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1 | INTRODUCTION

Classic functions for oligodendrocyte (OLs) include myelinating axons
to permit efficient saltatory nerve conduction and providing trophic
support to neurons. Experimental demyelination models indicate that

mature OLs (MOLs) can also participate
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Abstract

Morphological and emerging molecular studies have provided evidence for heteroge-
neity within the oligodendrocyte population. To address the regional and age-related
heterogeneity of human mature oligodendrocytes (MOLs) we applied single-cell RNA
sequencing to cells isolated from cortical/subcortical, subventricular zone brain tissue
samples, and thoracolumbar spinal cord samples. Unsupervised clustering of cells
identified transcriptionally distinct MOL subpopulations across regions. Spinal cord
MOLs, but not microglia, exhibited cell-type-specific upregulation of immune-related
markers compared to the other adult regions. SVZ MOLs showed an upregulation of
select number of development-linked transcription factors compared to other
regions; however, pseudotime trajectory analyses did not identify a global develop-
mental difference. Age-related analysis of cortical/subcortical samples indicated that
pediatric MOLs, especially from under age 5, retain higher expression of genes linked
to development and to immune activity with pseudotime analysis favoring a distinct
developmental stage. Our regional and age-related studies indicate heterogeneity of
MOL populations in the human CNS that may reflect developmental and environ-

mental influences.

KEYWORDS
immune oligodendrocyte, pseudotime, regional heterogeneity, single-cell RNAsequencing,
temporal heterogeneity

remyelination, a process that is usually attributed to the recruitment
and differentiation of progenitor cells (Duncan et al., 2018; Franklin &
Ffrench-Constant, 2008).

Although the human brain parenchyma has abundant numbers of
progenitor cells (PDGFRA+ and NG2+), carbon 14-based studies of

in the process of adult human brain parenchyma (Yeung et al., 2019) indicate that once
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OL lineage cells have matured, they are long-lived with little turnover,
although their myelin membranes are highly plastic (Yeung
et al., 2019). A central question is whether the various OL functions
can be linked to the heterogeneity of cells within the overall OL popu-
lation. OL heterogeneity, based on morphologic features, has been
suggested since their initial description (Pérez-Cerda et al., 2015),
including that of developmental heterogeneity between the spinal
cord and those that populate the telencephalon (Foerster et al., 2019).
Internodal length is greater in spinal cord. More recent findings have
described the roles for OLs regulating central nervous system (CNS)
inflammation through the expression of surface molecules that sup-
port cellular immune responses and by producing cytokines (Falcdo
et al.,, 2018; Jikel et al., 2019; Kirby et al., 2019).

Single-cell (sc) and single nuclear (sn) RNA sequencing (RNAseq)
technologies are increasingly being used to define the transcriptional
heterogeneity of OL lineage cells (Chen et al, 2017; Habib
et al, 2017; Marques et al., 2016, 2018; Zeisel et al., 2015). Such
studies define the molecular signature of MOLs based on the expres-
sion of cell type-specific canonical marker genes. Previous studies
have revealed OL lineage cells that express distinct transcriptional
profiles in juvenile and adult mice in an age- and region-dependent
manners (Marques et al., 2016). However, differences have also been
identified in the transcriptomic and proteomic content of myelin
between humans and mice (Ishii et al., 2009). Studies of the transcrip-
tional heterogeneity of human OL lineage cells at the single-cell level
(Darmanis et al., 2015; Jakel et al., 2019; Lake et al., 2018; Perlman
et al., 2020; Spaethling et al., 2017) have utilized cerebral tissue sam-
ples. Adult human post-mortem single nuclei (sn)RNA sequencing
studies have included comparison of different cerebral regions (Habib
et al., 2017; Lake et al., 2018). Studies using surgical samples also have
used only cerebral tissue and involved limited cell numbers
(Spaethling et al., 2017).

The initial aim of our study was to identify regional heterogeneity
of MOLs across human CNS by comparing transcriptional landscape
of cells derived from cortical/subcortical (referred to as parenchyma),
subventricular (SVZ), and spinal cord (SC) regions. at single whole-cell
level using scRNA sequencing technique. We considered whether
such heterogeneity may either be determined by lineage differences
or reflect local environmental signals. The parenchyma samples were
obtained from surgical resections; the thoracolumbar SC samples from
rapid post-mortems of organ donors. Both contained white and gray
matter. MOLs derived from SVZ surgical samples (Figure S1la & b)
were derived from locations adjacent to a specialized niche enriched
with neural progenitor cells.

We further aimed to examine age-related transcriptional hetero-
geneity of human MOLs by comparing adult and pediatric surgically
derived parenchyma samples. Our previous in vitro studies indicate
that MOLs derived from younger donors are more susceptible to
metabolic stress-induced injury compared to adult donors
(Fernandes et al, 2021) suggesting age-related heterogeneity of
MOL. Our additional studies have also indicated that human MOLs
from pediatric donors ensheath nanofibers more efficiently than

adult-derived cells although significantly less than A2B5 + cells (also

known as pre-OLs) derived from the same tissue samples (Luo
et al., 2022).

