to the Author) 
The authors are responsive. And manuscript has been significantly improved. The findings are significant and important for
the field. I have the following suggestion/comments for further improve the manuscript : 

1. Although authors showed that engraftment of EHM is receipt animal hearts, almost all images were shown in relative high
magnification. This makes it difficult to have an overall impression of how the EHM survived in the receipt hearts,
representative images like right panel of Figure 4 A shall be shown for extended data Figure 9 and extended data figure
16A&16B) 
2. Authors heavily used immunohistochemistry to show the engraft and immune cell infiltration in engraft.
Immunofluorescence staining shall be performed to show simultaneously the engraft and immune cell. This also applies to
Figure 4B, immunofluorescence staining shall be performed to show the vessels in engraft. 
3. It was reported by authors that RiPSC-CMs used for manufacturing EHM were more than 95% pure for ACTN2. ACTN2 is
not a CM specific protein, and is expressed in skeletal muscle as well. Authors shall perform cTnT or cTnI staining to
determine the purity of RiPSC-CM used for EHM. 
4. It is unclear the 95% purity of RiPSC-CMs was freshly differentiated RiPSC-CMs or after purification. 
5. It was mentioned by authors that “we tested 4 different Rhesus macaque iPSC-lines, including 2 newly generated lines to
also obtain insight as to in vivo autograft responses (Extended Data Table).” However, it is unclear which cell line was used
in which animal and immunosuppression drugs. Did EHMs manufacture from 3 RiPSC-CM have the similar structure and
contractile performance? 
6. Authors heavily used desmin as an evidence of engraft in receipt animals hearts which is unusual (Figures 2B, 3C, 4B,
extended data figure 7). Desmin is also expressed in smooth muscle cells and skeletal muscles, authors relied on desmin to
show the host and donor CM, which is unconvincing. CM specific protein markers, such as cTnI or cTnI, shall be performed. 
7. Extended data Figure 3, merged pic of cTnT and Rhesus Mitochondria shall be provided. Currently it is difficult to assess
whether cTnT and Rhesus Mitochondria were colocalized. 
8. Can individual data be presented, such as scatter dot plot? 
9. Can authors discuss/speculate what benefit can be expected from such a small and thin engraftment (µm thickness) on a
heart with cm thick left ventricular wall in human clinical trials? 

Referee #4 

(Remarks to the Author) 
Jebran et al. conducted allogeneic transplantation experiments using Rhesus macaque-derived EHM under various
conditions including transplant cell volume and immunosuppressive agent usage. In an optimized cohort, they demonstrated
tissue regeneration with blood perfusion and cardiac functional recovery effects six months post-transplantation. Importantly,
no significant adverse effects such as arrhythmias or tumor formation were observed, marking a significant advancement in
this research area. However, reviewer believes that further detailed examination of the treatment mechanism and



presentation of data is necessary for authors to assert that this therapeutic effect is directly due to remuscularization.
Furthermore, authors obtained a rare opportunity in this paper to analyze heart samples from recipients of the BioVAT-HF
trial, proving the potential of EHM to engraft as regenerated myocardium in human hearts. While this finding holds great
significance in the study, additional evaluation of these samples is desirable. 

Specific comments: 

1. As the authors also comment in the text, in previous similar studies, the therapeutic effects have been suggested to be "at
least partially mediated by immune responses or paracrine mechanisms" (line 86-87). In contrast, the authors suggest based
on the results of experiments using irradiated EHM as a control group that the therapeutic effects in this study are mediated
by “muscularization-independent mechanisms” (line 89). However, the reviewer believes that further detailed examination of
this therapeutic mechanism is warranted. This is because, as noted by the authors themselves (citing #20-22), in previous
studies on pluripotent stem cell-derived cardiomyocyte transplantation, at least some of the therapeutic effects have been
attributed to paracrine indirect effects. Therefore, even if there were therapeutic effects due to remuscularization in the EHM
transplantation in this study, there should have also been paracrine effects. It is unclear from the data presented what
proportion of the therapeutic effects is attributed to each mechanism. At the very least, the authors should demonstrate what
indirect effects, if any, were present in this EHM transplantation. For instance, if there were angiogenic effects in the
ischemic heart, it is plausible that the degree of angiogenesis would primarily occur in the border zone of ischemia rather
than within the EHM itself, but data regarding this aspect are not provided. How were cardiomyocyte apoptosis, likely
induced by cardiac ischemia in the border zone, affected by EHM transplantation? If most of the therapeutic effects were due
to indirect paracrine effects, the therapeutic effects of remuscularization would be limited, thus evaluating this aspect is
crucial. 

2. Understanding how EHM provides mechanical contractile force to the host heart post-transplantation is a crucial point.
While the authors suggest the presence of a mechano-electrically coordinated manner (line 278-279), data supporting this
assertion seem to be lacking. It remains unclear if there are any mechano-sensors present in the EHM and the host heart
tissue at the transplantation site. If so, as indicated in Fig. 1D, since this EHM exhibits automaticity (self-beating without
external stimuli), if mechano-electrically coordinated manner is indeed the mechanical coupling pattern between EHM and
the host heart, wouldn't it potentially induce ectopic contractions in the host heart immediately after transplantation, leading
to arrhythmias? Why then, in actuality, did arrhythmias not occur even in responders where EHM engraftment was
successful? The authors should address this point to provide clarity. 

3. The patient samples transitioning to heart transplantation in the BioVAT-HF trial could provide invaluable data. However,
it is conceivable that these samples were targeted for heart transplantation precisely because they were non-responders in
the clinical trial itself. In other words, this heart might be considered a sample that didn't achieve the desired therapeutic
effects adequately. Was the engraftment, particularly in this human heart sample, insufficient compared to responders in the
Rhesus macaque allograft transplantation performed in this study? If adequate engraftment was indeed achieved, why
couldn't sufficient therapeutic effects be attained? Could it be attributed to factors such as the extent of preoperative cardiac
impairment? Furthermore, did arrhythmias not occur post-transplantation in this patient? While acknowledging that data
obtained from this sample should include information that ought to be confidential within the BioVAT-HF trial, it is crucial for
the research to demonstrate and discuss the evidence of therapeutic efficacy in humans regarding EHM allograft
transplantation. This is important not only for advancing this treatment approach clinically but also for the research itself. At
least, it is deemed necessary to ensure that the results in Rhesus macaque allograft transplantation are not contradictory to
the data regarding therapeutic efficacy and safety in this human case. 

Version 2: 

Reviewer comments: 

Referee #1 

(Remarks to the Author) 
The authors have addressed most of the comments. However, I have an additional comment regarding the new
Supplementary Video 3, which is quite intriguing. After physical stimulation of one side of the engineered heart muscle
(EHM), the other side contracts. However, the interval between stimulation and contraction is approximately 2 seconds,
which is too slow to synchronize with host beating hearts. Additionally, the propagation of contraction within the EHM does
not appear sequential, which is unexpected. Please provide an explanation for this. 

Referee #2 

(Remarks to the Author) 
The authors are very responsive. The responses are satisfactory. The manuscript is significantly improved. The findings are
significant and novel. The data are solid. 

Referee #4 

(Remarks to the Author) 
The reviewer believes that the authors have sufficiently addressed the reviewers' concerns. The reviewer also understands
that a detailed evaluation of the effects of paracrine factors is challenging within the study design using Rhesus macaques.



The additional data provided by the authors can serve as a valuable contribution for ongoing discussions within the scientific
community on this point. Furthermore, the reviewer agrees that continued investigation into electrical and mechanical
coupling is necessary. The reviewer also appreciates the effort to present valuable human sample data derived from the
BioVAT-HF trial to the extent possible. 

Open Access This Peer Review File is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were
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unless indicated otherwise in a credit line to the material. If material is not included in the article’s Creative Commons
license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder.
To view a copy of this license, visit https://creativecommons.org/licenses/by/4.0/
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Point-by-Point Response (Jebran et al. 2023-03-04361):  

We like to thank the referee for the careful review of our manuscript. Please, find a point-by-point 
response to the critiques (verbatim in bold) below:  

Referee #1 (Remarks to the Author): 
 
Jebran, et. al. present an interesting manuscript exploring whether allogeneic or autologous 
induced pluripotent stem cell-derived cardiomyocyte (iPSC-CM) transplantation remuscularizes 
non-human primate hearts. The biggest advantage of this study is that non-human primate is the 
most adequate model to evaluate immune response following allogeneic iPSC-CM transplantation, 
as the authors mentioned. The results are not surprising but providing important information to 
the scientific community. Comments are below. 

We thank the reviewer for pointing out the importance of non-human primate models in the 
preclinical assessment of cardiac remuscularization.  As to the statement that the results are not 
surprising, we respectfully disagree.  To date there is no other study demonstrating extensive long-
term remuscularization with concomitant functional improvement of heart function without 
arrhythmia in a from a translational point of view relevant allograft large animal model of heart 
failure.  In fact, previous excellent studies on cardiomyocyte injection in relevant large animal 
models (macaques and pigs) demonstrated ventricular arrhythmia1-3,6,7 or no graft retention 6 
months after implantation.8  In addition, a previous report found  that “hESC-CM-treated animals 
also received epicardial application of 1–3 tissue-engineering constructs where hESC-CMs were 
seeded in a collagen scaffold. (These tissue engineered constructs did not adhere to the epicardial 
surface and were not recovered at the end of the experiment).” (cited from Chong et al.1). 

In our study, we clearly demonstrate that EHM allografts are retained for at least 6 months in Rhesus 
macaques and that EHM implantation is safe and efficacious.  In the revision, we include a new ED 
Fig. 17, showing how EHM are assembled at the point-of-care before implantation (ED Fig. 5A).  We 
now also include data from a patient from the BioVAT-HF Phase I/II clinical trial, who was 
successfully heart transplanted 3 months after EHM implantation, confirming human allograft 
retention for at least 3 months.  Please note that we are including this data after discussion with the 
editor, but cannot provide additional clinical details from this ongoing clinical trial. 

