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            Abstract
Limited access to embryos has hampered the study of human embryogenesis and disorders that occur during early pregnancy. Human pluripotent stem cells provide an alternative means to study human development in a dish1,2,3,4,5,6,7. Recent advances in partial embryo models derived from human pluripotent stem cells have enabled human development to be examined at early post-implantation stages8,9,10,11,12,13,14. However, models of the pre-implantation human blastocyst are lacking. Starting from naive human pluripotent stem cells, here we developed an effective three-dimensional culture strategy with successive lineage differentiation and self-organization to generate blastocyst-like structures in vitro. These structuresâ€”which we term â€˜human blastoidsâ€™â€”resemble human blastocysts in terms of their morphology, size, cell number, and composition and allocation of different cell lineages. Single-cell RNA-sequencing analyses also reveal the transcriptomic similarity of blastoids to blastocysts. Human blastoids are amenable to embryonic and extra-embryonic stem cell derivation and can further develop into peri-implantation embryo-like structures in vitro. Using chemical perturbations, we show that specific isozymes of protein kinase C have a critical function in the formation of the blastoid cavity. Human blastoids provide a readily accessible, scalable, versatile and perturbable alternative to blastocysts for studying early human development, understanding early pregnancy loss and gaining insights into early developmental defects.
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                    Fig. 1: Generation of human blastocyst-like structures from naive human PSCs.[image: ]


Fig. 2: Blastoid cell transcriptomes globally resemble those of human pre-implantation embryos.[image: ]


Fig. 3: Functional assessment of human blastoids.[image: ]


Fig. 4: PKC isozymes regulate cavity formation in human blastoids.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Generation of human blastoids from naive human PSCs.
a, Representative immunofluorescence co-staining images of SOX2, GATA3 and GATA6 showing differentiation of naive human PSCs in human TSM (left) and HDM (right). Scale bars, 100Â Î¼m. b, Representative immunofluorescence co-staining images of SOX2, GATA3 and GATA6 showing differentiation of naive human PSCs in TSM followed by HDM (top) and HDM followed by TSM (bottom). Scale bars, 100Â Î¼m. c, A representative phase-contrast image showing the presence of ELCs, HLCs and TLCs in a day-7 codifferentiation culture. Green, purple and red dashed lines encircle a typical colony of ELCs, TLCs and HLCs, respectively. Scale bar, 100Â Î¼m. d, Representative phase-contrast images showing cell aggregates formed in media with different TSM and 5i/L/A ratios. Red arrowheads indicate blastocyst-like structures. Scale bars, 100Â Î¼m. e, Schematic of human blastoid formation from naive human PSCs using the TH method. f, Representative phase-contrast images of human blastoids (TH method). Scale bars, 100Â Î¼m. g, Representative phase-contrast images showing human blastoids generated from 5i/L/A-cultured HFF and BJ human iPS cells and PXGL-cultured WIBR3 human ES cells (HT method). Scale bar, 100Â Î¼m. h, Human blastoid formation efficiencies from 5i/L/A-cultured HFF human iPS cells (HT method, nÂ =Â 6 biological replicates; TH method, nÂ =Â 3 biological replicates), 5i/L/A-cultured BJ human iPS cells (HT method, nÂ =Â 3 biological replicates) and PXGL-cultured WIBR3 human ES cells (HT method, nÂ =Â 3 biological replicates). Data are meanÂ Â±Â s.d. i, Lengths and widths of human blastocysts (nÂ =Â 13 biological replicates) and human blastoids (TH method, nÂ =Â 36 biological replicates; HT method, nÂ =Â 110 biological replicates). j, Total number of cells per human blastocyst (nÂ =Â 9 biological replicates) and human blastoid (HT method, nÂ =Â 52 biological replicates; TH method, nÂ =Â 16 biological replicates). Box plots show median (centre line), 25th and 75th percentiles (bottom and top of box, respectively), and minimum and maximum values (bottom and top whisker, respectively). k, Morphological grading of human blastocysts (nÂ =Â 11 biological replicates) and human blastoids (HT method, nÂ =Â 97 biological replicates; TH method, nÂ =Â 21 biological replicates). TE, trophectoderm. Images in aâ€“d, f, g are representative of at least three independent experiments.
Source data