To facilitate the use of our scRNA-seq datasets, we have also
developed a straightforward online tool for evaluating gene expres-

sion at single-cell resolution (https://stratton-lab.github.io/dataviz).

2 | RESULTS
2.1 | Regional heterogeneity of adult-derived
mature oligodendrocyte populations

To address regional MOL heterogeneity, we utilized single whole-cell
RNA-sequencing datasets derived from the total cell population iso-
lated from the adult cortical/subcortical parenchyma, thoracolumbar
spinal cord (SC), and the MOL population selected from the subventri-
cular (SVZ) region dataset (n = 3 per region) (Table S1). Each individual
dataset was subjected to a pre-processing step and after quality con-
trol, we obtained 21,114 cells. All datasets were then integrated into a
single object for the downstream analysis. We identified seven cell
types in our analysis including MOL, microglia, border-associated mac-
rophages (BAM), T cells, OPCs, astrocytes, and endothelial cells
(EC) according to the enriched expression of marker genes for each
cell type (Figure 1a & b). MOLs were selected for further analysis
based on the expression of the canonical MOL marker genes; myelin-
associated glycoprotein (MAG) and proteolipid protein 1 (PLP1) with
the exclusion of OPC marker genes PDGFRA and PTPRZ1 (Figure 1c).
The isolated MOLs were randomly downsampled to ensure that the
observed result was not skewed by differing cell numbers. We provide
a supplementary table (Table S2) to show that the expected myelin
proteins are specifically upregulated in our MOL population when
compared with OL progenitor cells (OPCs) and microglia, the latter
being the other main glial population present in our isolated cell
populations.

The downsampled MOLs were then re-clustered to discern more
detailed differences between each anatomical location according to
their transcriptome. A small population of the isolated cells expressing
microglia markers such as AIF1 was considered contaminants and
excluded from downstream analysis, resulting in 1264 cells per region
(not shown). Re-clustering of these cells resulted in the identification
of six distinct subpopulations of MOLs with differential distribution
patterns between anatomical regions and within each subpopulation
(Figure 1d & e). Hierarchal clustering of cells according to the expres-
sion of the top five upregulated genes in each subpopulation indicates
that while each subpopulation has a specific gene expression signa-
ture, overall there exists a continuum of gene expression between
subpopulations (Figure 1f; Table S3). Gene ontology analysis of the
upregulated genes per subpopulation indicated specific function-
associated processes for each MOL subpopulation (Figure 1g). All ana-
tomical regions contributed to subpopulations 1, 2, and 6 in which
pathway analysis featured enrichment of myelination, axon engage-
ment, and elaboration of cellular processes-related terms; all well-

characterized properties of MOLs (Figure 1g). Subpopulations 3 and
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FIGURE 1 Distinct subpopulations of human MOLs across different regions of adult CNS. (a) UMAP plot of 22,096 captured cells across three
anatomical regions of nine adult donors depicting seven major cell types. (b) Dotplot presents canonical markers of each identified cell types. The
circle size denotes the percentage of cells that express each individual gene. Average gene expression is represented using color-coded z-scores.

(c) Violin plot depicts normalized expression of mature oligodendrocyte marker genes (PLP1 and MAG) and oligodendrocyte progenitor cells (PDGFRA
and PTPRZ1). (d) UMAP plot represents six subpopulations of mature oligodendrocytes (MOLs) across all regions (i) and each anatomical location
individually (ii-iv). (1296 cells per anatomical location) (e) Stacked bar plot of the abundance of cells from each anatomical location per subpopulation.
Each location is represented by a different color. (f) Heatmap of the five most differentially upregulated genes per subpopulation (adjusted p < .05
based on the negative binomial distribution). The expression of genes is represented using color-coded z-scores. Red and blue colors denote high and
low expression of genes, respectively. (g) Alluvial plot showing biological pathway analysis of the most upregulated genes per subpopulation. The
most affected biological processes of each subpopulation on the right side of the plot are connected to subpopulations on the left side by a ribbon.
The width of each ribbon indicates the number of genes present in each term. (h-i) Biological pathway analysis of upregulated genes in parenchyma,
SVZ, and SC samples, respectively. The most affected biological processes are represented. The size of the dots represents the number of genes per
term and the color of the dots represents the adjusted p-values of the terms.

