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            Abstract
Experimental models of the human brain are needed for basic understanding of its development and disease1. Human brain organoids hold unprecedented promise for this purpose; however, they are plagued by high organoid-to-organoid variability2,3. This has raised doubts as to whether developmental processes of the human brain can occur outside the context of embryogenesis with a degree of reproducibility that isÂ comparable to the endogenous tissue. Here we show that an organoid model of the dorsal forebrain can reliablyÂ generate a rich diversity of cell types appropriate for the human cerebral cortex. We performed single-cell RNA-sequencing analysis of 166,242 cells isolated from 21 individual organoids, finding that 95% of the organoids generate a virtually indistinguishable compendium of cell types, following similar developmental trajectories and with a degree of organoid-to-organoid variability comparable to that of individual endogenous brains. Furthermore, organoids derived from different stem cell lines show consistent reproducibility in the cell types produced. The data demonstrate that reproducible development of the complex cellular diversity of the central nervous system does not require the context of the embryo, and that establishment of terminal cell identity is a highly constrained process that can emerge from diverse stem cell origins and growth environments.
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                    Fig. 1: Brain organoids cultured for three months generate cellular diversity of the human cerebral cortex with high organoid-to-organoid reproducibility.[image: ]


Fig. 2: Brain organoids cultured for six months show increased cortical cell diversity while maintaining high organoid-to-organoid reproducibility.[image: ]


Fig. 3: Cells in organoids are generated following a precise and reproducible trajectory and are transcriptionally similar to cells of the human fetal cortex.[image: ]


Fig. 4: Dorsally patterned forebrainÂ organoids show sample-to-sample reproducibility similar to that of endogenous brains.[image: ]
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                Data availability

              
              scRNA-seq data that support the findings of this study have been deposited at Gene Expression Omnibus with accession number GSE129519, and at the Single Cell Portal (https://portals.broadinstitute.org/single_cell/study/reproducible-brain-organoids).
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Extended data figures and tables

Extended Data Fig. 1 Comparison of organoids and spheroids generated by different protocols.
a, From left: self-patterned whole-brain organoids3, dorsally patterned forebrain organoids (protocol modified from ref.Â 5), and dorsal and ventral forebrain spheroids (protocol modified from ref.Â 15). All models are generated from the PGP1 line and cultured for six months. b, Immunohistochemistry for neuronal (MAP2), dorsal forebrain progenitor (EMX1 and PAX6), CFuPN (CTIP2), and CPN (SATB2) markers, across a time course from one to six months. Scale bars: whole organoids (Whole Org), 200Â Î¼m; others, 50Â Î¼m.


Extended Data Fig. 2 Analysis of cell-type-specific markers in organoids derived from different lines.
a, Expression of selected marker genes used in cell-type identification. Violin plots show distribution of normalized expression in cells from CCA-aligned organoids at three months (nÂ =Â 9 individualÂ organoids from three batches). CFuPNS: nÂ =Â 15,866 cells; CPNs, nÂ =Â 18,905 cells; cycling, nÂ =Â 4,035 cells; immature INs, nÂ =Â 353 cells; immature PNs, nÂ =Â 6,727 cells; IPCs, nÂ = 4,276 cells; oRG, nÂ =Â 5,436 cells; and RG, nÂ =Â 3,318 cells. Scale: normalized read counts. b, Immunohistochemistry for neuronal (MAP2), dorsal forebrain progenitor (EMX1 and PAX6), CFuPN (CTIP2), CPN (SATB2), radial glia (SOX2) and proliferation (Ki67) markers in PGP1 (b3), 11a, GM08330 and HUES66 organoids at three months. c, RNA in situ hybridization for markers of IPCs (EOMES, also known as TBR2), Cajalâ€“Retzius (RELN) and post-mitotic PNs (TBR1) in three-month PGP1 (b3), 11a, GM08330 and HUES66 organoids. d, Immunohistochemistry for markers of forebrain progenitors (FOXG1), outer radial glia (HOPX), post-mitotic PNs (TBR1) and IPCs (TBR2) in PGP1 (b3) organoids at three and six months. Scale bars, 60Â Î¼m (b, c, d).