Extended Data Fig. 2 Optimization of blastoid formation from naive human PSCs.
a, Ratio of blastoids to all aggregates generated from different starting cell numbers (HT method, nÂ =Â 3 biological replicates; meanÂ Â±Â s.d.). b, Ratio of empty wells or dead wells (wells containing only dead cells) to all wells using different starting cell numbers (HT method, nÂ =Â 3 biological replicates; meanÂ Â±Â s.d.). c, The effect of each TDM component on blastoid formation efficiency (HT method).
Source data


Extended Data Fig. 3 Cell-lineage composition of human blastoids.
a, Representative immunofluorescence co-staining images of CDX2, GATA3 and SOX2 in a human blastoid. A higher-magnification image of the boxed area is shown on the right. Yellow arrowheads indicate CDX2+GATA3+ cells. Scale bar, 100Â Î¼m. b, Representative immunofluorescence co-staining images of TFAP2A, TFAP2C and SOX2 in a human blastoid. Scale bar, 100Â Î¼m. c, Representative immunofluorescence co-staining images of TEAD4 and SOX2 in a human blastoid. Scale bar, 100Â Î¼m. d, Representative immunofluorescence co-staining images of OCT4, GATA6 and SOX17 in a human blastoid. Left, maximum intensity projection of z-stack images; right, higher-magnification single-plane images of the boxed area. Yellow arrowheads indicate GATA6+SOX17+ cells. Scale bar, 100Â Î¼m. e, Representative immunofluorescence co-staining images of TFCP2L1, SUSD2 and KLF4 in a human blastoid. Left, maximum intensity projection of z-stack images; right, higher-magnification single-plane images of the boxed area. Scale bar, 100Â Î¼m. f, Representative immunofluorescence co-staining images of KLF17, CD24 and OTX2 in a human blastoid. Scale bar, 100Â Î¼m. g, Representative immunofluorescence co-staining images of SOX2, EOMES and T in a human blastoid. Scale bar, 100Â Î¼m. h, Representative immunofluorescence co-staining images of GATA3 and OCT4 (top) and GATA6 and SOX2 (bottom) in human blastoids generated from 5i/L/A-cultured HFF iPS cells. Scale bars, 100Â Î¼m. i, Representative immunofluorescence co-staining images of SOX2, SOX17 and GATA3 in a human blastoid (TH method). Scale bar, 100Â Î¼m. j, Quantification of the number of SOX2+, SOX17+ and GATA3+ cells in human blastocysts (nÂ =Â 9 biological replicates) and human blastoids (TH method, nÂ =Â 16 biological replicates; HT method, nÂ =Â 30 biological replicates). Box plots show median (centre line), 25th and 75th percentiles (bottom and top of box, respectively), and minimum and maximum values (bottom and top whisker, respectively). k, Pie charts showing the frequencies of different expression patterns of SOX2, SOX17 and GATA3 in human blastocysts (left) and human blastoids (TH method, middle; HT method, right). l, m, Left, representative immunofluorescence co-staining images of OCT4 and GATA3 in cell aggregates generated by the HT (l) and TH (m) method. Scale bars, 100Â Î¼m. Right, percentages of cavityless structures, trophoblast spheroids and blastoids among all aggregates generated by the HT (l) and TH (m) method. Images in aâ€“i, l, m are representative of at least three independent experiments.
Source data


