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Whereas mammals undergo endogenous cardiac regen-
eration during development and shortly after birth1,2, 
the regenerative capacity of the human heart in adult-

hood is markedly low3. The inability to replace lost myocardium is 
accompanied by extensive tissue remodelling and fibrosis4, leaving 
patients with cardiac disease vulnerable to heart failure. Although 
several drugs and mechanical devices can moderately improve 
cardiac function, they do not replace lost cardiomyocytes (CMs) 
or abolish fibrotic scar formation5,6. Biotherapies have emerged as 
innovative strategies for heart repair7–10. Induction of endogenous 
CM proliferation11–14, in vivo direct reprogramming of non-CMs 

to a cardiac fate15 and exogenous transplantation of human plu-
ripotent stem cell (hPSC)-derived CMs16–18 or cardiac progenitors19  
have been recently explored as potential approaches to generate 
de novo myocardium.

Studies in lower vertebrates, where robust cardiac regeneration 
occurs throughout life, have demonstrated that endogenous heart 
repair is a highly coordinated process involving inter-lineage com-
munication, cellular de-/re-differentiation, migration and extra-
cellular matrix (ECM) remodelling without fibrotic scarring20–23. 
Similar programmes are the foundation of organ morphogenesis 
and are inherent of embryonic cardiac progenitors. During heart 
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Heart regeneration is an unmet clinical need, hampered by limited renewal of adult cardiomyocytes and fibrotic scarring. 
Pluripotent stem cell-based strategies are emerging, but unravelling cellular dynamics of host–graft crosstalk remains elusive. 
Here, by combining lineage tracing and single-cell transcriptomics in injured non-human primate heart biomimics, we uncover 
the coordinated action modes of human progenitor-mediated muscle repair. Chemoattraction via CXCL12/CXCR4 directs cellu-
lar migration to injury sites. Activated fibroblast repulsion targets fibrosis by SLIT2/ROBO1 guidance in organizing cytoskeletal 
dynamics. Ultimately, differentiation and electromechanical integration lead to functional restoration of damaged heart mus-
cle. In vivo transplantation into acutely and chronically injured porcine hearts illustrated CXCR4-dependent homing, de novo 
formation of heart muscle, scar-volume reduction and prevention of heart failure progression. Concurrent endothelial differ-
entiation contributed to graft neovascularization. Our study demonstrates that inherent developmental programmes within 
cardiac progenitors are sequentially activated in disease, enabling the cells to sense and counteract acute and chronic injury.
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development, defined embryonic precursors, including first heart 
field (FHF) and second heart field (SHF), give rise to distinct car-
diac compartments and cell types24,25. While FHF cells differentiate  
early into CMs of the primitive heart tube, ISL1+ SHF has 
broader lineage potential and its differentiation is preceded by an  
extensive proliferation and directed migration into the form-
ing myocardium26–28. We recently reported the generation of an 
enriched pool of hPSC-derived ISL1+ ventricular progenitors 
(HVPs), which can expand and differentiate into functional ven-
tricular CMs in vitro and in vivo29.

In this Article, we sought to determine whether HVPs could 
effectively promote heart regeneration by orchestrating sequential 
programmes of cardiac development, ultimately leading to de novo 
myocardium formation and positively influencing fibrotic scar 
remodelling.

Results
HVPs functionally repopulate a tissue model of chronic heart 
failure. To molecularly dissect HVP-mediated cardiac repair at 
the single-cell level, we utilize an ex vivo non-human primate 
(NHP) adult heart tissue model imitating key steps of heart failure. 
NHP left ventricle (LV) slices were cultured in biomimetic cham-
bers30, allowing structural and functional preservation for 14 days  
(Fig. 1a,b and Extended Data Fig. 1a). Thereafter, progressive loss of 
contractile force coincided with increased CM apoptosis (Fig. 1b,c  
and Extended Data Fig. 1a,b). NKX2.5eGFP/wt human embryonic 
stem cells (hESC) were coaxed towards ISL1+/NKX2.5+ heart pro-
genitors using our protocol enriching for HVPs29, with small num-
bers of multipotent ISL1+ precursors31 (Fig. 1a and Extended Data  
Fig. 1c). After magnetic-activated cell sorting (MACS)-based deple-
tion of undifferentiated hESCs, cells were seeded onto NHP-LV slices 
by bioprinting (Extended Data Fig. 1c,d). Expression of enhanced 
green fluorescent protein (eGFP) enabled live tracing of HVPs 
and their derivative CMs (Extended Data Fig. 1e). Labelling with 
5-ethynyl-2-deoxyuridine (EdU) and activated caspase-3 (ClCasp3) 
indicated that eGFP+ cells were highly proliferative until day 14 
(D14), but stopped by D21 when NHP-CMs underwent substantial 
apoptosis (Fig. 1c and Extended Data Fig. 1b,f). This corresponded 
to extensive differentiation towards CMs and ISL1 downregulation 
(Extended Data Fig. 1g). Remarkably, heart slices gradually regained 
contraction in the third week of co-culture (Extended Data Fig. 1e), 
reaching 2 mN force, and maintained to D50 (Fig. 1b and Extended 
Data Fig. 1e). Atrial and ventricular markers (MLC2a/MLC2v) 
revealed that ∼81% of eGFP+ cells acquired ventricular identity by 
D50 (Fig. 1d). By then, most eGFP+/MLC2v+ CMs were rod shaped 
with well-aligned myofibrils, structural characteristics of matura-
tion (Fig. 1d). A small proportion of cells expressing endothelial 
marker CD31 were detected (Fig. 1e), probably from multipotent 
precursors within the HVP pool.

To establish a molecular roadmap for HVP specification and 
maturation, we profiled cells on D0 and eGFP+ cells from D3 and 
D21 ex vivo co-culture by single-cell RNA sequencing (scRNA-seq). 
We integrated data with our published scRNA-seq from D − 3 of 
in vitro differentiation32. Unsupervised clustering identified seven 
stage-dependent subpopulations (Fig. 2a). On D − 3, corresponding 
to cardiac lineage commitment33, cells expressed high levels of early 
cardiac mesodermal genes (EOMES, MESP1 and LGR5). On D0, 
cells distributed into four distinct clusters: transcriptomes of early 
(KRT18 and ID1), intermediate (KRT8 and PRDX1) and prolifer-
ating (TOP2A and CCNB1-2) progenitor states including cardiac 
mesenchymal cells (PLCE1 and PPA1). Transcripts related to ECM 
organization (DCN, TIMP1, LUM, FN1 and COL3A1) and ven-
tricular structure/maturation (MYL3, TTN, TNNC1, ACTC1 and 
PLN) defined late eGFP+ cells and ventricular CMs on D3 and D21  
(Fig. 2a,b, Extended Data Fig. 2a and Source Data Fig. 2). Once 
aligned in a pseudotime trajectory34, D3 cells bifurcated into two 

lineages: endothelial-committed progenitors and HVPs with their 
CMs (Fig. 2c and Extended Data Fig. 2b).

Gene Ontology (GO) enrichment analysis of differentially 
expressed genes (DEGs) in cells from D0 to D21 revealed progres-
sive activation of terms related to cardiac ventricular morphogen-
esis or maturation, while pathways relevant to cardiac progenitor 
state, such as ECM organization, cell cycle and canonical BMP sig-
nalling, were gradually suppressed (Fig. 2d). On D3, a significant 
enrichment of pathways important for progenitor proliferation and 
cardiac growth was detected, including canonical Wnt, ERK1/2 and 
TOR signalling (Fig. 2d). Interestingly, genes upregulated in HVPs 
at the early time of co-culture also associated with cell migration, cell 
projection organization, cytokine production and response to TGFβ 
(Fig. 2d), suggesting a specific sensing-reacting response of HVPs 
to the tissue environment. Notably, enriched vasculature develop-
ment confirmed the potential of some early precursors to differen-
tiate into vessels. To define the maturation of HVP-derived CMs, 
we integrated our data with published scRNA-seq of in vivo human 
adult ventricular muscle35 in pseudotime (Fig. 2e and Extended 
Data Fig. 2c). D21 eGFP+ cells partially allocated together with 
adult ventricular CMs at the end of the differentiation trajectory 
and expressed high levels of structural, functional and metabolic 
genes characteristic of the adult state (Fig. 2e and Extended Data 
Fig. 2c). Quantitative PCR with reverse transcription (qRT–PCR) 
confirmed progressive myofibril maturation (sarcomeric isoform 
switching) and electrophysiological/Ca2+-handling maturation of 
eGFP+-CMs from D14 to D21 (Extended Data Fig. 2d).

Collectively, our single-cell transcriptomic analyses facilitated 
the construction of a differentiation route through which early 
mesodermal cardiac progenitors generate mature CMs in response 
to signalling cues of a dying myocardium.