4 were enriched with cells from the SVZ region, for which pathway immune-related terms among the most affected biological processes
analysis identified associations with gliogenesis and RNA processing (Figure 1g) with SC-derived cells being the main contributor to this

terms (Figure 1g). In subpopulation 5, we detected an enrichment of subpopulation (Figure 1e).
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FIGURE 2 Distinct gene expression signature of human MOLs across various regions of CNS. (a) Heatmap representing the expression of
immune genes derived from reports of Jakel et al., 2019, Kirby et al., 2019, and Falcao et al., 2018 on MOLs and microglia for each region in our

dataset. The expression of genes is represented using color-coded z-scores.

Red and blue colors denote high and low expression of genes,

respectively. (b) Violin plots shows normalized gene expression of immune markers enriched in MOL and microglia across all regions. (c) PHATE
visualization for primary post-natal OL lineage cells including late OL progenitors (IOPC), pre-oligodendrocytes (pre-OLs), and MOLs. (d) PHATE
visualization represents the normalized expression of OL lineage cell marker genes. (e) PHATE visualization of OL lineage cells by region, including

parenchymal, SVZ, and SC regions.

We then applied gene ontology (GO) analysis of the most upre-
gulated genes in the total MOL population of each region. In line
with our observations for MOL subpopulations analysis, GO terms
for parenchymal cells were largely associated with canonical biologi-
cal MOL processes such as axon ensheathment and myelination, reg-
ulation of neuron projection development, and maintenance of cell
polarity (Figure 1h). For SVZ cells, in addition to identification of
myelin-related terms, we observed significant enrichment of gliogen-
esis and RNA metabolic activity (Figure 1i). For SC cells, immune-
related terms, including antigen presentation and response to inter-
feron, were the most dominant affected biological processes
(Figure 1j).

To examine the expression of immune-related genes of SC MOLs
in more detail, we compiled markers of immune OL (iOL) from previ-
ous studies (Falcdo et al., 2018; Jikel et al., 2019; Kirby et al., 2019)
and then plotted the expression of the compiled iOL markers against
our datasets. This revealed that SC-derived MOLs showed notably
higher expression of these iOL marker genes compared to paren-
chyma and SVZ regions (Figure 2a). These included genes involved in
antigen presentation including major histocompatibility class | and Il
genes such as HLA-DRA, HLA-B, and HLA-C (Figure 2a; Table S4). This
heightened immune signature was not observed when comparing SC
microglia to parenchyma and SVZ microglia suggesting that enriched

iOLs signature in SC is a unique feature for this cell type and not a

general heightened immune signature across numerous cell types
within the spinal cord (Figure 2a). As expected, the expression of
immune genes was significantly less in MOLs as compared to micro-
glia consistent with microglia being the major immune cell type in all
regions (Figure 2b).

To address whether the regional findings reflect distinct develop-
mental lineages, we performed pseudotime analysis by integrating the
current dataset to our previous combined pediatric/adult brain paren-
chyma single-cell RNA sequencing datasets which contain OL progen-
itor cells including late (1)-OPCs, pre-oligodendrocytes (pre-OLs), and
MOLs (Fernandes et al., 2021; Perlman et al., 2020) (Figure 2c). The
expression of cell-type marker genes was used to annotate cells on
the pseudotime trajectory plot (Figure 2d). This analysis documented
the development pathway of OL lineage cells; a path which starts with
|-OPCs, followed by pre-OLs and finally MOLs (Figure 2c). Moreover,
in the MOL population, we observed a clear overlap from different
anatomical locations suggesting mature adult cells from the different
regions have similar lineage trajectories (Figure 2e). Based on the
pseudotime analysis, we suggest that the detected transcriptional dif-
ferences between MOLs in the different regions do not reflect a dis-
tinct stage in the developmental lineages and may reflect responses
to their surrounding microenvironments. There was also no region-
linked expression of cell cycle-related genes, confirming the maturity
of the cells (Figure Sic).
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In addition, we compared the molecular signature of our adult
parenchymal MOLs with existing reports on the heterogeneity of
human mature OLs ™%, focusing on common differentially upregulated
genes within defined subpopulations. We compared the expression
signature of the five MOLs and one immune OL subpopulation identi-
fied using our adult parenchymal samples (Figure S1d) with seven
MOL subpopulations identified (including immune OL) in the Jakel
et al study (Jikel et al., 2019). The percent of overlap between upre-
gulated genes in two studies varied among subpopulations
(Figure S1e), both identify an immune OL subpopulation. The highest
overlap was between upregulated genes in our MOL1 population and

with subpopulations 1 and 5 of the Jédkel et al study (Figure Sle).

2.2 | Age-related heterogeneity of mature
oligodendrocytes

We next sought to investigate age-related heterogeneity of MOLs. To
this end, single-cell RNA sequencing was performed on cells derived
from four adult parenchymal samples including three used in the
regional studies and seven pediatric parenchyma samples. Following
quality control, all sequenced cells (46,066 cells) were integrated into
one dataset for downstream analysis in which we identified microglia,
oligodendrocyte lineage cells including MOLs and OL progenitors,
astrocytes, and lymphocytes (Figure 3a). Consistent with the regional
analysis, MOLs were selected for the downstream analysis using the
expression of PLP1 and MAG with the exclusion of cells expressing
PDGFRA or PTPRZ1 (Figure 3b).