In the rat model, the authors identified grafted CMs with rhesus mitochondria. How did they 
identify grafted CMs transplanted into rhesus hearts? If grafted CMs were easily identified 
because they were transplanted in the epicardial area (i.e., outside of the heart) and separated by 
the fibrous tissue, how could grafted tissue support cardiac contraction? 

Pericardial EHM implants can be easily identified by their anatomical location and sheer size. It is 
indeed a recurrent observation that the graft-host interface comprises of a 100-500 µm regenerative 
fibrosis. In addition, EHM grafts are implanted to “bridge” scarred myocardium. While the 
mechanisms of graft-host coupling (regardless whether cardiomyocytes are injected into scarred 
myocardium or patches are implanted on scarred myocardium) remains to be clarified, electrical 
coupling and synchronicity of EHM allografts9 as well as injected cardiomyocyte allografts10 and 
xenografts1 is a consistent observation. It is quite obvious that the classical view of homogeneous 
gap junction mediated coupling cannot explain the observed host-graft synchrony in any of the 
reported models. Accordingly, we hypothesize that cardiomyocyte grafts are mechanically 
conditioned to electrically synchronize with the recipient myocardium; the underlying mechanism 
may be termed mechano-electrical integration. We understand that this is thought provoking and 



that further investigations will have to confirm or reject this hypothesis. Accordingly, we have added 
the following statement into the revised manuscript: 

Lines 272-280: 

This fundamental difference may be the result of different modes of electrical integration. 
Intramurally injected cardiomyocytes are clearly capable of coupling10 and ectopic firing, leading to 
engraftment arrhythmia in large animal models2,3,6, which may be attenuated by genetic depletion of 
depolarizing ion channels.11 Tissue engineered patches, by virtue of their epicardial location, cannot 
readily establish electromechanical connections, but appear to be mechanically entrained to 
contribute to myocardial performance in a mechano-electrically coordinated manner.  Further studies 
are needed to clarify the time course and mode of integration as well as beyond 6-month safety and 
efficacy outcomes.    

In the same context, do the grafted EHM contract in synchrony with the heart? It would be 
surprising if the EHM, located outside of the heart, electrically integrated with host 
cardiomyocytes. 

Synchrony of contraction, as evidenced by systolic thickening of the target heart wall, has been 
observed in rat (Fig 4G in Zimmermann et al. 200612), mouse (Fig 9D in Didié et al. 201310) and now 
consistently also in our NHP allograft study (Figure 2D).  In contrast to the classical view of electro-
mechanical coupling via gap junctions, we put forward a mechanism, which we term mechano-
electrical synchronization. It considers that the mechanical impulses from the beating recipient heart 
entrain and mature the engrafted cardiomyocytes to contract in synchrony with the recipient 
myocardium. In the revised manuscript, we include a statement on cardiomyocyte integration and 
how it may differ in case of cardiomyocyte injections and epicardial patch implantations (please, 
refer to highlighted text above and in the revised main manuscript). 

What is the rationale for the use of irradiated EHM as a control graft. Is that just an object 
containing dead cardiomyocytes or functional material releasing something? 

Irradiated EHM represent an upon implantation dying tissue graft, which we had also used in a 
previous rodent study13 as non-contractile/dead tissue controls. 

Extended data figure 6 contains important information, essential part of this manuscript in my 
view, but authors should provide more detail regarding immune response. What kind of immune 
cells infiltrated? 

We have done extensive immune phenotyping by comprehensive DSA analyses in all implanted 
animals (ED Fig ED8), we have also scored immune cell infiltration using clinical pathology standards 
(ED Fig 7F). In addition, we have performed comprehensive flow cytometry analyses of circulating 
immune cells (referred to in lines 212-215). In the PoC Cohort 3 (which was informed by the immune 
protocol investigations in Cohorts 1 and 2), no immune rejection with concurrently strong 
remuscularization was observed under increased Tacrolimus (~20 ng/mL trough levels) and 
concomitant Methylprednisolone (refer to ED Fig 7F copied blow with Cohort 3 data highlighted by 
red boxes).  

To improve our understand of the immune response, we performed additional 
immunohistochemistry investigations in the Cohort 1 autograft model (#2483; refer to blue bars in 
Cohort 1 in ED Fig 7F), in which cardiomyocyte retention and graft directed immune responses were 
clearly notable (ED Fig 7B); note that this was not the case in #2500 with 6-month follow-up with 
notable immune cell infiltration, but only very few cardiomyocytes retained. After testing of several 



antibodies for their specificity in Rhesus macaque FFPE samples, we identified CD3/TCR-positive T-
cell infiltrates with concomitant CD20-positive B-cell infiltrates, suggestive of a classical T-cell 
mediated graft response (ED Fig 9). This finding was further substantiated by the absence of an 
innate immune response, i.e., no evidence for CD56/CD57-positive NK-cells and CD68-positive 
macrophages. 

This finding is included in lines 154-157: 

A detailed analysis of the leukocyte infiltrate in the corresponding 3-months autograft model (cohort 
1 #2483; Extended Data Fig. 7B) identified T-cell mediated rejection with concomitant B-cell 
accumulation and no evidence for an innate immune response (Extended Data Fig. 9).  

They mentioned that animal #2915 who received ciclosporin, different calcineurin inhibitor from 
other animals, showed considerable leukocyte infiltration (line 158); however, Extended data 
figure 6F indicates essentially no inflammation in the same animal. How do they explain? It would 
be of interest if the recipient treated with ciclosporin fails to have grafted CMs with or without 
immune response, but multiple number of recipients with same combination of 
immunosuppressants would be required to conclude this.  

We apologize for having misstated our observation in the Cyclosporin animal. Indeed, there was no 
obvious immune cell infiltration at the 6 months endpoint of the study in animal #2915, which had 
fully rejected the cardiomyocyte allograft (refer to ED Fig 7D and F below – Cyclosporin group 
highlighted with red arrows):  

 

 

 

 

 

 



DSA analyses (ED Fig 8 animal #2915; right panel below) revealed a strong allograft immunization 
after reduction of Cyclosporin to target trough levels (140-250 ng/mL; ED Fig 6B: left panel below). 
These observations point to an acute rejection episode during the 6-month follow-up as a 
consequence of Cyclosporin dose adjustment: 

 

 

We have revised the main text (lines 151-162) to include more information on the unanticipated 
immune responses in autografts (#2483 [3-month Cohort 1]; #2500 [6-month Cohort 2]) and the 
with Cyclosporin and Methylprednisolone immune suppressed allograft animal (#2915 [6-month 
Cohort 2]): 

Unexpectedly, we observed rejection of the autograft (#2500) and the allograft (#2915) under 
Cyclosporin with Methylprednisolone (Extended Data Fig. 7D).  Donor-specific antibody (DSA) 
analyses revealed no evidence for autograft immunization in #2500 (Extended Data Figs 8).  A detailed 
analysis of the leukocyte infiltrate in the corresponding 3-months autograft model (cohort 1 #2483; 
Extended Data Fig. 7B) identified T-cell mediated rejection with concomitant B-cell accumulation and 
no evidence for an innate immune response (Extended Data Fig. 9).  In contrast, strong allograft 
immunization was observed in #2915 (6-months allograft) after reduction of Cyclosporin to target 
trough levels (140-250 ng/mL), suggesting rejection upon dose adjustment (Extended Data Fig. 6).  
These findings are in agreement with a previous report,3 demonstrating that even under Mamu[MHC]-
matched allograft conditions higher than clinically accepted doses of calcineurin inhibitors are 
required to ensure macaque cardiomyocyte allograft retention. 

The authors claimed that the immune response following iPSC-CM transplantation is stronger in 
Rhesus macaques than that in human, but, in my view, no one knows that in human.  

This statement was stimulated by the surprising observation of the need for beyond clinically 
approved levels of tacrolimus and the rejection under cyclosporine at clinically established doses.  
We agree that more work is needed to substantiate our claim and have accordingly deleted the 
original statement.  

Two recipients that received autologous EHT showed different outcome; one animal showed 
surviving graft CMs at 3 months post-transplantation but no graft CM at 6 months. They attributed 
this graft loss to immune response, indicating autoimmune reaction. Detailed histological analysis 
will be required but again it would be hard to conclude this with just one recipient.  

The observation of complete rejection 6 months after implantation of an autograft (animal #2500) 
was indeed surprising (see response above), but aligned with the observation of immune cell 
infiltration in the autograft animal in Cohort 1 (#2483; 3-month follow-up).  We performed 
additional immunotyping of the leukocyte infiltration in the autograft animal #2483 and identified a 
classical T-cell mediate response, with the commonly observed secondary B-cell infiltration and no 
evidence for innate immune cell (NK-cells, macrophages) involvement.  This finding was surprising to 



us and is to our knowledge the first time that iPSC-autograft rejection is documented in a clinically 
relevant non-human primate model. A similar observation had been made in an earlier mouse 
study.5 Collectively, the data from Zhao et al.5 and us raise an important caveat as to the common 
assumption that iPSC autografts would be accepted without immune suppression.  The observed T-
cell mediated rejection points to MHC-presentation of autoantigens as trigger of the immune 
response.  We cannot claim that autografts will always be rejected, but find it important to raise 
awareness of the caveat that iPSC-autografts may have to handled similarly as iPSC-allografts, i.e., 
with concomitant immune suppression.  

The authors should provide more detailed histological data from cohort 3 experiments, such as 
magnified image of graft CMs, maturation markers, gap junction proteins, cadherins, 
inflammatory responses, etc. 

