







    Skip to main content




    
        
        Thank you for visiting nature.com. You are using a browser version with limited support for CSS. To obtain
            the best experience, we recommend you use a more up to date browser (or turn off compatibility mode in
            Internet Explorer). In the meantime, to ensure continued support, we are displaying the site without styles
            and JavaScript.


    




    

    
            

            
                
                    Advertisement

                    
        
            
    
        
            
                [image: Advertisement]
        

    


        
    
                

            
        

    
        
            
                
                    
                    
                    
                        
                        
                            
                                
                                [image: Nature]
                            
                        
                    
                    

                    
                    	
                            
                                View all journals
                            
                        
	
                            
                                Search
                            
                        
	
                            
                                Log in
                            
                        


                

            

        

        
            
                
                    
                        	
                                    
                                        Explore content
                                    
                                
	
                                    
                                        About the journal
                                    
                                
	
                                        
                                            Publish with us
                                        
                                    
	
                                    
                                        Subscribe
                                    
                                


                        	
                                    
                                        Sign up for alerts
                                    
                                
	
                                    
                                            RSS feed
                                    
                                


                    

                

            

        
    


    
    
        
            
                	nature



	articles

	
                                    article


    
        
        
            
            
                
                    	Article
	Published: 17 March 2021



                    Modelling human blastocysts by reprogramming fibroblasts into iBlastoids

                    	Xiaodong Liu 
            ORCID: orcid.org/0000-0002-9315-34061,2,3 na1, 
	Jia Ping Tan1,2,3 na1, 
	Jan Schröder 
            ORCID: orcid.org/0000-0001-5270-06051,2,3, 
	Asma Aberkane3, 
	John F. Ouyang 
            ORCID: orcid.org/0000-0002-1239-15774, 
	Monika Mohenska1,2,3, 
	Sue Mei Lim1,2,3, 
	Yu B. Y. Sun 
            ORCID: orcid.org/0000-0003-0863-27691,2,3, 
	Joseph Chen1,2,3, 
	Guizhi Sun1,2,3, 
	Yichen Zhou1,2,3, 
	Daniel Poppe 
            ORCID: orcid.org/0000-0002-6674-84205,6, 
	Ryan Lister 
            ORCID: orcid.org/0000-0001-6637-72395,6, 
	Amander T. Clark7,8,9,10, 
	Owen J. L. Rackham 
            ORCID: orcid.org/0000-0002-4390-08724, 
	Jennifer Zenker3 & 
	…
	Jose M. Polo 
            ORCID: orcid.org/0000-0002-2531-778X1,2,3 

Show authors

                    

                    
                        
    Nature

                        volume 591, pages 627–632 (2021)Cite this article
                    

                    
        
            	
                        48k Accesses

                    
	
                        189 Citations

                    
	
                            2672 Altmetric

                        
	
                    Metrics details

                


        

    
                    
                

                
    
        Subjects

        	Embryology
	Reprogramming


    


                
    
    

    
    

                
            


        
            Abstract
Human pluripotent and trophoblast stem cells have been essential alternatives to blastocysts for understanding early human development1,2,3,4. However, these simple culture systems lack the complexity to adequately model the spatiotemporal cellular and molecular dynamics that occur during early embryonic development. Here we describe the reprogramming of fibroblasts into in vitro three-dimensional models of the human blastocyst, termed iBlastoids. Characterization of iBlastoids shows that they model the overall architecture of blastocysts, presenting an inner cell mass-like structure, with epiblast- and primitive endoderm-like cells, a blastocoel-like cavity and a trophectoderm-like outer layer of cells. Single-cell transcriptomics further confirmed the presence of epiblast-, primitive endoderm-, and trophectoderm-like cells. Moreover, iBlastoids can give rise to pluripotent and trophoblast stem cells and are capable of modelling, in vitro, several aspects of the early stage of implantation. In summary, we have developed a scalable and tractable system to model human blastocyst biology; we envision that this will facilitate the study of early human development and the effects of gene mutations and toxins during early embryogenesis, as well as aiding in the development of new therapies associated with in vitro fertilization.
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                    Fig. 1: Generation of human iBlastoids.[image: ]


