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In brief

Clayton, Barbar, and colleagues
compared iPSC lines from people with
relapsing remitting multiple sclerosis
(MS), primary progressive MS, and
secondary progressive MS and healthy
individuals. Differentiation into glial cells
and their single-cell transcriptomic
profiling revealed MS-intrinsic immune
and inflammatory phenotypes in
oligodendrocytes and astrocytes in the
absence of inflammation or immune cells.
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SUMMARY

Multiple sclerosis (MS) is an inflammatory and neurodegenerative disease of the central nervous system
(CNS), resulting in neurological disability that worsens over time. While progress has been made in defining
the immune system’s role in MS pathophysiology, the contribution of intrinsic CNS cell dysfunction remains
unclear. Here, we generated a collection of induced pluripotent stem cell (iPSC) lines from people with MS
spanning diverse clinical subtypes and differentiated them into glia-enriched cultures. Using single-cell tran-
scriptomic profiling and orthogonal analyses, we observed several distinguishing characteristics of MS cul-
tures pointing to glia-intrinsic disease mechanisms. We found that primary progressive MS-derived cultures
contained fewer oligodendrocytes. Moreover, MS-derived oligodendrocyte lineage cells and astrocytes
showed increased expression of immune and inflammatory genes, matching those of glia from MS postmor-
tem brains. Thus, iPSC-derived MS models provide a unique platform for dissecting glial contributions to dis-
ease phenotypes independent of the peripheral immune system and identify potential glia-specific targets for

therapeutic intervention.

INTRODUCTION

Multiple sclerosis (MS) is a chronic inflammatory and neurode-
generative disease of the central nervous system (CNS)," arising
from a complex interplay between environmental factors, such
as Epstein-Barr virus (EBV) infection,” and genetic predisposi-
tion.>* During the early phase of the disease, MS most
commonly manifests with focal neurological symptoms caused
by acute demyelinating lesions with some degree of endogenous
repair (relapsing remitting MS [RRMS]®). Fewer individuals
(<15%) experience a progressive course from disease onset
that is associated with a worse prognosis (primary progressive
MS [PPMS]).° Over time, most RRMS individuals develop sec-
ondary progressive MS (SPMS), characterized by steady accu-
mulation of neurological disability related to failed repair mecha-
nisms and neurodegeneration.” In RRMS, peripheral immune
cell infiltration and inflammation are prominent, and therapies
targeting B or T cells dramatically reduce new lesions and re-
lapses.®? Unfortunately, these therapies are modestly effective

at preventing the neurodegeneration driving disease progres-
sion,'® suggesting disease mechanisms that are independent
of peripheral immunity. The mechanisms behind chronic MS
progression are only partially understood, highlighting an urgent
unmet need.

Accumulating single-cell transcriptome profiles of post-
mortem brains have shed light on glial-specific changes in
MS,""""® involving astrocytes and oligodendrocytes. Genome-
wide association studies (GWASs) and epigenomic studies
have also highlighted glial aberrations in MS independent of pe-
ripheral immunity.'*'® Studies of postmortem brains, however,
cannot discern the intrinsic phenotypes of glial cells in MS
from the effects of inflammation and immune cells. Human
models based on induced pluripotent stem cell (iPSC) technol-
ogy are increasingly used to investigate complex CNS disor-
ders'®'” and provide the opportunity to investigate glial dysfunc-
tion in MS.

Here, we combined iPSC disease modeling and single-cell
transcriptomics to identify glial cell-intrinsic MS phenotypes
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(A) Schematic representation of iPSC reprogramming from people with MS and HC skin biopsies and differentiation of iPSCs into glial CNS cultures.
(B) Select demographic information for the 16 iPSC lines used for scRNA-seq analysis.
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that occur in the absence of inflammatory stimuli or interactions
with peripheral immune cells. We found that iPSC-derived
cultures from people with PPMS generated fewer oligodendro-
cytes. Moreover, iPSC-oligodendrocyte lineage cells and
iPSC-astrocytes from people with MS showed increased exp-
ression of immune and inflammatory genes that match those in
MS postmortem brains. This study highlights the value of iPSC
modeling for generating disease-relevant cell types and
capturing glial cell-intrinsic phenotypes in MS.

RESULTS

Generation of an iPSC collection for MS research

For this study, we used 17 MS iPSC lines (6 RRMS, 6 SPMS, and
5 PPMS)'® and 5 iPSC lines from healthy controls (HCs;
Figures 1A, 1B, and S1A, Table 1). All iPSC lines were generated
using the NYSCF Global Stem Cell Array®, a fully automated re-
programming process that minimizes line-to-line variability.'® To
characterize glial cells, we leveraged our previously published
protocol’®?! and differentiated iPSCs into cultures enriched in
astrocytes and oligodendrocyte lineage cells (encompassing
all stages from oligodendrocyte progenitor cells [OPCs] to
mature oligodendrocytes) (Figures 1C, S1B, and S1C).

Single-cell transcriptional profiling of iPSC-derived
neural cells from people with MS

Using 16 iPSC lines (4 HC, 4 RRMS, 4 PPMS, and 4 SPMS;
Figure 1B, Table 2), we performed single-cell RNA sequencing
on glia-enriched cultures, and we characterized a total of
122,228 cells with an average of 7,639 + 1,141 cells per line
(Figure S1D). Data were first filtered to remove doublets and
low-quality cells and genes (details in STAR Methods and
Figures S1E and S1F). Unsupervised clustering of the remain-
ing cells identified 9 clusters shared by all individual samples
(Figures 1D and S1G). We next used cluster-specific differen-
tially expressed genes to assign a cell type to each cluster
(Table S1). The largest identified cell clusters were: astrocytes
(GFAP and AQP4), OPCs (OLIG1 and PDGFRA), proliferating
progenitor cells (MKI67 and TOP2A), oligodendrocytes (myelin
basic protein [MBP] and PLP1), neurons (STMN2 and SCG2),
and stressed cells with high expression of genes involved in
stress response and apoptosis (DDIT3, ATF5, BNIP3; Figures
1E and S1G). Our data were consistent with previously reported
classifications of cell-specific clusters from human MS brain
tissues'"'? (Figures 1F and S1H). Moreover, some of the
GWAS-identified MS risk genes®® were differentially expressed
in MS compared with HC cells (Figure S1l). Thus, iPSCs from
MS and HCs successfully differentiate into MS-relevant cell
types and can be used for exploring glial-specific molecular
and functional differences in MS.

¢ CellP’ress

iPSC-derived glial-enriched cultures from people with
PPMS contain fewer oligodendrocytes

We next asked whether the frequency of cell types changed in
iPSC-derived CNS cultures from MS compared with HC. Sur-
prisingly, we found a consistent impairment in the generation
of oligodendrocytes in PPMS cultures (6.45%, 2,061/31,909)
compared with HC cultures (12.86%, 4,290/33,344; Figures 1G
and S1J). To rule out a general defect in the differentiation poten-
tial of the MS lines, we assessed the generation of astrocytes
and neurons and found no differences in the number of CD49f*
astrocytes?® (Figure S1K) or MAP2* neurons (Figures S1L and
S1M) between MS and HC. Notably, we used a distinct protocol
to differentiate iPSCs into cortical neurons,>* since our oligoden-
drocyte protocol primarily yields glial cells and only results in a
small number of immature neurons.

To further explore the potential decreased oligodendrocyte
formation in PPMS cultures, we reclustered only the iPSC-
derived oligodendrocyte lineage cells and identified five
populations representing different stages of OPC differentiation
into oligodendrocytes (Figure 2A; Table S1): three OPC clus-
ters (34.31% OPCs.1, 27.19% OPCs.2, and 14.73% OPCs.3)
expressing OPC markers, one cluster of newly formed oligoden-
drocytes (14.73%) expressing genes increased early in
oligodendrocyte formation, and one cluster of mature oligoden-
drocytes (9.77%) expressing myelin genes (Figures 2A-2D and
S2A). While all subtypes were present in all samples, the distribu-
tion of cell subtypes for each sample confirmed the decreased
number of newly formed and mature oligodendrocytes, with
a corresponding increase in OPCs only in PPMS cultures
compared with HC, with no difference between MS types
(Figures 2E and 2F).