Please note that we have provided low-, mid-, and high-power magnifications of cardiomyocyte 
grafts as well as a detailed analysis of cardiomyocyte volumes (panels below from Cohort 3 samples):  

 

Fig 2B (left panel) shows a cross-section of an entire heart with EHM graft (encircled); Fig 3C (middle 
panel) shows representative regions within an engrafted EHM; ED Fig 7D (right panel) highlights a 
single implanted cardiomyocyte. In addition to providing images, we have carefully analyzed 
cardiomyocyte volume (Fig 3C) and demonstrate phenotypic maturation and organotypic growth, 
which we term adaptive hypertrophic growth, after implantation.  

In response to the reviewer’s recommendation, we now include additional immunohistochemistry 
stainings for slow skeletal (fetal) troponin I (TNNT1) and cardiac (adult) troponin I (TNNT3), 
ventricular (MYL2) and embryonic/atrial (MYL4) myosin light chains, n-cadherin (intercalated disk 
protein) and connexin 43 (gap junction protein) performed in Rhesus Cohort 3 (ED Fig 16A) and the 
proof-of-concept human heart (ED Fig 16B). The data collectively confirms a maturing, but in 
comparison to adult myocardium immature cardiomyocyte phenotype.  

This information has been added to lines 246-252 (NHP findings) and 258-259 (findings from 
human heart): 

The relative immaturity of the implanted cardiomyocytes was further supported by the identification 
of TNNI1 (troponin I isoform in immature myocardium) and TNNI3 (troponin I isoform in adult 
ventricular myocardium) as well as stronger staining for MYL4 (myosin light chain isoform in atrial and 
immature myocardium) compared to MLY2 (myosin light chain isoform in adult ventricular 
myocardium). Engrafted cardiomyocytes showed evidence of intercalated disk formation (CDH2) with 
sparse expression of the gap junction protein connexin 43 (GJA1; Extended Data Fig. 16A). 
 
An immature cardiomyocyte phenotype, similar to our observations in the NHP model, was observed 
(Extended Data Fig. 16B). 
 



Some animals showed osteochondral tissue in the graft area and I was wondering if it is possible 
that the tissue was derived from the stromal cell preparation. 

We agree that this is a plausible assumption. However, our snRNA-seq data argues against this as it 
shows evidence for osteochondral cells in the NHP-iPSC derived cardiomyocyte population (ED Fig 
1A (ii)). Another finding that argues against the stromal cell preparation being the origin of the 
osteochondral cells is that we did observe osteochondral cells in #2520 and #2506, which, in 
contrast to #2887, #2909, #2913, #2907, and #16721, were not prepared with separately from the 
cardiomyocyte population prepared stromal cells (refer to ED Table 3 for a summary of the EHM cell 
compositions implanted in Cohorts 1 and 2).  

They presented EF data of Responder and Non-responder separately in figure3E and mentioned 
“EHM allograft-enhanced target heart wall contractility and ejection fraction, measures for local 
and global heart support, was obtained” in the abstract. They should show aggregated EF data. 

The data is aggregated in ED Table 6A and now also depicted in the graph below. Please note that 
we prefer to show the individual animal trajectories in the figures for maximal transparency. A 
particular strength of such a display is that the trajectory (based on sequential MR-imaging) can be 
clearly appreciated. 

 

How did they calculate “cardiomyocyte volume”? 

We have added the following information to the methods section (lines 846-848): 

Cardiomyocyte volume was calculated from desmin-stained samples using planimetry to determine 
cardiomyocyte length and breadth: CM volume = π*(CM length/2)*(CM breadth/2)* CM breadth 

They mentioned “clear separation of host and graft (5x EHM) heart muscle was possible” (line 
246), but I am not sure about this when I see figure4A without green and orange lines. 

The lines encircle the regions of interest, which can be separated as EHM implant and recipient 
(remote) myocardium. To improve clarity, we have included a CINE and Gd-perfusion images from 
different time points after Gd-injection. The white arrows point at the EHM graft which can be 
clearly distinguished from the recipient myocardium. 



 

Figure 4: Evidence for EHM allograft vascularization and perfusion. (A) Gadolinium (Gd)-perfusion 
MRI data obtained in a 5x EHM implanted Rhesus macaque (#2819) with evidence for functional 
vascularization of EHM grafts in a heart failure model at the indicated timepoints. Left panel: the 
regions of interest (ROIs) from which the Gd-signal was reported are encircled and distinguished as 
EHM and remote myocardium. The lower MRI images depict a CINE and the respective Gd-perfusion 
images recorded at the indicated time points 4 weeks after EHM (marked by arrows) implantation. 
_________________________________________________________________________________ 

 
 

  



We like to thank the referee for the careful review of our manuscript.  Please, find a point-by-point 
response to the critiques (verbatim in bold) below:  

 
Referee #2 (Remarks to the Author): 
 
This study by Drs. Jebran al et al seek to examine whether the engineered heart muscle could 
repair myocardial infarction using a resus macaques model. The manuscript is well prepared. 
Using the NHP model for a long term follow up is certainly very valuable. The concern is that there 
is no convincing data demonstrating the EHM graft 6 months after transplantation. For example, 
Figure 3B (and Figure 4A), the dotted line circulating an area. However, we do not see scientific 
data showing that are muscle cells from the EHM. In extended Fig 3, the Rhesus mitochondria ( 
green) are so few in number, which makes one concern that long term graft size could be very 
small if any. Similarly, in extended figure 6, because there is no EHM specific staining, the claimed 
EHM staining is speculative, and are not supported by the scientific data.  

1) No convincing data demonstrating the EHM graft 6 months after transplantation. For 
example, Figure 3B (and Figure 4A), the dotted line circulating an area. However, we do 
not see scientific data showing that are muscle cells from the EHM. 

Note that the analyses were performed by a clinical pathologist, who was blinded to the study 
procedure (Ctr vs EHM-implanted hearts; EHM dose; immune suppression protocol). The epicardial 
location as well as the coherent structure and size of the graft make it very easy to distinguish graft 
from host myocardium. Please also note that this is IND-enabling study, genetic labels (such as GFP) 
are not compatible with clinical use of cellular grafts as they may cause unwanted immune 
responses. As another proof of graft and host identity, we have performed additional microsatellite 
analyses in Cohort 3 macaques (ED Figure 15A) and deep sequencing for the identification of 
genomic variants in the human heart (ED Figure 15B).   

Lines 217-218: 

EHM grafts graft identity was further confirmed by genomic microsatellite analysis (Extended Data 
Fig. 15A). 

Lines 258-259: 

EHM graft identity was confirmed by single nucleotide variant (SNV) analyses (Extended Data Fig. 
15B). 

The new method description is inserted in lines 850-865. 

Graft identity assessment. DNA was isolated as described previously41 from micro-dissected 
formaldehyde-fixed paraffin embedded (FFPE) slices using the InnuPREP FFPE DNA Kit on the InnuPure 
C16 System (Jena Analytika, Jena, Germany) according to manufacturer instructions. Samples were 
obtained from desmin positive remote and EHM engrafted areas. DNA concentrations were measured 
on a Qubit 3 Fluorometer (ThermoScientific, Paisley, UK). Microsatellite genotyping was performed in 
macaque samples using a genotyping-by-sequencing approach as described previously.14 Allele calling 
based on sequence data generated on Illumina’s MiSeq platform (251 bp forward, 51 bp reverse) was 
done with the CHIIMP pipeline.15 In human samples, deep sequencing of a targeted multigene panel 
(78 genes) was performed on 50 ng genomic DNA. For library preparation, SureSelectTM XTHS target 



enrichment Kit (Agilent) with enzymatic fragmentation was used following the manufacturer’s 
protocol (Agilent). Libraries were sequenced on an Illumina NovaSeq6000 with 2x 150 bp read length 
and with mean coverage of 3,000x. Sequence Pilot (jsi medical systems GmbH) software was used to 
align sequences to a human reference genome (hg19) and for single nucleotide variant (SNV) calling. 
SNVs were filtered against (1) absence from control area, (2) high coverage, and (3) exclusion of 
sequence artefacts. 

2) In extended Fig 3, the Rhesus mitochondria (green) are so few in number, which makes 
one concern that long term graft size could be very small if any.  

We agree and believe that this may have to do with the lower sensitivity of the human mitochondria 
specific antibody in Rhesus mitochondria. The rat study served as a first screen whether NHP-EHM 
grafts would survive after implantation similarly as observed for human EHM.13 In this study, we 
demonstrated >200 days retention of xenografts in the rat. Xenograft studies have limited value as 
to iPSC-CM integration and long-term survival, but provide a first important hint as to in vivo 
feasibility. EHM graft sizes in our monkey study are large, with no evidence for cell loss after 
implantation. In fact, there is evidence for physiological hypertrophic growth (Fig 3C) resulting in a 
Desmin/Patch Ratio (i.e., an estimate of cardiomyocyte volume per patch) of ~50% under optimized 
conditions (Cohort 3; Fig 3C and ED Fig 7E). This is an at least 2-fold higher volume fraction 
compared to the cardiomyocyte volume fraction at the time point of implantation, indicating an 
effective heart muscle increase. Note that in previous cardiomyocyte injection studies, cell retention 
at 3 months was estimated to be ~15% (n=2 at 3 months in Liu et al. 20182), indicating that a 
substantial loss of muscle occurred. These findings are aligned with the general observation of 
higher cell retention if applied via a tissue engineered format.  

3) Similarly, in extended figure 6, because there is no EHM specific staining, the claimed EHM 
staining is speculative, and are not supported by the scientific data. 

We respectfully disagree, EHM grafts, very much in contrast to injected cardiomyocytes, can be 
clearly identified and distinguished from the recipient myocardium by their location and appearance. 
The now in response to the referee’s critique added unbiased genetic analyses (ED Fig 15) are in 
agreement with our original interpretation.  

Specifics: 
 
1) Abstract, please include numbers in each groups (n=?) 

