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Zusammenfassung des wissenschaftlichen Inhalts:

Bisher ist es nicht möglich, eine Herzinsuffizienz durch regenerative Therapien im Sinne einer echten
Wiederherstellung von Herzmuskulatur zu behandeln. Unsere Studie zeigt erstmalig, dass im Menschen
neue Herzmuskelzellen über die Applikation eines Herzpflasters auf das erkrankte Herz aufgebracht
werden können. Zudem konnte in der Studie mit Experimenten an Rhesusaffen gezeigt werden, dass
die Applikation von Herzpflastern zu einer Stärkung der Herzwand und zu verbesserter Pumpfunktion
führt. Die Herzpflaster zeigen eine Integration mit dem Herz durch eine Vaskularisierung, natürliches
Wachstum der Herzmuskelzellen und Hinweise auf eine mechano-elektrische Kopplung. Besonders
wichtig war der Befund, dass die Implantation von Herzpflastern keine sicherheitsrelevanten Ereignisse
wie Tumorbildung, Herzrhythmusstörungen, oder mechanisch ungünstige Fibrosierungsprozesse
auslöst. Die Studie war essentiell für die Translation der Herzpflastertherapie. Im Rahmen der laufenden
BioVAT-HF Studie (NCT04396899) wird die Anwendung der Herzpflaster zur Remuskularisierung von
Patienten mit Herzinsuffizienz klinisch getestet.
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To advance our previous study on tissue-engineered heart 
repair8,11,12,18 and ultimately allow clinical testing of myocardial remus-
cularization, we obtained guidance from the responsible regulatory 
authority in Germany, that is, the Paul-Ehrlich-Institut, as to the most 
adequate animal model to inform clinical translation. Considering 
the limitations of xenografting and the technical challenges associ-
ated with clinical autografting, homologous allograft implantation 
studies in a large animal model were recommended. The paucity of 
stable pluripotent stem cells from large animal species led us to focus 

on the rhesus macaque (Macaca mulatta), for which we had already 
generated induced pluripotent stem (iPS) cells23,24. Here we tested four 
different rhesus macaque iPS cell lines, including two newly generated 
lines, to obtain insight into in�vivo autograft responses (Supplemen-
tary Table�1).

All applied rhesus macaque iPS cell lines could be differentiated 
into CMs and stromal cells (StCs) with fibroblast properties (Fig.�1a) 
at high purities (identified by flow cytometry: 92�–�2% ACTN2+ CMs 
(n�=�7 batches optimized protocol); >99% VIM+ StCs (n�=�2 batches); 
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Fig. 1 | Rhesus macaque EHM formulation and characterization.   
a, Illustration of the CM and StC differentiation process starting from 
undifferentiated rhesus macaque iPS cells (left, bright field image; middle 
upper, bright field images 10�days (left) and 22�days (right) after mesoderm 
induction with immunofluorescence staining for sarcomeric actinin (ACTN2  
in green; nuclei in blue); middle bottom, bright field images 20�days after 
mesoderm and subsequent epicardial induction (left) as well as after additional 
20�days (right) of epithelial-to-mesenchymal transition induction and expansion 
with immunofluorescence staining for vimentin (VIM in green; nuclei in blue). 
Subsequent to their directed differentiation, CMs and StCs were embedded in 
bovine collagen type I hydrogels, cast into custom-made moulds and cultured 
for 28�days to obtain EHM (right) in a ring format (450-µl reconstitution volume) 

for quality control by contractility measurements and in a patch format  
(8-ml reconstitution volume)�for implantation in rhesus macaques (refer  
to Supplementary Video�1). A similar protocol was used for human EHM 
formulations. b, Cellular composition of human (n�=�18) and rhesus (n�=�4) EHM 
assessed by flow cytometry for ACTN2+ (CMs) and VIM+/ACTN2� (StCs); refer  
also to snRNA-seq and additional flow cytometry data in Extended Data Fig.�1. 
Data are presented as mean�–�s.e.m. c, Representative whole-mount stainings 
for ACTN2 (green) and nuclei (blue) in human (n�=�1) and rhesus macaque (n�=�3) 
EHM for comparison. d , Contractile function measured under isometric 
conditions and electrical field stimulation at 1.5�Hz; for details, refer to 
Supplementary Table�2). Scale bars, 1�cm (a (rightmost image), 50�µm  
(a (all other scale bars), c).