Unsupervised clustering of the selected cells resulted in the iden-
tification of four MOL subpopulations (MOL[i-iv]) (Figure 3c;
Table S5) which, as shown in “d,” expressed MAG and did not express
the progenitor markers PDGFRA and PTPRZ1 (Figure 3d). A small pop-
ulation corresponding to subpopulation four (MOL][iv]) also expressed
the immune marker CD74 (Figure 3d). Comparisons of the four identi-
fied MOL subpopulations indicated that MOL (i-iii) presented a con-
tinuum of transcriptome content while MOL (iv) had the most distinct
signature (Figure 3e; Table S5). MOL (i) expressed a series of early
stress response genes such as early growth response 1 (EGR1) and
heat shock protein family A (Hsp70) member 1A (HSPA1A) (Figure 3e);
this subpopulation was observed in both pediatric and adult samples
(data not shown). MOL (ii) exhibited.notable upregulation of oligoden-
drocytic myelin paranodal and inner loop protein (OPALIN) (also
known as TMEM10) which is associated with axon myelination in vivo
(de Faria et al., 2019) and tubulin polymerization promoting protein
(TPPP) which regulates microtubule nucleation and promotes OL inter-
node elongation (Fu et al., 2019). The transcriptomic signature of
MOL (jii) differentially upregulated expression of myosin light chain
kinase (MYLK) which has been described to mark MOLs as a “late dif-
ferentiation gene” (Yu et al., 2013) and finally MOL (iv) was enriched
in immune-related genes as defined by Jikel et al., 2019 (Jakel
et al., 2019).

To assess the functional properties of these MOL subpopulations,

we performed pathway analysis for the subpopulation-specific gene

sets. Consistent with the transcriptomic observation MOL (i) was
enriched with terms related to cellular response to stress. MOL
(i) showed terms enriched with axon ensheathment and myelination,
MOL (iii) was mainly enriched for lipid metabolism such as cholesterol
biosynthetic process, and MOL (iv) was enriched for immune-related
pathways (Figure 3f).

To compare the relative levels of MOL gene expression across
the age groups, we examined the dataset independent of identified
subpopulations by directly comparing pediatric with adult samples
(Figure 4a & b; Table Sé). The pediatric samples showed increased
expression of iOL markers, including major histocompatibility com-
plex, class I, A-C, (HLA-A, HLA-B, HLA-C) (Falcao et al., 2018; Jakel
et al, 2019) and OL maturation-related genes including SRY-box
transcription factor 2 (SOX2), NKé6 homeobox 2 (NKX6-2) and oligo-
dendrocyte transcription factor 2 (OLIG2) (Figure 4a & b; Table S6)
(Cai et al., 2010; Kuspert et al., 2011; Zhao et al., 2015). Pathway
analysis indicated that adult MOLs were enriched with terms related
to metabolism (Figure 4c) while pediatric samples were enriched
with pathways related to development and immune reactivity
(Figure 4d). Since the pediatric samples covered a wide age range
from 2 years up to 14-year-old individuals, we divided the pediatric
samples into less than 5 years and greater than 5-year-old groups,
based-on the age distribution of the available samples. Although we
did not find a differential distribution of MOL subpopulations across
these age groups within each subpopulation (Figure 4e), the
observed upregulation of development and immune-related terms in
the pediatric group mainly resulted from genes upregulated in the
younger cohort (Figure 4f) compared to the older samples
(Figure 4g). We observed that MOLs derived from pediatric samples
less than 5 years old have comparable levels of expression of iOL
genes with IOPC (Figure 4h).

As for our regional analysis, we performed pseudotime analysis to
assess the developmental trajectory of pediatric MOLs (Figure 4i). |-
OPCs, and pre-OLs followed a tight trajectory whereas the path nota-
bly broadens upon reaching the MOLs (Figure 4i). MOLs of pediatric
samples <5 years old clustered more closely toward the pre-OLs com-
pared to MOLs of those from more than 5 years old and adult sam-
ples, suggesting potential developmental differences between MOLs
at different ages of human development (Figure 4j).

Our parenchymal and spinal cord tissue samples contained ele-
ments of both white and gray matter (WM and GM). To examine dif-
ferential immune-related gene expression of WM and GM we
separated white and gray tissue fragments based on visual inspection
from selected parenchymal cases and subjected these to the standard
isolation procedure. FACS analyses indicated that a relatively greater
number of OLs (04 + cells) from white matter, while a greater num-
ber of microglia (CD11b+) cells were derived from GM (Figure S2a-c).
OLs (04 + cells) from both regions had a negligible expression of
MHC class 1 and no class Il; MHC class Il was detected on microglia
with some increase in WM samples (Figure S2d-g). gPCR analysis
showed a prominent HLA-DR signal in both GM and WM. MHC class
1 expression was detectible but low and comparable between GW
and WM samples (Figure S2h-i).
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FIGURE 3

scRNA-seq identifies transcriptionally distinct subpopulations of human MOLs across different ages of human development.

