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            Abstract
Intercellular communication orchestrates a multitude of physiologic and pathologic conditions. Algorithms to infer cellâ€“cell communication and predict downstream signalling and regulatory networks are needed to illuminate mechanisms of stem cell differentiation and tissue development. Here, to fill this gap, we developed and applied CellComm to investigate how the aortaâ€“gonadâ€“mesonephros microenvironment dictates haematopoietic stem and progenitor cell emergence. We identified key microenvironmental signals and transcriptional networks that regulate haematopoietic development, including Stat3, Nr0b2, Ybx1 and App, and confirmed their roles using zebrafish, mouse and human models. Notably, CellComm revealed extensive crosstalk among signalling pathways and convergence on common transcriptional regulators, indicating a resilient developmental programme that ensures dynamic adaptation to changes in the embryonic environment. Our work provides an algorithm and data resource for the scientific community.
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                    Fig. 1: Diversity of cell types in the AGM ecosystem.[image: ]


Fig. 2: Intercellular communication in the AGM ecosystem.[image: ]


Fig. 3: Systematic validation of ligandâ€“receptor interactions.[image: ]


Fig. 4: Reconstruction of downstream pathways.[image: ]


Fig. 5: Downstream pathways of UGR1â€“T1preHSC interaction.[image: ]


Fig. 6: Systematic validation of transcriptional regulators.[image: ]
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                Data availability

              
              The processed and raw scRNA-seq data supporting the findings of this study have been deposited in the Gene Expression Omnibus under accession code GSE160526. We re-analysed publicly available datasets from the following accession numbers: GSE137117 and GSE144240. Reference genome data for scRNA-seq analyses were downloaded from https://support.10xgenomics.com/single-cell-gene-expression/software/downloads/2.2. All other data supporting the findings of this study are available from the corresponding authors on reasonable request. Source data are provided with this paper.

            

Code availability

              
              CellComm and CellRouter are available through the Framework for Unified Single-Cell Analysis (FUSCA) R package available at https://github.com/edroaldo/fusca. We also provide a web resource to run CellComm and other algorithms at http://hematopoieticniches.com.
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Extended data

Extended Data Fig. 1 Gating strategy and Identification of the hemogenic endothelium population.
a, Single, live, non-red blood cells (7-AADnegativeTER119negative) were sampled. b, Gating strategy for isolation of endothelial cells (EC) and type 1 preHSCs (T1preHSCs). Cells gated in A were further gated on VE-Cadherin+CD31+CD45negativeCD41negativeKITlow/+ for EC and VE-Cadherin+CD31+CD45negative CD41lowKITlow/+ for T1-preHSC. c, tSNE analysis of the entire AGM ecosystem data color-coded by sample replicates. d, tSNE analysis of the entire AGM ecosystem data color-coded by transcriptional clusters. e, Proportion of replicates in each transcriptional cluster. f, tSNE analysis of sorted endothelial cells (ECs) and immunophenotypic T1preHSCs colored-coded by transcriptional clusters. g, Proportion of sorted cells (ECs, T1reHSCs) across transcriptional clusters. h, Manual cluster annotation based on transcriptional clusters and the sample of origin. i, Gene expression distribution of selected EC, HE (hemogenic endothelium), and T1preHSC genes. The middle line in the box plot indicates the median. The lower and upper hinges correspond to the 25th and 75th percentiles. Whiskers show min to max. Data beyond the whiskers are â€˜outlyingâ€™ points and are plotted individually. Source numerical data are available in source data.
Source data