Next, we performed orthogonal validation of oligodendro-
cyte formation via immunocytochemistry for OLIG2 and
SOX10 (expressed at all stages in the oligodendrocyte line-
age), O4, a marker of late adult progenitors and newly formed
oligodendrocytes, and MBP, a major myelin component
marking mature oligodendrocytes. No discernible differences
were observed between MS and HC cultures regarding the
proportion of total OLIG2* cells (Figure S2C). However, in
agreement with our single-cell RNA sequencing (scRNA-seq)
data, PPMS cultures exhibited a significant reduction in O4*
or MBP™ cells (Figures 2G-2l). To further investigate the timing
of the impairment in differentiation, we quantified SOX10* and
MBP* cells at three consecutive time points: days 55, 65, and
75. This longitudinal analysis showed that even in the early
stages of differentiation, the overall number of SOX10* oligo-
dendrocyte lineage cells remained comparable in PPMS and
HC cultures. By contrast, although the number of MBP™* oligo-
dendrocytes increased over time, it consistently remained
lower in PPMS cultures (Figure S2D). This deficit cannot be

(C) Representative images of iPSC-derived CNS cultures from HC, RRMS, SPMS, and PPMS. Cultures are stained for the mature oligodendrocyte marker MBP
(teal), astrocyte marker GFAP (yellow), and neuron marker MAP2 (pink). Nuclei in gray (DAPI). Scale bars, 100 um.
(D) Uniform manifold approximation and projection (UMAP) of integrated single-cell analysis from 4 HC, 4 RRMS, 4 SPMS, and 4 PPMS lines, showing major cell

type clusters.
(E) Heatmap of the top 4 enriched genes for each cluster in (D).

(F) Heatmap depicting the correlation between clusters in (D) and cell types from scRNA-seq analysis of MS brain tissue (PMID: 30747918). Spearman correlation

values generated using the R package ClustifyR.

(G) Distribution of cell types within iPSC-derived CNS cultures from HC, RRMS, SPMS, and PPMS.
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Table 1. List of iPSC lines used in this study

Code Repository Line name Age at time of biopsy Sex Ethnicity Disease state

HCO1 050659-01-MR 65 F Ashkenazi Healthy control

HC02 051121-01-MR 52 F Caucasian Healthy control

HCO03 050743-01-MR 51 M Caucasian Healthy control

HCO04 051104-01-MR 56 F Caucasian Healthy control

HCO05 051106-01-MR 57 F Caucasian Healthy control

RRO1 AK0007-01-MR 56 F African-American Relapsing remitting MS
RR02 AK0028-01-MR 26 F Caucasian Relapsing remitting MS
RR03 AK0024-01-MR 30 F African-American Relapsing remitting MS
RR04 AK0014-01-MR 33 M Caucasian Relapsing remitting MS
RR05 AK0013-01-MR 54 M Caucasian Relapsing remitting MS
RRO06 AK0027-01-MR 69 F Caucasian Relapsing remitting MS
SPO1 AK0015-01-MR 63 F Caucasian Secondary progressive MS
SP02 AK0026-01-MR 61 F Caucasian Secondary progressive MS
SP03 AKO0008-01-MR 46 F Caucasian Secondary progressive MS
SP04 AKO0011-01-MR 56 F Caucasian Secondary progressive MS
SPO5 AK0005-01-MR 65 F Caucasian Secondary progressive MS
SP06 AKO0012-01-MR 51 F African-American Secondary progressive MS
PPO1 AK0001-01-MR 61 F Caucasian Primary progressive MS
PP02 AK0009-01-MR 43 F Caucasian Primary progressive MS
PPO3 AKO0004-01-MR 60 F Caucasian Primary progressive MS
PP04 AKO0010-01-MR 46 M Caucasian Primary progressive MS
PP05 AK0003-01-MR 52 F Caucasian Primary progressive MS

ascribed to differences in culture densities, as the total cell
count (DAPI) showed no significant variance and did not corre-
late with the number of MBP* oligodendrocytes (r = 0.2719,
Figure S2D).

We then performed pseudotime analysis to place oligodendro-
cyte lineage cells along the differentiation trajectory from OPCs to
mature oligodendrocytes (Figure 2J). Density analysis confirmed
once more that PPMS cultures contained fewer oligodendro-
cytes but more OPCs (Figures 2K and S2E). Moreover, we could
not detect differences in the expression of oligodendrocyte dif-
ferentiation gene modules with distinct expression patterns along
the differentiation trajectory of OPCs to oligodendrocytes from
HC cultures (Figure 2L; Table S2), despite PPMS cells showing
a delay in the progression toward mature oligodendrocytes (Fig-
ure 2M). In addition, we did not find consistent differences in the
expression of early oligodendrocyte markers (BCAS1,%° MYRF,?®
and TCF7L2°") that would explain the decreased formation of
mature oligodendrocytes in PPMS cultures (Figure S2B). To
assess whether the reduced number of oligodendrocytes in
PPMS cultures could result from increased cell death, we exam-
ined gene modules specific to known death mechanisms (i.e.,
apoptosis, ferroptosis, necroptosis, and pyroptosis) and found
that ferroptosis genes were more highly expressed across all
oligodendrocyte lineage cells in the PPMS cultures (Figure S2F).
To rule out the possibility that vulnerable oligodendrocytes fell
within the stressed cells cluster becoming excluded from the pre-
vious analyses, we compared the percentage of stressed cells in
the MS and HC cultures and found no differences (Figure S2G);
furthermore, upon examining the expression of the top 100 cell
type-specific markers in cells from the stressed cluster, we found

4 Cell Stem Cell 31, 1-13, October 3, 2024

astrocytes (rather than OPC/oligodendrocytes) were the most
affected population (Figure S2H). Even though the number of ol-
igodendrocytes is decreased in PPMS cultures, the size of arbor-
ized oligodendrocytes was not reduced (Figures S21 and S2J).
Together, these data suggest that increased ferroptosis in
PPMS iPSC lines may lead to decreased mature oligodendro-
cytes in PPMS cultures, while morphology and oligodendrocyte
gene expression programs are not altered.

iPSC-oligodendrocytes respond to myelinating drugs
independent of disease state

Promoting mature oligodendrocyte formation and remyelination
are major clinical goals in MS,?® and multiple compounds that
stimulate oligodendrocyte formation have been identified.??
Nevertheless, it is not known whether MS-derived OPCs are
responsive to oligodendrocyte-enhancing therapies or whether
OPCs from distinct MS types respond differently to such drugs.
To test this, we treated iPSC-derived cultures from HC and MS
individuals with ketoconazole and TASIN-1, two small molecules
that we have previously identified to promote oligodendrocyte
formation by inhibiting enzymes in the cholesterol biosynthesis
pathway.*® Both treatments increased MBP™ oligodendrocytes
in all MS cultures (Figures 2N-2P and S2K), indicating that MS
cells respond to potential remyelinating therapies regardless of
MS type.

iPSC-derived MS oligodendrocytes exhibit an immune-
like transcriptomic profile

Oligodendrocyte lineage cells undergo immunological changes
in mouse models of MS and in human MS tissue that may
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contribute to cell cytotoxicity, decreased oligodendrocyte for-
mation, and ultimately failed remyelination."'***> Even in the
absence of inflammatory stimuli or activation by peripheral im-
mune cells, we found that iPSC-derived oligodendrocyte lineage
cells from all MS groups expressed increased levels of major
histocompatibility complex (MHC) class | transcripts HLA-A,
HLA-B, and HLA-C (Figures 2Q and S2L). We performed live
staining for HLA-ABC antigens and confirmed, at the protein
level, the observations made from gene expression analysis
(Figures 2R, 2S, and S2L). Thus, some immunological alterations
may be intrinsic in MS-derived oligodendrocyte lineage cells and
are likely amplified by chronic exposure to immune cells
throughout the course of the disease.

iPSC-derived MS astrocytes exhibit an immune and
inflammatory profile

Mounting evidence shows that reactive astrocytes contribute to
MS progression.*® To explore potential MS-specific astrocyte
phenotypes, we reclustered astrocytes from iPSC-derived MS
and HC cultures (Figures 3A, 3B, and S3A; Table S1). We identi-
fied eight distinct astrocyte subtypes, with cluster 6 almost
exclusively consisting of MS-derived cells (Figures 3C, 3D, and
S3B). Gene Ontology analysis of genes upregulated in this clus-
ter showed enrichment for antigen processing and presentation,
inflammatory signaling, and EBV infection (Figure 3E). Cluster 7,
also enriched with MS-derived astrocytes (Figure S3C), was
associated with inflammation-related genes including cytokine,
interferon, and nuclear factor (NF)-«B signaling (Figure S3D).
We also found that MS cultures were depleted of cells in cluster
3 (Figure S3E), which was linked to neuron development and ste-
rol catabolism (Figure S3F). RNAscope in situ hybridization
confirmed increased HLA-DRA expression in PPMS cultures,
and immunofluorescence analysis showed a small increase at
the protein level (Figures 3F-3J). These data suggest that,
even in the absence of inflammatory stimuli, MS-derived astro-
cytes are more likely to acquire an inflammatory state at the
expense of a neuro-supportive state, possibly contributing to
disease progression.