(@) UMAP plot of 46,066 sequenced cells from 11 pediatric and adult donors depicts five major cell types. The red circle denotes MOLs which
were used for the downstream analysis. (b) Violin plot depicting normalized expression of cell type-specific markers. The red rectangles show
MAG-+ and PLP1+ cells which were selected for the downstream analysis. (c) UMAP plot represents four subpopulations of MOLs across all ages.
(d) UMAP plot represents normalized expression of MOL (MAG), OL progenitor cells (PTPRZ1 and PDGFRA), and immune OLs (CD74). (e) Heatmap
of the 10 most differentially upregulated genes per subpopulation (adjusted p < .05 based on the negative binomial distribution). The expression
of genes is represented using color-coded z-scores. Red and blue colors denote high and low expression of genes, respectively. (f) Biological
process analysis of the upregulated genes per subpopulation. The size of the dots represents the number of genes per GO term and the color of

the dots represents the adjusted p-values of the terms.

3 | DISCUSSION

Our access to a combination of surgically and rapid post mortem
obtained adult tissue samples provided the opportunity to identify
regional and age-related heterogeneity of mature oligodendrocytes
(MOLs) in human central nervous system, using whole single-cell RNA
sequencing technique. For the parenchymal adult and pediatric tissue
samples, the collected brain tissue was obtained from normal appear-

ing superficial surgical tissue that was removed to access the area of

underlying non-malignant underlying pathology. These samples were
enriched in white matter tissue but also contained gray matter. Neuro-
pathologic analysis of CUSA tissue samples confirmed that the frag-
ments were predominantly comprised of histologically normal tissue
although there were some fragments reflecting the underlying pathol-
ogy. Our analysis did not detect specific gene signatures of OLs
enriched in gray matter, such as peri-neuronal OLs that feature a dis-
tinct transcriptional profile (Bernstein et al., 2019; Szuchet et al., 2011).
The SVZ adjacent samples were obtained from surgical cases of glioma
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but were distinct from visible tumor sites. The MOL population was
selected out from a total cell population that was enriched for progeni-
tor cells contained within this niche. Our spinal cord (SC) samples are
from individuals who did not have any background disease.

The molecular comparisons of MOLs from three distinct regions
of the adult CNS indicated that SC MOLs significantly upregulate
immune-related markers as listed in (Falcdo et al., 2018; Jikel
et al., 2019; Kirby et al., 2019) compared to MOLs derived from the
brain. Jakel and colleagues found iOLs to be enriched in post mortem
white matter samples from cases of multiple sclerosis compared to
controls (Jakel et al., 2019). As noted, we did not observe such upre-
gulation of immune-related markers in microglia of SC versus such
cells from other regions The observed difference between MOLs and
microglia may be due to the specific interactions of OL lineage cells
and neuronal subtypes in local microenvironments across different
CNS regions as suggested by (Zonouzi et al., 2019). Seeker et al
detected the expression of an immune-gene expressing OL cluster in
the human cervical spinal cord (Seeker et al., 2022).

Our study shows that MOLs of the SVZ have increased expression
of selective progenitor features even though they do exhibit the classic
expression profile of OL progenitor makers (PDGFRA and PTPRZ1).
Gene ontology analysis of the most upregulated genes of SVZ MOLs
showed enrichment of RNA metabolic process and gliogenesis. In paral-
lel, among the list of significantly upregulated genes in this region, we
found enrichment of regulatory factors which have been shown to be
critical for the maintaining progenitor state of OL lineage cells, including
oligodendrocyte transcription factor 1 (OLIG1), SRY-box transcription
factor 10 (SOX10) and POU Class 3 Homeobox 1 (POU3F1) (Aprato
et al.,, 2020; Arnett et al., 2004; Fulton et al., 2011). However, our pseu-
dotime analysis indicated these observations do not reflect a precise
development stage in this region. We postulate that the microenviron-
ment of the SVZ, as the largest neurogenic zone of the brain (Martinez-
Cerdefno & Noctor, 2018), may provide a cellular niche which favors
persistent retention of selective developmental characteristics. The
absence of cell cycle-related genes supports the notion that these cells
are not classic progenitor cells and therefore form a distinct population
of mature cells around the SVZ region.