We can do this, but like to point out that the abstract/summary paragraph word count is very much 
limited and that the addition of n-numbers, means+-SD/SEM would disturb the flow of the summary 
paragraph. In the main body of the manuscript and figures as well as with the extended data figures 
and tables detailed information as to n-numbers, means+-SD/SEM, and performed statistical tests is 
provided.   

2) Heart failure is used in the entire manuscript. However, there is no data indicate that this is a 
heart failure NHP model. Maybe you should use the term of postinfarction LV remodeling. 

ED Fig 14 clearly demonstrates a stably reduced EF (more than 10%; ED Fig 14B), a dramatic loss of 
infarcted heart wall contractility; ED Fig 14F), and LV dilation (ED Fig 14C). We agree that we have 
not created a model of severe heart failure, such as observed in patients with advanced heart 



failure, but emphasize that such a model does not exist to our knowledge and would very likely not 
find ethical approval (animals suffering from heart failure symptoms such as edema, shortness of 
breath, and arrhythmia would have to be euthanized to prevent suffering).  We would like to point 
out that all studies we are aware of in the field implant in a much less chronic disease scenario 
(typically 2 weeks post-MI) and that the by us introduced model of chronic heart failure with 
implantation 6 months after myocardial infarction is unique by itself.  Post-MI remodeling is of 
course occurring, but does in our view not describe well the phenotype with stably and significantly 
compromised heart function.  

3) From lines 63-66, for conveying the scientific clarity, please include mean+/- SD, and p= ? for 
each of the assessments of contractility and ejection fraction, histological analysis, MRI graft size (I 
am not sure your MRI method applied can measure graft size), and factional vascularization 

Please refer to the response above. The summary paragraph is very much limited in length and 
prepared according to the journal’s instructions.  

4) Discussion, maybe you can include a few sentences on Dr Y Sawa’s human clinical trial ( Japan) 
using hiPSC- cardiomyocytes, which has been going on for a few years.  

We would be happy to do this, but could not find a specific reference reporting data from the 
cardiomyocyte cell sheet trial (registered as NCT04696328) pioneered by Dr. Sawa. We are aware of 
two reports describing the outcome of skeletal muscle cell sheet implantations.16,17 To recognize the 
ongoing efforts in clinical translation of cardiomyocyte therapies, we include a review by Kim et al. 
2022, which provides a nice overview of the ongoing iPSC-clinical trials (summary of clinical trials, 
including the Sawa trial, in Table 1 in Kim et al.18). In addition to the studies listed in Kim et al., we 
are aware of another recruiting iPSC-cardiomyocyte study spearheaded by Prof. Fukuda/HeartSeed 
(LAPiS - NCT04945018, Japan) and an ESC-cardiomyocyte study led by Prof. Wu (HECTOR - 
NCT05068674, Stanford). The limited word count makes it unfortunately difficult to recognize all 
groups in the field. To highlight the ongoing translation from late preclinical to clinical studies we 
have added the following text: 

Lines 286-289:  

Lessons learned from BioVAT and other ongoing clinical trials testing pluripotent stem cell-derived 
cardiomyocytes implantation18 will improve our understanding of whether and how remuscularization 
of the failing human heart can be achieved with clinically meaningful outcomes.   

We are happy to add the NCT registration numbers or a table of the to us known clinical trials on 
PSC-derived cardiomyocyte implantation as Supplementary Information: 

Clintrials.gov Akronym Cell Therapy Medicinal Product  Start Patients (n) Country 
NCT04696328 CellSheet iPSC-cardiomyocyte cell sheet  2019 10 Japan 
NCT04396899 BioVAT-HF iPSC-cardiomyocyte patch 2020 53 Germany 
NCT03763136 
NCT04982081 
NCT05566600 

HEAL-CHF iPSC-cardiomyocytes 2021 
2021 
2022 

20 
20 
32 

China 

NCT05068674 HECTOR ESC-cardiomyocytes 2022 18 USA 
NCT04945018 LAPiS iPSC-cardiomyocyte spheroids 2022 10 Japan 
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Point-by-Point Response (Jebran et al. 2023-03-04361B): 

We thank referee #1 for the careful review of our revised manuscript and the kind acknowledgement 
that the first revision made our manuscript even more valuable. Please, find a point-by-point 
response to the critiques (verbatim in bold) below:  

Referee #1 (Remarks to the Author): 

The authors presented substantially new data, including the histological outcomes of human heart 
transplanted EHM, in the revised manuscript, making it even more valuable. They have also 
addressed some issues raised in the initial round of review, which were summarized in the point-
by-point rebuttal; however, it brought forth additional concerns, and part of the issues remains 
unresolved. 

We thank the reviewer for acknowledging that the addition of the human heart data from the 
BioVAT-HF-DHK20 (NCT04396899) Phase I/II clinical trial adds value to our study. Please note that 
this data only became available because a patient from the dose finding cohort of BioVAT-HF was 
subjected to heart transplantation. This provided us with the unique opportunity to study the patient 
heart and obtain first proof for remuscularization by cardiomyocyte implantation without safety 
issues in patients with advanced heart failure. Collectively, the procedure and findings support the 
use of BioVAT as bridge-to-transplantation.   

1. The histological outcome from the human recipient of EHM is intriguing. The authors should 
provide detailed information.

A. Firstly, why did the patient receive a heart transplant? Didn't the transplantation of EHM 
provide sufficient effects?

Patients in the BioVAT-HF-DZHK20 Phase I/II Clinical Trial (NCT04396899) are in advanced heart 
failure despite guideline-directed palliative medical care. If they qualify, patients are listed for heart 
transplantation and are in case of successful donor heart allocation transplanted. 

The reported  patient with advanced ischemic heart failure had a stable disease 
trajectory after EHM implantation with attenuated left ventricular dilation and mildly enhanced left 
ventricular ejection fraction 3 months after EHM implantation. The patient was listed for heart 
transplantation and was transplanted according the study protocol.  

We now include this information in lines 256-257 and add a new Extended Data Figure 9 with further 
information: 

The patient demonstrated a stable disease course under EHM treatment (Extended Data Fig. 9). 

Please note that BioVAT-HF is an ongoing registered clinical trial, which adheres strictly to an 
approved Clinical Trial Protocol (Synopsis includes as Supplementary Note 5). The full clinical trial 
results will be released and published after completion of the trial. Please note that the inclusion of 
the clinical case was approved by the sponsor and clinical trial statistician and that this particular 

[Redacted text]



Point-by-Point Response (Jebran et al. 2023-03-04361B): 

case was invaluable for the decision to increase the dose from 10x EHM (400 million iPSC-derived 
cardiomyocytes and stromal cells) to the maximal feasible dose according to the study protocol (20x 
EHM – 800 million iPSC-derived cardiomyocytes and stromal cells). The dose increase was endorsed 
by the independent Data Safety Monitoring Board. We now add this important information to our 
manuscript in lines 261-268: 

Collectively, the obtained clinical data confirmed translatability of heart remuscularization by EHM 
allograft implantation from Rhesus macaque to human patients with advanced heart failure. It also 
established the rationale for continuation of patient treatment in the ongoing clinical trial with the 
maximal feasible dose according to the clinical trial protocol, i.e., 20x EHM constructed from 800 
million iPSC-derived cardiomyocytes and stromal cells. Immune cell infiltration is commonly observed 
in heart transplant patients under guideline-directed immunosuppression1 and will require further 
attention to improve outcome also in EHM-transplant patients. 

B. Are there any immune responses to the grafted EHM? Please provide detailed immuno-
histological data.

Additional immunohistochemical analyses revealed T-cell, B-cell and macrophage infiltration in the 
human allograft (new Extended Data Figure 10), despite immune suppression at target tacrolimus 
concentrations (new Extended Data Figure 9). NK-cell infiltration was negligible. In contrast to the 
observations in Rhesus macaques, we did not find donor specific antibodies. Immune cell infiltration 
is commonly observed in heart transplant patients.1 We cannot be certain whether the immune 
response was primarily directed against the allograft or the biodegradable TachoSil™ membrane, 
which we use as (1) a security measure to prevent possible epicardial bleeding, (2) to support 
targeted surgical administration, and (3) to reduce pericardial adhesions (refer to Kuschel et al. 
2012).2 We now add this new information on immune cell infiltration in the revised manuscript in 
lines 256-263: 

T- and B-cells as well as macrophage (CD68) and minimal NK-cell (CD57) infiltrations were noted
(Extended Data Fig. 10). Donor-specific antibodies (Luminex) were not identified. Collectively, these
findings point to a local immune response against (1) the allograft, (2) the TachoSil™ support material
or (3) both, despite immune suppression at high target levels (Extended Data Fig. 9).

C. Is the picture showing CD31 staining in the graft? Please provide pictures double-stained with a
cardiac marker and CD31 that clearly show location of host and grafted CMs.

Yes, the picture is showing CD31 stained capillaries inside the EHM graft. The capillaries are in close 
proximity to the implanted cardiomyocytes, which can be identified by their distinct morphology 
(encircled).  

[Redacted text]



Point-by-Point Response (Jebran et al. 2023-03-04361B):  
 

 
 
We understand that this may not come across well in the provided pdf document. In response to the 
reviewer’s critique, we have (1) exchanged the original CD31 IHC and (2) added an 
immunofluorescence co-staining for CD31, ACTN2 (marking cardiomyocyte in the EHM graft) and 
DNA; in addition, we have quantified capillary density in EHM graft and host heart see blow (Figure 
4E): 
 

 
 
The authors repeatedly claimed, “EHM grafts, very much in contrast to injected cardiomyocytes, 
can be clearly identified and distinguished from the recipient myocardium”. 
 
Yes, this is the case even without genetic labels because of the clear epicardial localization of EHM 
grafts (refer to an example in Figure 2b or new Figure 4b). This was further confirmed by 
microsatellite analyses and deep-sequencing (Extended Data Figures 8a and 8c). 
 