Inflammatory reactive astrocytes undergo morphological
changes that include a hypertrophic cell body with thicker
processes®>>" (Figure 3K). Therefore, we asked whether the
presence of inflammatory clusters could lead to variations
in morphological features that distinguish MS astrocytes.
To assess astrocyte morphology, we used computational
methods®® for analysis of GFAP staining and nuclei (DAPI). By
extracting measured features from individual cells, we calcu-
lated binary prediction scores for each MS type compared
with HC using a logistic regression model. Despite the complex
and highly variable nature of astrocyte morphology, the model
demonstrated accuracy in distinguishing between MS and
HC astrocytes. Interestingly, it suggested that astrocytes in
RRMS exhibited the most distinct phenotypes (Figures 3L
and 3M). We investigated the most influential features for the
algorithm’s decision-making process (Table S3) and grouped
them into five categories: shape, granularity, texture, concen-
tric, and intensity (Figure S3G; Table S3). The model identified
7 shape parameters as critical for distinguishing RRMS cells,
while intensity of DAPI and GFAP and concentric measures
were associated with all types of MS. Notably, we found
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Figure 2. iPSC-derived cultures from people with MS contain fewer oligodendrocytes

(A) UMAP of 47,487 oligodendrocyte lineage cells subset and reclustered.

(B) Heatmap depicting the scaled expression of the top 5 enriched genes for each oligodendrocyte lineage cell cluster in (A).
(C) The proportion of each oligodendrocyte lineage cell type in iPSC-derived cultures from all samples.

(legend continued on next page)

6 Cell Stem Cell 37, 1-13, October 3, 2024



https://doi.org/10.1016/j.stem.2024.08.002

Please cite this article in press as: Clayton et al., Patient iPSC models reveal glia-intrinsic phenotypes in multiple sclerosis, Cell Stem Cell (2024),

Cell Stem Cell

pronounced differences in nuclear features, including multinu-
cleated cells (Figures 3L and S3G), which align with the obser-
vation that reactive astrocytes frequently appear multinucle-
ated and polyploid as a result of aberrant mitosis.*® Thus, our
morphological analysis supports the hypothesis that inflamma-
tory clusters in MS astrocytes make them distinguishable from
their healthy counterpart.

iPSC-derived MS astrocytes mirror pathological
astrocytes in MS brains

Astrocytes can adopt an inflammatory pathological state in
response to the microglial-derived cytokines tumor necrosis fac-
tor (TNF), interleukin (IL)-1a, and C1q (TIC)***"*° and these TIC-
induced neurotoxic reactive astrocytes have been observed in
many neurodegenerative diseases, including MS.*"*! Analysis
of human iPSC-astrocytes has also shown that cells containing
a common MS risk SNP express higher levels of genes associ-
ated with TIC-induced astrocyte reactivity.”” We therefore
sought to investigate whether, even in the absence of inflamma-
tory stimuli, the iPSC-derived astrocytes in MS cultures reflect a
similar pathological state. To do this, we integrated iPSC-astro-
cytes from HC and MS with single-cell analysis of HC human
iPSC-astrocytes treated with TIC cytokines.”®>?* Unbiased clus-
tering of this integrated dataset identified 12 distinct astrocyte
clusters (Figure S4A; Table S4), three of which (clusters 8, 9,
and 10) almost exclusively contained iPSC-derived astrocytes
from all clinical MS subtypes and TIC-treated iPSC-derived as-
trocytes from healthy individuals (Figures S4B and S4C). More-
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over, Gene Ontology analysis of genes defining these clusters
showed enrichment for terms associated with inflammation
and immune processes including antigen processing and prese-
ntation, cytokine signaling, and again EBV infection (Figures
S4D-S4l). Together, these data show that iPSC-derived astro-
cytes from all clinical subtypes of MS transition to a pathological
reactive state, independent of exogenous inflammatory stimuli
or interaction with immune cells.

Finally, we sought to determine whether the iPSC-derived
astrocyte subtype enriched in MS cultures corresponds to a
pathological state found in the MS brain by integrating iPSC-
derived astrocytes with available single-nucleus data from MS
brain tissues.'” We identified 7 distinct integrated astrocyte
clusters (Figure 4A; Table S4). Two integrated clusters (4 and
5) contained almost exclusively cells from MS brains and
iPSC-derived MS cultures (Figures 4B-4D and S4J). Cluster
5, which included cells from all MS subtypes, showed enrich-
ment in MHC class | and class Il genes and was associated
with antigen processing and presentation, inflammatory
signaling, neurodegeneration, and EBV infection (Figures 4E
and 4F). Cluster 4, enriched with cells from a single MS brain
and iPSC-astrocytes from a single donor, showed increased
expression of heat shock response genes and was associated
with cell stress response (Figures S4J-S4L). These data show
that iPSC-derived CNS cultures from people with MS gene-
rate pathological astrocyte subtypes that mirror those in MS
brains, even without inflammatory stimuli or peripheral immune
activation.

(D) The proportion of each oligodendrocyte lineage cell type in iPSC-derived cultures from HC, RRMS, SPMS, and PPMS lines.

(E) Percentage of OPCs in iPSC-derived cultures from HC, RRMS, SPMS, and PPMS lines. The percentage of OPCs in PP cultures is higher than in HC cultures.
Data presented as mean + SEM for n = 4 per group. p value generated by Welch’s ANOVA with Dunnett’s T3 correction for multiple comparisons against HC. Data
are complementary to (F).

(F) Percentage of newly formed oligodendrocytes (nfOLs) or mature oligodendrocytes (mOLs) in iPSC-derived cultures from HC, RRMS, SPMS, and PPMS lines.
The percentage of combined nfOLs and mols in PP cultures is lower than in HC cultures. Data presented as mean + SEM for n = 4 per group. p value generated by
Welch’s ANOVA with Dunnett’s T3 correction for multiple comparisons against healthy controls (HCs). Data are complementary to (E).

(G) Percentage of O4* early oligodendrocytes in iPSC-derived cultures from HC, RRMS, SPMS, and PPMS lines. The percentage of 04" oligodendrocytes is
lower in PP cultures than in HC cultures. Error bars show mean + standard deviation (n = 3 wells per line for 4-5 lines per group). p values generated by one-way
ANOVA with Dunnett’s correction for multiple comparisons.

(H) Representative images of iPSC-derived glial cultures stained for OLIG2 (yellow) and for MBP (teal). Nuclei in gray (DAPI). Scale bars, 50 um.

() Percentage of MBP™* oligodendrocytes in iPSC-derived cultures from HC, RRMS, SPMS, and PPMS lines. The percentage of MBP* oligodendrocytes is lower in
PP cultures than in HC cultures. Error bars show mean + standard deviation (n = 3 wells per line for 4-5 lines per group). p values generated by one-way ANOVA
with Dunnett’s correction for multiple comparisons.

(J) Pseudotime plot of oligodendrocyte lineage trajectory from OPCs to mature oligodendrocytes.

(K) Cell density plot that shows the distribution of cells across the oligodendrocyte lineage trajectory from OPCs to mature oligodendrocytes for iPSC-derived
cells from HC or PPMS. p value generated with a two-sample Kolmogorov-Smirnov test.

(L) Heatmap depicting the scaled expression of genes that were determined to have pseudotime-specific expression profiles. Pseudotime gene modules were
determined using oligodendrocyte lineage cells from HC lines only.

(M) Comparison of pseudotime gene expression profiles between HC and PPMS oligodendrocyte lineage cells. Pseudotime gene modules were determined
using oligodendrocyte lineage cells from HC lines only.

(N) Percentage of MBP™ cells in all cultures treated with vehicle (DMSO) or ketoconazole. Error bars show mean + standard deviation (n = 17 lines; each datapoint
corresponds to the average of 2 technical replicates per line). p values generated by two-way paired t test.

(O) Fold-change in the percentage of MBP* cells in HC, RRMS, SPMS, and PPMS cultures treated with either vehicle (DMSO) or ketoconazole. Data are pre-
sented as mean + standard deviation for n = 3-6 lines per group; each datapoint corresponds to the average of 2 technical replicates per line. p values generated
by one-way ANOVA with Dunnett’s correction for multiple comparisons.

(P) Representative images of HC, RRMS, SPMS, and PPMS cultures treated with either vehicle (DMSO) or ketoconazole. Scale bar, 100 uM.

(Q) Expression of MHC class | genes in HC, RRMS, SPMS, and PPMS cultures. Expression of MHC class | genes in oligodendrocyte lineage cells (OLCs) and
immunological OLCs from MS postmortem brain (PMID: 30747918). p value generated by Wilcoxon ranked sum test within the Seurat R package. *p < 0.05.
(R) Representative immunofluorescence images of oligodendrocytes from HC and PPMS cultures stained for the live markers O4 (green) and HLA-ABC (purple).
Scale bar, 50 pm.