Nature  |  www.nature.com  |  3

Extended Data Fig. 1a,b) using similar protocols established for human 
iPS cells8. Purity was further confirmed by single-nucleus RNA sequenc-
ing (snRNA-seq; Extended Data Fig.�1a,b and Supplementary Note�1). In 
addition, snRNA-seq (9,994 rhesus macaque and 5,515 human nuclei) 
provided no evidence of residual pluripotent stem cell contamina-
tion. EHM constructed from rhesus macaque iPS cell-derived CMs 
and StCs displayed similar cell composition, structure and contractile 
performance as human EHM developed for clinical use (Fig.�1b�d and 
Extended Data Fig.�1c), with, however, lower maximal force of contrac-
tion (FOC) in rhesus EHM and species-specific characteristics (Sup-
plementary Table�2), including a higher beating rate25.

Before embarking on a non-human primate implantation studies, we 
first assessed the feasibility of rhesus EHM implantation in a widely used 
athymic nude rat model with ischaemia�reperfusion (I/R) injury8,18,24 
(Extended Data Fig.�2a). Fifteen rats were implanted with viable (n�=�7) 
or lethally irradiated (n�=�8) rhesus EHM (2× EHM loops constructed 
from a total of 5�×�106 cells per animal (that is, approximately 17�×�106 
cells per kilogram body weight). In agreement with our earlier data18, 
rhesus macaque CMs could be identified 4�weeks after implantation of 
viable but not lethally irradiated EHM (Extended Data Fig.�2b). Residual 
pluripotent stem cells and teratoma formation were not identified 
(Extended Data Fig.�2c). This was paralleled by an increase in ejection 
fraction (mean�–�s.e.m. of BL (baseline) and 28-day values in percent: 
47�–�4 versus 59�–�3; P�=�0.0174 by two-sided paired t-test) and stroke 
volume (mean�–�s.e.m. of BL and 28-day values in microlitres: 102�–�10 
versus 173�–�13; P�=�0.0016 by two-sided paired t-test) in rats with viable 
EHM grafts (Extended Data Fig.�2d).

To test whether iPS cell-EHM could be safely and efficaciously used 
in a translationally more relevant rhesus macaque model (Supplemen-
tary Table�3), we first implanted rhesus EHM in healthy macaques at a 
low dose (cohort 1: 1× EHM patch constructed from a total of 40�×�106 
cells, that is, approximately 4�×�106 cells per kilogram body weight; 
n�=�6 allografts and n�=�1 autograft; 3-month follow-up; Extended Data 
Figs.�3 and 4). In the first four animals of cohort 1, different immune 
suppression regimens, that is, tacrolimus (n�=�2) versus tacrolimus 
with methylprednisolone (n�=�2), were tested with evidence for bet-
ter cell retention under combined calcineurin inhibition and steroid 
administration (tacrolimus: starting dose of 0.02�mg�kg�1�d�1 and target 
trough levels of 5�15�ng�ml�1 (Supplementary Data�1); methylpredni-
solone: 0.15�mg�kg�1�d�1) before extending the study with two more 
animals under combined tacrolimus and methylprednisolone, as well 
as an autograft study (n�=�1) with no concurrent immunosuppression. 
Histopathological investigations identified similar EHM patch/CM 
retention in the allografts and autograft under these conditions (Fig.�2).