HVPs migrate and remuscularize acutely damaged myocar-
dium. Next, we designed an acute injury model in NHP-LV slices 
to simulate tissue death and elucidate HVP properties in response 
to injury (Fig. 3). We used radiofrequency ablation (RFA), clini-
cally employed to terminate arrhythmogenic foci, to consistently 
destroy a defined area of cellular compartment, leaving the ECM 
scaffold intact (Extended Data Fig. 3a). Gradually, progressive 
invasion of activated cardiac fibroblasts (CFs) expressing the dis-
coidin domain receptor 2 (DDR2) and increased collagen type I 
deposition were visible in the RFA-injured area, with tissue scar-
ring by D21 (Extended Data Fig. 3b). We seeded equal amounts of 
NKX2.5eGFP/wt HVPs or CMs onto bioprinted pluronic frames on 
one side of the NHP-LV slices, generated RFA injury on the oppo-
site and evaluated the cellular response to the damage by eGFP live 
imaging (Fig. 3a). Fluorescence-activated cell sorting (FACS) analy-
sis of the cells before seeding indicated their purity (Extended Data  
Fig. 3d). Contrary to CMs, HVPs departed from their deposition site 
and directionally migrated towards the injured region, colonizing it 
within 4 days (Fig. 3a and Extended Data Fig. 3e). By D15, HVPs 
differentiated into CMs and the RFA area appeared remuscular-
ized, with new eGFP+-CMs properly organized on D21 (Fig. 3b,c).  
Proliferation rate of eGFP+ cells at the RFA injury declined pro-
gressively from D7 to D21 (Fig. 3d), confirming CM maturation. 
Significant reduction of scar volume was measured in HVP-treated 
heart slices, and tissue contractile function improved (Fig. 3e,f and 
Extended Data Fig. 3f). Real-time intracellular Ca2+ analysis dem-
onstrated that, unlike CM-treated heart slices, Ca2+ waves propa-
gated through the RFA injury when HVPs had been applied; here, 
HVP-derived CMs displayed intracellular Ca2+ concentration oscil-
lations similar to and synchronized with the adjacent native NHP 
myocardium (Fig. 3g), indicative of electromechanical integration.

To dissect the mechanisms underlying directed HVP migration 
towards RFA and the subsequent positive remodelling during the 
scarring process, we evaluated the cellular composition of the tissue 
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around and at the injury site. One day after RFA, activated DDR2+ 
NHP CFs heavily populated the border zone and reached the dam-
aged area before eGFP+-HVPs; both cells co-existed in the injured 

and surrounding regions after 1 week (Fig. 3h). Subsequently, the 
RFA site was predominantly colonized by eGFP+ cells and the border 
zone by NHP DDR2+ CFs (Fig. 3h). These observations suggested 
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that cell–cell communication through chemokines or physical inter-
action between host CFs and human progenitors might instruct 
HVP migration, HVP differentiation and scar remodelling.

CXCL12/CXCR4 signalling mediates HVP chemotaxis to injury 
sites. Developmentally, ISL1+ HVPs are highly migratory during 
heart tube extension24. To elucidate the mode of HVP migration, we 
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performed a trans-well migration assay, where HVPs were placed 
on a permeable membrane and RFA-injured or uninjured NHP-LV 
slices at the bottom (Extended Data Fig. 3g). RFA significantly 
boosted migration. Interestingly, while multiple, homogeneously 
distributed RFAs prompted HVPs to migrate evenly, a directional 
migration towards the injured area was observed with a single RFA. 
No migration after RFA in decellularized NHP-LV slices confirmed 
that HVP migration is dependent on a chemoattractant gradient 
specifically arising from NHP cells at the damaged area (Extended 
Data Fig. 3g,h).

To molecularly examine the directed HVP chemotaxis and 
response, we profiled eGFP+ cells migrating (24 h, 485 cells) and 
arriving at the RFA injury (48 h, 269 cells) together with eGFP− 
tissue-resident host cells (315 cells) by scRNA-seq (Fig. 4a). Seven 
clusters (0-6) were recovered, grouped into three populations  
(Fig. 4a, Extended Data Fig. 4a and Source Data Fig. 4). Clusters 1 
and 4 belonged to the NHP group and mapped to CFs and mono-
cytes/macrophages. Human cells formed the other two groups. One 
contained four clusters, which were classified as: early HVPs (rich 
in metabolic genes such as MBOAT1, UQCRQ and MT-ND1,2,4,5,6, 
but lacking CM transcripts; cluster 0), activated HVPs (LAMA5, 
FLRT2 and TNC; cluster 2), proliferating HVPs (TOP2A, CDC20 
and CCNB2; cluster 5), and early ventricular CMs (MYH6, MYL3 
and TNNC1; cluster 6). The second group encompassed a homo-
geneous population of HVPs (cluster 3) characterized by high 
expression of genes involved in chemotaxis (NRP1, CCL2-19-21, 
CXCL2-6-8-12, ITGB1, WASF1, RPS4X and INPPL1), a unique gene 
signature not captured before. GO analysis of DEGs between cluster 
3 and the other HVP clusters identified enrichment related to cell 
motility, chemotaxis, actin filament organization, axon-guidance 
cues and ECM organization (Extended Data Fig. 4b), supporting 
the migratory feature of this population. We also characterized 
the intercellular communication signals between HVPs and NHP 
cardiac cells by performing an in silico single-cell receptor–ligand 
pairing screen. We found over-representation pairing of CXCL12 
as ligand with several membrane receptors: CXCR4, SDC4, ITGB1 
and ACKR3 (Fig. 4b). While CXCL12, SDC4 and ITGB1 were 
expressed in HVPs and NHP fibroblasts, CXCR4 and ACKR3 recep-
tors were highly enriched in the HVPs (Extended Data Fig. 4c).  
Trans-well migration assays under gain- and loss-of-function 
conditions demonstrated that HVPs exhibited enhanced migra-
tory behaviour under CXCL12 as chemoattractant, which was 
reduced by blocking antibodies of CXCR4 or SDC4 and pharma-
cological inhibition of CXCR4 via ADM3100 (Fig. 4c). Notably, 
binding of CXCL12 to SDC4 facilitates its presentation to CXCR4  
(ref. 36). ADM3100 treatment was sufficient to inhibit HVP migra-
tion towards the RFA-injured area in NHP-LV slices (Extended 
Data Fig. 4d). Collectively, our data support the hypothesis that 
HVPs expressing CXCR4 sense CXCL12 secreted by CFs at the 

injury site as a chemoattracting signal to repopulate the damaged 
myocardium. Similarly, chemokine-controlled deployment of SHF 
cells has been identified as intra-organ crosstalk between progeni-
tors and FHF CMs during mouse cardiogenesis37, suggesting that 
migration programmes that are functional during development are 
re-activated in HVPs during regeneration.

Dynamical cellular states underlie HVP regenerative potential. 
To capture transition cell types and analyse the stepwise process 
of HVP-mediated cardiac repair, we integrated scRNA-seq data 
from HVPs (D0, 24 h, 48 h after RFA injury, and HVP-derived 
CMs on D21 co-culture; 2,114 cells) and generated a diffusion 
map of tissue-damage-induced cardiac differentiation (Fig. 4d,e). 
Heat mapping of gene expression with cells ordered in the trajec-
tory revealed a temporal sequence of events and identified cells at 
intermediate stages of injury sensing and injury response (Extended 
Data Fig. 5a). Dot plotting illustrated gene signature shifts among 
different stages (Fig. 4f). In the first 24 h after injury, HVPs ‘sense’ 
the tissue damage and activate gene programmes for ECM remod-
elling (COL6A1, ADAMTS9 and FLRT2), secretion and response 
to cytokine (SPP1, STX8, TGFBI and IL6ST), as well as initiation 
of migration (PLAT). Subsequently (48 h), they upregulate genes 
typical of migratory cells, including transcripts for chemoattrac-
tion (PLXNA2, CMTM3 and CXCL12), cell motility (SNAI1, SNAI2, 
FAT1 and TIMP1), cytoskeleton organization (ARPC2), axon guid-
ance (SLIT2, NFIB and UNC5B) and cell projection (RGS2, THY1 
and ITGA1). During the migratory state, gene signatures of secre-
tion (COPB2, VPS35 and SPTBN1) and cardiac muscle differentia-
tion (VCAM1, MHY6, PALLD and TMOD1) become increasingly 
important as a counteracting response to injury (Fig. 4f). Mass 
spectrometry analysis of supernatants from NHP-LV slices 48 h 
after RFA injury revealed a significant upregulation of secreted pro-
teins in the presence of HVPs (Extended Data Fig. 5b). The major-
ity are involved in ECM organization (HSPG2, SPARC and FN1) 
and fibrotic/inflammation response (FSTL1, PRDX1 and SPTAN1), 
reinforcing the concept of HVP-influenced scar remodelling.