Extended Data Fig. 2 Experimental validation of ligands and receptors.
a, Whole-mount in situ hybridization (WISH) for runx1/cmyb in control and itgb3b morpholino-injected embryos at 36 hpf. Scale bar, 100â€‰Âµm, Nâ€‰=â€‰23 embryos (control) and Nâ€‰=â€‰26 embryos (itgb3b morpholino). b, Representative flow plots for tested surface receptors on hemogenic endothelial cells from hiPSCs (HE, CD34+CD45âˆ’, day 8) and Hematopoietic cells (CD34+CD45+, day 8â€‰+â€‰7), pre gated on live, single cells. c, qPCR confirming significant reduction of CD93 transcript 48â€‰h after siRNA transfection. Bars represent meanâ€‰+â€‰/- SD. Nâ€‰=â€‰4 independent EHT cultures. Paired t-test, **pâ€‰=â€‰0.0065. d, Flow cytometric analysis of CD93 surface expression 48â€‰h after siRNA transduction. Bars represent meanâ€‰+â€‰/- SD. Nâ€‰=â€‰3 independent differentiation experiments. Paired t-test, one-tailed, *pâ€‰=â€‰0.0261. e, CFU assay from d7 floating cells after hiPSC-derived EHT with and without CD93 siRNA KD. Bars represent meanâ€‰+â€‰/- SD of Nâ€‰=â€‰6 assays. f, WISH timecourse for zebrafish mfap2 across the window of EHT. Scale bar 500â€‰Âµm. g, Maximum intensity projection of a confocal z-stack of double fluorescent in situs for zebrafish mfap2 and runx1 mRNA at 24 hpf. Vasculature is visualized with GFP antibody staining in transgenic embryos. Yellow arrowhead indicates position of cross section. Scale bars 50â€‰Âµm, 25â€‰Âµm and 10â€‰Âµm. h, Viability and quantification of floating, hematopoietic cells at d8â€‰+â€‰7 of endothelial to hemogenic transition at increasing concentrations of recombinant human MFAP2. Meanâ€‰+â€‰/- SD is plotted, Nâ€‰=â€‰6 independent differentiation experiments. i, Representative flow plots (left) and violin plots (median and quartiles) for CD34 and CD45 staining of floating hematopoietic cells after hiPSC derived EHT culture in the presence of increasing recombinant human MFAP2 concentrations (Nâ€‰=â€‰6 independent experiments). RM One-way ANOVA, p-values have been adjusted for multiple comparison using Dunnettâ€™s test, **pâ€‰=â€‰0.0029. Source numerical data are available in source data.
Source data


Extended Data Fig. 3 Application of CellComm to other cell-cell interactions.
a, UMAP analysis of scRNA-seq of Eâ€‰+â€‰HEâ€‰+â€‰IAC sorted populations from E10.5 mouse embryos. b, Inferred intercellular communication network. c, Top ligand-receptor pairs across selected cell types prioritized by CellComm. d, Reconstructed signaling pathways connecting cell surface receptors to TRs across reported cell-cell interactions. e, Predicted downstream signaling pathways from cell surface receptors leading to transcriptional regulators in neuron subtypes upon interaction with macrophages. f, Gene ontology enrichment analysis of the regulons of selected transcriptional regulators identified in e. The color and size scales both represent the -log10 (P value) of the pathway enrichment result. AE: arterial endothelial cell. VE: ventral endothelial cell. Source numerical data are available in source data.
Source data


Extended Data Fig. 4 Further prioritization of transcriptional regulators.
a, The endothelial-to-hematopoietic transition trajectory reconstructed by CellRouter using sorted ECs and T1preHSCs. b, Transcriptional regulators predicted to be important for the cell state transitions reported in the x-axis, for example EC.HE means the differentiation trajectory from EC to HE. c, Gene expression distribution of genes selected for experimental validation. The middle line in the box plot indicates the median. The lower and upper hinges correspond to the 25th and 75th percentiles. Whiskers show min to max. Data beyond the whiskers are â€˜outlyingâ€™ points and are plotted individually. d, Kinetic profiles of selected genes along the CellRouter trajectory from endothelial cells (ECs) to the T1preHSC10 state. e, Kinetic profiles of Gfi1b and Gfi1 along the EC to HE differentiation trajectory. f, Expression dynamics by qPCR of hematopoietic transcripts RUNX1C and GFI1 as well as CellComm predicted candidate regulators APP and YBX1. Nâ€‰=â€‰4 (d1), Nâ€‰=â€‰6 (d4), Nâ€‰=â€‰5 (d7) independent EHT cultures, Nâ€‰=â€‰2 independent CB CD34â€‰+â€‰donor samples. Bar graphs represent mean. g, Kinetic profiles of selected genes along the CellRouter predicted EHT trajectory using the dataset generated by1. h, Increase in APP and YBX1 expression upon ITGB3 inhibition in hiPSC-derived HSPCs. Nâ€‰=â€‰6, from 3 independent cultures. Bar graphs represent meanâ€‰+â€‰/- SD. i, Cell cycle signature scores along the CellRouter trajectory from EC to the T1preHSC10 state. j, Clustered kinetic profiles, which group genes with similar gene expression trends along the reported CellRouter trajectory. k, Gene ontology enrichment of gene sets in each kinetic cluster identified in l. The color and size scales both represent the -log10 (P value) of the pathway enrichment result. Hypergeometric test. The p-values were adjusted for multiple comparisons using the Benjamini-Hochberg method. Source numerical data are available in source data.
Source data