We next asked whether combined immunosuppression with tacroli-
mus and methylprednisolone (n�=�3) would support long-term reten-
tion (6�months) of a high dose (cohort 2: 5× EHM patches constructed 
from in total 200�×�106 cells, that is, approximately 20�×�106 cells per 
kilogram body weight) and whether withdrawal of immune suppres-
sion after 3�months would result in rejection of the allografts (n�=�2). 
The latter experiments tested a rescue strategy that may be applied 
to reject CM grafts in case of unwanted effects. To further investigate 
whether tacrolimus could be substituted for another calcineurin 
inhibitor, cyclosporin (starting dose: 2�mg�kg�1�d�1; target trough levels: 
140�250�ng�ml�1; Supplementary Data�1) was administered with methyl-
prednisolone (n�=�1). Similar to cohort 1, an autograft was implanted in 
one macaque. In agreement with the findings in cohort 1, CM allografts 
were retained under tacrolimus and methylprednisolone for 6�months 
(Fig.�2). Withdrawal of immune suppression after 3�months resulted 
in rejection of allograft CMs. Unexpectedly, we observed rejection of 
the autograft (no. 2500) and allograft (no. 2915) with cyclosporin and 
methylprednisolone. Donor-specific antibody (DSA) analyses revealed 
no evidence of autograft immunization in no. 2500 (Fig.�2 and Supple-
mentary Data�2). A detailed analysis of the leukocyte infiltrate in the 
corresponding 3-month autograft model (cohort 1, no. 2483) identified 

T�cell-mediated rejection with concomitant B-cell accumulation and 
no evidence of an innate immune response (Extended Data Fig.�5). 
In contrast, strong allograft immunization was observed in no. 2915 
(6-month allograft) after reduction of cyclosporin to target trough 
levels (140�250�ng�ml�1), suggesting rejection upon dose adjustment 
(Fig. 2 and�Supplementary Data�1 and 2).

An unanticipated finding in the initial EHM implantation studies 
was the formation of terminally differentiated (Ki67neg) osteochondral 
cells in five of the 14 implanted animals (0.7�35�mm2). This finding 
was EHM dose-dependent (low-dose cohort 1: one of seven animals; 
high-dose cohort 2: four of seven animals) and was not associated with 
notable side effects. We had never made such an observation in previous 
rodent studies with human EHM grafts8,18, including a�Good Laboratory 
Practice toxicity, tumorigenicity and biodistribution study (20 nude 
rats implanted with 1× EHM with 6�months of follow-up) performed as 
part of the investigator medicinal product dossier for EHM patches in 
clinical heart repair. We reasoned that the observation of osteochon-
dral differentiation was a consequence of a suboptimal response in 
rhesus iPS cells to the iPS cell CM differentiation protocol developed 
and optimized for human use. Our snRNA-seq data, in agreement with 
this hypothesis, indicated a greater heterogeneity in the rhesus iPS 
cell derivatives (Extended Data Fig.�1a) with osteochondral cells in the 
CM pool (seven in 3,874 sequenced nuclei; Supplementary Note�1). By 
extending metabolic CM selection from 4 to 7�days, the heterogeneity of 
rhesus macaque derivatives could be reduced (Extended Data Fig.�1a).

As to structural and functional consequences of EHM grafting in 
healthy macaques, we identified the anticipated EHM dose-dependent 
thickening of the target heart wall (1× EHM: +1.4�–�0.3�mm (n�=�7); 5× 
EHM: +4.5�–�0.6�mm (n�=�7) in end-diastole; P�<�0.001 by two-sided 
unpaired t-test; Extended Data Fig.�4) with no evidence for functional 
impairment in EHM-implanted animals, irrespective of the study 
conditions (Supplementary Table�4). Continuous electrocardiogram 
(ECG) monitoring (Extended Data Fig.�6a) and thorough pathological 
analyses did not raise safety concerns regarding the EHM patch implan-
tation. Clinical chemistry analyses revealed expected calcineurin 
inhibitor-related side effects (transaminitis (no. 2520) and hyperglycae-
mia (nos. 2909 and 2913)); in addition, eosinophilia after withdrawal of 
immune suppression (nos. 2869 and 2887) and elevation of N-terminal 
prohormone of brain natriuretic peptide (NT-proBNP)�elevation (no. 
2506) were observed (Supplementary Data�3).