(S) Quantification of HLA-ABC area within O4 area shows that oligodendrocytes from MS cultures have increased HLA-ABC proteins on their surface. Error bars
show mean + standard deviation (n = 4 HC and 10 MS lines with 3 wells per line). Each datapoint represents the per-well average of 25 fields of view. p values
generated by one-way unpaired t test.
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Figure 3. scRNA-seq reveals a reactive astrocyte subtype enriched in iPSC-derived MS cultures

(A) UMAP of 37,927 astrocytes subsetted and reclustered. Eight unique astrocyte subclusters were identified. Only cells identified as astrocytes in the initial
clustering (Figure 1D light blue) were subsetted and used for reclustering.

(B) Heatmap showing the scaled expression of the top three genes enriched in each astrocyte subcluster.

(C) UMAP plots of HC, RRMS, SPMS, and PPMS iPSC-derived astrocytes. The Astro.6 cluster is enriched only in iPSC-derived astrocytes from MS and not HC.
(D) Distribution of HC, RRMS, SPMS, and PPMS iPSC-derived astrocytes in the astrocyte subcluster 6.

(E) Gene Ontology analysis of genes significantly increased in astrocyte subcluster 6 compared with all other astrocyte subclusters. p values were generated by

gProfiler using the g:SCS algorithm.

(F) UMAP plot overlayed with the expression of HLA-DRA, a gene significantly increased in Astro.6 compared with all other astrocyte clusters.

(G) Representative images of RNAscope in situ hybridization for GFAP and HLA-DRA in iPSC-derived cultures from HC and PPMS. Images show localization of
HLA-DRA to GFAP* astrocytes; Hoechst is in gray. Scale bars, 50 pm.

(H) Quantification of RNAscope in situ hybridization for HLA-DRA within GFAP* cells in iPSC-derived cultures from HC and PPMS. Error bars show mean =
standard deviation (n = 5 lines per group with 2-3 wells per line). Each datapoint represents the per-well average of 9 fields of view. p value generated by one-way

unpaired t test.

() Representative images of healthy control (HC02) and primary progressive (PP04) cultures immunostained for GFAP (green) and HLA-DRA (magenta), with DAPI

in blue. Scale bars, 100 pm.

(J) Quantification of HLA-DRA™ immunostaining within the GFAP* population in iPSC-derived cultures from HC and PPMS lines showed increased protein levels in
PPMS lines. Error bars show mean + standard deviation (n = 4 lines per group with 3-5 wells per line). Each datapoint represents the per-well average of 9 fields of

view. p value generated by one-way unpaired t test.

(K) Representative immunofluorescence images of unstimulated and TIC-reactive astrocytes to highlight the morphological changes. Cells are stained with

GFAP; scale bars, 50 um.
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DISCUSSION

MS results from the interaction between environmental factors,
like EBV infection, and genetic predisposition® associated with
peripheral immune and glial cells.>'* The role of glial cell-intrinsic
dysfunction in MS initiation and progression remains un-
clear.**** Here, we leveraged iPSC technologies to address
this issue by investigating human glial cells independent of the
complex in vivo environment, which is chronically altered by
inflammation and infiltration of peripheral immune cells.

A handful of studies investigated iPSC-derived neural progen-
itors and oligodendrocytes from people with MS but used a
limited number of lines (up to 3) and produced conflicting re-
sults.***° Leveraging an automated platform, we generated
HC, RRMS, SPMS, and PPMS iPSC lines and differentiated
them into glia-enriched cultures. Single-cell transcriptome anal-
ysis revealed intrinsic MS oligodendrocytes and astrocytes fea-
tures, including fewer oligodendrocytes in PPMS cultures that
may be due to increased ferroptosis rather than impaired differ-
entiation. Evidence of ferroptosis is found in active and chronic
lesions and in cerebral spinal fluid of MS patients.*° Ferroptosis
has also been reported to induce oligodendrocyte death in the
MS cuprizone model®’ and in the demyelinating Pelizaeus-
Merzbacher disease.®” Studies not involving iPSC modeling sug-
gest that deficits in myelin may act as an initial trigger for MS,
leading to the release of antigens that activate and promote
the infiltration of peripheral immune cells—a concept known as
the “inside-out” hypothesis.*® This contrasts with the autoim-
mune hypothesis (“outside-in”), which claims that autoimmune
cells in the periphery initiate the disease by infiltrating and at-
tacking myelinated neurons. Analysis of postmortem MS brains
and a mouse model of oligodendrocyte ablation®® support the in-
side-out hypothesis, suggesting structural myelin abnormalities
as the initial trigger of inflammation and demyelination®*~°¢ impli-
cating intrinsic oligodendrocyte degeneration. Recent epige-
netic studies also showed oligodendrocytes play a critical role
in MS initiation, being primed at the chromatin level to activate
immune genes.”’ Increased immune and inflammatory gene
expression in oligodendrocyte lineage cells and astrocytes
observed in vitro mirrors the transition to an immune-like state
observed in postmortem MS brains.''**3° Nevertheless, the eti-
ology of these cells and their effect on de/remyelination in MS re-
mains unclear. Applying deep learning for high-content imaging
enables population-scale morphological profiling of cellular
phenotypes to identify disease signatures not detectable by
the human eye alone.”® Indeed, using computational methods,
we identified disease signatures in astrocytes, particularly in
RRMS, distinguishing MS cells from HC and highlighting features
typical of reactive astrocytes. Given that glial cells in our cultures
were never exposed to inflammation or peripheral immune cells,
our findings indicate that oligodendrocyte lineage cells and as-
trocytes in MS are intrinsically primed to acquire an immune-
like state. Identifying MS susceptibility genes and SNPs in
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oligodendrocytes and other glial cells may hold the key to
understanding variability in disease severity and progression.'*
Therefore, human glial cells generated using reprogramming
technologies (from iPSCs or transdifferentiated from fibroblasts
to preserve epigenetic features) will be critical for exploring ge-
netic variance and regulatory sequences that cannot be investi-
gated using animal models.

In conclusion, our study demonstrates that iPSC-derived glial-
enriched cultures from people with MS are a powerful model to
identify CNS-intrinsic phenotypes in MS. Future studies using
human iPSC-derived models are necessary to fully understand
glial contributions to MS pathogenesis. These findings could un-
veil novel glia-specific therapeutic targets to halt or reverse MS
progression.

Limitations of the study

While this study includes the largest cohort of iPSCs from people
with MS reported to date, it remains too small to identify geno-
type-phenotype associations. Line-to-line variability is a known
challenge in the iPSC modeling field that can only be addressed
by increasing statistical power and validating these findings with
additional lines from more individuals. A limitation of our model is
its failure to achieve myelination, likely due to the sparse axonal
density and immature nature of the neurons present under these
culture conditions. As a result, arborized oligodendrocytes, un-
able to contact axons and initiate myelination, undergo cell
death, similar to what occurs during development.®®° Thus,
future investigations will require the development of robust mye-
linating platforms for human cells—currently not available—
similar to those established with mouse oligodendrocytes,®’ to
explore potential intrinsic deficits in oligodendrocytes leading
to myelin abnormalities and demyelination. The differentiation
protocol used also lacks microglia and generates spinal cord-
patterned glia. Additional studies with iPSC-derived microglia,
neurons, and other regional specifications are warranted.

STARX*METHODS

Detailed methods are provided in the online version of this paper and include
the following:

o KEY RESOURCES TABLE
o RESOURCE AVAILABILITY
o Lead contact
o Materials availability
o Data and code availability
o EXPERIMENTAL MODEL AND SUBJECT DETAILS
o iPSC generation, quality control, and culture conditions
o iPSC differentiation into glia-enriched cultures
o iPSC differentiation into cortical neurons
o Cell dissociation and library preparation for single-cell RNA
sequencing (scRNAseq)
o scRNAseq data processing
o Identification of broad shared cell types across integrated scRNA-
seq samples
o scRNAseq analysis of oligodendrocytes

(L) Most representative cells from each MS type and controls. For each model, we ranked the cells by probability of belonging to the class. Here, the top-scoring

ones are presented. Scale bar, 25 uM.

(M) Binary prediction area under the curve (AUC) of a logistic regression model trained on healthy versus each MS line individually in astrocytes. The error bar
represents the standard deviation of the AUC between cross-validation folds. The analysis is performed at site-level averages, with 1 site per well held out for

training.
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Figure 4. iPSC-derived astrocytes from people with MS mirror astrocytes from MS brains

(A) UMAP plot of iPSC-astrocytes integrated with astrocytes from postmortem brains (PMID: 31316211).

(B) UMAP plots showing the distribution of cells from healthy control brains and MS brains. Cluster 5 (red circle) is enriched for cells from MS brains.

(C) UMAP plots showing the distribution of cells from iPSC-derived astrocytes from HC and MS cultures. Cluster 5 (red circle) is enriched for iPSC-derived

astrocytes from MS cultures.

(D) Distribution of cells from healthy control brains (yellow), MS brains (red), HC iPSC-derived astrocytes (light blue), and MS iPSC-derived astrocytes (dark blue)

in cluster 5 of the integrated datasets.