SLIT2/ROBO1 mediates HVP-guided fibroblast repulsion. CFs 
are essential in cardiac development and repair2,38. To investigate 
the temporal and spatial crosstalk between CFs and HVPs in our 
ex vivo cardiac injury model, we isolated CFs from NHP hearts, 
stably expressed dsRed by lentiviral transduction and performed 
live imaging of co-culture with NKX2.5eGFP/wt HVPs. RFA injury 
was applied on one site of the dsRed+-CF monolayer, while seeding 
of NKX2.5eGFP/wt HVPs on the other (Fig. 5a). Like the native tis-
sue, dsRed+-CFs were the first to invade the injured area, followed 
by eGFP+-HVPs within 5 days (Fig. 5a). Remarkably, while HVPs 
were directly chemoattracted to the injury, CFs appeared dynami-
cally repelled at the contact sites with migrating HVPs (Fig. 5b and 

Fig. 3 | HVPs show directed migration towards acute cardiac RFA injury and remuscularize the scar. a, Left: schematic of experimental design for 
selective seeding of NKX2-5eGFP/wt hESC-derived HVPs or CMs onto bioprinted frame on NHP heart slices and RFA injury on the opposite tissue site. 
Right: live imaging of eGFP signal on indicated days. Scale bars, 200 µm. b, Representative immunostaining of a-GFP and cTNT in NHP constructs on D15 
and D21 after RFA. Magnifications of framed areas are shown in adjacent panels. Scale bars, 200 µm (D15), 100 µm (D21) and 10 µm (magnifications). 
c, Statistical analysis of GFP+ HVPs expressing cTNT on D15 and D21. Data are mean ± s.e.m. and individual data points; n = 6 biological replicates per 
timepoint; ***P < 0.001 (t-test). d, Left: immunofluorescence images of proliferating (PH3+) cells on D7 and D21. Right: statistical analysis of PH3+/GFP+ 
cells on D7, D15 and D21. Data are mean ± s.e.m. and individual data points; n = 3 biological replicates per timepoint; **P < 0.005 (one-way ANOVA). 
Scale bar, 100 µm. e, Statistical analysis of relative reduction of scar volume with HVPs compared with CMs on D21. Data are shown as mean ± s.e.m. 
and individual data points; n = 3 biological replicates per group; **P < 0.005 (t-test). f, Left: representative recordings of contractile force before and after 
RFA, separated by a blanking period of 2 days for re-adjustment of preload. Right: corresponding statistical analysis. Data are shown as mean ± s.e.m.; 
n = 3 biological replicates per condition; *P < 0.05 versus D7 of the same group (two-way ANOVA). g, Representative images of Fluo-4-loaded NHP-HVP 
and NHP-CM constructs (left) and corresponding Ca2+ transients at indicated regions of interest (ROI) (right). Scale bar, 100 μm. Red box indicates 
stimulation point (1 Hz). h, Left: representative immunostaining of a-GFP and DDR2 in NHP constructs at indicated days after RFA. Scale bars, 200 µm. 
Right: percentage of a-GFP+ and DDR2+ cells at RFA injury or border zone. Data are mean ± s.e.m.; n = 3 biological replicates per timepoint; *P < 0.05, 
**P < 0.005 versus D1 of corresponding group (two-way ANOVA). For c–f and h, exact P values and numerical data are provided in Source Data Fig. 3.
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Supplementary Video 1). Live-cell tracking of over 100 cells for 
3 days demonstrated that most CFs, after interacting with HVPs, 
indeed deviate from the HVP-migratory path and were repelled 
from the injured area when the HVPs started to densely populate 
it on D8 (Fig. 5b). Immunocytochemistry of filamentous (F)-actin 
revealed a specific retraction of cell protrusions precisely at cellu-
lar contact sites with the HVPs (Extended Data Fig. 6a), suggesting 
that the latter possibly control actin dynamics of CFs at the inter-
action sites. Given the upregulation of axon-guidance genes in the 
migratory HVP state, including SLIT2, we postulated that SLIT2/
ROBO1, a known repulsive guidance cue for axons39, might control 
HVP-mediated CF repulsion by regulating cytoskeletal organization 
and cell motion. Co-immunofluorescence demonstrated expression 
of SLIT2 ligand and ROBO1 receptor in migrating HVPs on D3, 
while the signal was absent in the surrounding CFs (Fig. 5c). On 
D8, however, co-localization of SLIT2 and ROBO1 was observed 
mainly at the repulsed CFs membrane, with enriched SLIT2 signal 
at the contact sites with HVPs (Fig. 5c). qRT–PCR confirmed SLIT2 
production by HVPs and ROBO1 expression in both cell types at 
the stage of CF repulsion (Extended Data Fig. 6b). Loss-of-function 
experiments using an antibody blocking ROBO1 substantiated that, 
under ROBO1 inhibition, HVPs failed to induce actin polymeriza-
tion and lamellipodia formation in the interacting CFs, leading to 
reduced CF motility and lack of repulsion (Fig. 5d,e and Extended 
Data Fig. 6c). No effects were observed in distant CFs (Extended 
Data Fig. 6c). Conversely, treatment with recombinant human 
SLIT2 enhanced F-actin content and membrane protrusions in CFs 
communicating with HVPs (Extended Data Fig. 6d), resulting in 
enhanced repulsion (Fig. 5e). FACS analysis indicated that most 
ROBO1+ CFs expressed periostin, a TGFβ superfamily-responsive 
protein defining a specialized reparative subpopulation of CFs 
required for healing and scar formation after injury40 (Fig. 5f).

HVPs migrate and regenerate injured porcine myocardium 
in vivo. To investigate HVPs’ ability to migrate and remuscu-
larize injured myocardium in vivo, we performed transplanta-
tion in pigs ubiquitously expressing LEA29Y, a human CTLA4-Ig 
derivative blunting systemic T-cell response41. Two epicardial RFA 
injuries were induced afar in the anterior heart wall and 6 × 107 
NKX2.5eGFP/wt HVPs were injected ∼1 cm apart from one damaged 
site, while the other served as control (Fig. 6a and Supplementary 
Video 2). Assessment of RFA-induced tissue damage demonstrated 
consistent size of myocardial injury (Fig. 6b,c). Animals were 
treated daily with methylprednisolone and killed on D3 (n = 1), 
D5 (n = 4) and D14 (n = 2) post-transplantation. None showed any 
signs of tumour formation (Extended Data Fig. 7a). D3 and D5 
immunohistology documented a directed, CXCR4-guided migra-
tion of eGFP+-HVPs towards the RFA-injured area (Fig. 6d,e). 
On D5, eGFP+ cells reached the RFA site in clusters, and repop-
ulated 6.3 ± 0.6% of the scar (Fig. 6d,g). By D14, they constituted 
21.0 ± 2.9% of the injured area, reducing control scar volume by half 

(Fig. 6f,g). Remarkably, their highest concentration was at the epi-
cardial layers with the largest damage (Fig. 6g). Most of eGFP+ cells 
engrafted in the injured tissue were elongated cardiac troponin T 
(cTNT)+ CMs with aligned myofibrils (Fig. 6h). Gap-junction pro-
tein connexin-43 was detected at the eGFP+-CMs’ intercalated discs 
and at graft and host CMs’ contact zone (Fig. 6h). CD31 immu-
nostaining documented enhanced neo-angiogenesis at the RFA site 
after HVP transplantation, with ∼6% of CD31+ cells of human ori-
gin (Fig. 6i and Extended Data Fig. 7b). No acute graft rejection was 
detected on D14 post-transplantation, as assessed by CD68 immu-
nodetection. Interestingly, we even observed a reduction of CD68+ 
cells in HVP-treated RFA areas (Extended Data Fig. 7c), suggesting 
that HVPs might mitigate post-injury inflammation.

HVPs remuscularize chronic scars and preserve cardiac function 
in vivo. With a translational aim, we investigated HVPs’ ability to 
engraft host myocardium in a porcine model of chronic ischaemic 
injury. Myocardial infarction (MI) was created by occluding the left 
anterior descending (LAD) coronary artery for 90 min, followed 
by reperfusion (Fig. 7a). Twenty-one days later, ~1 × 109 HVPs 
(from WA09 hESCs) or vehicle were injected into the border zone 
and necrotic tissue of the MI region (Fig. 7a). Immunosuppressant 
started 6 days before cell delivery (Methods). Seventeen pigs 
underwent cardiac magnetic resonance imaging (cMRI) to study 
LV function and infarct volume 7 days before and 12 weeks after 
transplantation. No signs of teratoma or human DNA were detected 
in heart or other organs (lung, liver, kidney, spleen, brain, thy-
roid, adrenal glands, pituitary, prostate and lymph nodes) over the 
3-month follow-up (Extended Data Fig. 8a,b).