Extended Data Fig. 5 Experimental validation of transcriptional regulators.
a, Stat3 inhibitor dose-response curve on runx1/cmyb expression in zebrafish embryos treated from 14-36hpf. b, Representative flow plots for CD34 and CD45 staining of floating hematopoietic cells after hiPSC derived EHT culture in the presence of increasing STAT3 inhibitor concentrations. Bar graphs represent meanâ€‰+â€‰/- SD. Ordinary One-way ANOVA, Dunnettâ€™s multiple comparisons test, Nâ€‰=â€‰5, from 4 independent cultures. c, Gating strategy on positive control samples (CB MNC) and representative flow plots of anti-CD5 and anti-CD7 stained cells, 14 days in T cell differentiation culture in the presence of indicated STAT3 inhibitor concentrations. d, No decrease in viability (DAPI negativity) in hiPSC-derived EHT cultures treated with a STAT3 inhibitor. Meanâ€‰+â€‰/- SD is depicted. Nâ€‰=â€‰4, from 3 independent differentiation experiments. e, Phenotypic distribution plots of runx1/cmybâ€‰+â€‰staining in 36hpf zebrafish embryos after control and experimental morpholino injection. Nâ€‰=â€‰42 and 46 (ctrl MO and cebpa MO) and Nâ€‰=â€‰51 and 53 (ctrl MO and cebpb MO) from two independent experiments each. Of note, ybx1 morphants displayed severe embryonic toxicity at doses as low as 1â€‰ng, which prevented further analysis in zebrafish. f, qRT-PCR verifying YBX1 knockdown after 72â€‰h in dox inducible hiPSC derived HE carrying a dCAS9-KRAB fusion protein and sgRNAs against YBX1. Bars represent meanâ€‰+â€‰/- SD. Nâ€‰=â€‰3 independent cultures, unpaired t-test, pâ€‰=â€‰0.0115. g, CRISPRi of YBX1 does not affect the percentage of CD34â€‰+â€‰CD45â€‰+â€‰cells. Nâ€‰=â€‰2 independent sgRNAs. Data and mean is plotted. h, Reduction of CFU potential upon CRISPRi-mediated reduction of YBX1 expression in hiPSC derived HSPCs. Bar graphs represent mean. Nâ€‰=â€‰3 sgRNAs for NTC, Nâ€‰=â€‰2 sgRNAs for YBX1. i, Reduced lymphoid differentiation potential (Nâ€‰=â€‰4 independent cultures) upon CRISPRi-mediated reduction of YBX1 expression in hiPSC derived HSPCs. ****pâ€‰<â€‰0.0001, ***pâ€‰=â€‰0.0001. Bar graphs represent meanâ€‰+â€‰/- SD. j, Representative flow cytometric plots of nascent preHSCs (VE-CADâ€‰+â€‰CD45â€‰+â€‰) in DMSO or APPi-treated E9.5 explant cultures. k, Quantification of phenotypic T1- and T2-preHSCs in control E10.5 AGM explant cultures (Nâ€‰=â€‰9) or cultures treated with APP inhibitor (Nâ€‰=â€‰8). Bars represent meanâ€‰+â€‰/- SD. Unpaired t-test, two-tailed, T1-preHSCs pâ€‰=â€‰0.0722, T2-preHSCs pâ€‰=â€‰0.0258. l, Representative flow cytometric plots of E14.5 fetal liver samples from APP wild type (wt), heterozygous (het) and knockout (ko) embryos pregated on single, live, lineage negative cells. Source numerical data are available in source data.
Source data


Extended Data Fig. 6 CellComm infers cell communication from spatial transcriptomics data.
a, Transcriptional clusters overlaid on the tissue image. Only spots are shown. c, Probabilistic transfer of annotations from a reference cSCC cell atlas to the spatial transcriptomics data, c, Probabilistic scores for a Tumor Specific Keratinocyte (TSK) population overlaid on the tissue image. d, Spots color-coded by niche identity overlaid on the tissue. Only spots are shown. e, left panel: number of ligand-receptor interactions co-expressed between reported cell types; middle panel: spatial proximity between niche centroids in the tissue image; right panel: interaction score taking into account the number of ligand-receptor interactions and the co-localization of niche centroids in the tissue image. f, Selected niches with higher interaction scores overlaid on the tissue image. g, Ligand-receptor pairs mediating crosstalk between the tumor microenvironment (TME) and the tumor cells. h, Spatially resolved expression of selected ligand-receptor pairs identified by CellComm. Source numerical data are available in source data.
Source data