Collectively, the adaptive experimental design in cohorts 1 and 2 
allowed us to (1) gain insight into EHM dose-dependent effects (1× versus 
5× EHM; 4 versus 20�×�106 cells per kilogram body weight), (2) identify an 
appropriate immunosuppressive regimen (tacrolimus�+�methylpred-
nisolone) and (3) confirm a rescue strategy (withdrawal of immunosup-
pression for controlled allograft rejection). Most importantly, we did 
not observe arrhythmia, tumour formation, EHM-related morbidities 
or mortality, and thus confirmed the maximal feasible dose (MFD) of 
5× EHM as a safe maximal dose in the healthy macaque model.

With the goal of investigating the safety and efficacy of EHM in heart 
failure, we set up a model of chronic heart failure in rhesus macaque 
by I/R injury in a new cohort 3 (Supplementary Table�3) with stably 
decreased local and global heart function (Extended Data Fig.�7 and 
Supplementary Table�5). Macaques were randomized to EHM implanta-
tion (2× EHM (approximately 8�×�106 cells per kilogram body weight), 
n�=�3; 5× EHM (approximately 20�×�106 cells per kilogram body weight), 
n�=�4) or control groups with (n�=�3) or without (n�=�4) immunosuppres-
sion. In the 5× EHM group, one macaque died in the post-anaesthesia 
recovery phase because of low cardiac output syndrome. The remaining 
EHM-implanted macaques had a clinically uneventful follow-up with 
tacrolimus-induced side effects (transaminitis and � glutamyl trans-
ferase elevation (nos. 2819 and 2884), hypertriglyceridaemia (nos. 2884 
and 2907), hyperglycaemia (nos. 2907, 2819 and 2884) and combined 
hyponatraemia and hypochloraemia (nos. 2907, 2819 and 2884) in some 
animals; Supplementary Data�3). We attributed the higher incidence 
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and prevalence of tacrolimus-induced side effects in cohort 3 to the 
higher tacrolimus dosing, which we administered for better allograft 
retention (average trough concentration in cohorts 1 and 2 versus 3: 