Our pseudodtime analysis of the current dataset with our previous
combined pediatric/adult brain dataset identified a distinct population
of pre-OLs. “Pre-OLs” defined by being recognized by A2B5
ganglioside-directed antibody are shown to comprise 3-5% of the OL
lineage cells present in the adult human brain; A2B5 antibody used to
isolate such cells. Since these A2B5+ cells are defined by a ganglioside
and not a specific protein/gene, we cannot precisely match them to the
molecularly defined late- and pre-OLs. Transplant-based studies using
such cells by Windrem et al (Windrem et al., 2004) and our studies
applying these cells to nanofiber-containing cultures (Luo et al., 2022)
indicate these cells can differentiate, ensheath, and myelinate.

Our previous studies of parenchyma-derived MOLs indicated
age-linked differences in functional properties related to susceptibility
to injury and process outgrowth (Fernandes et al., 2021). Comparing
the gene expression profile of MOLs from pediatric and adult-derived
cells indicated that the pediatric cells (specifically those from individ-
uals younger than 5 years old) have more progenitor features, due to
higher expression of critically important genes such as NKX6-2,
OLIG2, and SOX10, all of which have been shown to be important for
the progenitor state of the cells (Aprato et al., 2020; Cai et al., 2010;
Kuspert et al., 2011). The pediatric samples showed increased expres-
sion of immune OL markers. The expression of these markers in OL
lineage cells is lower than in myeloid cells derived from the same sam-
ples. In a previous study, we applied bulk RNA sequencing to enriched
populations of pre-OLs (A2B5 + cells) and mature OLs (A2B5-cells)
derived from adult and pediatric parenchymal samples using in vitro
immuno-magnetic-based separation (Luo et al., 2022). We reported
that OL-progenitor markers were upregulated in the pre-OLs com-
pared to the mature OLs and in the pediatric pre-OLs as compared to
the adult. Our current detailed re-analysis of the supplementary data-
set from that study (Supplementary Datasets in Luo et al., 2022 indi-
cated persistent enrichment of immune-related and development-
related biological pathways (i.e., cell proliferation) in the pediatric sam-
ples as compared to the adult, correlating with our findings in the cur-
rent single-cell dataset. Our pseudotime analysis of ex vivo cells was
able to define an overall less mature developmental stage in contrast
to the adult SVZ MOLs Our numbers are too limited to determine a

FIGURE 4 Gene expressiondifferences between pediatric and adult MOLs. (a) Volcano plot showing differentially expressed genes between
pediatric and adult donors. The genes that are verified by fold change and p-value are represented by red and blue colors, respectively. The gray
dots denote non-significant genes. The names of OL development-associated transcription factors and major histocompatibility genes which are
upregulated in pediatric samples are shown on the volcano plot. (b) Heatmap plot showing the 10 most differentially upregulated genes in
pediatric and adult samples (adjusted p < .05 based on the negative binomial distribution). The expression of genes is represented using color-
coded z-scores. (c-d) Biological process analysis of the upregulated genes in adult samples (c), pooled pediatric samples (d). The size of the dots
represents the number of genes per pathway and the color of the dots represents the adjusted p-values of the terms. (e) Proportion of MOLs
from different ages within each identified subpopulation. n.s. stands for not significant. (f-g) Biological process analysis of the upregulated genes
in pediatric samples less than age 5 (f) and over 5 (g). The size of the dots represents the number of genes per GO term and the color of the dots
represents the adjusted p-values of the terms. (h) Heatmap representing the expression of immune oligodendrocyte genes, as derived from Jakel
et al., 2019, Kirby et al., 2019, and Falc3o et al., 2018 studies on the following: IOPC and pre-OLs from our initial parenchymal pediatric samples
Fernandes et al., 2021 study (Fernandes et al., 2021); MOLs from our overall pediatric parenchymal samples <5 and >5; MOLs from adult
parenchymal and SVZ samples. The expression of genes is represented using color-coded z-score. Red and blue colors denote high and low
expression of genes, respectively. (i) PHATE plot showing the trajectory analysis of OL lineage cells in post-natal brain parenchymal samples of
pediatric and adult donors. Each cell type including the MOL subpopulation is represented using different colors. (j) PHATE plot showing the
trajectory analysis of OL lineage cells by age.
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gradient of age-related changes although our analyses of ensheath-
ment capacity of human OPC lineage cells suggest that the superiority
of pediatric age cells extends into adolescence age.

Our current single whole-cell RNA-seq analysis of the transcrip-
tional heterogeneity of human MOLs provides direct evidence regard-
ing regional, as well as age-related, heterogeneity of MOLs. We
acknowledge the limitation that samples from different regions were
collected under different conditions and that the different regions could
not be sampled from the same donor given limited access to whole
brain and spinal cords. Further studies will be needed to define the
range of functional properties linked to the observed regional and age-
related molecular heterogeneity and how these contribute to the extent
of tissue injury and repair observed in cases of multiple sclerosis.