D. In the same context, please provide pictures, perhaps with cardiac markers, showing the 
location of graft and host CMs. Also, it would be helpful to compare characteristics of CMs 
between host and graft CMs following human allogeneic transplantation. 
 
Please refer to Extended Data Figure 8b (Rhesus macaque) and 8d (human) in which we provide 
immunohistochemistries for TNNI1 (labels “immature” cardiomyocytes) and TNNI3 (labels “mature” 
cardiomyocytes), the ventricular and embryonic myosin light chain isoforms MYL2 and MYL4, as well 
as the intercalated disk protein cadherin 2 (CDH2) and gap junction protein connexin 43 (GJA1).  
Asterisks mark the host myocardium in the low power overviews (left panels). 
 



Point-by-Point Response (Jebran et al. 2023-03-04361B):  
 

In response to the reviewer’s request, we now also provide a new Figure 4d with bar graphs 
summarizing graft vs host cardiomyocyte dimension. 
 
E. Please provide the lengths of the three scale bars in figure 4A. 
 
Lengths of scale bars are provided in the caption to revised Figure 4 (line 533) 
 
2. The authors claimed that electrical coupling of EHM has been established in their previous 
publication as follows: "Electrical coupling and synchronicity of EHM allografts9, as well as injected 
cardiomyocyte allografts10 and xenografts1, is a consistent observation." However, ref#9 did not 
provide direct evidence of electrical integration of EHM; instead, it presented indirect 
observations. The current manuscript does not demonstrate evidence of "mechano-electrical 
integration." I was surprised that they did not assess any paracrine effects. 
 
We agree that the therapeutically relevant mechanism of integration remains elusive; this is in fact 
irrespective of the mode of cardiomyocyte implantation. In the discussion, we point to the possibility 
of mechanical entrainment, which we hypothesize to be an important component of the integration 
process. The phenomenon of mechanical communication without direct cell-cell contact has been 
demonstrated previously in an elegant study by Nitsan et al. 2016.3 In lines 283-291, we point out 
that a similar mechanisms may underlie EHM-host heart coupling and provide new data on 
mechanically triggered (new Supplementary Video 3) and conditioned (new Extended Data Figure 
11) contractility. We also acknowledge that further studies are needed to resolve the mechanisms of 
cardiac patch-host heart synchronization:  
 
Lines 283-291: 
Tissue engineered patches, by virtue of their epicardial engraftment, cannot readily establish canonical 
electromechanical connections via intercalated disks, but appear to be mechanically entrained over 
time to contribute to myocardial performance. This hypothesis is aligned with previous findings of 
mechanically induced cardiomyocyte contractility,3 observations of mechanically triggered 
contractions in EHM (Supplementary Video 3), and the finding that chronic mechanical conditioning 
(1 Hz for 120 h) leads to adaptations of EHM beating rate and rhythm (Extended Data Figure 11). 
Extensions of these studies are required to clarify the time course, mechanism, and role of mechanical 
conditioning integration of EHM grafts. 
 
The reviewer is referring to our previous publication,4 in which we conducted a high density 
epicardial mapping study in (1) spontaneous beating Langendorff perfused heart explants, (2) under 
electrical point stimulation and mapping of impulse propagation from graft to host and vice versa, 
and (3) by pH-shift uncoupled EHT grafts and remote myocardium. The observations from these 
studies were suggestive of electrical host-graft coupling 4 weeks after implantation of engineered 
heart tissue (EHT) in a rat allograft model. Unfortunately, we cannot perform similar studies in 
Rhesus macaques or human. More recently, iPSC-lines expressing genetically-encoded calcium-
sensors5,6 and voltage tracer (RH237) infusion7 have been used to confirm graft-host coupling in 
intramural cardiomyocyte and epicardial EHT grafts. Rhesus iPSC-lines with genetically-encoded 
calcium-sensors are not available to us. In addition, genetically-encoded sensors may be 
immunogenic8 and thus were deemed not well-suited for pivotal (IND-enabling) preclinical studies.  
 



Point-by-Point Response (Jebran et al. 2023-03-04361B): 

We cannot exclude paracrine mechanisms and had studied such effects previously (implantation of 
tissue patches comprised of non-myocytes);4 in this study, “paracrine/non-contractile ECT patches” 
were inferior to contractile allografts. 

In lines 83-91 we are referring to alternative (paracrine, environmental modulation) mechanisms, but 
emphasize that our own previous data suggested better outcome in cardiomyocyte-based 
remuscularization. In the present non-human primate study, we focused fully on contractile EHM 
allo- and autografts. Testing of a “paracrine” support hypothesis would require an independent and 
differently designed monkey study, for which we cannot obtain approval under the strict animal 
protection regulations in Germany, because of the anticipated inferior outcome.  

Finally, investigation of capillary density (bar graph in Figure 4e) and activated caspase 3 in close 
proximity to the EHM graft and in remote recipient myocardium (see response to reviewer #3 below) 
did not provide evidence for angiogenesis-inducing or anti-apoptotic paracrine effects at the 3- and 
6-month study endpoints.

3. The response, "Irradiated EHM represent an upon implantation dying tissue graft, which we had
also used in a previous rodent study13 as non-contractile/dead tissue controls," does not directly
address the comment. In reference #13, the transplantation of irradiated EHM yielded functional
benefits comparable to intact EHM, in contrast to the findings in the current study. This suggests
distinct functional characteristics of irradiated EHM. Please address this discrepancy.

We appreciate this insightful comment and would like to point out that therapeutic outcomes in 
xenograft studies with human (such as in Riegler et al. 201510) or Rhesus macaque (Extended Data 
Figures 2) EHM in nude rats are similar and best explained by mechanical stabilization, paracrine 
effects or modulation of inflammatory responses. Accordingly, we concluded in Riegler et al. 201510 
that the observed effects of viable and lethally irradiated EHM are “…consistent with the anticipated 
lack of electric integration of human xenografts in rat hearts, but highlights the possibility that cell-

[Redacted text]



Point-by-Point Response (Jebran et al. 2023-03-04361B):  
 

independent effects (eg, activation of immune cells, mechanical stabilization) could also elicit 
therapeutic effects.”  
 
In the present study, we implanted vital and lethally irradiated Rhesus macaque EHM in the same 
nude rat model with ischemia/reperfusion injury to assess “… feasibility of Rhesus EHM implantation 
in a widely used athymic nude rat model with ischemia/reperfusion (I/R)-injury.” (lines 115-116). The 
key observations were cell retention with no evidence for residual pluripotent stem cells (Extended 
Data Figure 2a). Statistical testing indicated enhanced cardiac function in rats after treatment with 
vital EHM in comparison to the pre-EHM implant baseline (BL) values (Extended Data Figure 2b); a 
similar, but not-significant trend (with the exception of an increased stroke volume at the 14-day 
time-point after irradiated EHM implantation) was noted in the rats treated with lethally irradiated 
EHM. We consider that these observations originate from mechanical stabilization, paracrine effects 
or modulation of inflammatory responses, similar as in Riegler et al. 2015.10   
 
Please note that the nude rat xenograft study was a necessary first step towards the pivotal Rhesus 
macaque implant study to investigate whether Rhesus macaque EHM implantation would be 
similarly feasible and safe as human EHM implantation in the same model. The obtained data did 
indeed provide assurance that Rhesus macaque EHM can be safely administered. From an animal 
protection perspective, this was important before moving into the by the responsible regulatory 
authority in Germany requested homologous Rhesus macaque model (refer also to statement in lines 
92-97).  
 
4. The statement "We have also scored immune cell infiltration using clinical pathology standards" 
lacks specific information about the actual scores related to immune cell infiltration. It would be 
helpful if the provided details or scores on immune cell infiltration could be included for clarity. 
 
The area covered by leukocyte infiltration (in mm2) was analyzed by an expert clinical pathologist 
blinded to the study protocol (refer to caption of Extended Data Figure 4f) in agreement with 
standard proceedings in clinical pathology. We have changed the labelling of the ordinate from 
“inflammation” to “leukocyte covered area” to improve clarity. 
 
5. Please provide more reader-friendly figures. I will provide some of the examples: 
 
A. Include information regarding the experimental group and/or antibodies for pictures in 
Extended Data Figure 7A, B, D, G. 
 
Revised as suggested (please note that previous Extended Data Figure 7 is now Extended Data Figure 
4). 
 
B. In Extended Data Figure 7, along with the raw data, consider creating a figure or table that 
summarizes the results for better clarity. 
 
Extended Data Figure 4 summarizes a comprehensive set of important histopathological data (Panel 
c: EHM patch retention, Panel d: cardiomyocyte retention, Panel e: cardiomyocyte population of 
engrafted patch, Panel f: leukocyte infiltration [inflammation]; Panel h: osteochondral cells) from the 
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three investigated Cohorts. For additional clarification images from H&E or desmin/actinin stained 
tissue sections are included in Panel a, b, d, g.  
 
We are working with color-coded bars with differently sized borders and have included more 
detailed information as to the differently treated groups and hope that the reviewer finds that clarity 
has been improved (see blow from revised Extended Data Figure 4): 
 

 
 
C. Present the aggregated ejection fraction (EF) figure shown in the rebuttal within the manuscript 
for better integration and understanding. 
 
In response to the reviewer’s request, we are now including aggregated Target Wall Thickening 
Fraction and Ejection Fraction data in Figure 2d and 2e.  
 
6. Extended Data Figure 9 was confusing. Please provide clarification by specifying which cells are 
graft cardiomyocytes and which are host cardiomyocytes. Additionally, despite the numerous CD56 
positive cells observed, the claim of "no evidence for innate immune cell (NK-cells, macrophages) 
involvement" appears contradictory. Addressing this discrepancy would enhance the clarity of the 
presented data.  
 