Extended Data Fig. 4 Time-course studies of lineage differentiation dynamics during human blastoid formation and extended culture of human blastoids.
a, Representative immunofluorescence co-staining images of SOX2, GATA6 and GATA3 in cell aggregates generated at different time points during blastoid formation. Scale bars, 100Â Î¼m. b, Representative phase-contrast images showing extended culture of human blastoids in TDM. Scale bar, 100Â Î¼m. c, Percentages of EdU+ or Ki67+ cells in human blastoids after extended culture in TDM (day 9, nÂ =Â 5; day 10, nÂ =Â 6; day 11, nÂ =Â 4 (biological replicates); meanÂ Â±Â s.d.). d, Representative immunofluorescence co-staining images of EdU and Ki67 in human blastoids after extended culture in TDM. Higher-magnification images of the boxed areas are shown on the right. Scale bars, 100Â Î¼m. Images in a, b, d are representative of at least three independent experiments.
Source data


Extended Data Fig. 5 Single-cell RNA-seq analyses of human blastoids.
a, PHATE embedding of blastoid cells. Shown is the expression of three lineage markers: SOX2 (epiblast), COL4A1 (hypoblast) and GATA2 (trophectoderm) b, Left, t-SNE plots comparing the transcriptomes of blastoid cells from TH and HT derivation protocols. Cluster labels are indicated. Middle, cells are coloured by derivation protocol. 5i/L/A and PXGL indicate two culture conditions for naive human PSCs before blastoid derivation. Right, quantification of the cellular composition of each cluster. c, t-SNE plots comparing the transcriptomes of blastoid cells from TH and HT derivation protocols. Shown is the expression of three lineage markers: SOX2 (epiblast), COL4A1 (hypoblast) and GATA2 (trophectoderm). d, Joint UMAP embedding of single-cell transcriptomes from blastoids and human pre-implantation embryos (Fig. 2a). Shown is the expression of lineage markers. To emphasize blastoid cells, cells derived from human pre-implantation embryos are coloured grey. e, Violin plots illustrating the expression of selected lineage markers from single-cell expression data. Quantified cells are split between blastoids (left) and pre-implantation human embryos (right). f, Dot plot indicating the expression of well-known markers of epiblast (EPI), hypoblast (HYP) and trophectoderm (TE). Clusters contain only blastoid cells, and do not contain cells from human embryos. g, PCA of blastoid-derived HLCs (left) and TLCs (right) relative to published maps from human embryos and established stem cell lines19,20,29,31,32,33,34. Embryonic time points and cell line names are indicated (labelled as in each previous study), and the dotted grey lines indicate developmental time axes estimated from human embryo datasets. h, Enrichment of GO biological process terms for cluster-specific genes. In eâ€“h, clusters contain only blastoid cells, and do not contain cells from human embryos.


Extended Data Fig. 6 Additional single-cell RNA-seq analyses of human blastoids.
a, Correlation analysis of blastoid clusters with cells from in vivo cynomolgus monkey embryos (gast, gastrulating cells; postE-EPI, post-implantation early epiblast; postL-EPI, post-implantation late epiblast; post-paTE, post-implantation parietal trophectoderm; pre-EPI, pre-implantation epiblast; preE-TE, pre-implantation early trophectoderm; preL-TE, pre-implantation late trophoectoderm). b, Single-cell RNA-seq was performed at days 3, 6 and 9 during blastoid derivation (nÂ =Â 3). t-SNE plot of sequenced cells, coloured by cluster assignment. c, Quantification of the cellular composition of clusters in b. d, Expression of lineage markers from the t-SNE analysis in b. e, Pseudotime trajectories for the ELCs across a time course of blastoid derivation. Epiblast cells from human pre-implantation embryos are included as a reference. Plots show pseudotime (top), sample time point (middle) and cell identity (bottom). The variability of U6 cells across time points may be due to cellular heterogeneity and unsynchronized differentiation of naive human PSCs during blastoid formation. f, g, Pseudotime-dependent gene expression signatures for the ELCs. This analysis only includes epiblast-specific genes defined in Zhou et al.31. h, Representative immunofluorescence and phase-contrast images showing the expression of CCR7 in a human blastoid. Images are representative of at least three independent experiments. Scale bar, 100Â Î¼m. i, t-SNE plot from Fig. 2h, without velocity analysis.