Extended Data Fig. 7 CellComm analysis at spatial subcluster resolution.
a, Subclustering of niche identities based on spatial information, showing spatial subclusters of tumor-specific keratinocytes (TSK), the fibrovascular niche identified, as well as spots classified as lymphoid cells. b, Number of ligand-receptor pairs co-expressed between spatial subclusters (left panel); spatial proximity between subcluster centroids of reported niches (middle) and interaction score taking into account the number of ligand-receptor pairs and spatial distance of subclusters. Source numerical data are available in source data.
Source data


Extended Data Fig. 8 Signaling processes in the tumor microenvironment.
a, Ligand-receptor pairs mediating interactions between TSK spatial subclusters and the fibrovascular niche (left) as well as the downstream transcription factors in the fibrovascular niche identified by CellComm (right). b, Ligand-receptor pairs mediating interactions between the fibrovascular niche and the TSK spatial subclusters (left) as well as the downstream transcriptional regulators in tumor cells identified by CellComm. c, Gene ontology analysis of the regulons predicted to be controlled by the reported transcriptional regulators. Hypergeometric test. The p-values were adjusted for multiple comparisons using the Benjamini-Hochberg method. d, Signature scores for TSKs, demonstrating spatial localization of this tumor-specific population, as well as signature scores calculated from the regulons of the reported transcriptional regulators. Source numerical data are available in source data.
Source data


Extended Data Fig. 9 Conceptual and practical comparison of CellComm to related algorithms.
Conceptual design of CellPhoneDB, NicheNet and CellComm. a, CellPhoneDB infers intercellular communication based on ligand-receptor pairs. b, NicheNet uses prior knowledge of signaling pathways and regulatory interactions to build a model to predict which ligands regulate expression of target genes, such as differentially expressed genes or any other gene set of interest. c, CellComm infers intercellular communication by exploring co-expression patterns of ligand-receptor pairs across cell types. Then, CellComm weights a large-scale protein interaction network based on cell type-specific co-expression measurements derived from the scRNA-seq data. CellComm implements an optimization algorithm to search for paths connecting cell surface receptors to downstream transcriptional regulators and prioritizes signaling pathways and transcriptional regulators based on the statistical enrichment of the regulons of each transcriptional regulator on cell type-specific signatures. The predicted regulons are identified by gene regulatory network reconstruction from the scRNA-seq data. TRâ€‰=â€‰Transcriptional Regulator. d, CellComm analysis showing predicted signaling pathways connecting cell surface receptors in the T1preHSC1 subset to downstream transcriptional regulators. e, NicheNet analysis showing which ligands are predicted to regulate the expression of T1preHSC1 signature genes (predicted target genes). f, The Venn diagram of the downstream transcriptional regulators identified by CellComm and target genes identified by NicheNet shows no overlap, demonstrating the orthogonal approach to cell-cell communication implemented in CellComm. g, Ligands and receptors identified by NicheNet. h, Overlap between ligands and receptors identified by CellComm and NicheNet. Genes in bold were experimentally validated in our study (hypergeometric test). Genes not in bold are known genes involved in hematopoiesis. Source numerical data are available in source data.
Source data


Extended Data Fig. 10 Comparison of CellComm to CytoTalk and CellPhoneDB.
a, Ligand-receptor interactions predicted by CellComm for the UGR1-T1preHSC1 interaction. b, Ligand-receptor interactions predicted by CytoTalk for the UGR1-T1preHSC1 interaction. c, Overlap of ligands/receptors identified by CellComm and CytoTalk. Genes in bold were experimentally validated in our study. d, Overlap of downstream genes predicted by CellComm and CytoTalk. e, Overlap of transcriptional regulators predicted by CellComm and transcriptional regulators in the downstream CytoTalk subnetwork (hypergeometric test). f, Mean expression of ligands and receptors identified by CellComm and CytoTalk. g, Cell-cell interaction network inferred by CellPhoneDB using the AGM scRNA-seq data generated in this study. h, Overlap of ligands/receptors identified by CellComm and CellPhoneDB (hypergeometric test). Genes in bold were experimentally validated in our study. Genes not in bold are known genes involved in hematopoiesis. i, Ligand-receptor pairs identified by CellPhoneDB in the AGM scRNA-seq data. Source numerical data are available in source data.
Source data
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