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Immune cells play central roles in cardiac injury, repair, 
and remodeling, ultimately shaping outcomes in con-
ditions such as myocardial infarction, myocarditis, and 

heart failure. While human in vitro cardiac models have 
emerged as powerful alternatives to animal models, they 
have focused on a single, cardiac-only organoid platform 
that overlooks the recruitment of circulating immune 
cells and tissue crosstalk.1 The lack of tractable human 
in vitro platforms that model immune recruitment or bone 
marrow-cardiac crosstalk post-injury is a major bottle-
neck in the field.

To address this, we present a multiorganoid platform 
that combines cardiac and bone marrow organoids in a 
3D-printed, fluidically connected device housed within 
a 6-well tissue-culture plate (Figure [Ai]). An incubator 
rocker drives fluid and cell exchange, mimicking circulation- 
like dynamics without external pumps (Figure [Aii]). 
The bone marrow organoid system is derived from our 
recently published comBO platform,2 the first hiPSC-
derived model to generate a broad spectrum of innate 
immune cells and adaptive progenitors. We paired this 
with a vascularized cardiac organoid (VCO) model3 to cre-
ate a highly complex, reproducible, and scalable system 
for modeling immune-cardiac interactions in ischemic 
injury (Figure [Ai]). Immune cells are critical players in the 
resolution of ischemic injury and subsequent remodeling 
of cardiac tissue that influences long-term outcomes.

To induce ischemia, we subjected VCOs to hypoxia 
(1% O₂ for 24 hours), followed by coculture with com-
BOs within our device for 5 days. VCOs were harvested 
at days 2 and 5 post-injury for analyses by flow cytometry, 
immunofluorescence, and single-nucleus RNA sequenc-
ing (Figure [Aiii]).

Flow cytometry demonstrated a recruitment of CD45+ 
immune cells on day 2, which returned to baseline by 
day 5 (Figure [Aiv and Av]). No CD45+ immune cells 
were found in uninjured VCOs, confirming injury-specific 
recruitment (Figure [Avi]). Immunofluorescence imaging 
of cryosections collected at day 2 post-injury confirmed 
the presence of CD14+ monocytic cells and CD68+ 
macrophages within the organoid volume (Figure [Bi]). 
Imaging also confirmed the onset of fibrosis post-injury, 
evidenced by an increase in αSMA and collagen type-1 
deposition (Figure [Bii]).

RNA sequencing identified major myocardial cell 
types: cardiomyocytes (TTN, TNNT2, and MYL4), fibro-
blast subsets (PDGFRB and POSTN) including immune-
regulatory fibroblasts (IL33, CD55, and RGS5), pericytes 
(CSPG4 and PDGFRB), microvascular endothelial cells 
(PECAM1, CDH5, continuous [CLDN5/CAV1], and 
fenestrated [PLVAP] subsets), and infiltrating immune 
cells (PTPRC/CD45, CD68, and CD14; Figure [Ci and 
Cii]). The immune cluster included myelomonocytic cells 
(CD68 and CD14), granulocytes (FCGR3A), dendritic 
cells (ITGAX and CD11c), and neutrophils (S100A8) 
though the total number of immune nuclei captured was 
insufficient for a detailed subclustering of this compart-
ment. Notably, activated fibroblasts increased and vas-
cular smooth muscle cells declined in number at day 2 
post-injury (Figure [Ciii]).

Differential expression analysis at day 2 post-injury 
revealed an upregulation of hypoxia-responsive (HIF1A 
and ANGPT1), fibrotic (TGFB1, COL1A1, MMP9, and 
TIMP1), inflammatory (IL1B and NFKB1), and chemokine 
genes (CXCL8, CCL2, and CCL3; Figure [Di]). By day 5, 
there was a downregulation of fibrotic (MMP9, ACTA2, 
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Figure. Design and validation of a cardiac-bone marrow coculture platform.
A, i, Design and implementation of a 3D-printed fluidic device that enables the exchange of cells between a bone marrow organoid (comBO) and 
vascularized cardiac organoid (VCO) system. ii, A fluid flow model depicting the relative flow rate and direction of travel across the fluidic device. 
iii, Ischemic injury was modeled by exposing VCOs to 24 hours of hypoxia (1%) before 5 days of coculture, with phenotyping performed at days 
2 and 5 post-injury. iv and v, Flow cytometry was performed to validate the recruitment of immune cells post-injury. Cells were defined as immune 
cells (CD45+), endothelial cells (CD31+ CD45−), or cardiomyocytes (cTnT+ CD45−). A notable CD45+ fraction was observed at 2 days post-injury, 
while no CD45+ cells were observed across parallel uninjured controls or at day 5 post-injury. vi, CD45+ cell recruitment was quantified to confirm 
a transient recruitment of immune cells at 2 days post-injury. B, i, Immunofluorescence imaging of cryosections was performed to confirm the 
recruitment of CD68+ macrophages (yellow arrows) and CD14+ monocytic cells (red arrows) within the VCO 2 days post-injury (top, wide-
field overview [inset: 100-µm scale bar]; bottom, AiryScan zoomed region (inset: 25-µm scale bar and 10-µm scale bar). ii, Similarly, imaging 
confirmed the onset of fibrosis in VCOs (⍺SMA and collagen type-I) staining, which (iii) increased over time (n=3; 1-way ANOVA (Continued)
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THGB1, and COL1A1) and inflammatory (MX1, IRF1, 
IRF7, S100A8, IL6, TNF, and IL10) genes, indicating a 
resolution of the acute injury observed at day 2 (Fig-
ure [Dii]). qRT-PCR performed on injured VCOs without 
comBO coculture confirmed the importance of immune 
cell recruitment in the induction of inflammation (Figure 
[Diii]). Future work will directly compare monoculture 
and coculture with RNA sequencing to identify immune-
dependent pathways.