In response to the reviewer’s critique, we have labelled the host cardiomyocytes in all overviews (left 
panels) with an asterisk and in addition indicate autograft and host myocardium in the revised 
Extended Data Figure 5. We now exclude the CD56 (NCAM1) labelling, because it obviously resulted 
in some confusion. CD56 (NCAM1) is a rather unspecific marker, which labels NK-cells but also 
immature cardiomyocytes. We had pointed this out in the first revision in the Extended Data Figure 9 
legend (refer to images below with clarification highlighted in green – omitted in the revised 
Extended Data Figure 5): 
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Extended Data Figure 9: T-cell mediated autograft rejection. Immunohistochemical staining for T-
cell (CD3, TCRα/β, TCRγ/δ), B-cell (CD20), NK-cell (CD56, CD57), and macrophage (CD68) with 
additional staining for cardiomyocytes (desmin) to determine the mode of EHM autograft rejection in 
experimental animals #2483 (Cohort 1). Note that CD56 (also known as neural cell adhesion molecule 
[NCAM] labels immature autograft cardiomyocytes); CD56 positive NK cells could not be identified. 
Desmin-positive and CD56-negative cells resemble host heart cardiomyocytes (marked with an 
asterisk). Scale bars: 100 µm. 
 
7. The authors utilized cyclosporin in only one animal (#2915) and did not observe either graft 
survival or inflammation. The conclusion drawn, suggesting graft rejection due to donor-specific 
antibodies (DSA), may not accurately reflect the actual graft rejection, as this determination would 
require the examination of a larger number of animals under cyclosporin treatment. It is 
recommended to conduct the analysis on multiple animals to establish a more robust conclusion 
regarding "graft rejection" under the influence of cyclosporin. 
 
We understand that the reviewer is asking for more confirmatory data, but we are unable to include 
additional macaques in the reported study. Cyclosporin plus Methylprednisolone treatment, as an 
alternative to Tacrolimus plus Methylprednisolone, was tested in one animal in response to a request 
by the relevant regulatory authority (Paul-Ehrlich-Institute). Although we only report one case, we do 
find that the observations are very informative as they reveal no cardiomyocyte survival at the 6-
month study endpoint, which contrasts our observations in all other macaques treated continuously 
with tacrolimus and methylprednisolone (healthy Cohort 1+2: n=7 and infarcted cohort 3: n=6; red 
bars in Extended Data Figure 4d). Detection of donor-specific antibodies (DSA) from 12 weeks 
onwards (Extended Data Figure 4i-l - #2915; Supplementary Data 3) in parallel to the lowering of 
cyclosporin plasma levels to the target trough levels (140-250 ng/mL; Supplementary Data 1) is 
highly suggestive of a (sub)acute rejection episode setting in at 12 weeks with a subsequent clearing 
of the cardiomyocyte allograft. In such a case, residual inflammatory cells (leukocytes) would not be 
expected at the 24-week study endpoint (Extended Data Figure 4f).  
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See below a composite image with the indicated panels (striped red boxed are inserted to draw the 
reviewer’s attention to the relevant findings in the cyclosporin + methylprednisolone treated animal 
#2915) – please note that we have converted the DSA data from the previous x/y graphs into heat 
maps (Extended Data Figure 4i-l) with accompanying raw data provided in an Excel spread sheet 
(Supplementary Data 3): 
 

 
 

8. I am not certain if the equation for “cardiomyocyte volume” presented by the authors accurately 
represents the actual volume. Using the term "cardiomyocyte area" might be more accurate, 
considering that the parameters were obtained from 2-dimensional sections. This adjustment 
would better align with the nature of the data obtained. 
 
We have reevaluated all data and now include cardiomyocyte area data as requested. The data is 
summarized in lines 235-238 of the revised manuscript: 
 
“Engrafted cardiomyocytes were terminally differentiated (Ki67neg) and remained smaller (1,678±163 
µm2; n=13 animals) than LV (4,804±172 µm2) and RV (3,685±226 µm2) cardiomyocytes of the recipient 
animals (n=20; Figure 3c).” 
 
9. To enhance clarity, it would be beneficial to measure and present graft size in all recipients. This 
additional information would provide a more comprehensive understanding of the study's results. 
 
Data on graft size is included in Extended Data Figure 4c (now relabeled as graft area in mm2), 4d 
(cardiomyocyte area inside the engrafted patch in mm2), and in 4e the ratio of cardiomyocyte area 
per patch area.  
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We thank referee #2 for the careful review of our manuscript and the kind acknowledgment that the 
first revision has significantly improved our manuscript.  Please, find a point-by-point response to the 
critiques (verbatim in bold) below:  
 
Referee #2 (Remarks to the Author): 
 
The authors are responsive. And manuscript has been significantly improved. The findings are 
significant and important for the field. I have the following suggestion/comments for further 
improve the manuscript: 
 
We thank the reviewer for acknowledging that our findings are significant and important for the 
field.  In fact, our study was key for approving the first-in-patient BioVAT-HF clinical trial testing 
sustainable cardiac remuscularization by cardiomyocyte allografts under concomitant immune 
suppression.  The BioVAT-HF clinical trial is progressing well and will be reported after its completion 
(2025/2026).  
 
1. Although authors showed that engraftment of EHM is receipt animal hearts, almost all images 
were shown in relative high magnification. This makes it difficult to have an overall impression of 
how the EHM survived in the receipt hearts, representative images like right panel of Figure 4 A 
shall be shown for extended data Figure 9 and extended data figure 16A&16B) 
 
Done as requested. 
 
2. Authors heavily used immunohistochemistry to show the engraft and immune cell infiltration in 
engraft. Immunofluorescence staining shall be performed to show simultaneously the engraft and 
immune cell. This also applies to Figure 4B, immunofluorescence staining shall be performed to 
show the vessels in engraft. 
 
Please note that our study was performed in alignment with regulatory expectations for IND-
approval. Accordingly, we have embedded all samples in paraffin and performed 
immunohistochemistries according to standards in Clinical Pathology. Immunofluorescent images are 
less standardized, i.e., not validated for clinical pathology diagnostics, and thus less common in 
Clinical Pathology, especially in the identification of immune cell infiltrates.  
 
In response to the reviewers critique we are now providing immunofluorescence images of CD31 
positive capillaries in the human EHM allograft (Figure 4e).  
 
3. It was reported by authors that RiPSC-CMs used for manufacturing EHM were more than 95% 
pure for ACTN2. ACTN2 is not a CM specific protein, and is expressed in skeletal muscle as well. 
Authors shall perform cTnT or cTnI staining to determine the purity of RiPSC-CM used for EHM. 
 
Please find below flow cytometry data with co-labelling for sarcomeric actinin (ACTN2; Sigma A7811) 
and cardiac Troponin T (TNNT2; abcam AB45932) from a representative cardiomyocyte batch below. 
Please also note that the presence of skeletal muscle cells was excluded by snRNAseq (Extended 
Data Figure 1). 
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FMO = fluorescence minus one controls 
 
In addition, we now provide the flow cytometry raw data (Source Data and revised text in lines 102-
108) and would like to refer the reviewer to the snRNA-seq data in Extended Data Figure 1 and 
further explanations in Supplementary Note 1. 
 
Lines: 102-108 
All applied Rhesus macaque iPSC-lines could be differentiated into cardiomyocytes and stromal cells 
with fibroblast properties (Figure 1a) at high purities (identified by flow cytometry: 92±2% ACTN2+ 
cardiomyocytes [n=7 batches optimized protocol]; 99% VIM+ stromal cells [n=2 batches]) using similar 
protocols established for human iPSC.11 Purity was further confirmed by single nuclear RNA-
sequencing (snSeq; Extended Data Figs 1a-b and Supplementary Note 1).  In addition, snSeq (9,994 
Rhesus macaque and 5,515 human nuclei) provided no evidence for residual pluripotent stem cells 
contaminations.   
 
4. It is unclear the 95% purity of RiPSC-CMs was freshly differentiated RiPSC-CMs or after 
purification. 
 
Purity assessment was after metabolic selection. Please refer to Methods section lines 725-727. 
 
5. It was mentioned by authors that “we tested 4 different Rhesus macaque iPSC-lines, including 2 
newly generated lines to also obtain insight as to in vivo autograft responses (Extended Data 
Table).” However, it is unclear which cell line was used in which animal and immunosuppression 
drugs. Did EHMs manufacture from 3 RiPSC-CM have the similar structure and contractile 
performance? 
 
Please refer to revised Supplementary Table 1 for an overview of the investigated iPSC lines and 
their use in allo- and autograft preparations. We have used Rhesus iPSC 43110-4 for EHM allografts in 
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all animals in Cohorts 1 and 2 as well as in most animals in Cohort 3 (Rhesus iPSC DPZ_iRH34.1 was 
used in #2884 and #16441). We have included this information in revised Supplementary Table 3. 
We have also revised Supplementary Table 2 to contain information on contractile performance of 
EHM manufactured from the different iPSC-lines. EHM contractility in DPZ_iRH34.1 and the two 
autograft lines was lower, with however no apparent differences in cell content and structure as well 
as similar outcome in #2884 (iPSC DPZ_iRH34.1) and #2819 (43110-4; Figures 2d and 2e). The #2500 
autograft line showed the lowest contractile performance despite similar cellularity. These data point 
to notable variability in iPSC-lines and contractile maturity of related EHM. These observations 
support the use of single well-defined iPSC-starting material (such as in BioVAT-HF) rather than 
individually prepared iPSC-lines. 

 
 
6. Authors heavily used desmin as an evidence of engraft in receipt animals hearts which is unusual 
(Figures 2B, 3C, 4B, extended data figure 7). Desmin is also expressed in smooth muscle cells and 
skeletal muscles, authors relied on desmin to show the host and donor CM, which is unconvincing. 
CM specific protein markers, such as cTnI or cTnI, shall be performed. 
 