Histological examination at 12 weeks indicated large cTNT+ 
human grafts in the fibrotic scar within the MI area and near the nor-
mal host tissue (Fig. 7b, Extended Data Fig. 8c and Supplementary 
Video 3). Graft size ranged from 3.0% to 9.4% of the scar area (mean 
4.2 ± 1.3%). Expression of MLC2v confirmed that most human 
CMs in the graft had ventricular identity and well-organized sarco-
meres (Fig. 7c). Strong signals of N-cadherin, which anchor myo-
fibrils with connexin-43, were observed at the intercalated discs of 
the human CMs within the transplants and at the graft–host tissue 
interconnection, suggesting functional maturation and graft inte-
gration (Fig. 7d). CD31 immunohistochemistry indicated enhanced 
neo-angiogenesis at the MI site following treatment (Fig. 7e).

At 3 months, cMRI (Fig. 8a) documented a significant reduction 
in infarct volume in the HVP group (7.0 ± 1.3% versus 2.5 ± 1.6%) 
(Fig. 8b). After induction of ischaemia before treatment, both groups 
exhibited equally depressed LV functions, with left-ventricular ejec-
tion fraction (LVEF) averaging 38% (vehicle 39.4 ± 1.3%, HVP 
37.3 ± 2.8%). Over 12 weeks, LVEF further deteriorated signifi-
cantly by ∼10% in controls (29.4 ± 3.9%) and only by half (∼5%) in 
HVP-treated animals (31.9 ± 3.0%), though differences between the 
groups did not reach statistical significance (Fig. 8c). However, the 
global longitudinal strain (GLS), a sensitive measure of LV function, 

Fig. 4 | HVPs are chemoattracted to sites of cardiac injury via CXCL12/CXCR4 signalling and undergo dynamic functional states in the process of 
injury repair. a, Left: representative images of HVPs seeded on an injured NHP heart slice at the timepoints used for cell collection (24 h and 48 h) (top) 
and UMAP plot of all captured cells (bottom). Right: relative UMAP clustering of captured cells. Mφ, macrophages. b, Circos plot for ligand–receptor 
pairing showing top ten interactions identified in scRNA-seq of NHP-HVP constructs at 24 and 48 h after RFA injury and HVP application. Fraction of 
expressing cells and link direction (chemokine to receptor) are indicated. c, Percentage of chemoattracted HVPs in trans-well migration assays in absence 
and presence of low dose (LD) or high dose (HD) of CXCL12 (left), after addition of the indicated receptor blockers (middle) or after application of the 
pharmacologic CXCR4 blockage AMD3100 in LD or HD (right). Data are indicated as mean ± s.e.m. with individual data points; n = 3 biological replicates 
per condition; *P < 0.05, **P < 0.005, ***P < 0.001 versus CXCL12 HD (one-way ANOVA). d, Human scRNA-seq 24 h and 48 h datasets are integrated with 
D0 and D21 CM dataset and projected onto UMAP plots, coloured by cluster assignment and annotated post hoc. Both the aligned (left) and split (right) 
views are shown. HVPs (na), non-activated; HVPs (s), sensing; HVPs (m/c), migrating and counteracting. e, PCA plot of different cell clusters, with the 
principal curve indicating the pathway of injury response. f, Dot plot showing gene signature shifts among different dynamic cellular states. The shadings 
denote average expression and the size of dots the fractional expression. For d–f, single cells have been isolated from three biological replicates. Exact  
P values and numerical data are provided in Source Data Fig. 4.
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significantly worsened in the vehicle-treated (−3.1 ± 1.0) compared 
with the HVP group (−0.2 ± 0.6) (Fig. 8d), demonstrating that HVP 
treatment attenuated the progressive decline of cardiac function in 
this model.

Discussion
Human CMs have poor proliferative potential, resulting in virtu-
ally non-existent de novo CM renewal after injury. The inability  
to replace lost contractile units after acute MI is paralleled by 
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scar formation and fibrosis in the injury zone2,21. To unleash the 
full regenerative potential of cardiac cell therapy, it is essential 
to identify the cues that guide the recruitment of transplanted 

cells to target areas, modulate electrical integration and govern 
the cellular/molecular host–graft crosstalk. Our ex vivo model of 
HVPs and NHP heart tissue provides an unprecedented system to 
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refine molecular pathways implicated in cardiac regeneration at 
a single-cell resolution, thus offering an innovative approach. We 
demonstrated that HVPs harbour the unique potential to sense 
and counteract injury by re-activating sequential developmental 

programmes for directed migration, fibroblast repulsion and ulti-
mate muscle differentiation within an injured heart (Fig. 8e). Future 
studies should investigate whether ex vivo human heart slices  
could predict outcome of cell-based regeneration in patients with 

Fig. 6 | HVPs regenerate RFA-injured porcine myocardium in vivo. a, Schematic of in vivo experimental design with two left ventricular RFA injuries 
and adjacent injection of HVPs or cell-free medium. b, Representative 3D reconstruction of non-transmural RFA injury. Scale bar, 2 mm. c, Statistical 
analysis of scar volume and depth of RFA injuries in freshly explanted wild-type pig hearts indicating standardized injury size. Box plot shows minimum, 
maximum, median and quartiles; n = 3 biological replicates. d, Representative fluorescence images of injury and adjacent sites after wheat germ agglutinin 
(WGA) and a-GFP co-staining on days D3, D5 and D14. Scale bars, 100 µm. e, Analysis of cells at application site and RFA in the presence or absence of 
pharmacological CXCR4 blockage (AMD3100) on day 5. Data are mean with individual data points; n = 2 biological replicates per condition. f, Analysis of 
in vivo scar depth and volume on D5 and D14 with or without HVP treatment. Data are mean ± s.e.m. with individual data points; n = 3 biological replicates 
per group on day 5, n = 2 biological replicates per group on day 14. g, Percentage of GFP+ area within the RFA injury (left) and according to depth of the 
cutting plane (right). Data are mean with individual data points; n = 2 biological replicates per group. h, Representative immunofluorescence images of RFA 
and border zone on D14 for anti-GFP, cTNT and CX43. Magnifications on the right correspond to the boxed area in the merged image. Scale bars, 50 µm 
and 10 µm (magnifications). i, Representative fluorescence images of HVP-treated RFA injury site after immunostaining for CD31 in combination with 
WGA (left) or with anti-human nuclei (HuNu, right). Scale bars, 50 µm (left), 25 µm (right). Bar graph shows the average number of CD31+ cells per mm2 
cells from host (HuNu−) and human HVPs (HuNu+) in HVP-treated and untreated RFAs. Data are presented as mean ± s.e.m. with individual data points; 
n = 6 biological replicates per group; *P < 0.05, **P < 0.005 (two-way ANOVA). For c, e–g and i, exact P values and numerical data are provided in Source 
Data Fig. 6.
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different aetiologies of heart failure (for example, ischaemic, genetic  
and inflammatory).

Cell homing constitutes an indispensable step in repair pro-
cesses of many organs42,43. We uncovered that the CXCL12/CXCR4 
pathway mediates the inherent homing potential of HVPs, an abil-
ity lost once they entered the fully differentiated myocytic lineage. 
CXCL12 is implicated in migration of haematopoietic progenitors44. 
We demonstrate that HVPs utilize similar molecular pathways to 
facilitate homing and repopulation like the haematopoietic system.

Upon injury, activated CFs produce ECM components for tis-
sue reconstructions while sending signals to neighbouring CMs 
and others for initiating reparative processes45. Our scRNA-seq 
unravelled that the SLIT2/ROBO1 axis mediates the HVPs’ ability 
to repel CFs, thus reducing scarring. It will be of particular interest 
to evaluate whether such signalling pathway acts similarly in vivo 
and whether its pharmacological manipulation could circumvent 
cell application.

The study demonstrates rapid engraftment of HVPs with exten-
sive de novo myocardium generation in porcine models of acute 
injury and chronic ischaemic heart failure. In both settings, scar 
volume was reduced and, in the latter, deterioration of cardiac func-
tion was prevented. This repairment cannot occur without sufficient 
blood supply. Increased neovascularization was documented in HVP 
grafts. Additional analysis is needed to demonstrate whether such 

response is sufficient to restore physiological blood flow, since robust 
arterial input is crucial for permanent functional improvement. 
Moreover, before HVP transplantation can be translated clinically, 
one should determine whether HVP-based therapies could achieve 
higher remuscularization compared with CM transplantation with 
reduced ventricular arrhythmia and the use of hypo-immunogenic 
PSC lines can circumvent long-term rejection. Recently, the ESCORT 
trial performed first transplants of hPSC-derived cardiac progenitor 
patches in patients with ischaemic cardiomyopathy and reported no 
adverse effects including tumour formation19. Concordantly, after 
cardiac HVP injection, we did not detect tumourigenesis over the 
3-month follow-up, demonstrating that MACS depletion of undif-
ferentiated hESCs is safe for clinical translation.