12�–�4 versus 18�–�6�ng�ml�1 (mean�–�s.d.)). Under this revised protocol, 
no DSAs were observed at any time during the 6-month study period 
(Fig.�2 and Supplementary Data�2). Analysis of peripheral blood-derived 
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Fig. 2 | Histopathology and 
allosensitization.  a,b, Haematoxylin  
and eosin (H&E) and desmin (brown with 
haematoxylin-stained nuclei) stains 
highlighting the host left ventricle (LV)/graft 
(EHM) interface in rhesus macaque no. 2520 
(with allograft) (a) and no. 2483 (with 
autograft) (b). c, Quantification of the EHM 
graft area. d�f, CM (desmin+) engrafted area 
(inset: representative CM with regularly 
registered Z bands in brown (sarcomeric 
actinin (ACTN2)) (d), ratio of CM/EHM graft 
area (e) and area covered by inflammatory 
cells (leukocytes) (f ). g, Desmin (brown) 
with haematoxylin-stained nuclei 
highlighting the largest osteochondral 
differentiation observed in the study  
(in rhesus macaque no. 2506; cohort 2 
allograft). h , Quantification of cartilage/
bone structures; note that in cohort 3, 
target tacrolimus trough levels were 
increased from approximately 10�ng�ml�1 
(cohorts 1 and 2) to approximately 
20�ng�ml�1 (details in Supplementary Data�1), 
and metabolic CM selection was extended 
to reduce potential osteochondral cell 
impurities (refer to Extended Data Fig.�1a (ii) 
versus (iii)). Bar graphs (n�=�1, 2, 4, 1, 3, 2, 1, 3 
and 3 animals from left to right): autograft 
data are in blue; allograft data obtained 
under immune suppression with tacrolimus 
and methylprednisolone are in red; 
additional experimental groups in white; 
s.e.m. included in groups with three or 
more biological replicates. Immune 
suppression protocols are summarized 
below the bar graphs. (X) indicates 
withdrawal of immune suppression after 
3�months to induce allograft rejection.  
i–l , Detection of DSAs in serum from 
EHM-implanted macaques directed against 
iPS cell-derived CMs or StCs (marked with �) 
from the individual EHM preparations at 
the indicated time points. Cells were left 
unstimulated (i ,k ) or stimulated with 
interferon-� (IFN�) to enhance major 
histocompatibility complex (MHC) I 
expression ( j ,l ). Mean fluorescence 
intensity (MFI) (i ,j) and the proportion of 
stained cells in percentage of total cell 
number determined by flow cytometry (k ,l) 
(details in Supplementary Data�2). Scale 
bars, 200�µm (a,b,g) and 50�µm (d).
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T�cells (CD3+, CD4+ and CD8+), B cells (CD20+), natural killer cells (CD8+/
CD159a+) and dendritic cells (CD11c+) indicated no significant differ-
ence in frequency and activation (CD69+, CD80+ and HLA-DR+) of the 
respective leukocyte subsets in the investigated groups (Source Data: 
Flow cytometry). Finally, negligible leukocyte infiltration was observed 
in the autopsy material with higher (approximately twofold) CM reten-
tion than that observed in cohorts 1 and 2 (Fig.�2d). EHM graft identity 
was further confirmed by genomic microsatellite analysis (Extended 
Data Fig.�8a).

In line with the now better controlled CM purity, only minute foci with 
osteochondral differentiations (0.015 and 0.4�mm2) were observed in 
two animals implanted with 2× EHM and not in the animals implanted 
with 5× EHM. Similarly, as in the healthy macaques, we observed a sus-
tained dose-dependent augmentation of the target heart wall thickness 
(mean�–�s.e.m.: +1.5�–�0.8 (n�=�3) and +2.2�–�0.1 (n�=�3) mm in end-diastole 
in the 2× and 5× EHM groups versus �0.03�–�0.07�mm (n�=�7) in controls; 
P�=�0.0128 and P�<�0.00001 by two-sided unpaired t-test; Fig.�3a�c). 
Three (nos. 2819, 2884 and 16721) of six treated macaques (two from the 
5× EHM group) presented with a sustained enhancement of target heart 
wall contractility (thickening fraction; mean�–�s.e.m.: +21�–�0.2% (n�=�3) 
versus +0.6�–�3.3% (n�=�7; controls); P�=�0.0039 unpaired two-sided 
t-test); one (no. 2907) of the EHM-treated macaques demonstrated a 
similar but apparently transiently enhanced heart wall contractility 
(Fig.�3d). Three (nos. 2819, 2884 and 2907) of the four macaques with 
enhanced target heart wall function also demonstrated an improved 
left ventricular ejection fraction (mean�–�s.e.m.: +7�–�3% (n�=�3) versus 
�2�–�2% (n�=�7; controls); P�=�0.0389 unpaired two-sided t-test; Fig.�3e 
and Supplementary Table�5). In agreement with cohorts 1 and 2, patho-
logical analyses of cohort 3 heart explants (Extended Data Fig.�9) and 
ECG monitoring (Extended Data Fig.�6b) did not raise safety concerns 
related to EHM implantation.

