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            Abstract
Cerebral organoids provide an accessible system for investigations of cellular composition, interactions, and organization but have lacked oligodendrocytes, the myelinating glia of the central nervous system. Here we reproducibly generated oligodendrocytes and myelin in â€˜oligocortical spheroidsâ€™ derived from human pluripotent stem cells. Molecular features consistent with those of maturing oligodendrocytes and early myelin appeared by week 20 in culture, with further maturation and myelin compaction evident by week 30. Promyelinating drugs enhanced the rate and extent of oligodendrocyte generation and myelination, and spheroids generated from human subjects with a genetic myelin disorder recapitulated human disease phenotypes. Oligocortical spheroids provide a versatile platform for studies of myelination of the developing central nervous system and offer new opportunities for disease modeling and therapeutic development.
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                    Fig. 1: Generation of oligodendrocytes in human cortical spheroids.[image: ]


Fig. 2: Maturation of oligodendrocytes in oligocortical spheroids.[image: ]


Fig. 3: Cortical patterning and organization in oligocortical spheroids.[image: ]


Fig. 4: Promyelination drugs promote the generation of oligodendrocytes in oligocortical spheroids.[image: ]


Fig. 5: Oligocortical spheroids recapitulate a human myelin disease phenotype.[image: ]
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Integrated supplementary information

Supplementary Figure 1 Generation of oligodendrocyte precursor cells in human cortical spheroids.
a, Schematic of spheroid generation. The protocols to generate neurocortical spheroids (NCS) and oligocortical spheroids (OCS) were the same until week 8. Neurocortical spheroids were grown in basal media, while oligocortical spheroids were treated with PDGF-AA/IGF-1 to generate OPCs from day 50-60. Increase in OPC numbers was assessed at the end of week 9. Colors in the schematic simulate neurons (magenta), astrocytes (red) and OPCs/Oligodendrocytes (green). b-c, Representative fluorescence images of week 8 (b) and week 9 (c) H7 spheroids generated with the neurocortical protocol. These spheroids do not generate OPCs (OLIG2:yellow and SOX10:mageneta). Scale bar, 50Î¼m for b-d. d, Representative fluorescence image of week 9, H7 spheroids generated with the oligocortical protocol up through treatment with PDGF-AA/IGF-1. These spheroids generate OPCs (OLIG2:yellow and SOX10:mageneta). Arrows show OLIG2/SOX10 double-positive cells. e, Quantification of OLIG2-positive and SOX10/OLIG2-double positive OPCs in week 9 spheroids generated with the neurocortical or oligocortical protocol. Cells were counted from three planes each from five individual spheroids (colored points) of lines H7, H9 and CWRU191 and averaged (white boxes). Error bars are standard deviation, n=5 spheroids from the same batch per line.


Supplementary Figure 2 Validation of the oligocortical protocol in three additional human pluripotent cell lines.
a, Representative fluorescence images of PLP1 in week 14 oligocortical spheroids generated from H9, CWRU191, and RUES1. Similar results were obtained from 3 independent batches of spheroids for H9, CWRU191 and CWRU198 and one batch of RUES1. Scale bar, 50Î¼m. b, Representative fluorescence images of MYRF in week 14 oligocortical spheroids generated from H9, CWRU191, and RUES1 Similar results were obtained from 3 independent batches of spheroids for H9, CWRU191 and CWRU198 and one batch of RUES1. Scale bar, 50Î¼m. c, Schematic of MYRF quantification in Figure 1d with representative fluorescence images of MYRF in a single week 14 oligocortical spheroid generated from H7. The four panels (1-4) demonstrate four equally magnified, equally sized, and consistently distributed areas that were imaged and counted per spheroid. The reported %MYRF-positive cells per spheroid is the average of these four images. Scale bar, 50Î¼m.


Supplementary Figure 3 Maturation of oligodendrocytes from additional pluripotent cell lines.
a, Representative fluorescence images of MYRF and PLP1 expression in week 20, H9, CWRU191, and RUES1 oligocortical spheroids. Results are representative of spheroids generated from 2 independent batches of lines H9 and CWRU191 and 1 batch of line RUES1. Scale bar, 50Î¼m. b, Representative EM images of multiple loosely compacted myelin wraps around axons in week 20, H9 and CWRU191 oligocortical spheroids. EM analysis was performed on 3 spheroids from the same batch for each line. EM analysis of RUES1 was not performed. Scale bar, 1Î¼m. c, Representative fluorescence images of Sox10 and MYRF expression in week 14 and 20 H7 oligocortical spheroids. Results are representative of spheroids generated from 2 independent batches. Scale bar, 50Î¼m.


Supplementary Figure 4 BrdU-based fate mapping of oligodendrocytes in oligocortical spheroids.
a, Representative fluorescence images of two additional H7, and two H9, and two CWRU191 spheroids generated with the oligocortical protocol up through PDGF-AA/IGF-1 treatment, then administered two doses of BrdU during week 9 (day 58 and 60) to label dividing cells. After the second BrdU pulse, a majority of BrdU-positive (magenta) cells localize with SOX2-positive (yellow) and Vimentin-positive (blue) cells. By Week 14, some of the BrdU labelled cells are double-positive (arrows in high magnification inset) for the oligodendrocyte marker MYRF (cyan). Pulse chase experiments were performed on a single batch of spheroids from each line, and 4 spheroids per line were analyzed. Scale bar, 50Î¼m.


Supplementary Figure 5 Single-cell analysis of cell populations in week 12 oligocortical spheroids.
a, Clustering of single cell RNA-seq data from Week 12 H7 oligocortical spheroids compared to single cell human fetal brain cells generated by Nowakowski et al. 2017. A continuum of progenitor populations is evident in both data sets through visualization of progenitor markers Vimentin, SOX2, Nestin, and Sox6 while only the oligocortical spheroids show evidence of an emerging oligodendrocyte cluster (PLP1/DM20 and OMG). Single Cell RNA-seq was performed 10 spheroids from a single batch.


Supplementary Figure 6 CRISPR correction of a PLP1 point mutation.
a, Schematic of the correction of a PLP1 point mutation (PLP1c.254T>G) in patient-derived hiPSCs using a guide RNA overlapping the mutation and single strand antisense oligonucleotide donor. b, Sanger sequencing trace and karyotype of the mutant parental (PLP1c.254G) line. c, Sanger sequencing trace and karyotype of the corrected (PLP1c.254T) line.
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