In conclusion, our data indicate that HVPs harbour the unique 
capability to target both loss of myocardium and fibrotic scar-
ring of the injured heart, supporting their therapeutic potential. 
Developing innovative therapeutic strategies rooted in fundamental 
biology of cardiac development could pave the way for successful 
cell-based cures of heart disease.
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Methods
ESC maintenance, cardiac differentiation and HVP MACS-based purification. 
Embryonic stem cell lines ES03 NKX2.5eGFP/wt and H9 NKX2.5eGFP/wt (ref. 46) were 
generously gifted from Dr David Elliott (MCRI Australia), and maintained on 
Matrigel-coated plates (BD) in E8 (Gibco).

HVP differentiation was performed according to our previously published 
protocol29. ESCs were seeded on 12-well plates (1 × 106 per well) in E8 with 5 µM 
Y-27632 (Torcis) for 24 h. On D0, RPMI/B27 minus insulin (Gibco) with 1 µM 
CHIR 98014 (Selleckchem) was added. Medium was changed to RPMI/B27 minus 
insulin (‘CCM’) after 24 h. On D3, 2 µM Wnt-C59 (Selleckchem) was applied 
and replaced by CCM on D5. On D6, HVPs were collected for MACS. After 
dissociation, cells were stained with Anti-TRA-1-60 MicroBeads (Miltenyi) before 
negative sorting with autoMACS Pro Separator (Miltenyi). Some cells were stained 
with TRA-1-60 antibody with Alexa488 (STEMCELL Technologies) and analysed 
by FACS using BD FACSCantoII. Batches with <5% TRA-1-60+ cells were used for 
transplantation. For mature CMs, HVPs continued to be cultured in 12-well plates 
in RPMI/B27 containing insulin. Cells were cryopreserved in CryoStor (Sigma).

Large-scale generation of HVPs for chronic ischaemia studies. The method 
above was adapted to WA09 line (WiCell Research Institute) and scaled up using 
mTesR (STEMCELL Technologies).

Ex vivo NHP heart slice culture. For ex vivo heart slice cultivation, explanted 
NHP−LV tissue was placed in 2,3-butanedione 2-monoxime (Sigma-Aldrich) at 
4 °C and shipped from German primate centre, Göttingen (reference 33.19-42502-
04-16/2264), Karolinska Institutet, Sweden (reference N 277/14) or Walter Brendel 
Institute, Germany (reference ROB-55.2–2532.Vet_02-14-184). Within 24 h, tissues 
were sectioned on vibratome (Leica Biosystems) to 1 cm × 2 cm × 300 µm. Slices 
were anchored in biomimetic cultivation chambers (BMCC) with tissue adhesive 
(histoacryl; B. Braun) according to fibre direction and subjected to physiological 
preload of 1 mN and stimulation at 1 Hz, as previously described30. The BMCCs 
were anchored on a rocker in an incubator. Contractile force was continuously 
measured, and data were imported and analysed by LabChart Reader software 
(V8.1.14, AD Instruments).

Generation of chimeric human–NHP heart constructs. NHP-LV heart slices 
within BMCCs were underpinned with a hand-trimmed filter (0.40 µm). For 
homogeneous seeding, 2 × 106 HVPs were seeded onto the tissue within a pluronic 
F-127 (Sigma-Aldrich) frame using a bioprinting device (CANTER Bioprinter 
V4), equipped with a 0.58 mm standard Luer-Lock nozzle (Vieweg Dosiertechnik). 
For selective seeding, 0.5 × 106 HVPs or D25 CMs were used. Twelve hours 
after seeding, they were cultured in CCM with 5 µM ROCKi without rocking or 
pacing. After 12–24 h, rocking (60 rpm, 15° tilt angle) was resumed, and from D2, 
continuous pacing (1 Hz) and rocking.

RFA injury. NHP-LV heart slices seeded with HVPs or CMs were injured on 
the opposite tissue border 3 days after seeding by applying 20 W for 15 s using 
a THERMOCOOL SF uni-directional catheter, tip electrode 3.5 mm (Biosense 
Webster) and Stockert 70 radiofrequency generator (Biosense Webster). During 
the RFA procedure, physiologic preload was reduced to 0.5 mN and re-adjusted to 
1 mN after 2 days. For in vivo experiments, epicardial RFA with 25 W for 7 s was 
performed to produce a standardized, non-transmural injury.

Ca2+ imaging of RFA-injured heart slices. NHP-LV heart slices seeded with 
HVPs/CMs after RFA injury were loaded with 3 μM Fluo-4-AM in CCM (without 
phenol red) with 0.75% Kolliphor EL (Sigma-Aldrich) incubation, washed 
and incubated again to allow de-esterification of the dye in Tyrode’s solution 
supplemented with Ca2+. Fluo-4 intensity was imaged using DMI6000 B (Leica) 
with a Zyla V sCMOS camera (Andor Technology). Point stimulation electrodes 
were connected to an HSE stimulus generator (Hugo Sachs Elektronik) providing 
depolarizing pulses (40 V, 3 ms) at 1 Hz on the tissue border opposite the RFA 
injury. ImageJ ROI Manager was used for quantifications. Analysis was performed 
in RStudio (V1.2.5001).

Cell isolation for scRNA-seq. Samples were dissociated using 20 U ml−1 papain47 
(Worthington Biochemical) for 20 min. Using FACSAria III (Becton Dickinson), 
cells were sorted according to eGFP+ and eGFP− cells onto 384-well plates 
containing Smart-Seq2 cell lysis buffer. The quality of the complementary DNA 
was confirmed using Agilent Bioanalyzer (Agilent) and RNA-seq libraries were 
prepared using in-house compatible Tn5 and Nextera index primers (Illumina).

scRNA-seq and gene expression analysis. scRNA-seq was performed at the 
Karolinska Institutet sequencing facility using the Genome Analyzer HiSeq2500 
(Illumina) for single-end sequencing of 56 bp. The Genome Analyzer Analysis 
Pipeline (Illumina) was used to process the sequencing files of raw reads in the 
FASTQ format. The cDNA insert was aligned to the hg19/Mmul_1 reference 
genomes using Tophat2, combined with Bowtie2. Only confidently mapped and 
non-PCR duplicates were used to generate the gene-barcode cell matrix. Quality 
check, including the identification of highly variable genes, dimensionality 

reduction, standard unsupervised clustering algorithms and the DEG analysis were 
performed using the standard Seurat R pipeline48.

Cell clustering, UMAP visualization and marker-gene identification. 
The gene-barcode matrix was scaled, normalized and log transformed. The 
dimensionality of the data was reduced by principal component analysis (PCA) (20 
components) first and then with uniform manifold approximation and projection 
(UMAP) (resolution 0.3). Then, all cells from each cluster were sampled and DEGs 
across different clusters were identified with the FindAllMarkers and FindMarkers 
functions of Seurat R. Clusters were assigned to known cell types on the basis of 
cluster-specific markers (Source Data Figs. 2 and 4).

Integrated analysis of single-cell datasets. To integrate and validate the robustness 
of our analysis, two published single cell profiles were utilized32,35. To reduce 
batch-effect differences, Seurat alignment re-scaling and re-normalizing for the 
integrated dataset was used. For all new integrated datasets, we identified variable 
genes generating a new dimensional reduction that was used for further analysis. 
Pseudotemporal ordering was done using Monocle 2 (ref. 49). An integrated 
gene-expression matrix was constructed as described above. With the function 
differentialGeneTest, we analysed DEGs across different development conditions. 
At maximum, the top 3,000 genes with the lowest q value were used to construct 
the pseudotime trajectory.

Determination of biological processes and molecular function on the basis 
of enrichment analysis. Statistical analysis and visualization of gene sets were 
performed using the clusterProfiler R package50. Gene set enrichment analysis 
databases were used to determine the enrichment of biological processes, 
cellular components and molecular function on the basis of the genes that were 
significantly upregulated. Process-specific signatures were defined by the top genes 
as ranked by the significance and expression scores.

NHP CF isolation and lentiviral transduction. Explanted NHP LV was minced 
and incubated with 550 U ml−1 collagenase II (Worthington) for dissociation. 
Isolated CFs were cultured in CF medium (DMEM–F12, 10% FBS, 2 mM 
l-glutamine and 0.5% penicillin–streptomycin).

For lentiviral transduction, a dsRed-expressing lentivirus was produced using 
a pRRLsin-18-PGK-d transfer plasmid combined with the packaging plasmid 
(pCMVdR8.74) and the envelope plasmid (pMD2.VSV.G) in HEK293T cells. 
The CFs were incubated with PGK-dsRed lentivirus and 8 μg ml−1 of polybrene 
hexadimethrine bromide (Sigma-Aldrich), and the transduction efficiency was 
evaluated by dsRed expression after 96 h.