Sustainable and impactful remuscularization requires functional 
vascularization. Gadolinium-based�perfusion magnetic resonance 
imaging (MRI) measurements in a macaque (no. 2819) with clear sepa-
ration of the host and graft (5× EHM) myocardium showed stable but 
attenuated perfusion compared to the remote myocardium during 
follow-up (Fig.�4a). In agreement with this observation, vasculariza-
tion of EHM grafts was confirmed by histopathological analyses with 
no differences at 3�months (cohort 1) and 6�months (cohorts 2 and 3), 
that is at the study end points (281�–�37 versus 1,262�–�71 (left ventricle) 
and 1,145�–�59 (right ventricle) blood vessels per square millimetre; 
n�=�20 animals; Fig.�4b). Engrafted CMs were terminally differentiated 
(Ki67neg) and smaller (1,678�–�45�µm2; n�=�13 animals) than left ventri-
cle (4,804�–�172�µm2) and right ventricle (3,685�–�226�µm2) CMs of the 
recipient animals (n�=�20; Fig.�4c). 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 immature myocardium) compared to 
MLY2 (myosin light chain isoform in adult ventricular myocardium), 
indicated a relative immaturity of the implanted versus host CMs. 
Engrafted CMs showed evidence of intercalated disk formation (CDH2), 
with sparse expression of the gap junction protein connexin 43 (GJA1; 
Extended Data Fig.�8b).

Owing to the availability of a heart from a patient who success-
fully underwent heart transplantation in the BioVAT-HF Phase 1/2 
first-in-patient trial (Fig.�5a), we can provide clinical proof of CM reten-
tion after EHM implantation (10× EHM constructed from 400�×�106 
CMs and StCs; Fig.�5b,c). As observed in the rhesus macaque model, 
engrafted CMs remained smaller (947�–�35�µm2; n�=�62) than the recipi-
ent heart CMs (3,632�–�168; n�=�33) (Fig.�5d). Histological analyses con-
firmed a similar relative immaturity as observed in the rhesus macaque 
model (Extended Data Fig.�8d) and lower capillary density (187�–�5�mm�2) 
in the EHM graft than in the recipient heart (963�–�12�mm�2; n�=�3 regions 
of interest analysed; Fig.�5e). No differences in capillary densities in 
the remote myocardium and in close proximity to the EHM suggest 

that angiogenic paracrine effects are locally restricted to EHM. Graft 
identity was confirmed by single-nucleotide variant (SNV) analyses 
(Extended Data Fig.�8c). The patient demonstrated a stable disease 
course under EHM treatment (Extended Data Fig.�10). T�cells and B cells, 
as well as macrophage (CD68) and minimal natural killer-cell (CD57) 
infiltrations, were noted (Extended Data Fig.�11). DSAs (Luminex) were 
not identified. Collectively, these findings indicate 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.�10). Collectively, the obtained clinical data confirmed the 
translatability of heart remuscularization by EHM allograft implanta-
tion from rhesus macaques to human patients with advanced heart 
failure. It also established the rationale for continuation of patient 
treatment in the ongoing clinical trial with�the MFD according to the 
clinical trial protocol�(Supplementary Note 2), that is, 20× EHM con-
structed from 800 million iPS cell-derived CMs and StCs. Immune cell 
infiltration is commonly observed in heart transplant patients under 
guideline-directed immunosuppression26 and will require further atten-
tion to improve the outcomes in EHM transplant patients.