We provide high and low power magnifications as well as sarcomeric actinin and troponin I and 
myosin light chain 2 and 4 stains in Extended Data Figure 4 as well as Extended Data Figures 8a and 
8b. As to the use of desmin, we would like to clarify that desmin IHC staining is a standard procedure 
for the assessment of muscle, including heart muscle, in clinical pathology. In the morphometric 
assessments, smooth muscle cells were excluded; skeletal muscle cells are not present in EHM grafts. 
 
7. Extended data Figure 3, merged pic of cTnT and Rhesus Mitochondria shall be provided. 
Currently it is difficult to assess whether cTnT and Rhesus Mitochondria were colocalized. 
 
Done as requested (refer to revised Extended Data Figure 2). 
 
8. Can individual data be presented, such as scatter dot plot? 
 
We took care to show most data in dot plot formats.  The only data which we prefer to display as x/y-
plots with averaged data points are in Figure 2c, 2d (controls), and 2e (controls) as well as Extended 
Data Figure 2d, 3c and 7 to not overload the images. Please not that we are providing all Source Data 
with the revised submission.  
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9. Can authors discuss/speculate what benefit can be expected from such a small and thin 
engraftment (µm thickness) on a heart with cm thick left ventricular wall in human clinical trials?

The presented case is from the dose escalation cohort of the ongoing BioVAT-HF-DZHK20 Phase I/II 
Clinical Trial (NCT04396899). The data obtained in the Rhesus macaque study provided the basis for 
that start of the dose escalation with a 5x EHM in human (constructed from 200 million iPSC-derived 
cardiomyocytes and stromal cells). After confirmation of safety in 2 patients, we were allowed to 
increase the dose to 10x EHM (constructed from 400 million iPSC-derived cardiomyocytes and 
stromal cells). This dose increase did not increase graft thickness, but enlarged the graft area from 
approx. 50 cm2 to 100 cm2 (refer to schematic in Figure 4a). The thickness of such patches was 1-2 
mm as can be observed in Figure 4 and expected from our experience from the Rhesus macaque 
study. 

 According to 
allometric scaling (factor of 10 between Rhesus macaque and human), a 5-10x EHM in macaque 
resemble 0.5-1x EHM in human. Taken this in consideration, an enhancement of contractility may 
not have been expected. Given the high cardiomyocyte numbers implanted and the lack in 
knowledge as to safety of such implants it was prudent to start with the in the monkey confirmed 
safe maximal dose (5x EHM) and carefully accelerate to 10x EHM, before increasing to larger doses.  

The findings from the presented case became only available because of a successful allocation of a 
heart transplant after listing for heart transplantation. The obtained data from the heart transplant 
was invaluable, because it demonstrated for the first time that human iPSC-derived cardiomyocytes 
would engraft and mature in a patient with advanced heart failure without safety concerns. After 
review of the data and endorsement by the independent Data Safety Monitoring Board (DSMB) rapid 
dose escalation to the as per clinical trial protocol maximal feasible dose of 20x EHM (constructed 
from 800 million iPSC-derived cardiomyocytes and stromal cells) was recommended. 

[Redacted text  and figure]
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Note that the left ventricular wall thickness in human heart is 4-10 mm12 and it may be anticipated 
that grafts of similar thickness can enhance cardiac contractility. 

 In lines 256-268 and related Figures we are now providing 
additional data and context to help readers to place the in our view important first-in-patient 
observations into perspective:  

Lines 256-268: 
The patient demonstrated a stable disease course under EHM treatment (Extended Data Fig. 9). T- and 
B-cells as well as macrophage (CD68) and minimal NK-cell (CD57) infiltrations were noted (Extended
Data Fig. 10). Donor-specific antibodies (Luminex) were not identified. Collectively, these findings
point to a local immune response against (1) the allograft, (2) the TachoSil™ support material or (3)
both, despite immune suppression at high target levels (Extended Data Fig. 9). Collectively, the
obtained clinical data confirmed translatability of heart remuscularization by EHM allograft
implantation from Rhesus macaque to human patients with advanced heart failure. It also established
the rationale for continuation of patient treatment in the ongoing BioVAT-HF Phase I/II clinical trial
with the maximal feasible dose according to the clinical trial protocol, i.e., 20x EHM constructed from
800 million iPSC-derived cardiomyocytes and stromal cells. Immune cell infiltration is commonly
observed in heart transplant patients under guideline-directed immunosuppression1 and will require
further attention to improve outcome also in EHM-transplant patients.

[Redacted text]
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We thank referee #4 for the careful review of our manuscript and pointing out that that our findings 
mark a significant advancement.  Please, find a point-by-point response to the critiques (verbatim in 
bold) below:  

Referee #4 (Remarks to the Author): 

Jebran et al. conducted allogeneic transplantation experiments using Rhesus macaque-derived 
EHM under various conditions including transplant cell volume and immunosuppressive agent 
usage. In an optimized cohort, they demonstrated tissue regeneration with blood perfusion and 
cardiac functional recovery effects six months post-transplantation. Importantly, no significant 
adverse effects such as arrhythmias or tumor formation were observed, marking a significant 
advancement in this research area. However, reviewer believes that further detailed examination 
of the treatment mechanism and presentation of data is necessary for authors to assert that this 
therapeutic effect is directly due to remuscularization. Furthermore, authors obtained a rare 
opportunity in this paper to analyze heart samples from recipients of the BioVAT-HF trial, proving 
the potential of EHM to engraft as regenerated myocardium in human hearts. While this finding 
holds great significance in the study, additional evaluation of these samples is desirable. 

Specific comments: 

1. As the authors also comment in the text, in previous similar studies, the therapeutic effects have 
been suggested to be "at least partially mediated by immune responses or paracrine mechanisms" 
(line 86-87). In contrast, the authors suggest based on the results of experiments using irradiated 
EHM as a control group that the therapeutic effects in this study are mediated by “muscularization-
independent mechanisms” (line 89). However, the reviewer believes that further detailed 
examination of this therapeutic mechanism is warranted. This is because, as noted by the authors 
themselves (citing #20-22), in previous studies on pluripotent stem cell-derived cardiomyocyte 
transplantation, at least some of the therapeutic effects have been attributed to paracrine indirect 
effects. Therefore, even if there were therapeutic effects due to remuscularization in the EHM 
transplantation in this study, there should have also been paracrine effects. It is unclear from the 
data presented what proportion of the therapeutic effects is attributed to each mechanism. At the 
very least, the authors should demonstrate what indirect effects, if any, were present in this EHM 
transplantation. For instance, if there were angiogenic effects in the ischemic heart, it is plausible 
that the degree of angiogenesis would primarily occur in the border zone of ischemia rather than 
within the EHM itself, but data regarding this aspect are not provided. How were cardiomyocyte 
apoptosis, likely induced by cardiac ischemia in the border zone, affected by EHM transplantation?
If most of the therapeutic effects were due to indirect paracrine effects, the therapeutic effects of 
remuscularization would be limited, thus evaluating this aspect is crucial.

We are in full agreement with the reviewer that paracrine effects have to be anticipated in cell-based 
heart repair studies. We had previously performed allograft studies in rats in which we compared the 
effect of contractile EHM to controls implanted with non-cardiomyocyte containing grafts with 
paracrine activity.4 In these animals, attenuation of disease progression, but no recovery of target 
heart wall contractility was observed. In addition to the referred to original research paper, we have 
discussed this intensively in the past.9 

[Redacted text]
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Due to the nature of the Rhesus macaque model and the study design with 3- and 6-months follow-
up, assessment of apoptosis and vascularization are limited to these time points. Here, we did not 
find any evidence for Caspase 3 activity (as a marker of apoptosis) in engrafted and host 
cardiomyocytes; refer to IHC for activated Caspase 3 below).  

We also did not find any evidence for enhanced vascularization in the host myocardium including 
myocardium in close proximity to the EHM graft (refer to lines 250-255 and new Figure 4e): 

[Redacted figure]
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Lines 250-255: 
Histological analyses confirmed a similar relative immaturity as observed in the Rhesus macaque 
model (Extended Data Fig. 8b) and lower capillary density (187±5/mm2) in EHM graft compared to the 
recipient heart (963±12/mm2; n=3 regions of interest analyzed; Figure 4e). No differences in capillary 
densities in remote myocardium and in close proximity to the EHM suggest that angiogenic paracrine 
effects are locally restricted to the EHM. 

Figure 4e: 

Despite these observations, we do not rule out that EHM implants exhibit multimodal therapeutic 
activity. A completely different study design would be required to in detail tease out paracrine vs 
remuscularization effects. In light of our previous and present data as well as the targeting of 
advance heart failure in patients without hibernating myocardium paracrine effects are less likely to 
have contributed to the observed effects. In addition, obtaining approval for a pivotal preclinical 
Rhesus macaque study, in which according to our own preliminary data limited therapeutic efficacy 
would be anticipated, is difficult to impossible. Having said this, we do not rule out that there are 
beneficial effects of paracrine therapeutics, which may in specific disease settings even be superior 
or preferable to remuscularization strategies; for example, in patients with hibernating myocardium. 
Clinical trials will have to give a definitive answer as to whether, when and how heart repair or 
protection or both would be advantageous by remuscularization or paracrine activity. 

[Redacted text and figure]
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Legend from Figure 7 in Didié et al. 201313: Retention and functional integration of PCMs after intramyocardial injection. (A and B) 
Immunofluorescent labeling of �-actinin (red, A) and connexin43 (red, B) in adult ventricular mouse heart tissue 3 weeks after injection of 
PCMs (EGFP, green; nuclei, blue). (C–F) Two-photon laser scanning microscopy of intracellular Ca2+ transients in adult mouse hearts after 
injection of PCMs: 2D-scan (C) and line-scan (D) images of stimulated (3 Hz) and spontaneous Ca2+ transients. Arrow 1, EGFP-positive cell; 
arrow 2, EGFP negative cell; the dotted line indicates the location of the line scan. Bands of increased rhod-2 fluorescence intensity reflect 
AP-induced Ca2+ transients. (E) Plots of rhod-2 and GFP line-scan data in the EGFP expressing cardiomyocyte 1 and the GFP-negative 
(native) cardiomyocyte 2 as a function of time. (F) Superimposed tracings of AP-evoked changes in rhod-2 fluorescence as a function of 
time from cardiomyocytes 1 (green) and 2 (red). For each cell, the relative changes in fluorescence were normalized such that 0 represents 
the prestimulus fluorescence intensity (F0), and 1 represents the peak fluorescence intensity.  