Co-culture of HVPs and CFs for cell interaction studies after RFA injury. NHP 
CFdsRed (1 × 104 per well) were seeded in four-well chamber slides (Thermo Fisher) 
coated with fibronectin (Sigma-Aldrich). After 3 days, RFA injury (20 W, 7 s) was 
introduced on one end of the chamber slide followed by seeding of 5 × 105 HVPs 
on the opposite side. Cellular migration and interaction were studied by time-lapse 
microscopy. For the analysis of CF repulsion, anti-ROBO1 (5 µg ml−1) and rhSLIT2 
(2 µg ml−1) treatments (Supplementary Table 1) were performed on D7 and D8 
after RFA injury and HVP seeding. Videos were analysed with ImageJ for cell 
movement of HVPs and CFs by TrackMate plug-in51.

Identification of migratory signalling by trans-well assay. For trans-well 
migration studies, the CytoSelectTM Cell Migration and Invasion Assay (Cell 
Biolabs) was used, and samples were processed according to the manufacturer’s 
instructions. For this, 0.5 × 106 HVPs were suspended in serum-free medium and 
plated on the upper compartment of the trans-well migration assay (8 μm pore 
size). The chemoattractant factor CXCL12 was added (low dose, 20 ng ml−1; high 
dose, 80 ng ml−1) in the lower compartment. Agents that inhibit cell migration 
were added directly to the cell suspension in the upper compartment (CXCR4-RB 
(12 µg ml−1), SDC4-RB (1:500), ITGB1-RB (8 µg ml−1), ACKR-RB (10 µg ml−1), 
AMD-3100 (low dose, 50 ng ml−1; high dose, 100 ng ml−1) (Supplementary Table 1). 
For quantification of migratory cells, medium was aspirated and all non-migratory 
cells within the insert were removed. Inserts were stained with Cell Stain Solution, 
and migratory cells were imaged with a minimum of three fields per insert.

Secretome analysis. Protease inhibitors (cOmplete Mini EDTA free, Thermo 
Fisher) were added to collected medium and supernatant concentration was 
achieved by ultrafiltration using protein concentrators with molecular weight 
cut-off of 10 kDa (Thermo Fisher). Proteins (50 μg) were diluted in 1% SDS, 
50 mM dithiothreitol and 100 mM Tris buffer (pH 8.0), denatured and digested 
by filter-aided (Merck Millipore) sample preparation for proteome analysis52. 
Overnight digestion was performed and peptides were recovered. An aliquot 
corresponding to 10% of the digest volume was purified by strong cation 
exchange StageTips53. The eluate was diluted and injected for nanoscale liquid 
chromatography with tandem mass spectrometry (LC–MS/MS) analysis. Tryptic 
peptides were analysed by nanoscale LC–MS/MS by a top-12 data-dependent 
analysis method run on a Q-Exactive ‘classic’ instrument (Thermo Fisher)54 with 
a gradient length of 85 min. Raw data were loaded in MaxQuant (V1.6.2.6a) 
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for database search and label-free quantification by the MaxLFQ algorithm 
(Cox Mann, MCP 2014). For data processing, default parameters in MaxQuant 
were adopted, except for the following: LFQ min. ratio count: 2; fast LFQ: ON; 
quantification on unique peptides; match between runs: activated between 
technical replicates, not between different samples (achieved by assigning a 
separate sample group to each biological sample and allowing match between  
runs for each group only). For protein identification, MS/MS data were queried 
using the Andromeda search engine implemented in MaxQuant against the  
Homo sapiens reference proteome (accessed in December 2019, 74,788 sequences) 
and the Macaca fascicularis reference proteome (accessed in January 2020,  
46,259 sequences).

RNA isolation, RT–PCR and qRT–PCR. Total RNA of CF/HVP co-culture and 
conditioned CFs exposed to co-culture medium was extracted using the Absolutely 
RNA Miniprep Kit (Agilent Technologies) according to the manufacturer’s 
instructions and 1 μg was reverse transcribed using the High-Capacity cDNA 
Reverse Transcription Kit (Thermo Fisher). qRT–PCR was performed using 
25 ng cDNA per reaction and Power SYBR Green PCR Master Mix (Thermo 
Fisher). Gene expression levels were assessed in three biological samples and 
normalized to GAPDH expression using the Ct method (ΔCt). The following 
primers were used: GAPDH_Fw: TCCTCTGACTTCAACAGCGA; GAPDH_Rv: 
GGGTCTTACTCCTTGGAGGC; ROBO1_Fw: GGGGGAGAGAGAGTGGAGAC; 
ROBO1_Rv: AGGCTCTCCTACTGCAACCA; SLIT2_Fw: TAGTGCTGGCGA 
TCCTGAA; SLIT2_Rv: GCTCCTCTTTCAATGGTGCT.

Flow cytometry. For CF characterization, co-culture of HVPs and CF-dsRed on 
D8 was dissociated, fixed with 4% PFA and permeabilized. Primary antibodies 
against desired epitopes (Supplementary Table 1) were incubated at the 
indicated dilutions, followed by secondary antibodies (1:300). For proliferation 
quantification, samples were incubated with 10 μM EdU, dissociated with 480 
U ml−1 collagenase type II, fixed with 4% PFA and processed using the Click-iT 
EdU594 Flow Cytometry Assay Kit (Thermo Fisher) according to manufacturer’s 
instructions. For baseline expression of ISl-1, cTNT and Tra-1-60, human ES cells 
were differentiated into ventricular progenitor cells, in vitro. On D6 and D25, cells 
were dissociated with accutase before staining for desired epitopes according to 
manufacturer’s instructions. Data were acquired with a Gallios flow cytometer 
(Beckman Coulter) and evaluated with Kaluza software V1.2 (Beckman Coulter) or 
with FACS Canto III and FloJo software V8 (BD Biosciences). Gating strategies are 
provided in Supplementary Information.

Porcine studies with RFA injury. LEA29Y pigs were sedated by intramuscular 
injection of ketamine (Ursotamin), azaperone (Stresnil) and atropinsulfate 
(B. Braun) and in full anaesthesia with mechanical ventilation by continuous 
intravenous application of propofol (Narcofol) and fentanyl (Fentadon). Following 
left lateral thoracotomy, pericardium was opened, with the anterior wall of LV 
exposed. After induction of RFA, 6 × 107 HVPs (<5% TRA-1-60+) were thawed in 
CCM with ROCKi and cell pellet was transplanted approximately 1 cm from the 
injury, using an insulin syringe (BD Micro Fine 30 G). U stitches with pericardial 
patches were placed and closed using a tourniquet (Supplementary Video 2).

All pigs had a central venous catheter (Careflow) over the course of the study. 
Additional immunosuppression, 5 mg kg−1 methylprednisolone was applied 
intravenously on D1 and 2.5 mg kg−1 on D2 (Urbason). For migration blockage, 
animals received 1 mg kg−1 KG AMD3100 twice a day from D1 to D4. Pigs were 
killed under anaesthesia with systemic injection of potassium chloride (B. Braun).

Explanted porcine hearts on D3, D5 and D14 after RFA injury and HVP 
injection were examined for tumour formation with corresponding HVP or control 
injection sites and fixed with 4% PFA, followed by cryopreservation with ice-cold 
methanol or acetone and sectioning at 12 µm in optimal cutting temperature 
compound. All experiments were performed with permission from the local 
regulatory authority. The Regierung von Oberbayern, Sachgebiet 54, 80534 
München approved the studies (AZ 02-18-134). Applications were reviewed by the 
ethics committee according to §15 TSchG German Animal Welfare Law.

Porcine experiments for chronic ischaemia studies. Male Yucatan minipigs  
(28–40 kg) were from Sinclair Research Center, USA. Following anaesthesia, a 
small incision was made over the carotid artery and jugular vein, a small opening 
was made in the artery and a sheath was introduced. Heparin (250–350 IU 
kg−1) was administered to maintain an activated clotting time twice the baseline 
activated clotting time level. A guide catheter was advanced into the ostium of the 
LAD. A balloon catheter was introduced by advancing it through the guide catheter 
to the LAD and placed below the first diagonal branch of the LAD and inflated to 
occlude the artery for 90 min. It was then deflated to re-perfuse the ischaemic area. 
All handling and treatments were performed according to the appropriate animal 
welfare standards and in compliance with regulatory guidelines (IACUC 1974-061) 
in Charles River, Mattawan (MI, USA).