4 | METHODS

4.1 | Isolation and processing of the brain
parenchyma, subventricular zone, and spinal cord
tissues

Human brain parenchyma tissues were obtained from patients who
underwent surgical procedures for indications listed in Table S1. Using
a cavitron ultrasonic aspirator (CUSA), the samples were collected from
normal-appearing superficial tissue that had to be removed to allow the
neurosurgeon to reach the area of underlying pathology. Tissues from
the normal-appearing CUSA bag material and from pathologic site
resected material were subjected to neuropathologic examination. The
use of adult brain tissues was approved by the Montreal Neurological
Institute and Hospital (MNI/H) Neurosciences Research Ethics Board;
the use of pediatric samples was approved by the Montreal Children's
Hospital Research Ethics Board. The tissues were digested using
mechanical and enzymatic (trypsin and DNase) dissociation followed by
a Percoll gradient to remove the myelin layer (Leong et al., 2014). The
dissociated cells were washed three times in PBS, and resuspended at a
concentration of 10° cells per ml. Next, 100,000-200,000 cells were
submitted for sequencing at Génome Québec.

Human thoracolumbar spinal cord tissue was harvested from
organ donors through a collaboration with Transplant Quebec. All pro-
cedures were approved by and performed in accordance with the eth-
ical review board at McGill University (IRB#s A04-M53-08B). Familial
consent was obtained for each subject. The rapid autopsy spinal cord
samples were processed within 2 hours of removal from the spinal
column and tissue was kept on ice throughout. The samples were pro-
vided from the thoracolumbar region of the cord (T11-L1) of three
adults, two females and one male; none were known to have prior
neurologic disease. The cause of death is listed in Table S1. For tissue
processing, the meninges were carefully removed, and the tissue was
crosscut into small pieces of 1-2 mm?®. The subsequent tissue proces-
sing steps were similar to brain parenchyma samples.

Human ventral subventricular zone (SVZ) specimens were
obtained from patients who underwent surgery for glioma resection.

These samples were collected from tissue that had to be removed to

access the area of underlying pathology; this tissue was MRI negative
for tumor. As with the parenchymal specimens, the tissues were
mechanically dissociated, then enzymatically digested (collagenase
solution containing DNAase [Cal Biochem EMD Chemicals] and
MgCl, for 1 h at 37°C), and centrifuged on a Percoll density gradient.
Samples were then washed in PBS and submitted for sequencing. The
mature OL fraction from the human SVZ region analyzed in this study
was extracted from a larger dataset (n = 3) provided by Dr. Kevin Pet-

recca (KP) and that can be made available by KP upon request.

4.2 | Single-cell library preparation and sequencing
10x chromium technology was used to make the library of the cells.
Briefly, single-cell RNA libraries were generated using the GemCode
Single-Cell Instrument (10x-Genomics, Pleasanton, CA, USA) and Single
Cell 3' Library & Gel Bead Kit v2 and Chip Kit (P/N 120236 P/N 120237
10x Genomics). The Single Cell 3" Reagent Kits v2 user guide was followed
for this step. The sequencing ready library was purified with SPRIselect,
quality controlled for sized distribution and yield (LabChip GX Perkin
Elmer), and quantified using gPCR (KAPA Biosystems Library Quantifica-
tion Kit for lllumina platforms P/N KK4824). Finally, the sequencing was
done using lllumina HiSeq4000 PE75 instrument (lllumina) at the McGill
University and Génome Québec Innovation Centre.

4.3 | Single-cell RNAseq data analysis

All data demultiplexing and genome mapping were done using the Cell
(https://github.com/10XGenomics/
cellranger). Reads were aligned to reference genome GRCh38. Individ-

Ranger  analysis  pipeline
ual datasets were subjected to standard Seurat pipeline (v 3.1) for
quality control, gene expression normalization, batch-effect correc-
(Stuart

et al., 2019). Briefly, any cell with a genome comprised of 5 to 12 per-

tion, clustering, and differential expression analysis
cent of mitochondrial genes was considered a dead cell and was
removed from analysis. Similarly, any cell that contained <200 or more
than 2500 unique feature counts was considered a low-quality cell
and was removed from the downstream analysis. The gene expression
levels of the cells were natural log normalized and scaled. The down-
stream analysis was restricted to 2000 highly variable genes for each
dataset. At this point, individual datasets were integrated using the
Seurat “FindIntegrationAnchors” and “IntegrateData” functions,
which perform canonical correlation analysis (CCA) to remove any
possible batch effect between datasets. Highly variable genes of the
integrated object were identified and principle component analysis
(PCA) was performed on them to reduce the dimensionality of the
data. The first 20 principle components were selected for the purpose
of clustering. A shared-nearest neighbor graph was constructed based
on the PCA analysis and the Louvain clustering algorithm was used
several times to identify clusters at multiple different resolutions (0.25
to 1). The clustree R package was used to construct a clustering tree