Extended Data Fig. 7 Derivation of stem cells from human blastoids.
a, Derivation efficiency for blastoid naive ES cells, blastoid nEND, and blastoid TSCs. Thirty blastoids were used for each. b, Growth curves of blastoid naive ES cells, blastoid nEND and blastoid TSCs (nÂ =Â 3 biological replicates; meanÂ Â±Â s.d.). c, Representative immunofluorescence images of blastoid naive ES cells (OCT4, KLF17), blastoid nEND (SOX17, FOXA2) and blastoid TSCs (CDH1, TEAD4). Scale bars, 100Â Î¼m. d, RTâ€“qPCR results showing the relative expression levels of epiblast (POU5F1, SOX2, KLF17), hypoblast (GATA4, GATA6, SOX17) and trophectoderm (GATA3, TFAP2C) markers in blastoid naive ES cells, blastoid nEND and blastoid TSCs (nÂ =Â 3 biological replicates; meanÂ Â±Â s.d.). e, t-SNE of naive ES cells, blastoid naive ES cells, blastoid nEND and blastoid TSCs. Plots are coloured according to sample (top left), SOX2 expression (top right), GATA6 expression (bottom left) and GATA3 expression (bottom right). f, Correlation analysis of blastoid naive ES cells, blastoid nEND and blastoid TSCs compared to published transcriptomes19,20,29,31,32,33,34 from established human ES cells, human TSCs and nEND. Each indicated sample represents merged cells (scRNA-seq datasets) or replicates (bulk RNA-seq datasets). The gene sets used in this analysis were defined in Zhou et al.31. g, Left, representative phase-contrast images showing manual cutting (red dashed line) and outgrowths (days 1 and 7) during the derivation of blastoid TSCs. Right, a representative phase-contrast image showing the morphology of blastoid TSCs (passage 5) derived from manually cut TLCs. Scale bars, 100Â Î¼m. h, A representative immunofluorescence image showing that human TSCs derived from cut TLCs express GATA3. Scale bar, 100Â Î¼m. i, Schematic showing the strategy to derive blastoid nEND and blastoid TSCs from OCT4-GFPâˆ’ and SUSD2âˆ’ double-negative single cells (DNSCs) isolated from human blastoids. j, FACS gating and sorting of OCT4-GFPâˆ’ and SUSD2âˆ’ DNSCs from dissociated human blastoids. k, l, Representative phase-contrast and immunofluorescence images showing that blastoid TSCs (k) and blastoid nEND (l) derived from FACS-sorted DNSCs express GATA3 and GATA6, respectively. Scale bars, 100Â Î¼m. mâ€“o, Representative phase-contrast (left) and immunofluorescence (right) images showing that monomeric Kusabira-Orange (mKO)-labelled blastoid TSCs (m), blastoid nEND (n) and blastoid naive ES cells (o) contribute to the extraembryonic ectoderm, visceral endoderm and epiblast compartments of day-6 IVC mouse embryos after blastocyst injections. Higher-magnification images of the boxed areas are shown on the right. Scale bars, 100Â Î¼m. Images in c, g, h, kâ€“o are representative of at least three independent experiments.
Source data