To conclude, here we report on tissue-engineered myocardial heart 
muscle allograft and autograft implantation with long-term follow-up 
(n�=�7 for 3�months and n�=�13 for 6�months) in a clinically relevant 
homologous large animal model, providing clear evidence for sus-
tained and functionally relevant remuscularization without unaccep-
table side effects. Importantly, no arrhythmia and tumour formation 
were observed in any of the EHM-implanted macaques (n�=�20), which 
completed follow-up with 66 EHM patches implanted (constructed 
from 2.64�×�109 iPS cell-derived CMs and StCs). We assumed that EHM 
graft vascularization was key for preservation as well as the observed 
adaptive CM growth, and that the initial survival of EHM must have 
been supported by relative immaturity-related hypoxia resistance and 
anaerobic glycolysis until vascularization was established. No evidence 
for arrhythmia induction despite palpable remuscularization is encour-
aging because it contrasts findings from direct CM injection studies4�7. 
This fundamental difference may be the result of different modes of 
electrical integration. Intramurally injected CMs are clearly capable 
of coupling12 and ectopic firing, leading to engraftment arrhythmia in 
large animal models5�7, which may be attenuated by genetic depletion 
of depolarizing ion channels27. Tissue-engineered patches, by virtue 
of their epicardial engraftment, cannot readily establish canonical 
electromechanical connections via intercalated discs, but appear 
to be mechanically entrained over time to contribute to myocardial 
performance. This hypothesis is aligned with (1) previous findings of 
mechanically induced CM contractility28, (2) observations of mechan-
ically triggered contractions in EHM (Supplementary Video�3) and  
(3) the finding that chronic mechanical conditioning (1�Hz for 120�h) 
leads to adaptations of the EHM beating rate and rhythm (Extended Data 
Fig.�12). Additional studies are required to clarify the time course�of, 
mechanism�of and role of mechanical conditioning�in integration of 
EHM grafts.

On the basis of the presented rhesus macaque data, we have obtained 
approval for the first-in-patient BioVAT-HF-DZHK20 Phase 1/2 clinical 
trial (ClinicalTrials.gov NCT04396899) to investigate the safety and 
efficacy of tissue-engineered heart repair by epicardial implantation of 
EHM allografts. The availability of a human heart explant from an early 
BioVAT-HF patient (10× EHM dose level) allowed us to present proof of 
concept for clinical translatability of EHM-based remuscularization of 
the failing human heart and in the particular patient case supporting 
evidence for the suitability of EHM as a bridge-to-transplant treatment 
in advanced heart failure. Moreover, the data were key to the decision to 
increase the EHM allograft dose in BioVAT-HF to the�MFD (20× EHM), as 
outlined in the study protocol�(Supplementary Note 2). Lessons learned 
from BioVAT and other ongoing clinical trials testing pluripotent stem 
cell-derived CM implantation29,30 will improve our understanding of 
whether and how remuscularization of the failing human heart can 
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Fig. 3 | EHM allografts enhance local and global heart function by 
remuscularization in a chronic heart failure model.  a, Representative images 
of a rhesus macaque heart without (no. 2750) and with (no. 16356; 2× EHM) EHM 
graft 6�months after implantation; total times on study were 367 (no. 2750) and 
341 (no. 16356) days, respectively; this included follow-up after randomization 
into the immune suppression (ISP) control (no. 2750) and 2× EHM (no. 16356) 
groups for 173 and 167�days, respectively. b, CM retention 6�months after 
epicardial implantation of a 5× EHM (no. 2819; refer to Fig.�2 for a summary  
of the histopathological findings). c�e, MRI data: EHM dose-dependent 
thickening of the target heart wall with no effect on the contralateral heart wall 
(both parameters recorded in diastole) (c); target heart wall thickening fraction 
(local function; d) and ejection fraction (global function; e); aggregated values 