Gene set enrichment analysis confirms the upregula-
tion (day 2 post-injury) and downregulation (day 5 post-
injury) of hallmark pathways associated with ischemic 
injury, confirming a dynamic model of acute injury and its 
resolution (Figure [Div]).

Cardiomyocyte-specific DEGs included genes impli-
cated in human ischemic disease (IGFBP7, HAS2, 
TIMP1, IL1RAP, and HIF1A5; Figure [Dv]). CellChat anal-
ysis of ligand-receptor interactions revealed increased 
cell-cell interactions at day 2 and a pronounced decline 
by day 5 (Figure [Ei and Eii]), consistent with other analy-
ses5 and the current model of the resolution of ischemic 
injury. Interestingly, a comparison of day 5 data to base-
line (Figure [Eiii]) indicates that a degree of dysregula-
tion persists, consistent with remodeling post-injury. This 
was confirmed in DEG analysis comparing day 5 data to 
baseline, which highlighted markers of fibroinflammatory 
remodeling following cardiac injury (IL18, CSF1, MMP2, 
and SLC8A); these features correlated to poor long-term 
outcomes.5

Together, these findings establish a scalable human 
in vitro platform that captures the dynamic interplay 
between immune recruitment, inflammatory resolution, 

and tissue remodeling following ischemic cardiac injury. 
We demonstrate a clear temporal progression: an acute 
phase marked by immune cell infiltration and proinflam-
matory transcriptional activation at day 2, transitioning 
to a resolution phase by day 5, and finally hallmarks of 
fibroinflammatory remodeling.

This platform addresses a critical need by enabling 
human-specific studies of immune-driven cardiac injury, 
repair, and remodeling. We offer a viable alternative to 
animal models, opening new avenues for mechanistic 
discovery and therapeutic testing in human tissue, with 
direct relevance to ischemic disease and heart failure. 
This approach can be easily adapted to include new and 
emerging organoid models, including a broader reper-
toire of immune-relevant tissues that contribute to car-
diovascular pathology.
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Nonstandard Abbreviations and Acronyms

VCO	 vascularized cardiac organoid

Figure Continued.  with multiple comparisons). C, i, Uniform manifold approximation (UMAP) of single-nucleus RNA-sequencing (RNA-seq) 
data derived from control (uninjured), day 2, and day 5 VCOs post-injury and coculture. (Total of 10 644 nuclei captured, of which 176 were 
immune cells.) ii, Bubble plot highlighting canonical genes used to annotate the data set. iii, Change in distribution of cell types across injury 
timepoints. D, Differential gene expression analysis highlighting the upregulation and downregulation of hypoxic, inflammatory, chemokine, and 
fibrotic genes at (i) day 2 (mimicking acute injury) and (ii) day 5 (modeling resolution) post-injury. iii, qRT-PCR was performed on hypoxia-
injured VCOs in the absence of comBO coculturing to determine the distinct effect of coculture on injury (ΔΔCT method calculated relative to 
uninjured controls). iv, Gene set enrichment analysis (GSEA) was performed to identify dysregulation across cell types (FDR=0.3, Wilcox). An 
upregulation of core inflammatory gene sets was observed at day 2 post-injury, while these gene sets were downregulated at day 5 post-injury, 
again confirming a model of acute injury and its resolution. v, Volcano plots demonstrating gene dysregulation in cardiomyocytes post-injury. E, 
i, CellChat analysis of predicted ligand-receptor analysis demonstrates a marked (ii) upregulation of cell-cell interactions at day 2 post-injury 
and (iii) subsequent downregulation of these interactions as injury resolves at day 5. iv, Analysis of day 5 samples compared with baseline 
highlights persistent dysregulation consistent with cardiac remodeling post-injury. F, Differential gene expression of VCOs at day 5 post-injury 
highlights a persistent upregulation of hallmark genes reported in cases of poor resolution post-injury, which contribute to remodeling and poor 
long-term outcomes. Avi, Biii, and Diii: n=3; Kruskal-Wallis tests (with multiple comparisons [Dunn post hoc]) were performed using GraphPad 
Prism, version 10.3.1. Single-nucleus RNA-seq analysis was performed using R (version 4.4.0). Differential gene expression analysis was 
performed using the Seurat FindMarkers function (Wilcoxon rank-sum test). Genes with adjusted P values (Benjamini-Hochberg) <0.05 and 
log₂ fold change >0.25 were identified as differentially expressed. Gene set enrichment was performed using fgsea with the MSigDB Hallmark 
gene sets. Pathways with FDR-adjusted P<0.05 were considered significantly enriched. Note that the low n used in this proof-of-concept study 
must be taken into account when interpreting statistics. CD indicates cell death; Chemo, chemokine; Cyto, cytokine; IFN, interferon; Inflamm, 
inflammasome; MFI, mean fluorescence intensity; and O2, hypoxia.
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