Extended Data Fig. 8 In vitro differentiation of stem cells derived from human blastoids.
a, Representative phase-contrast images showing blastoid TSCs, as well as EVT-like cells and SCT-like cells differentiated from blastoid TSCs. Scale bars, 100Â Î¼m. b, Representative immunofluorescence images of GATA3, CK7 and CDH1 (trophectoderm markers), SDC1 and CGB (SCT markers) and HLA-G (an EVT marker) in EVT-like cells and SCT-like cells differentiated from blastoid TSCs. Scale bars, 100Â Î¼m. c, RTâ€“qPCR results showing the relative expression levels of EVT (FN1, HLA-G, ITGA5, ITGA1) and SCT (CGA, CGB (detects all 6 CGB genes), PSG1, CSH1, CYP19A1) markers in blastoid TSCs, as well as in EVT-like and SCT-like cells differentiated from blastoid TSCs (nÂ =Â 3 biological replicates, meanÂ Â±Â s.d.). d, A representative phase-contrast image showing a day-9 differentiation culture of blastoid nEND cells. Scale bar, 100Â Î¼m. e, f, Representative immunofluorescence co-staining images of COL6A1, FOXA1 and GATA6 in a day-9 differentiation culture of blastoid nEND cells. White dashed lines indicate FOXA1âˆ’COL6A1+GATA6âˆ’ cells (e) and FOXA1+COLA6A1âˆ’GATA6âˆ’ cells (f). Scale bars, 100Â Î¼m. g, RTâ€“qPCR results showing relative expression levels of VE/YE and EXMC markers in day-4 and day-9 differentiation cultures of blastoid nEND cells. (nÂ =Â 3 biological replicates; meanÂ Â±Â s.d.). h, A representative phase-contrast image showing the colony morphology of primed human ES cells converted from blastoid naive ES cells. Scale bar, 100Â Î¼m. i, Representative immunofluorescence images showing that primed human ES cells converted from blastoid naive ES cells stained positive for SOX2 and CD24. Scale bars, 100Â Î¼m. j, Representative H&E staining images showing that the teratomas formed by primed human ES cells contain tissues from all three embryonic germ layers. Scale bar, 100Â Î¼m. Images in a, b, dâ€“f, hâ€“j are representative of at least three independent experiments.
Source data


Extended Data Fig. 9 Culturing human blastoids beyond implantation stages.
a, Representative immunofluorescence co-staining images of SOX2, GATA6 and GATA3 in selected day-4 IVC human blastoids, showing abnormal growth of ELCs, TLCs and/or HLCs. Scale bars, 100Â Î¼m. b, Representative immunofluorescence co-staining images of phalloidin and OCT4 showing a rosette-like structure in a day-4 IVC human blastoid. A higher-magnification image of the boxed area is shown on the right. Green arrowhead indicates the apical domain of the rosette-like structure. Scale bar, 100Â Î¼m. c, Representative immunofluorescence co-staining images of OTX2 and laminin in a day-4 IVC human blastoid. Side views of the yellow dashed line are shown on the right. Scale bar, 100Â Î¼m. d Representative immunofluorescence co-staining images of OCT4 and CK7 in a day-4 IVC human blastoid. Higher-magnification images of the boxed area are shown on the right. Scale bar, 100Â Î¼m. e, Representative immunofluorescence co-staining images of HCGB and SOX2 in a day-4 IVC human blastoid. A higher-magnification image of the boxed area is shown on the right. White dotted line encircles multinucleated cells. Scale bar, 100Â Î¼m. f, Representative results using a human pregnancy test kit on medium collected from day-4 IVC human blastoids and IVC medium control (Ct.). Images in aâ€“e are representative of at least three independent experiments.


Extended Data Fig. 10 PKC isozymes regulate cavity formation in human blastoids.
a, Representative immunofluorescence co-staining images of phalloidin and ZO1 in cell aggregates generated at different time points during blastoid formation. Scale bars, 100Â Î¼m. b, Representative phase-contrast images of cell aggregates after treatments with DMSO control (top), GÃ¶6976 (middle) or GÃ¶6983 (bottom). Red arrowheads indicate blastoids. Scale bar, 100 Î¼m. c, Counts per million (CPM) values calculated from a published scRNA-seq dataset29, showing the expression levels of different PKC isozymes at different stages during human pre-implantation development. E, early stage; L, late stage. d, e, Representative immunofluorescence co-staining images of ZO1, phalloidin and GATA3 in cell aggregates after treatments with inhibitors of PKCÎ± (d) and PKCÎ¶ (e). Higher-magnification images of the boxed areas are shown on the left. Scale bars, 100Â Î¼m. Images in a, b, d, e are representative of at least three independent experiments.
Source data
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