(E) Dot plot showing the scaled expression of some MHC class | and class Il genes in each of the clusters from the integrated datasets.
(F) Gene Ontology analysis of the top 100 genes enriched in cluster 5 of the integrated dataset compared with all other clusters in the integrated dataset. p values

were generated by gProfiler uisng the Benjamini-Hochberg FDR approach.

10 Cell Stem Cell 37, 1-13, October 3, 2024



https://doi.org/10.1016/j.stem.2024.08.002

Please cite this article in press as: Clayton et al., Patient iPSC models reveal glia-intrinsic phenotypes in multiple sclerosis, Cell Stem Cell (2024),

Cell Stem Cell

o scRNAseq pseudotime analysis
Analysis of cell death gene module expression in oligodendrocyte
lineage cells
scRNAseq analysis of astrocytes
scRNAseq Integration of astrocytes with public data
Ketoconazole and TASIN-1 treatment
Timepoint culture
Immunostaining
Image Acquisition and Analysis
RNAscope and oligodendrocyte size measurements
Astrocyte morphology analysis
Preprocessing
Feature calculation
o Feature vector analysis
o QUANTIFICATION AND STATISTICAL ANALYSIS
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SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.
stem.2024.08.002.
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KEY RESOURCES TABLE

Cell Stem Cell

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Donkey anti-rat Alexa Fluor 488 Invitrogen A21208; RRID: AB_2535794
Donkey anti-rat Alexa Fluor 555 Invitrogen A21434; RRID: AB_2535855
Donkey anti-goat Alexa Fluor 555 Invitrogen A21432; RRID: AB_2535853
Donkey anti-rabbit Alexa Fluor 647 Invitrogen A31573; RRID: AB_2536183
Goat anti-mouse Alexa Fluor 488 IgM Invitrogen A21042; RRID: AB_141357
Goat anti-rat Alexa Fluor 555 Invitrogen A21434; RRID: AB_2535855

Goat anti-rabbit Alexa Fluor 647
Goat SOX10

Monoclonal HLA-ABC

Mouse O4

Rabbit OLIG2
Rat CD49f (PE-conjugated)
Rat MBP

R&D Systems
ThermoFisher

Gift from Dr. James Goldman,
Columbia University

Millipore Sigma
BD Biosciences
Abcam

A21244; RRID: AB_2535812
AF2864; RRID: AB_442208
MAS5-11723; RRID: AB_10985125
N/A

AV31464; RRID: AB_1854793
561894; RRID: AB_396079
Ab7349 RRID: AB_305869

Chemicals, peptides, and recombinant proteins

Accutase

Ascorbic acid

BDNF

Biotin

B27 supplement

B27 supplement minus vit A
DAPT

dbcAMP

DMEM/F12

DMSO

Donkey Serum

DPBS

GDNF

Goat serum

Glutamax

HEPES

HGF

HOECHST

IGF-1

Insulin solution
Ketoconazole

laminin

LDN193189

MEM non essential amino acids
mTeSR1

mTesR1 without select factors
Neurobasal

N2 supplement

NT3

Papain

Thermo Fisher Scientific
Sigma-Aldrich

R&D Systems
Sigma-Aldrich

Thermo Fisher Scientific
Thermo Fisher Scientific
Tocris

Sigma-Aldrich

Thermo Fisher Scientific
Thermo Fisher Scientific
Jackson ImmuneResearch
Thermo Fisher Scientific
R&D Systems

Jackson ImmuneResearch
Thermo Fisher Scientific
Thermo Fisher Scientific
R&D Systems

Thermo Fisher Scientific
R&D Systems

Millipore Sigma
Sigma-Aldrich

Life technologies
ReproCELL

Thermo Fisher Scientific
StemCell Technologies
StemCell Technologies
Thermo Fisher Scientific
Gibco

R&D Systems
Worthington

el Cell Stem Cell 37, 1-13.e1-€8, October 3, 2024

A1110501
A4403
11166_BD
B4639
17504001
12587-010
2634

D0627
11320033
35050061
017-000-121
10010023
212-GD
AB_2336990
35050-079
15630080
294-HGN
H3570
291-G1
19278-100ml
uc280
23017-015
04-0074
11140050
85850
05896
21103049
17502-048
11346-N3
LK003153

(Continued on next page)
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Continued
REAGENT or RESOURCE SOURCE IDENTIFIER
PDGFaa R&D Systems 221-AA
Penicillin Streptavidin Thermo Fisher Scientific 150770063
PFA Electron microscopy science 15710
PD0325901 Selleck Chemicals S1036
Poly-ornithine Sigma-Aldrich P3655
Retinoic Acid Sigma-Aldrich R2625
Saponin Sigma-Aldrich 47036-50G-F
SB431542 Selleck Chemicals S1067
Smoothened agonist EMD Millipore 566660
SuU5402 Selleck Chemicals S7667
Synth-a-freeze Life Technologies A1254201
Tasin-1 Drew Adams, Case Western N/A
Reserve University
T3 Sigma-Aldrich T2877
2-Mercaptoethanol Thermo Fisher Scientific 21985023
Triton X Sigma-Aldrich T8787
XAV939 Tocris N/A
Y27632 Stemgent 04-0012
Critical commercial assays
Chromium Single Cell Chip G 10X Genomics PN-2000177
Chromium i7 Multiplex Kit 10X Genomics PN-120262
Deposited data
scRNAseq from 16 lines https://www.ncbi.nlm.nih.gov/geo GSE238221

Experimental models: Cell lines

Human: iPSC HCO1 NYSCF 050659-01-MR
Human: iPSC HC02 NYSCF 051121-01-MR
Human: iPSC HC03 NYSCF 050743-01-MR
Human: iPSC HC04 NYSCF 051104-01-MR
Human: iPSC HC05 NYSCF 051106-01-MR
Human: iPSC RRO1 NYSCF AKO0007-01-MR
Human: iPSC RR02 NYSCF AK0028-01-MR
Human: iPSC RR03 NYSCF AK0024-01-MR
Human: iPSC RR04 NYSCF AKO0014-01-MR
Human: iPSC RR05 NYSCF AKO0013-01-MR
Human: iPSC RR06 NYSCF AK0027-01-MR
Human: iPSC SPO1 NYSCF AKO0015-01-MR
Human: iPSC SP02 NYSCF AK0026-01-MR
Human: iPSC SP03 NYSCF AKO0008-01-MR
Human: iPSC SP04 NYSCF AKO0011-01-MR
Human: iPSC SP05 NYSCF AKO0005-01-MR
Human: iPSC SP06 NYSCF AKO0012-01-MR
Human: iPSC PPO1 NYSCF AKO0001-01-MR
Human: iPSC PP02 NYSCF AKO0009-01-MR
Human: iPSC PP03 NYSCF AKO0004-01-MR
Human: iPSC PP04 NYSCF AKO0010-01-MR
Human: iPSC PP05 NYSCF AKO0003-01-MR
Software and algorithms

Adobe lllustrator Adobe N/A

Cell Ranger 10X Genomics v3.0.2

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Harmony PerkinElmer N/A

Fiji GNU General Public License N/A

Prism GraphPad N/A

R GNU Project N/A

Seurat R package v3.2 and v4.2
SCORPIUS v1.0
ClustifyR Bioconductor V1.15

Other

40um Flowmi Cell Strainers SP Bel-Art H13680-0040
Phenoplate 96-well black PerkinElmer 6055300
Culture plates 24 wells Cellvis P24-1.5H-N
Culture plates 6 well Nunc 14-832-11

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Valentina
Fossati (vfossati@nyscf.org).

Materials availability

We have generated a collection of MS iPSC lines (listed in the key resources table) to enable investigation of molecular mechanisms
of CNS dysfunction and potential glial targets for therapeutic intervention. NYSCF Research Institute iPSC lines may be made avail-
able on request through the NYSCF Research Institute repository (http://nyscf.org/repository), upon material transfer agreement.