Echocardiography was performed under anaesthesia 2 weeks after MI. Animals 
with LVEF ≤ 45% were randomized into vehicle or HVP (1 × 109) groups. For 
immunosuppression, a combination of cyclosporin A, methylprednisolone and 
abatacept was used18. From D − 6 to D84, cyclosporin A (20–30 mg kg−1) was given 
orally twice a day, except for D1. On the morning of D1, cyclosporin A dose was 

10 mg kg−1 intravenous infusion. From D − 1, methylprednisolone (128 mg d−1) 
was given until D3, and subsequently tapered to 80 mg d−1 (D4 to D6); 48 mg d−1 
(D7 to D9) and 24 mg d−1 from D10 for the remainder of the study. Abatacept 
(12.5 mg kg−1) was given as 30 min intravenous infusion every second week from 
D − 1. Blood samples for monitoring cyclosporin A levels were collected, ranging 
from 100 μg l−1 to 1,000 μg l−1, except immediately after the cyclosporin A infusion 
(Extended Data Fig. 8d).

Transplantation of HVPs into porcine hearts after MI. Three weeks after MI, 
an incision was made over the femoral artery and vein under anaesthesia and an 
opening in the artery and a sheath was introduced to monitor blood pressure. 
A midline incision was made over the sternum, and the skin and underlying 
musculature was retracted. The pericardium was incised, and sutures were passed 
through and attached to the chest wall to form a sling. Glass beads were used to 
indicate injection locations. Vehicle or HVPs (n = 10 vehicle and n = 7 HVP) were 
injected 300 µl per site, using a 30 G needle, in the LV myocardium: eight injections 
in the border zone and seven injections in the infarcted area. After final injection, 
the heart was returned to the pericardial sling and sutures were removed.

A board-certified pathologist investigated the grafts for presence of teratoma. 
All HVP-derived grafts were negative for teratoma at 3 months. Lung, liver, heart, 
kidney, spleen, brain, thyroid, adrenal glands, pituitary, prostate and lymph nodes 
were collected. Human haemoglobin B was not detected by Quantitect Multiplex 
RT–PCR with probe HS00758889_s1 HBB FAM and no signs of HVP-derived cells 
outside the heart were present.

Cardiac magnetic resonance imaging. cMRI was performed under anaesthesia, 
using a 1.5 T MRI scanner (Philips Intera platform R12 software), 1 week before 
and 12 weeks after surgery. Short- and long-axis images with a 1 cm interval 
between slices were obtained. Data were analysed with Circle Cardiovascular 
Imaging cvi42 (V5.12). Three-dimensional (3D) volumes were calculated as the 
sum of (area × (slice thickness + distance between slices)) for all short-axis slices. 
Ejection fraction was calculated as 100 × (end diastolic volume − end systolic 
volume)/end diastolic volume. Late gadolinium enhancement MRI was used to 
quantify infarct size as percentage volume (%). GLS was also analysed. Animals 
were killed after 12 weeks. Hearts were removed, perfused with lactated Ringer’s 
solution. LV containing all the injection sites was fixed in formalin for 48 ± 12 h, 
then transferred to 70% ethanol and paraffin embedded.

Immunohistochemistry and quantification of the scar after MI. 
Paraffin-embedded hearts were sectioned into 4 µm slices. Immunohistochemistry 
methods and protocols were set up on an automated Ventana Discovery Ultra 
autostainer (V12.5.4; Roche). Immunohistochemistry for detection of desired 
epitopes (Supplementary Table 1) was carried out according to the manufacturer’s 
recommendation and all reagents except antibodies were Ventana products 
(Roche). Antigen retrieval was done before primary antibody was added, followed 
by antibody block and secondary anti-rabbit reagent or anti-mouse horseradish 
peroxidase, purple teal or DAB chromogenic detection in single or double 
staining. The slides were digitized using a Aperio XT whole slide scanner and 
Aperio ImageScope software (V12.3.3.5048). Quantification was performed using 
Visiopharm software (V2020.08.03.9090).

Immunofluorescence analysis. Cells on chamber slides were fixed with 4% PFA. 
Co-culture 3D constructs were fixed in 4% PFA, cryopreserved with ice-cold 
methanol and sectioned at 12 µm in optimal cutting temperature compound 
(Sakura Finetek, JP). Primary antibodies against desired epitopes (Supplementary 
Table 1) were incubated overnight at 4 °C at the indicated dilutions, followed by 
secondary antibodies (Supplementary Table 1) and Hoechst 33258 (5 µg ml−1). 
Images were acquired using a DMI6000-AF6000, thunder or SP8 confocal 
laser-scanning Leica microscope. Images were assigned with pseudocolours  
and processed with ImageJ (V1.53a). Quantification of scar volumes, eGFP+  
area and cell-type proportions was performed with ImageJ cell counter and  
volume calculator.