and check the accuracy of the clustering(Zappia & Oshlack, 2018).
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Finally, the uniform manifold approximation and projection (UMAP)
algorithm was used to visualize the clusters in two-dimensional space.
The expression levels of cell-type marker genes were used to deter-
mine the identity of each cluster. Differentially expressed genes
between clusters and anatomical regions were identified using the
“FindMarkers” function in Seurat based on Wilcox test scores for
genes that were detected in at least 25% of cells in the populations
compared. Heatmap plots of the top marker genes were generated
using the DoHeatmap function. Clusterprofiler (v3.18) was used to do
pathway analyses in the form over-representation analysis (ORA)
using the “enrichGO” function and produce dot plots (Wu
et al,, 2021; Yu et al,, 2012). Inputs were genes ranked by log2 fold
change (logFC) and ORA was done for gene ontology biological pro-
cesses (GO:BP). Gene ontology analysis for the regional heterogeneity
part was performed using gProfiler web-tool and alluvial plot was
made using MATLAB function. The volcano plot was generated using
EnhancedVolcano (v1.8) package (Blighe & Rana, 2022).

44 | Pseudotime trajectory inference analysis of
regional heterogeneity of mature oligodendrocytes

Pseudotime trajectory inference analysis was done using the PhateR
(v1.0) package to order cells in “pseudotime” and visually highlight
transitions between cells using dimensional reduction methods that
minimize gene expression difference between sequential cell pairs.
PhateR uses the “potential of heat diffusion for affinity-based
embedding” (PHATE) method created by Moon et al., 2019 (Moon
et al., 2019). Briefly, PHATE encodes local data via local similarities,
encodes global relationships using potential distances based on dif-
fusion probabilities, and embeds potential distance information into
low dimensions via metric multi-dimensional scaling. The phate algo-
rithm was run on the integrated counts derived from the Seurat
object with the gamma parameter set to gamma = 0 and the remain-
ing parameters set to default (knn = 5, decay = 40, optimal t was
automatically selected to be t = 8). PhateR was chosen for the tra-
jectory inference analysis as it does not rely on prior assumptions of
data structure.

4.5 | Immunohistochemistry

Tissue samples from the SVZ region were subjected to IHC using the
technique described in Couturier et al., 2020 (Couturier et al., 2020).
MOLs were identified using MBP antibody anti-rabbit MBP
ab216668. Briefly, slides with brain sections were baked overnight
at 60°C then de-paraffinized and rehydrated using a graded series of
xylene and ethanol, respectively. For heat-mediated antigen
retrieval, slides were incubated in citrate buffer at 125°C for 20 min
in a decloaking chamber (Biocare Medical), followed by a cool-down
period. Slides were rinsed in distilled water and PBS. The samples
were then blocked using Protein Block (Spring Bioscience) for

30 min. The sections were incubated with primary antibodies diluted

in 2% BSA in PBS overnight in a humid chamber at 4°C. The slides
were washed using the IF buffer (containing 0.05% Tween-20 and
0.2% Triton X-100 in PBS) and incubated with secondary antibodies
diluted in 2% BSA in PBS for 1 h at room temperature. Following
additional wash steps with the IF buffer, the slides were mounted
with ProLong™ Diamond Antifade Mountant with DAPI (Invitrogen)
to counterstain cell nuclei. Fluorescent images were acquired using
ZEISS LSM 700 laser scanning confocal microscope with a 63X

objective.

4.6 | Quantification of mMRNA expression by
quantitative real-time PCR

For selected parenchymal tissue samples, WM and GM fragments
were separated by visual inspection and individually processed. Total
RNA was extracted from derived cells and used for qPCR analysis as
described in Healy et al., 2016 (Healy et al., 2016).

4.7 | Fluorescent-activated cell sorting

After the tissue from the white and gray matter was processed and
the single-cell suspension was obtained, the cells were transferred
into 96 well plates for FACS staining. Cells were first incubated with
LIVE/DEAD fixable Aqua Dead Cell stain (Invitrogen, Cat# L34957)
for 30 min at 4°C. After washing and blocking with mouse IgG
(60 ug/ml, Thermofisher, Cat# 10400C) for 10 min at 4°C, cells were
incubated with A2B5-APC(Miltenyi, Cat #130-093-582), O4-PE
(Miltenyi, Cat# 130-117-823), HLA-DR-AF700 (BD Biosciences,
Cat#561016), HLA-ABC-PacificBlue (Biolegend, Cat#311418),
CD11b-PeCy7(eBiosciences, Cat#25-0118-42) for 20 min at 4°C.
Appropriate isotype controls were used to assess non-specific fluo-
rescence signals. The samples were acquired on the BD LSRFortessa
Cell Analyzer FACS machine (BD Biosciences) and analyzed using
(FlowJo,

FlowJo Software https://www.flowjo.com/solutions/

flowjo).
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