Data and code availability
o All single-cell RNA-sequencing data generated in this study have been deposited at Gene Expression Omnibus (https://www.
ncbi.nlm.nih.gov/geo/) and are publicly available as of the date of publication. Accession numbers are listed in the key re-
sources table.
® This paper does not report original code. Data analysis was performed with publicly available packages by following available
tutorials. Parameters used for specific analysis are provided in the STAR Methods section.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

iPSC generation, quality control, and culture conditions

iPSC lines were derived by reprogramming fibroblasts from skin biopsies. Dr. llana Katz Sand at the Corinne Goldsmith Dickinson
Center for MS at Mount Sinai recruited MS patients, and performed clinical characterization to distinguish RRMS, PPMS and
SPMS forms (registered clinical trial NCT02549703). The original study also involved collection of cerebrospinal fluid,® and other
MS-specific assignments and thus excluded healthy individuals. Control iPSC lines were chosen from the NYSCF Research Institute
repository, selecting for age- and sex- matched individuals (registered clinical trial NCT04270604). All iPSC lines were reprogrammed
via modified mMRNA technology, using the NYSCF Global Stem Cell Array®, a fully automated reprogramming process that minimizes
line-to-line variability.'® iPSCs were expanded onto Matrigel-coated dishes in mTeSR1 medium (StemCell Technologies) and
passaged using enzymatic digestion with Stempro Accutase (ThermoFisher) for 3-5 minutes and re-plated in mTeSR1 medium
with the addition of 10uM ROCK Inhibitor (Stemgent) for the first 24 hours. A total of 22 iPSC lines were used in this study. For
each line a certificate of analysis (CoA) is provided, which includes the results for the following tests: sterility check, mycoplasma
testing, karyotyping, identity test, and pluripotency check. Table 1 summarizes the demographic information of the individuals
that donated the skin biopsies. Additional clinical information and whole genome sequencing of the MS lines may be provided on
request. Method details

iPSC differentiation into glia-enriched cultures

In this protocol neural progenitors are patterned with SAG (for SHH signaling) and retinoic acid to mimic the pMN domain, a specific
area of the developing spinal cord where OLIG2* progenitors arise to ultimately form oligodendrocytes and motor neurons.®” Cells
were grown at 5% CO, in a 37C incubator. hiPSCs were induced along the neural lineage and differentiated using our previously
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published protocol.”" Briefly, hiPSCs were plated at 1-2 x 10° cells per well on matrigel-coated six-well plates in mTeSR1 medium
with 10 uM ROCK inhibitor Y27632 (Stemgent). Starting the following day, cells were fed daily with mTeSR1 medium (StemCell Tech-
nologies). Once distinct colonies of ~200 um in diameter were formed, differentiation was induced (day 0). Details for the differen-
tiation protocol can be found in our previous publications®*®® and a schematic with media composition is provided in Figure S1C.
Patterning with SAG and retinoic acid induces OLIG2* progenitor cells, that assemble in neurospheres. Around d30 of differentiation,
OLIG2™ cells-enriched neurospheres were plated into polyOrnithine/laminin-coated dishes to allow cell attachment and migration.
This protocol is different from traditional 2D differentiations, in that it maintains a 3D neurosphere from which progenitor cells continue
to migrate over the course of the differentiation. Radial glial cells anchor the sphere to the well and progenitors migrate out, proliferate
and then generate neurons, astrocytes and oligodendrocytes in this precise order. As time progresses, the total number of cells
growing adherent to the plate increases; MBP* oligodendrocytes began to appear around day 50, and their number increases
over time. Because the neurosphere continue to release progenitor cells, these cultures are asynchronous, meaning that at each
time point they contain cells at various stages of glial development. At the end of the differentiation, between day 70 and day 85,
cultures were dissociated using different protocols depending on downstream analyses. For exposure to myelinating compounds,
RNAscope and immunofluorescence analyses, cells were incubated for ~25 minutes with Accutase (ThermoFisher) and passed
through a 70um strainer. The resulting single-cell suspension was re-plated or sorted for CD49f (BD Biosciences) to purify CD49f
positive astrocytes and enrich oligodendrocyte lineage cells within the CD49f negative fraction. The FACS protocol has been
described in details previously.?* Single cell suspensions were re-plated onto PO/Lam coated plates and 24 hours after plating, me-
dium was switched to “glial medium” (Figure S1C), and cells were fed with two-third media changes every other day. For scRNAseq
analyses, cultures were dissociated using papain, as detailed below.

iPSC differentiation into cortical neurons

Our oligodendrocyte differentiation protocol generates less than 15% neurons, which remain mostly immature (i.e. they do not show
any electrophysiological activity). Thus, to assess the differentiation potential of MS lines toward neurons we used a well-established
protocol that we previously developed to produce cortical neurons®* with the following modifications: Neurobasal was used instead
of Brainphys after day 15, and PD0325901, SU5402, DAPT, and ROCK inhibitor were taken out of the media at day 25.

Briefly, hiPSCs were plated in a 12-well plate in mTeSR1 media with 10pM ROCK inhibitor Y2732. Starting the next day (d0), cells
were fed daily with neural induction medium with SB431542 (20 uM; Stemgent), LDN193189 (100nM; Stemgent), XAV939 (1 uM; Toc-
ris). Neural induction medium consisted of 1:1 DMEM/F12 (ThermoFisher) and Neurobasal (ThermoFisher) with 1x Glutamax (Thermo
Scientific), 1x N2 supplement (Gibco), and 1x B27 supplement without Vitamin A (Gibco). On day 10, the medium was switched to
neural induction medium with XAV939 (1uM), with continuing daily media changes. On day 15, cells were dissociated using Accutase
and either frozen in Synth-a-freeze or plated in neuronal medium at 50k/well in a PO/Lam coated 96-well plate. Neuronal medium
consists of Neurobasal (StemCell Technologies; 05790) with 1xB27 supplement (ThermoFisher; 17504001), and 10 uM ROCK inhib-
itor. On day 16, the medium was switched to neuronal medium with BDNF (40ng/mL; R&D Systems, 248-BDB), GDNF (40ng/mL; R&D
Systems 212-GD), Laminin (1pg/mL), dbcAMP (250 uM), ascorbic acid (200 uM), PD0325901 (10 uM; Selleck Chemicals), SU5402
(10 uM; Selleck Chemicals), DAPT (10 uM), and ROCK inhibitor (10uM).%* Cells were fed every other day. Starting on day 25, cells
were fed every other day with neuronal medium with BDNF (40ng/mL), GDNF (40ng/mL), Laminin (1mg/mL), dbcAMP (250 uM), as-
corbic acid (200 uM).

Cell dissociation and library preparation for single-cell RNA sequencing (scRNAseq)

Day 85 cultures from 16 lines were detached enzymatically in parallel using papain (Worthington) and were filtered through 40pm
Flowmi Cell Strainers to obtain a single cell suspension. Single cells were processed using the 10X Single Cell 30 v3.1Rev B protocol.
Briefly, we loaded the Chromium Single Cell Chip G (10X Genomics; PN-2000177) with 7,000 cells/sample and we performed library
preparation as per the Chromium Single Cell 30 Library & Gel Bead Kit manufacturer’s recommendations (10X Genomics; PN-120237
and PN1000121). We used the Chromium i7 Multiplex Kit (10X Genomics; PN-120262). Quality control was performed using the Qubit
4 Fluorometer (ThermoFisher; Q33227) and the Agilent 4200 TapeStation system. The resulting cDNA library was sequenced on a
NovaSeqg/HiSeq 2x150 bp, and 50,000 reads per cell were obtained.

scRNAseq data processing

Sequence data were first processed by 10x Cell Ranger v3.0.2 to align reads to the human transcriptome build GRCh38, remove
empty droplets, and generate a feature-barcode matrix. Preprocessing was then performed with Seurat v3.2.°° Following the stan-
dard pre-processing tutorial for the Seurat analysis package (https://satijalab.org/seurat/archive/v2.4/pbmc3k_tutorial.html). For
each individual sample, genes expressed in fewer than 3 cells, cells with greater than 10,000 genes captured, and cells with fewer
than 1250 genes captures and percent mitochondrial reads above 25% were removed.

Identification of broad shared cell types across integrated scRNAseq samples

In order to first identify broad cell types that were shared across all of the samples we performed integration of the data at the sample
level. Integration was performed with Seruat v3.2°° following the standard integration workflow (https://satijalab.org/seurat/archive/
v3.2/integration). Each individual sample was log-normalized and 2000 variable features were identified using “NormalizeData” and
“FindVariableFeatures” with the “vst” method. Integration anchors were then identified using “FindIntegrationAnchors” with default
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settings afterwhich the individual samples were integrated using “IntegrateData” with default settings. The integrated dataset was
then scaled using “ScaleData” while using difference in cell cycle score, RNA count, and percent mitochondrial reads as variable to
regress. Principal component analysis was then ran using “RunPCA” with npcs = 50, followed by clustering using “FindNeighbors”
dims = 1:25, and “FindClusters” with resolution = 0.2. Finally, “RunUMAP” was performed with dims = 1:25 to generate UMAP plots.

Differential gene expression between broad cell type clusters was performed in Seurat using “FindAllMarkers” with the Wilcoxon
ranked sum test to identify differentially expressed genes between individual cell type clusters versus all other clusters combined.
Genes were then ranked by Log2FC, from largest to smallest, and the top 100 genes for each cell type cluster were identified. To
generate differentially expressed genes between paired groups, for example when comparing all Healthy Control cells vs all com-
bined MS cells, “FindMarkers” with the Wilcoxon ranked sum test was used.

scRNAseq analysis of oligodendrocytes

Analysis of oligodendrocyte lineage cells was performed in Seurat v4.2. Oligodendrocyte lineage cells were subsetted from the full
data. These cells were then reanalyzed without integration to identify differences between samples and disease conditions. Data was
log-normalized using “NormalizeData” and the top 2000 variable features were identified using “FindVariableFeatures”. The data set
was then scaled using “ScaleData” while using difference in cell cycle score, RNA count, percent mitochondrial reads, and culture
derivation batch as variable to regress. Principal component analysis was then ran using “RunPCA” with npcs = 50, followed by clus-
tering using “FindNeighbors” dims = 1:11, and “FindClusters” with resolution = 0.4. Finally, “RunUMAP” was performed with dims =
1:11 to generate UMAP plots.