Fig. 2: Single-cell transcriptomic profiling of iBlastoids.[image: ]


Fig. 3: Derivation of stem cells from iBlastoids.[image: ]


Fig. 4: Modelling human in vitro implantation using iBlastoids.[image: ]
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                Data availability

              
              All processed datasets are available at http://blastoid.ddnetbio.com/. Raw and processed next-generation sequencing datasets from iBlastoids were deposited at the Gene Expression Omnibus (GEO) repository under accession number GSE156596. Published human embryo datasets used in this study were obtained from Blakeley et al.12 and Petropoulos et al.13 under accession numbers GSE66507 and E-MTAB-3929 (ArrayExpress, https://www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-3929/), respectively. For Extended Data Fig. 6h, datasets were obtained from Table S1 of Okae et al.25 and Linneberg-Agerholm et al.53 GSE138012 for the RNA-seq integration. There are no restrictions on data availability. Source data are provided with this paper.

            

Code availability

              
              All data were analysed with standard programs and packages as detailed above. Scripts can be found at http://github.com/jibsch/iBlastoids_scripts.
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Extended data figures and tables

Extended Data Fig. 1 Characterization of day 21 reprogrammed cells and morphological assessment of iBlastoids.
a, scRNA-seq analysis of day 21 reprogrammed cells (6,816 cells) showing presence of EPI-like, TE-like and PE-like populations. b–d, Immunostaining of day 21 reprogrammed cells for OCT4, GATA6 and CDX2 (b) with expanded view of the region enclosed by dashed line (c) showing OCT4+GATA6+CDX2− cells (yellow arrows), OCT4+GATA6−CDX2+ cells (white arrows), OCT4−GATA6+CDX2+ cells (cyan arrows) and OCT4+GATA6+CDX2+ cells (orange arrows) (d; n = 3). Scale bars, 100 μm. e, Quantification of different existing cell populations in day 21 reprogrammed cells in b; n = 3. f, Measurement of x- and y-axis diameters of iBlastoids compared to blastocysts12,13,14,15,16,17,18,19; mean ± s.e.m., n = 18 for iBlastoids, 8 for blastocysts12,13,14,15,16,17,18,19. g, Representative iBlastoids with and without cavitation; n = 2. Scale bars, 20 μm. h, Quantification of iBlastoids with cavity formation, n = 628. i, Per-cell expression score for refractory cell signatures on UMAP of the scRNA-seq dataset for day 21 reprogrammed cells. j, Refractory cells adhering to microwell edges during iBlastoid formation, which propagated in fibroblast medium with classic fibroblast morphology; n = 2. Scale bars, 100 μm (arrows indicate step-wise extraction and culture of refractory cells). k, qRT–PCR analysis of refractory cells in j for pluripotency markers (left) and refractory cell markers (right); mean ± s.e.m., n = 3. For more details on sample numbers, see ‘Statistics and Reproducibility’.
Source data


Extended Data Fig. 2 Immunostaining analysis of iBlastoids.
a, 3D and 2D representations of iBlastoids stained for CDX2 and NANOG; n = 5. b, iBlastoid stained for GATA2, NANOG, and SOX17, related to Fig. 1k; n = 2. c, Proportions of EPI-, PE- and TE-like cells out of total cells in iBlastoids; mean ± s.e.m., n = 5. d, iBlastoid stained for CDX2, OCT4, and GATA6, related to Fig. 1l; n = 2. e, iBlastoid stained for GATA3 and NANOG; n = 2. f, Assessment of proliferation marker Ki67 on iBlastoids stained for CDX2 and NANOG or CDX2 and GATA6; n = 2. Scale bars, 20 μm. For more details on sample numbers, see ‘Statistics and Reproducibility’.
Source data