and data separated into responders and non-responders (cutoffs 20% in d  
and +5% in e indicated by striped lines; refer to Supplementary Table�5 for a 
summary of obtained MRI data). All MRI data in cohort 3 were analysed in long- 
axis two-chamber or four-chamber views to properly identify the mid-anteriorly 
to apically implanted EHM. Data are presented as mean�–�s.e.m. Exact P values 
were calculated by two-way repeated measures analysis of variance with 
Greenhouse�Geisser correction and Dunnett�s multiple comparison testing. 
*From left to right: 0.0148, 0.0349, 0.0143 and 0.0150 versus BL; §Ctr versus 2× 
EHM: 0.0464 and Ctr versus 5× EHM: 0.0002 (c); Ctr versus responder: 0.0106 
(d); Ctr versus 5× EHM: 0.0345 and Ctr versus responder: 0.0065 (e). Ctr: no ISP 
and ISP combined; n�=�7. Scale bars, 10�mm (a), 2�mm (b).
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Fig. 4 | Evidence for EHM allograft vascularization and perfusion.   
a, Gadolinium (Gd)-based perfusion MRI data obtained in 5× EHM-implanted 
rhesus macaque (no. 2819) with evidence for functional vascularization of EHM 
grafts in a heart failure model at the indicated time points. Left, the regions of 
interest, from which the Gd signal was reported, are encircled and distinguished 
as EHM and remote myocardium. The lower magnetic resonance images  
depict a CINE and the respective Gd-based perfusion images recorded at the 
indicated time points 4�weeks after EHM (marked by arrows) implantation.  
b, Histopathological analysis of vascularization in EHM and remote myocardium 
after immunohistochemistry staining for von Willebrand factor (vWF) (brown; 
experimental animal no. 2819). c, Histopathological analysis of CM size in EHM 
and remote myocardium after immunohistochemistry staining for desmin 

(brown; experimental animal no. 2819). Violin plots in b  and c with data points 
from all EHM-implanted animals (cohorts 1�3) at the respective study end 
points, that is, 3 and 6�months after EHM implantation (n�=�20). Medians are 
indicated by striped blue lines; quartiles (25% and 75%) are indicated by striped 
red lines. Cohorts 1�3, animals under tacrolimus and methylprednisolone  
(Tac�+ MP); Cyc�+�MP, animal with cyclosporin and methylprednisolone;  
RV, right ventricle; Tac, animals with tacrolimus only; Withdrawal, animals  
with withdrawal of tacrolimus and methylprednisolone 3�months after EHM 
implantation. Exact P values obtained by one-way analysis of variance with 
Tukey�s multiple comparison testing are presented in b,c; exact P value 
unpaired two-tailed Student�s t-test for left ventricle versus right ventricle 
comparison is presented in c. Scale bars, 100�µm.
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Fig. 5 | Remuscularization of the human heart. a, Explanted heart obtained 
3�months after EHM implantation from a successfully heart transplanted 
BioVAT-HF patient (ID: 27016). EHMs were macroscopically visible as epicardial 
grafts (encircled) and are marked with asterisks in the cross-section (right). 
Inset, schematic of two arrays of overlapping single-layer EHM grafts applied  
in the patient. b,c, Overview and higher-power magnifications (b) of a cross- 
section with immunohistochemical labelling of desmin (brown; nuclei in blue 
(haematoxylin)); note the extension of the CM across the epicardial surface 
(asterisks) and the registered sarcomere patterning along the epicardial surface, 
which is similarly visible in haematoxylin and eosin (H&E) stains (c). d , Summary 
of the evaluation of CM length (end to end), breadth (cross-section at the nucleus 
level) and CM area (length�×�breadth). Violin plots with dots representing data 
from individual CMs in EHM (n�=�62) and host myocardium (n�=�33); medians 

indicated by striped blue lines and quartiles (25% and 75%) indicated by striped 
red lines. Exact P values obtained by unpaired two-tailed Student�s t-test are 
presented. e, Immunohistochemical and immunofluorescence labelling of 
CD31+ endothelial cells with a quantification of capillary density in the EHM 
graft�as well as the adjacent and remote recipient myocardium. Dots represent 
fields of view analysed for CD31-positive capillaries. Violin plots with dots 
representing the capillary density (n�=�3 per group) in EHM graft as well as 
adjacent (proximity) and remote host myocardium; medians indicated by a 
striped blue line and quartiles (25% and 75%) indicated by striped red lines. Exact 
P value (same for�EHM versus proximity and EHM versus remote) obtained by 
one-way analysis of variance with Tukey�s multiple comparison testing is 
presented. Scale bars, 5�cm (a, left and inset) and 1�cm (a, right), 2�mm (b, top), 
200�µm (b, middle) and 20�µm (b, bottom), 20�µm (c,e).
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