Differential gene expression between oligodendrocyte lineage cell clusters was performed in Seurat using “FindAllMarkers” with
the Wilcoxon ranked sum test to identify differentially expressed genes between individual cell type clusters versus all other clusters
combined. To generate differentially expressed genes between paired groups “FindMarkers” with the Wilcoxon ranked sum test
was used.

scRNAseq pseudotime analysis

Pseudotime analysis was performed using the Bioconductor package SCORPIUS (https:/github.com/rcannood/SCORPIUS)®”
which in comparison of multiple single-cell trajectory inference methods was identified as one a few methods that performed well
under all conditions.®® Seurat UMAP embeddings for the oligodendrocyte lineage cells was used to infer a trajectory by calling “in-
fer_trajectory”. Candidate pseudotime genes were then called by using the Random Forest algorithm to rank genes according to their
ability to predict the inferred trajectory of cells. Cells were then separated into 20 pseudotime bins across the oligodendrocyte lineage
and the average scaled expression of candidate pseudotime genes for cells in each bin was calculated using the Seurat command
“AverageExpression” and the result plotted on a heatmap ordered by pseudotime to identify pseudotime expression modules. This
was done for both healthy control cells and cells from people with primary progressive MS to identify any changes in the expression
pattern of pseudotime genes.

Analysis of cell death gene module expression in oligodendrocyte lineage cells

Gene modules for cell death pathways were curated from the literature and gene ontology databases. For apoptosis genes were
combined from Hallmark M5902,°° WikiPathways WP254,”° KEGG HSA04210,”" and Reactome R-HSA-109581.7? For ferroptosis
genes were combined from WikiPathways WP4313"° and the FerrDBv2 database.”® For necroptosis genes were combined from Bio-
logical Processes GO:0070266 and GO:00975277* and Reactome R-HAS-5218859.”? For pyroptosis genes were combined from Re-
actome R-HAS-562097172 and Biological Processes GO:0070269."“ Then the ‘AddModuleScore’ command in Seurat v4.2 was used
to determine the average expression levels of the cell death gene modules within each oligodendrocyte lineage cell cluster.

scRNAseq analysis of astrocytes
Analysis of astrocytes was performed in Seurat v3.2. Astrocytes were subsetted from the full data and analyzed with integration
across culture derivation batches and using SCTransform normalization (https://satijalab.org/seurat/archive/v3.2/integration)”®
because exploratory analysis showed significant batch effects. Following SCTransform normalization data was integrated across
batches by using “SelectintegrationFeatures” to select 1000 integration features, integration anchors were found with “FindIntegra-
tionAnchors” with k.anchor = 20, and finally “IntegrateData” was ran with normalization.method = “SCT”. Principal component anal-
ysis was then performed on the integrated data using “RunPCA” and npcs = 50, followed by clustering using “FindNeighbors” dims =
1:19, and “FindClusters” with resolution = 0.2. Finally, “RunUMAP” was performed with dims = 1:19 to generate UMAP plots.
Differential gene expression analysis was performed in Seurat. First “PrepSCTFindMarkers” was ran to prepare the SCTransform
normalized data set for differential gene expression analysis. Then “FindAllMarkers” with the Wilcoxon ranked sum test was used to
identify genes that are significantly enriched in each cluster compared to the data set as a whole. To generate differentially expressed
genes between paired groups “FindMarkers” with the Wilcoxon ranked sum test was used.

scRNAseq Integration of astrocytes with public data

Single-cell astrocyte data generated in this study were integrated with available single-cell raw read counts and metadata for single-
cell RNA of iPSC-derived astrocytes from healthy controls exposed to TNF, IL1a, and C1q.?® Integration was performed using
SCTransform integration in Seurat (https://satijalab.org/seurat/archive/v3.2/integration). Briefly, both data sets were downsampled
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to 1500 astrocytes per group to ensure differences in cell number between groups didn’t affect integration. SCTransform normali-
zation was then performed, after which data was integrated across batches by using “SelectintegrationFeatures” to select 3000 inte-
gration features, integration anchors were found with “FindintegrationAnchors” with k.anchor = 5, and finally “IntegrateData” was
ran with normalization.method = “SCT"”. Principal component analysis was then performed on the integrated data using “RunPCA”
and npcs = 50, followed by clustering using “FindNeighbors” dims = 1:25, and “FindClusters” with resolution = 0.5. Finally, “Run-
UMAP” was ran with dims = 1:25 to generate UMAP plots.

Single-cell astrocyte data generated in this study were also integrated with available single-cell data of astrocytes from post-mor-
tem brain tissue from people with MS. " The raw read counts and metadata for single-cell RNAseq from post-mortem MS brain tissue
was acquired from the UCSC cell browser.”® Single-cell astrocyte data from this study were integrated with MS astrocytes using
SCTransform integration in Seurat (https://satijalab.org/seurat/archive/v3.2/integration). Briefly, both data sets were downsampled
to 1250 astrocytes per group to ensure differences in cell number between groups didn’t affect integration. SCTransform normali-
zation was then performed, after which data was integrated across batches by using “SelectintegrationFeatures” to select 3000 inte-
gration features, integration anchors were found with “FindintegrationAnchors” with k.anchor = 5, and finally “IntegrateData” was
ran with normalization.method = “SCT”. Principal component analysis was then performed on the integrated data using “RunPCA”
and npcs = 50, followed by clustering using “FindNeighbors” dims = 1:25, and “FindClusters” with resolution = 0.2. Finally, “Run-
UMAP” was ran with dims = 1:25 to generate UMAP plots.

For both integrated data sets, differential gene expression analysis was performed in Seurat using “FindAllMarkers” with the Wil-
coxon ranked sum test to identify differentially expressed genes between unbiased clusters.

Ketoconazole and TASIN-1 treatment

To quantify MBP™* oligodendrocytes after exposure to promyelinating drugs, we digested the cultures at the end of the differentiation
and sorted for CD49 negative cells (enriched of oligodendrocyte lineage cells). This process (enzymatic digestion and sorting) results
in cell death, particularly for mature oligodendrocytes, but allows us to seed an equal number of cells (25K cells per well), which is
more suitable for drug screening. Thus, the percentage of MBP* cells in this experiment cannot be directly compared with the per-
centage of MBP* cells showed in Figure 2I. Cells were seeded onto Poly-ornithine/laminin-coated 96-well Perkin Elmer “pheno-
plates” and cultured for additional 7 days in glia maturation media with either vehicle (DMSO, 0.1%V/V), Ketoconazole (1uM) or
TASIN-1 (0.1uM, kindly provided by Drew Adams, Case Western Reserve University) with feeds every other day, a total of 3 treat-
ments. On Day 8 post replating, cells were fixed for immunostaining. For the TASIN-1 experiment, we included SOX10 and OLIG2
in addition to MBP in the panel. For statistical analysis each well is considered a technical replicate (2-3 replicates minimum).

Timepoint culture

For GFAP, MBP, MAP2 panel in Figures 1C and S1B, a fraction of the single cell suspension obtained at the end of the differentiation
for scRNAseq analysis was replated onto poly-ornithine/laminin-coated 96-well plates for immunostaining. For SOX10, MBP, OLIG2,
04 immunostaining and analysis, one sphere per well was plated around differentiation day 30 onto 48-well NUNC plate, 24-well
Cellvis plate or 96-well-plate (Perkin Elmer Phenoplate), maintained in appropriate differentiation medium and then fixed at day
55, day 65 or day 75. Each well with one sphere was considered a technical replicate. In the time course experiment, we used
5 HC and 5 PP lines in the first differentiation and 4 HC and 4 PP lines in a second, independent differentiation (performed at different
time and by different operators). Thus, each data point represents the average of 2-5 wells (technical replicates) per line (biological
replicate), across two independent differentiations.