Extended Data Fig. 3 Time-course examination of iBlastoid formation.
a, Phase-contrast images of iBlastoid formation from day 1 to day 6; n = 5. Scale bar, 100 μm. b, Immunostaining of iBlastoids on days 1–5 for CDX2, OCT4 and GATA6; n = 2. Scale bars, 20 μm. c, Ratio of longest diameter (dmax) to shortest diameter (dmin) for TE-like and EPI-like cells in iBlastoids; mean ± s.e.m., n = 20. For more details on sample numbers, see ‘Statistics and Reproducibility’.
Source data


Extended Data Fig. 4 scRNA-seq pipeline and quality controls.
a, Phase-contrast images of the iBlastoids selected for scRNA-seq; n = 200. Scale bar, 100 μm. b, scRNA-seq analysis strategy (see Methods). c, UMAP representation of donor cell distribution for iBlastoids. d, UMAP representation of the cell cycle stages for iBlastoid scRNA-seq library. e, Expression of Sendai-KLF4, Sendai-KOS and Sendai-MYC in iBlastoids. f, Expression of GATA3 and KRT8 on UMAP of iBlastoid dataset. g, Expression of EPI markers (POU5F1 and NANOG), TE markers (CDX2 and GATA2), and PE markers (SOX17 and GATA6) for Petropoulos scRNA-seq library13. For more details on sample numbers, see ‘Statistics and Reproducibility’.
Source data


Extended Data Fig. 5 Scoring of the defined E5–7 EPI, TE, and PE signatures for blastocysts and iBlastoids.
a, Defined EPI, TE, and PE signatures for E5, E6, and E7 on Petropoulos dataset13. b, Defined EPI, TE, and PE signatures for E5, E6, and E7 on iBlastoid scRNA-seq dataset. c, d, Expression of refractory cell signature (c) and IFI27 expression (d) on UMAP of iBlastoid dataset. For more details on sample numbers, see ‘Statistics and Reproducibility’.
Source data


Extended Data Fig. 6 scRNA-seq analysis of iBlastoid and blastocyst datasets.
a, Proportion of cells from each donor across all assigned clusters in the iBlastoid scRNA-seq dataset. b, Heat map showing gene expression profiles of each assigned cluster (top 10 genes each) in the iBlastoid scRNA-seq dataset. c, Unsupervised clustering of day 21 reprogrammed cells in the scRNA-seq dataset. d, Pearson correlation analysis for clusters from day 21 reprogrammed cells with annotated IM clusters from the iBlastoid scRNA-seq dataset. e, UMAP projection showing cell distribution of iBlastoids and blastocysts12,13 in the integrated dataset of iBlastoids and E5–7 blastocysts12,13. f, Expression of EPI markers (POU5F1 and NANOG), TE markers (CDX2 and GATA2), and PE markers (SOX17 and GATA6) for the integrated dataset. g, Per-cell expression score of EPI, TE, and PE signatures in the integrated dataset. h, PCA plot of pseudo-bulk RNA-seq data from scRNA-seq dataset of iBlastoids and blastocysts12,13 integrated with RNA-seq dataset of PS, TS and nEnd cell lines25,53. For more details on sample numbers, see ‘Statistics and Reproducibility’.
Source data


Extended Data Fig. 7 Assessment of mural and polar TE gene expression in iBlastoid scRNA-seq dataset.
a, Unsupervised clustering of the integrated dataset with assigned cluster names. b, Proportion of cells for iBlastoid and human blastocyst datasets12,13 within each integrated cluster with respective original cell ID before integration analysis. c, Pearson correlation analysis of iBlastoid EPI, TE, and PE clusters with annotated EPI, TE, and PE clusters from blastocysts12,13. d, UMAP representation of E5–E7 TE cells of Petropoulos dataset13. e, f, Defined mural (e) and polar (f) TE signatures for the Petropoulos dataset13. g, Binned subtype scores for mural and polar TE signatures along UMAP component 1. h, Immunostaining of iBlastoid for CCR7; n = 4. Scale bar, 20 μm. i, CCR7 fluorescence intensity of polar and mural TE cells on iBlastoids; n = 4. Line, median; whiskers, maxima and minima; box limits, 25th to 75th percentiles. For more details on sample numbers, see ‘Statistics and Reproducibility’.
Source data