 
More indirect evidence for EHM:heart coupling stems from previous rat study (Zimmermann et al. 
20064), in which we conducted a high density epicardial mapping study in spontaneous beating 
Langendorff-perfused heart explants (panel a [without EHT] and b [with EHT] as well as panels c/d 
white bars [without EHM] and black bars [with EHM]) showing no delay in epicardial impulse 
propagation in EHM treated hearts as well as retrograde electrical activation after stimulation of the 
EHT graft (panel e) and uncoupling of EHT under acidification (panel f). Collectively, these data were 
suggestive of electrical host-graft coupling 4 weeks after implantation of engineered heart tissue 
(EHT) in a rat allograft model.  
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Legend from Figure 3 in Zimmermann et al. 20064: Electrical integration of EHTs in vivo. Representative plots of epicardial activation 
times in sham-operated (a) and EHT-engrafted (b) hearts. Total activation time (c) and QRS-complex voltage (d) in right, anterior, lateral 
and posterior segments of the investigated hearts. (e) Point stimulation of an implanted EHT with simultaneous recording of the 
propagated potential in the EHT and in remote myocardium showed retrograde coupling. EHT could be uncoupled after acidification of the 
hearts (f). 

 
Unfortunately, such studies cannot be performed in Rhesus macaques or human. More recently, 
iPSC-lines expressing genetically-encoded calcium-sensors5,6 and voltage tracer (RH237) infusion7 
have been used to confirm graft-host coupling in intramural cardiomyocyte and epicardial EHT grafts. 
Rhesus iPSC-lines with genetically-encoded calcium-sensors are not available to us. In addition, 
genetically-encoded sensors may be immunogenic8 and thus were deemed not well-suited for pivotal 
(IND-enabling) preclinical studies. 
 
Although we find a mechano-electrical coupling / conditioning mechanism likely, we agree that 
further studies are needed and have accordingly edited lines 284-292 of the revised manuscript: 
 
“Tissue engineered patches, by virtue of their epicardial engraftment, cannot readily establish 
canonical electromechanical connections via intercalated disks, but appear to be mechanically 
entrained over time to contribute to myocardial performance. This hypothesis is aligned with previous 
findings of mechanically induced cardiomyocyte contractility,3 observations of mechanically triggered 
contractions in EHM (Supplementary Video 3), and the finding that chronic mechanical conditioning 
(1 Hz for 120 h) leads to adaptations of EHM beating rate and rhythm (Extended Data Figure 11). 
Extensions of these studies are required to clarify the time course, mechanism, and role of mechanical 
conditioning for integration of EHM grafts.” 
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As to ectopic contractions induced arrhythmia, we can confirm that there is no evidence for EHM 
graft induced arrhythmia from any animal model studied (mice, rats, 

. 

3. The patient samples transitioning to heart transplantation in the BioVAT-HF trial could provide 
invaluable data. However, it is conceivable that these samples were targeted for heart 
transplantation precisely because they were non-responders in the clinical trial itself. In other 
words, this heart might be considered a sample that didn't achieve the desired therapeutic effects 
adequately. Was the engraftment, particularly in this human heart sample, insufficient compared 
to responders in the Rhesus macaque allograft transplantation performed in this study? If 
adequate engraftment was indeed achieved, why couldn't sufficient therapeutic effects be 
attained? Could it be attributed to factors such as the extent of preoperative cardiac impairment?
Furthermore, did arrhythmias not occur post-transplantation in this patient? While acknowledging 
that data obtained from this sample should include information that ought to be confidential 
within the BioVAT-HF trial, it is crucial for the research to demonstrate and discuss the evidence of 
therapeutic efficacy in humans regarding EHM allograft transplantation. This is important not only 
for advancing this treatment approach clinically but also for the research itself. At least, it is 
deemed necessary to ensure that the results in Rhesus macaque allograft transplantation are not 
contradictory to the data regarding therapeutic efficacy and safety in this human case.

The Rhesus macaque data are in agreement with the clinical data from BioVAT-HF, which we cannot 
include fully in the present study (study is ongoing with reporting regulated according to the clinical 
trial protocol).  The patient in our manuscript was implanted with 10x EHM.  In terms of allometric 
scaling (factor of 10), 10xEHM in human resemble 1x EHM in the macaque model. 10x EHM were 
safe, but did not reverse the advanced heart failure phenotype (refer to new Extended Data Figure 
9). The young patient was listed for heart transplantation and was upon donor organ allocation 
transplanted. In fact, in this patient EHM served as a bridge-to-transplant alternative to a left 
ventricular assist device. 

 The heart transplant provided us with invaluable data, 
demonstrating for the first time that iPSC-derived cardiomyocyte allografts are retained with no 
safety concerns. An unanticipated observation was T- and B-cell infiltration despite target level 
tacrolimus concentrations (new Extended Data Figure 10). Donor specific antibodies (DSA) were not 
detected and we cannot be certain whether the inflammatory response was directed against the 
allograft, the TachSil™ membrane or both. Collectively, the obtained data provided a solid basis for 
an accelerated dose escalation to the as per clinical trial protocol designated maximal feasible dose 
(20x EHM constructed from 800 million iPSC derived cardiomyocytes and stromal cells) under careful 
immune monitoring.  

We now provide addition information on the patient, which was successfully heart transplanted 
(lines 256-268, new Extended Data Figures 9 and 10): 

Lines 256-268: 
The patient demonstrated a stable disease course under EHM treatment (Extended Data Fig. 9). T- and 
B-cells as well as macrophage (CD68) and minimal NK-cell (CD57) infiltrations were noted (Extended 
Data Fig. 10). Donor-specific antibodies (Luminex) were not identified. Collectively, these findings 
point to a local immune response against (1) the allograft, (2) the TachoSil™ support material or (3)
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both, despite immune suppression at high target levels (Extended Data Fig. 9). Collectively, the 
obtained clinical data confirmed translatability of heart remuscularization by EHM allograft 
implantation from Rhesus macaque to human patients with advanced heart failure. It also established 
the rationale for continuation of patient treatment in the ongoing BioVAT-HF Phase I/II clinical trial 
with the maximal feasible dose according to the clinical trial protocol, i.e., 20x EHM constructed from 
800 million iPSC-derived cardiomyocytes and stromal cells. Immune cell infiltration is commonly 
observed in heart transplant patients under guideline-directed immunosuppression1 and will require 
further attention to improve outcome also in EHM-transplant patients. 

We never observed EHM-induced arrhythmia in animal models or in patients treated in 
BioVAT-HF. 

[Redacted text]
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We thank the referees for their careful review of our revised manuscript. The revisions have helped 

to improve our manuscript.  

 

Please, find our response to the comment (verbatim in bold) by reviewer #1:  

 

Referee #1 (Remarks to the Author): 

 

The authors have addressed most of the comments. However, I have an additional comment 

regarding the new Supplementary Video 3, which is quite intriguing. After physical stimulation of 

one side of the engineered heart muscle (EHM), the other side contracts. However, the interval 

between stimulation and contraction is approximately 2 seconds, which is too slow to synchronize 

with host beating hearts. Additionally, the propagation of contraction within the EHM does not 

appear sequential, which is unexpected. Please provide an explanation for this. 

 

We are delighted to have addressed most of the reviewer’s comments and thank the reviewer for 

acknowledging that the new Supplementary Video 3 provides intriguing information. In the two 

demonstrated instances of mechanical stimulation-induced contractions in ring-shaped EHM 1, we 

see an immediate contractile response of EHM 1, demonstrating that EHM sense and react to 

mechanical stimuli. Ring-shaped EHM 2 is beating spontaneously and, as expected, not affected by 

the mechanical impulse to EHM 1. Please note that the experiment was performed at room 

temperature, which explains the low spontaneous beating rate and slow contraction kinetics 

compared to what we observe at 37 °C (refer to human EHM data in Supplementary Table 2). We 

have added this information to the Supplementary Video 3 Legend: 

 

Supplementary Video 3: Mechanically triggered contraction in human EHM. Ring-shaped human 

EHM 1 (mechanically stimulated) and EHM 2 (spontaneously contracting/not mechanically stimulated) 

suspended on flexible poles of an EHM patch holding device. Recordings were performed at room 

temperature.  

 

Referee #2 (Remarks to the Author): 

 

The authors are very responsive. The responses are satisfactory. The manuscript is significantly 

improved. The findings are significant and novel. The data are solid. 

 

We thank referee #2 for the valuable support and the kind acknowledgement that our findings are 

significant and novel. 

 

 

Referee #4 (Remarks to the Author): 

 

The reviewer believes that the authors have sufficiently addressed the reviewers' concerns. The 

reviewer also understands that a detailed evaluation of the effects of paracrine factors is 

challenging within the study design using Rhesus macaques. The additional data provided by the 

authors can serve as a valuable contribution for ongoing discussions within the scientific 
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community on this point. Furthermore, the reviewer agrees that continued investigation into 

electrical and mechanical coupling is necessary. The reviewer also appreciates the effort to present 

valuable human sample data derived from the BioVAT-HF trial to the extent possible. 

 

We thank referee #4 for the kind support and acknowledgement that our data will serve as a 

valuable contribution to the field. We fully agree that despite of the presented evidence for 

mechanical conditioning of EHM (Extended Data Figure 11) further studies are required to identify 

the precise mechanism and time course of mechanoelectrical integration / synchronization after 

implantation. 
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