Extended Data Fig. 3 Evaluation of apoptosis, hypoxia and doublets in organoid scRNA-seq data.
a, b, t-SNE plots showing average scaled expression of all genes from the apoptosis (a) and hypoxia (b) mSigDB hallmark gene sets in PGP1 (b1) organoids at three (left) and six (right) months. nÂ =Â 3 individualÂ organoids per time point. c, d, Histograms showing number of cells expressing apoptosis markers (c) and hypoxia markers (d) in PGP1 organoids at three and six months. The x axis indicates average scaled expression of all genes in the corresponding mSigDB hallmark gene set. The similarity in markers of hypoxia and apoptosis between the three- and six-month single-cell data indicates that the growth conditions of this protocol preserve the health of the tissue over many months in culture. e, Immunohistochemistry of a six-month PGP1 organoid for the apoptotic marker cleaved caspase 3, on the perimeter (box 1) and in the centre (box 2)Â of an organoid. Scale bars, 500Â Î¼m (top), 100Â Î¼m (bottom). f, Multiplet detection using the Scrublet39 program. Scores represent the probability that the â€˜cellâ€™ represents a droplet containing more than one cell. From left, t-SNE plots of PGP1 (two batches: b1, b2; nÂ =Â 3 individualÂ organoids for b1, and nÂ =Â 3 individualÂ organoids for b2) and HUES66 (nÂ =Â 3 individualÂ organoids) organoidsÂ at three months; and 11a (nÂ =Â 3 individualÂ organoids), GM08330 (nÂ =Â 3 individualÂ organoids) and PGP1 (two batches: b1, b3; nÂ =Â 3 individualÂ organoids for b1, and nÂ =Â 2 individualÂ organoids for b3) organoids at six months. Overall, 2â€“8% of cells were predicted to be multiplets, which is consistent with the expected multiplet rate (~5%) given our loadings of approximately 10,000 cells per channel35.

                          Source Data
                        


Extended Data Fig. 4 Cell types in individual organoids are generated following a precise and reproducible temporal order and are transcriptionally similar to human fetal cortex cell types.
a, t-SNE plots produced by Monocle2, showing the contribution of cells from individual PGP1 (b1) organoids at threeÂ months (nÂ =Â 2,665, 3,094 and 2,264 cells from organoids 1â€“3) and six months (nÂ =Â 3,959, 2,971 and 3,042 cells from organoids 16â€“18) to plots in Fig. 3a,Â b. b, Agreement between cell-type classifications in cell populations of 11a, GM08330 and PGP1 organoids (two batches: b1, b3) at six months with cell types described in a previously published scRNA-seq dataset of the human fetal cortex18. Dot size and colour intensity indicate the percentage of organoid cells in each cell cluster assigned to each human cortex cell type by a random forest classifier.

                          Source Data
                        


Extended Data Fig. 5 Dorsally patterned forebrain organoids show reproducibility similar to that of endogenous brain, as compared to self-patterned whole-brain organoids.
a, b, Percentage distribution of cell types in individual three-month PGP1 (two batches: b1, b2; nÂ =Â 3 per batch) and HUES66 (one batch; nÂ =Â 3) dorsally patterned forebrain organoids (a; left), and individual six-month 11a, GM08330 (one batch each; nÂ =Â 3 per batch), and PGP1 (two batches: b1, b3, nÂ =Â 3 per batch) dorsally patterned forebrain organoids (a; right), versus individual six-month self-patterned whole-brain organoids3 (b). câ€“e, Distribution of cell types as assigned in the original publication across individual samples of fetal human cortex29 (c), adult human cortex samples from distinct individuals28 (d), and adult mouse cortex samples from distinct individuals30 (e). DG, dentate gyrus; CGE, caudal ganglionic eminence; MGE, medial ganglionic eminence.

                          Source Data
                        


Extended Data Table 1 Quantification of protocol efficiencyFull size table


Extended Data Table 2 Primary antibodies used for immunohistochemistryFull size table


Extended Data Table 3 Statistics from scRNA-seqFull size table
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Supplementary Information
Supplementary Info Note 1: Correcting for ambient RNA contamination improves co-clustering of organoids in the 3 month HUES66 and PGP1 batch 2 datasets.


Reporting Summary

Supplementary Information
Supplementary Info Note 2: A step-by-step protocol for organoid culture. A version of this protocol can also be found in Nature Protocol Exchange.


Supplementary Info Table 1
Differentially expressed genes for each cluster of single cells from organoids. Results of running differential expression tests on data from organoids from the PGP1 (two batches: b1, b2; n=3 organoids for each) and HUES66 (n=3 organoids) at 3 months; and organoids from the 11a (n=3 organoids), GM08330 (n=3 organoids), and PGP1 (two batches: b1, b3; n=3 organoids for each) at 6 months. Differential expression was calculated using the MAST algorithm as implemented in the Seurat R package. Adjusted p values are reported after Bonferroni correction based on the total number of genes in the dataset.
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