Extended Data Fig. 8 Characterization of stem cells derived from iBlastoids.
a, Schematic of the experimental design for characterization of naive bPSCs, primed bPSCs and bTSCs. b, Immunostaining of naive bPSCs for KLF17 and NANOG, primed bPSCs for TRA160 and NANOG and bTSCs for KRT7 and GATA2, related to Fig. 3b–g; n = 2. c, qRT–PCR analysis of naive bPSCs for naive pluripotency markers, primed bPSCs for primed pluripotency markers and bTSCs for TSC markers; mean ± s.e.m., n = 4. d, e, EBs derived from #primed bPSCs (d) and primed bPSCs (e); n = 2. # indicates primed bPSCs generated from naive bPSCs. f, ScoreCard Assay analysis of EBs from #primed bPSCs and primed bPSCs; n = 2. g, h, Differentiation of #primed bPSCs (g) and primed bPSCs (h) into ectoderm, endoderm and mesoderm lineages; n = 2. i, Immunostaining of bTSC-differentiated EVTs for HLA-G; n = 2. j, Immunostaining of bTSC-differentiated STs for SDC1; n = 2. k, qRT–PCR analysis of bTSC-differentiated EVTs for EVT markers (ITGA1, ITGA5, FN1); mean ± s.e.m., n = 4. l, qRT–PCR analysis of bTSC-differentiated STs for ST markers (CSH1, SDC1, HSD3B1); mean ± s.e.m., n = 4. m, Fusion index of bTSC-differentiated STs; mean ± s.e.m., n = 12, two-tailed unpaired Student’s t-test. n, hCG protein level detected by hCG ELISA using conditioned medium collected from bTSC-differentiated STs; mean ± s.e.m., n = 2–3. Scale bars, 100 μm. For more details on sample numbers, see ‘Statistics and Reproducibility’.
Source data


Extended Data Fig. 9 Assessment of epiblast development in attached iBlastoids.
a, Schematic of the experimental design for iBlastoid in vitro attachment assay. b, Time-course qRT–PCR analysis of primitive streak markers (TBXT, EOMES, and MIXL1) in iBlastoids for up to day 5 in the attachment assay; mean ± s.e.m., n = 6. Positive control for TBXT, EOMES, and MIXL1 was generated using a previously published mesoderm differentiation protocol43. c, Attached iBlastoids stained for CDX2 and NANOG; n = 5. Scale bars, 100 μm. d, Attached iBlastoids stained for GATA2, OCT4, and SOX2; n = 2. Scale bars, 100 μm. e, Expanded view of attached iBlastoids for NANOG and SOX17 staining, related to Fig. 4b; n = 2. f, Expanded view of attached iBlastoids for OCT4 and GATA6 staining, related to Fig. 4c; n = 2. Scale bars for e, f, 50 μm. g, Z-section series of attached iBlastoids stained with F-actin, OCT4 and aPKC; bottom, expanded view of pro-amniotic cavity. n = 2. Scale bar, 10 μm. Arrows mark appearance of the pro-amniotic-like cavity. For more details on sample numbers, see ‘Statistics and Reproducibility’.
Source data