Statistics and reproducibility. Statistical analyses were performed using GraphPad 
Prism (V9) or R program (V3.5.1). Data are presented as mean ± s.e.m. unless 
otherwise indicated. Two groups were compared using Welch’s t-test. Three 
groups or repeated measures were analysed using one-way or multiple-way 
analysis of variance (ANOVA). Summarized views on data that underlie the 
statistical tests, as well as the exact P values are available in Source data. The 
statistical details for each experiment are also provided in the figure legends. Most 
experiments were performed independently at least three times. For the chronic 
injury model, power calculation was performed with historic in-house data and 
data distribution determined by QQ plot analysis. For all other experiments, no 
statistical methods were used to pre-determine sample size. Data distribution was 
assumed to be normal and individual data points are presented in all graphs. In 
the porcine model, animals were evaluated on the basis of ejection fraction after 
MI, and subsequently randomized to vehicle- or HVP-treatment groups. cMRI 
was analysed blinded by two independent cardiologists. Ex vivo experiments were 
randomly assigned to experimental and control groups. Data collection was not 
performed blinded owing to the experimental conditions.
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Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
All sequencing data that support the findings of this study can be found at 
Gene Expression Omnibus under the accession number GSE153282. The mass 
spectrometry data have been deposited to the ProteomeXchange Consortium via 
the PRIDE database with the dataset identifier PXD019521. The GTF and FASTA 
files used for bioinformatics analysis (GRCh37 and Mmul_1, Ensembl Releases 75 
and 105, respectively) can be downloaded from Illumina iGenomes (https://emea.
support.illumina.com/sequencing/sequencing_software/igenome.html). All other 
data supporting the findings of this study are available from the corresponding 
authors on request. Source data are provided with this paper.
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Extended Data Fig. 1 | See next page for caption.
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Extended Data Fig. 1 | Generation and analysis of an ex-vivo 3D chimeric human-NHP heart model. a, Representative, overlapped traces of contractile 
force of native NHP heart slices cultured exvivo for 21 days in biomimetic chambers. b, Representative immunofluorescence images for activated cleaved 
caspase 3 (ClCasp3) and cardiac troponin T (cTNT) in ex vivo cultured NHP heart slices (left) and correspondent quantification (right) at the indicated 
days. Scale bars 50 µm. Data are shown as mean ± SEM and individual data points, n = 4 biological replicates per time point, *p < 0.05, **p < 0.01 (one-way 
ANOVA). c, Schematic of ESC differentiation into HVPs by Wnt pathway modulation followed by MACS depletion of Tra-1-60+ cells and cryopreservation 
until seeding. Single cell RNAseq confirmed expression of ISL1 and NKX2.5 and loss of brachyury T (TBXT) on D0. d, Left, custom-built bioprinting device 
with pneumatic printhead. Right, exemplary images of homogeneous or selective seeding of eGFP+ HVPs onto NHP heart slices by bioprinting. Scale bars 
250 µm, inlet 75 µm. e, Live eGFP imaging of NHP heart slices after NKX2-5eGFP/wt HVP seeding at the indicated days of co-culture (top) and representative 
contractile force traces (bottom). Scale bars 200 µm. f, Flow cytometry analysis for EdU in eGFP+ cells isolated at the indicated days of co-culture. Data 
are shown as mean ± SEM and individual data points, n = 3 biological replicates per time point, *p < 0.05, **p < 0.005, ***p < 0.001 (one-way ANOVA). 
g, Immunostaining of eGFP in combination with cTNT and Connexin-43 (CX43) (left) or ISL1 and a-GFP (right) on D50 of co-culture. Scale bars 25 µm. 
Bar graph shows the percentage of eGFP+ cells expressing ISL1 and cTNT on the indicated days of co-culture as mean ± SEM and individual data points, 
n = 3 biological replicates per time point, ***p < 0.001 (two-way ANOVA). For b, f and g, exact p-values and numerical data are provided in Source Data 
Extended Data Fig. 1.
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Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | scRNAseq analysis of human NKX2.5eGFP/wt HPs in a chronic injury model of NHP heart slices. a, Heatmap showing expression of 
the top 10 genes in each cluster defined as 0- early heart progenitors (Early HPs), 1- cardiac mesenchymal cells (CMCs), 2- ventricular cardiomyocytes 
(vCMs), 3- intermediate heart progenitors (IM HPs), 4- cardiac mesodermal cells (cMeso), 5- late heart progenitors (Late HPs), 6- proliferating heart 
progenitors (Prolif HPs). b, Heatmap of different blocks of DEGs along the pseudotime trajectory and representative genes in each cluster. Cardiac 
mesodermal precursors (CMPs, D-3), endothelial cell (EC) fate (D0 and D3) and CM fate (D21). Selected top biological process and canonical pathway 
terms related to corresponding DEGs. c, Heatmap showing the expression of genes related to contraction (gray and red) and metabolism (blue and green) 
in eGFP+ cells on D3 and D21 of ex-vivo co-culture compared to adult human LV-CMs (Wang et al., 2020). Expression levels are presented as a colour 
code. d, Progressive analysis of myofibril assembly, calcium handling and electrophysiology signatures by quantitative RT-PCR, n = 3 biological replicates. 
Expression levels are presented colour coded. For a-c, single cells have been isolated from 3 biological replicates. Data from all replicates are included. 
Exact p-values and numerical data are provided in Source Data Extended Data Fig. 2.
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3 | Generation and analysis of an acute ex-vivo NHP heart injury model. a, Standardized non-transmural myocardial injury in NHP 
heart slices by defined RFA. Live and dead cells are stained by calcein and ethidium dimer, respectively (middle) Scale bar 200 µm. Intact ECM scaffold 
after RFA injury shown by WGA immunostaining. Scale bar 200 µm. Stainings were performed immediately after RFA. b, Representative fluorescence 
images of RFA-injured slices after immunostaining for Collagen type I (ColI) combined with cTNT (top) or DDR2 (bottom) on indicated days. Lower panels 
show images of the RFA area. Scale bars 30 µm (top) and 25 µm (bottom). c, Sequential live imaging of NKX2-5eGFP/wt HVPs migrating from the seeding 
frame into the tissue showing homogenous repopulation of the slice by D15 in the absence of RFA injury. Scale bars 200 µm. d, FACS analysis of HVP 
and CM batches before seeding indicating cellular purity (ISL-1, cTNT and TRA-1-60). Data are mean ± SEM and individual data points, n = 3 biological 
replicates per group, ***p < 0.001 vs HVPs (two-way ANOVA). e, Representative immunostainings of eGFP and cTNT in RFA-injured area on D14 after 
selective seeding of NKX2-5eGFP/wt HVPs (left) or CMs (right). Scale bars 50 µm. f, Two-photon live microscopy of RFA-injured slices for eGFP and second-
harmonic-imaging (SHG) visualization of collagen and scar size on D21. Circles demarcate areas with collagen deposition. Scale bars 100 µm. g, Trans-well 
migration assays with D0 NKX2-5eGFP/wt HVPs in the upper and NHP heart slice in the lower compartment, respectively. Images show trans-well migrated 
HVPs on polycarbonate membrane in the absence (left) or presence of multiple (middle) or single (right) RFA injury. Dashed line marks the site of HVP 
accumulation. Scale bars 2 mm. h, Trans-well migration assays with D0 NKX2-5eGFP/wt HVPs in the upper and decellularized NHP heart slice in the lower 
compartment with a single RFA injury. Scale bar 2 mm. For d, exact p-values and numerical data are provided in Source Data Extended Data Fig. 3.
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | scRNAseq analysis of human NKX2-5eGFP/wt HVPs and NHP cardiac cells after acute RFA heart injury. a, Heatmap of top 50 
genes in each cluster with representative genes indicated. 0. Early HVPs; 1. NHP CFs; 2. Activated HVPs; 3. Migrating HVPs; 4. NHP Mφ; 5. Proliferating 
HVPs; 6. Early vCMs. HVPs, human ventricular progenitors; NHP, non-human primate; CFs, cardiac fibroblasts; Mφ, macrophages; vCMs, ventricular 
cardiomyocytes. b, Representative GO terms upregulated in cluster 3 (migrating HVPs) compared to the other human clusters (0, 2, 5, 6). c, Violine 
plots of CXCL12 and its binding targets identified by italk analysis of scRNA sequencing of migrating HVPs, NHP CFs and NHP Mφ. d, Representative 
immunostainings of a-GFP, cardiac troponin T (cTNT) and DDR2 on D15 after injury at seeding site and RFA in the absence of CXCR4 blockage 
(AMD3100-) or in the presence of CXCR4 blockage (AMD3100+). Scale bars 25 µm. Statistical data are shown as mean ± SEM and individual data points, 
n = 3 biological replicates per condition, *** p < 0.001 (two-way ANOVA). For a-c single cells have been isolated from 3 biological replicates. Data from all 
replicates are included. Exact p-values and numerical data are provided in Source Data Extended Data Fig. 4.
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Extended Data Fig. 5 | See next page for caption.
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Extended Data Fig. 5 | Gene signatures of dynamical cardiac progenitor states and proteomic analysis of secretome during acute injury response. 
Heatmap of top 30 genes depicting the expression of DEGs in non-activated HVPs (cluster 2), sensing HVPs (cluster 0), and migrating/counteracting 
HVPs (cluster 4). b, Proteomic analysis of supernatant of injured NHP heart slices with and without application of HVPs at 48 h after RFA. NHP, H, and 
ambiguous, was assigned to proteins for which the majority of identified peptides belonged to protein sequences of Macaca Fascicularis, Homo Sapiens, 
or both species, respectively. n = 3 biological replicates per group, p-value ≤0.05. Data from all replicates are included. For a and b, numerical data are 
provided in Source Data Extended Data Fig. 5.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | Analysis of CF repulsion signalling during acute injury response in 2D monolayer. a, Representative images of eGFP+ HVPs and 
dsRed+ CFs after F-actin staining during the repulsion phase in the injury area on D8. b, Quantitative RT-PCR analysis of ROBO1 and SLIT2 expression 
in injured CFs cultured with HVPs (CFs + HVPs) or alone in conditioned medium from HVP−CF co-culture (CFs cond) on D8. Data are mean ± SEM and 
individual data points, n = 3 biological replicates per condition, **p < 0.01 ***p < 0.001 (t-test). c, Representative F-actin immunostaining on D8 in standard 
condition and after ROBO1 antibody exposure for 10 and 40 minutes showing CFs in contact with HVPs (proximal) and CFs in the remote area from the 
injury site (distal). d, Immunodetection of eGFP in conjunction with Phalloidin (F-actin) stain in HVP−CF co-culture on D8 after recombinant human SLIT2 
(rhSLIT2) exposure for 10 and 40 minutes. Nuclei were counterstained with Hoechst and CFs are labelled with dsRed (a, c, d). Scale bars 75 µm (a, c, d). 
For b, exact p-values and numerical data are provided in Source Data Extended Data Fig. 6.
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Extended Data Fig. 7 | Immune-cell analyses of LEA29Y pig hearts after RFA injury and HVP injection in-vivo. a, Image of a freshly explanted LEA29y 
pig heart 14 days after in-vivo RFA and adjacent HVP injection showing no macroscopic signs of teratoma formation. b, Representative fluorescence 
images of control RFA and adjacent area (top) or magnified zoom of control RFA (bottom) after CD31 immunodetection and WGA labelling. Scale bars 
100 µm (top) and 10 µm (bottom). c, Representative immunofluorescence stainings of CD68 (left) and correspondent statistical analysis (right) of RFA 
and adjacent areas in the presence or absence of HVPs. Scale bars 25 µm. Data are shown as mean ± SEM and individual data points, n = 7 biological 
replicates per group, *p < 0.05, **p < 0.01, ***p < 0.001 (one-way ANOVA). Exact p-values and numerical data are provided in Source Data Extended  
Data Fig. 7.
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Extended Data Fig. 8 | Macro- and microscopic analyses of pig hearts after chronic myocardial ischemia and HVP-injection. a, Image of freshly 
explanted pig heart 84 days after in-vivo HVP-injection indicating injection sites (A, B), showing no macroscopic signs of teratoma. b, Negative 
immunostaining for OCT4 confirms absence of undifferentiated pluripotent stem cells in the human graft after 12 weeks. Scale bar 50 µm.  
c, Representative immunohistochemistry images of scar (left) and border area (right) after HVP-injection with marked human nuclei (HuNu) and 
cTNT. Scale bars 250 µm (left) and 1 mm (right). d, Quantification of Cyclosporin A concentrations (immunosuppression) in whole blood of HVP- and 
vehicle-treated animals performed regularly throughout follow up period. Data are shown as mean ± SEM. n = 10 pigs in vehicle treated group and n = 7 
pigs in HVP-treated group. Numerical data are provided in Source Data Extended Data Fig. 8.
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