Immunostaining

Cultures were fixed in 2% PFA in PBS (adding 4% PFA solution to wells containing the same amount of medium) for 10 minutes,
washed 3x in PBS, and stored at 4°C. Samples were incubated for one hour at room temperature in blocking solution consisting
of PBS with 0.1% saponin (for MBP) or 0.1% Triton-X for all other markers and 5% normal donkey serum, then incubated with primary
antibodies (see table) in blocking solution overnight at 4°C. The next day, samples were washed 3x in PBS, and then incubated in
secondary antibodies and DNA dye (Alexa Fluor 488, 568, 647, and Hoechst or DAPI) at a dilution of 1:500 in blocking solution for
2 hours at room temperature. For HLA ABC live staining, we used an antibody that recognizes all three HLA class | molecules
(A,B,C). All blocking and antibody solutions were prepared at 2X concentration. For blocking, 100 pL of media was removed from
each well and 100 uL of fresh media containing 10% goat serum was added per well (final 5% goat serum). Cultures were incubated
in blocking solution for 15 min at 37°C. For staining with primary antibody, 100 uL volume was removed from each well and replaced
with 100 pL of HLA-ABC (final dilution 1:100) prepared in media containing 10% goat serum. Cells were incubated with primary anti-
body for 45 min at 37°C. Cells were subsequently washed twice with media by removing 100 uL from each well and replacing with
100 pL of fresh media. For secondary antibody incubation, 100 pL of media was removed per well and replaced with AlexaFluor 555
goat anti-mouse IgG2a (final dilution 1:500) diluted in media containing 10% goat serum. Cultures were incubated with secondary
antibody for 15 min at 37°C and washed 3 times with PBS before imaging.

Image Acquisition and Analysis
All image acquisition (except for images in Figure 31) was done with the Opera Phenix High Content Screening system (Perkin Elmer)
in confocal mode. For the 96-well plates, we collected 25 fields, 4 Z-planes per well at 10X magnification. When NUNC plates were
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used, we included a 3D printed part to make them compatible with the automated microscope; Cellvis plate needed no modification.
For the larger format plates, we acquired 60(48-well) or 109(24-well) fields, 4 Z-planes per well at 10X magnification. All analyses were
done using the Harmony software (Perkin Elmer). In summary, the analysis first traced intact nuclei based on the DNA stain fluores-
cence and then selected nuclei that were larger than 40-50pum? surface area and had intensity levels lower than the brightness of
pyknotic nuclei. We scored the positive cells by identifying the cell type marker positive surrounding region around the nuclei and
selected cells based on the mean fluorescence intensity in the surrounding ROIl. When appropriate, we used nuclear SOX10 and
OLIG2 labels to further filter oligodendrocyte lineage cells before identifying MBP positive oligodendrocytes. For live cells without
a nuclear stain, we used the built-in “Find Cells” module in Harmony to identify cells based on an immunostaining signal such as
04/MBP or HLA-ABC/DR. Percentage was calculated at well level: Total positive cells/Total nuclei X 100 in well. Drug treated
well replicates were averaged for the fold change ratio calculations. Plots were generated with Prism analysis software. HLA-DRA
immunofluorescence images (Figure 3l) were acquired on a Zeiss confocal microscope.

RNAscope and oligodendrocyte size measurements
At day 82 of the glial differentiation protocol, cells were dissociated, and replated in 96-well plates as described. For measuring oligo-
dendrocyte size, cells were fixed in 2%PFA and stained for MBP as described above. Images were acquired at 40X using the Opera
Phenix High-Content Screening System (PerkinElmer). Harmony software was used to measure the area of MBP™ signal around the
nucleus. For RNAscope experiments, cells were fixed 2 days after plating following the protocol provided by ACDBio. In brief, cells
were washed once in PBS then fixed in 10% Neutral Buffered Formalin for 30 minutes at room temperature. After 2x PBS washes,
cells were dehydrated by incubation in 50% ethanol at room temperature for 5 minutes, followed by 70% ethanol at room temper-
ature for 5 minutes, then 100% ethanol at room temperature for 5 minutes. 100% ethanol was then removed and replaced with fresh
70% ethanol at room temperature for 10 minutes. Cells were then stored at -20°C. For the RNAscope assay, cells were rehydrated by
incubation in 70% ethanol (200uL/well) at room temperature for 2 minutes, followed by 50% ethanol (200uL/well) at room tempera-
ture for 2 minutes, followed by PBS at room temperature for 1 minute, then finally in PBS for 10 minutes (200uL/well). PBS was
removed, plates were placed in the Humidity Control Tray provided by ACDbio, and 33uL freshly diluted Protease Il (1:10 in PBS)
was added in each well. Humidity Control Tray was closed and incubated for 10 minutes at room temperature. Cells were then
washed in PBS for 2 minutes (200uL/well) and this was repeated twice for a total of three washes. Staining was then performed using
the ACDbio “Tech Note for using RNAscope HiPlex Alternate Display Module”, and imaging was performed using the Opera Phenix
High-Content Screening System (PerkinElmer). To quantify the RNA within each cell, we used a custom-made Python script for this
experiment. First, the script calculated the maximum value of the reference wells for removing the contribution from the background.
Then, for each dye we computed the max projection from the stack, we subtracted the background value found above, flat field cor-
rected each image and finally normalized them between 0 and 1. Once we had one single image for each dye, we located the cells
based on the nuclei image (using an Otsu’s threshold-based approach). Then we similarly located the positive portion of the images
for the dyes that identified the cell type (GFAP, MBP and PLP1), and selected all the nuclei that were positive for any dye. Then looped
over each of the selected cells for each of the RNA stains and inspected whether there were positive pixels within a specified region of
interest. Since the size of each RNA was of about 20 pixels, we divided the number of positive pixels by 20 to get the number of to-
tal RNAs.

This analysis generated a csv with one row for each of the analyzed cells, and one column for the reported number of RNAs and
positivity for each of the reference dyes.

Astrocyte morphology analysis

At the end of the differentiation cells were dissociated, replated onto 96-well-plates, allowed to recover 48 hours and then fixed with
2% PFA. Cultures were stained for GFAP, MBP and PLP-1 and GFAP astrocytes were selected for further analysis. The entire anal-
ysis of GFAP astrocyte morphology was performed in Python using a pipeline that we recently developed.®®

Preprocessing
We first computed the max projection from the stack of images to flatten the plane into one image. We then normalized the values
between 1 and 0 cutting the highest 0.1 percentile and lower 10 to remove noise and debris.

Feature calculation

To extract the features measurements, we first located the cells using a custom made MaskRCNN algorithm and crop each cell into
bounding boxes of fixed size (102 pixels per side). For each segmented cell we used a threshold-based algorithm to identify which
cells were GFAP* astrocytes. Then we created a mask over the stained portion of the cell and used ScaleFEx®M*® (algorithm publicly
available) to extract the features from the DNA channel and the channel correspondent to the positive cell type (GFAP). Briefly, Shape
measurements were calculated over the mask of each segmented object and assessed spatial relationships of the object (eg. perim-
eter, area, compactness, etc.). Granularity was measured by convolving morphological operators of increasing size to assess the
presence of repeating patterns; Texture is the probability of high or low value pixels in different directions and lengths. Intensity en-
compasses measurements of pixel values. Concentric measurements compute intensity and granularity measurements over
concentric regions of increasing size. This entire computation resulted in a data frame containing all the measurements and the in-
formation about location and cell lines (n of total features is 1056). Each row contains the measurements of a unique cell.
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Feature vector analysis

We first normalized each feature of the entire dataset between 0 and 1. We then assessed which cell type had the highest MS signal
by training and testing a Logistic Regression (sklearn package) on cross validation folds of site averages. The folds consisted of 3
groups of 3 held out sites per well for testing, and 6 for training. Astrocytes resulted in the highest signal and was the cell type on
which we performed the rest of the analysis. We then fitted the entire dataset using a logistic regression model (sklearn package)
and a binary task of healthy vs each MS type. We removed the highly correlated features (Pearson’s coefficient > 0.9) and ranked
the uncorrelated features by importance for the decision process of the algorithm (model.coeff_). We then selected the 30 best per-
forming features (number chosen by locating the sharp drop of the feature’s coefficient) and grouped them into their major class to
assess redundancy of a specific subtype of feature. We also stored these features and the relative coefficients in the provided
Table S3. Finally, we plotted the cells with high confidence (the ones in Figure 3L have a predictive score above 0.98 for MS and below
0.02 for the healthy controls) to visually assess and interpret the very subtle phenotype expressed in cultured cells.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistics

For quantification of MBP* oligodendrocytes, 3 independent experiments (using different batches of reagents and by distinct oper-
ators) were performed, using a minimum of 16 iPSC lines. For OLIG2 and SOX10 quantification, two independent experiments were
performed. All other experiments were performed one time with minimum 16 lines (except for TASIN-1 experiment, that was per-
formed on 10 iPSC lines) and several wells per line as technical replicates.

The Graphpad Prism software was used for all statistical analyses. The statistical test used, n, and meaning of each datapoint
is described in the figure legends. The definition of center and dispersion measures is also indicated in the figure legends. Outliers
identified using the ROUT method were excluded. Statistical significance was considered as p<0.05 (*=p<.05; **=p<.01;
**=p<.001; ***=p<.0001).
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