Extended Data Fig. 10 Characterization of attached iBlastoids.
a, Immunostaining of iBlastoids, day 1 attached iBlastoids and day 3 attached iBlastoids for F-actin, OCT4 and aPKC; n = 2. Scale bars, 20 μm. Arrows mark appearance of the pro-amniotic-like cavity. b, Immunostaining of iBlastoids and attached iBlastoids for KRT7 and NANOG, related to Fig. 4e; n = 4. c, Attached iBlastoids stained for F-actin and NANOG, related to Fig. 4f; n = 2. d, Immunostaining of iBlastoids and attached iBlastoids for MMP2 and hCG, related to Fig. 4g; n = 2. e, Attached iBlastoids stained for HLA-G and NANOG with induced trophoblast stem cell-differentiated EVTs as positive control for HLA-G immunostaining (left). Scale bars for b–e, 50 μm. f, qRT–PCR analysis of ST markers (SDC1, HSD3B1; top) and EVT markers (ITGA5, FN1; bottom) in attached iBlastoids; mean ± s.e.m., n = 5. g, Assessment criteria29 used for scoring of iBlastoids. h, Phase-contrast images of iBlastoids included for scoring assessment; n = 24. Scale bar, 100 μm. i, Average grades of ICM and TE for iBlastoids in h according to g; n = 24. For more details on sample numbers, see ‘Statistics and Reproducibility’.
Source data





Supplementary information
Supplementary Figure 1
Flow cytometry gating strategy of dissociated iBlastoid cells for scRNA-seq. Cell debris were first excluded using the SSC vs FSC-H gate; Aggregates were then excluded via the FSC-A vs FSC-H; Dead cells were defined as PI high/positive populations and were excluded; Live cell (PI-negative/low) populations were sorted for scRNA-seq.


Reporting Summary

Supplementary Table 1
scRNA-seq dataset of iBlastoids. Information regarding each single cell for the iBlastoid scRNA-seq dataset used in this study.


Supplementary Table 2
scRNA-seq dataset of Petropoulos et al. Information regarding each single cell for the Petropoulos et al13 scRNA-seq dataset used in this study.


Supplementary Table 3
Top marker genes among each cluster in iBlastoid scRNA-seq dataset. Lists of DEGs among each cluster in iBlastoid scRNA-seq dataset, related to Extended Data Fig. 6b.


Supplementary Table 4
Integrated scRNA-seq dataset. Information regarding each single cell for the integrated iBlastoid, Petropoulos and Blakeley scRNA-seq dataset used in this study.


Supplementary Table 5
Polar and Mural TE gene signatures. Top 100 polar and mural DEGs at E6 obtained from Petropoulos et al13 for the generation of polar and mural TE gene signatures used in this study.


Supplementary Table 6
Pro-amniotic-like cavity formation in iBlastoids. Proportion of attached iBlastoids developing a pro-amniotic-like cavity.


Supplementary Table 7
Scoring of iBlastoids. Assessment of iBlastoids in accordance to IVF embryo grading criteria with score graded for each ICM-like and TE-like compartment, related to Extended Data Fig. 10g-i.


Supplementary Table 8
qRT-PCR primers. Information regarding the list of qRT-PCR primers used in this study.


Supplementary Table 9
Immunostaining antibodies. Information regarding the list of antibodies used for immunostaining in this study.


Video 1
: Z-series scanning of the iBlastoids Different confocal z-sections of the iBlastoids stained for CDX2 (cyan) and NANOG (orange) overlaid with Differential Interference Contrast (DIC). Scale bar, 10 μm.


Video 2
: 3D representation of the iBlastoids Representative iBlastoids stained for CDX2 (cyan), NANOG (orange) and DAPI (grey) overlaid with Differential Interference Contrast (DIC). ICM-like cellular compartment is indicated by an arrow in the video. Scale bar, 10 μm.


Video 3
: Z-series scanning of the pro-amniotic-like cavity in the attached iBlastoids. Different confocal z-sections of the iBlastoids stained for OCT4 (orange), aPKC (magenta) and F-actin (light blue) with the pro-amniotic-like cavity indicated by an arrow in the video. The pro-amniotic-like cavity surrounded by OCT4-expressing cells is highlighted by 3D segmentation of the cavity (grey). Scale bar, 10 μm.


Video 4
: 3D representation and z-series scanning of the attached iBlastoids Different confocal z-sections of the iBlastoids stained for F-actin (light blue), NANOG (orange) and DAPI (grey). Scale bar, 30 μm.
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