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Glioblastoma scRNA-seq shows treatment-induced,
immune-dependent increase in mesenchymal cancer
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Abstract

Background. Glioblastoma is a treatment-resistant brain cancer. Its hierarchical cellular nature and its tumor mi-
croenvironment (TME) before, during, and after treatments remain unresolved.

Methods. Here, we used single-cell RNA sequencing to analyze new and recurrent glioblastoma and the nearby
subventricular zone (SVZ).

Results. We found 4 glioblastoma neural lineages are present in new and recurrent glioblastoma with an enrichment
of the cancer mesenchymal lineage, immune cells, and reactive astrocytes in early recurrences. Cancer lineages were
hierarchically organized around cycling oligodendrocytic and astrocytic progenitors that are transcriptomically similar
but distinct to SVZ neural stem cells (NSCs). Furthermore, NSCs from the SVZ of patients with glioblastoma harbored
glioblastoma chromosomal anomalies. Lastly, mesenchymal cancer cells and TME reactive astrocytes shared similar
gene signatures which were induced by radiotherapy in a myeloid-dependent fashion in vivo.

Conclusion. These data reveal the dynamic, immune-dependent nature of glioblastoma’s response to treatments
and identify distant NSCs as likely cells of origin.

Key Points
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Importance of the Study

This study describes the heterogeneity of glioblastoma
cancer compartments and microenvironments at first
presentation and recurrence, and uncovers impor-
tant interactions between these compartments which
explain the phenotype observed in early recurrence.
These data reveal that 4 glioblastoma neural lineages
are present in new and recurrent glioblastoma with
an enrichment of the cancer mesenchymal lineage,
immune cells, and reactive astrocytes in early recur-
rences. Cancer lineages are hierarchically organized
around cycling oligodendrocytic and astrocytic pro-
genitors that are transcriptomically similar but distinct

Isocitrate dehydrogenase (IDH) wild-type glioblastoma (glio-
blastoma) is the most common adult primary brain cancer.’
The effective therapies remain limited, resulting in recur
rences at a median of 7 months following treatments and
death 7 months thereafter.? It is a heterogeneous biolog-
ical entity that includes gradients of stem and differentiated
cancer cells, non-cancer brain cells, and immune cells.3

A detailed identification of cancer cells types in newly
diagnosed (new) glioblastoma has emerged through large-
scale single-cell RNA sequencing (scRNA-seq) efforts.37-°
Progenitor, astrocytic, oligodendrocytic, neuronal, and
mesenchymal cancer cells are found in all patients in
varying proportions.®® Each of these cell types, with the
exception of mesenchymal cells, parallels a cell type that
exists in neural development.3'© Among these multiple
cancer cell types, progenitor cancer cells are the most pro-
liferative. Their transcriptional signature is closer to that of
fetal glial progenitors than to known mature adult neural
cells, and they form the apex of the glioblastoma hierarchy
at the intersection of astrocytic, mesenchymal, neuronal,
and oligodendrocytic cancer cell lineages, suggesting their
role as glioma stem cells (GSCs).® GSCs have been pro-
posed to be the therapy-resistant glioblastoma cell type
that leads to recurrences,''? but a conclusive homolo-
gous cell type for these progenitors in the adult brain has
not been identified. However, recent bulk sequencing data
have shown an increase in the frequency of driver muta-
tions in the adjacent subventricular zone (SVZ) of patients
with glioblastoma,’ suggesting that early events driving
gliomagenesis may take place in non-tumoral neurogenic
niche regions.

Non-cancer oligodendrocytes, endothelial cells, and
immune cells have also been identified within the glio-
blastoma tumor microenvironment (TME) at cellular res-
olution.®58 Cytometric analyses have shown the immune
cell infiltrate is composed of multiple cell types including
diverse populations of tumor-associated macrophages
(TAMs) and lymphocytes.*'*15 Recently, the mesenchymal
cancer cell type was shown to be induced by TAM in new
glioblastoma.®

In contrast, very little is known about in-treatment pro-
gressive or recurrent glioblastoma, which quickly cause
death in almost all patients. Similar to new glioblastoma,

to subventricular zone (SVZ) neural stem cells (NSCs).
Furthermore, NSCs from the SVZ of patients with glio-
blastoma harbor glioblastoma chromosomal anomalies.
Lastly, mesenchymal cancer cells and TME reactive
astrocytes share similar gene signatures which are in-
duced by radiotherapy in a myeloid-dependent fashion
in vivo. These data provide insight into the cellular ev-
olution of glioblastoma following treatments, immune
mechanisms of treatment resistance, the influence of
the tumor microenvironment, and glioblastoma’s origin
cell type and its location.

all TCGA subtypes are represented in recurrent glioblas-
toma at the whole-tumor scale,''® and an increase in
mesenchymal gene signatures has been reported in some
studies,'® but not all.’® Recurrent glioblastoma has not
been characterized at single-cell resolution, and even
though GSCs have been proposed to be responsible for
recurrence, little conclusive data are demonstrating their
continued existence in recurrent disease.

An in-depth analysis of glioblastoma cancer cell and TME
heterogeneity at initial presentation and recurrence, in-
cluding the SVZ, is critical to understanding glioblastoma
origin and evolution and identifying sources of treatment
resistance. Through scRNA-seq, we compared and inte-
grated cell programs from the cancer, TME, and nearby
SVZ, in new and recurrent glioblastoma. Our data describe
glioblastoma and TME cell types as they shift in recurrent
disease, show the persistence of the neurodevelopmental
hierarchy through treatments and over time, shed light on
the origin of glioblastoma, and highlight how the TME can
influence glioblastoma cell states.

Methods
Glioblastoma Samples

All samples were obtained from surgeries performed at the
Montreal Neurological Institute-Hospital under a REB pro-
tocol. Consent was given by all patients. Histopathological
diagnoses and IDH mutation analyses were performed by
a certified neuropathologist in all cases.

Cells were isolated from new and recurrent glioblastoma
samples according to the protocol described by Couturier
et al.® The cancer cells from 12 of these samples, all new
glioblastoma, were also used in this study.

Single-Cell RNA Sequencing and Signal
Processing of Glioblastoma Samples

For each sample, an aliquot of cells was taken and stained
for viability with calcein-AM and ethidium-homodimer1
(P/N L3224 Thermo Fisher Scientific). Single-cell capture
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was done following the Single Cell 3" Reagent Kits v2 User
Guide (CG0052 10X Genomics; see the Supplementary
Methods for more details).?° Cell barcodes and UMI (unique
molecular identifiers) barcodes were demultiplexed
and single-end reads aligned to the reference genome,
GRCh38, using the CellRanger pipeline (10X Genomics).
Dataset cleanup and normalization are described in the
Supplementary Methods. The single-cell sequencing
data will be available on the European Genome-
Phenome  Archive: https://www.ebi.ac.uk/ega/studies/
EGAS00001004422. The processed data will be available
on: https://github.com/kpetrecca/NeuroOncology2022.git.

Identification of Non-Cancerous Cells and Copy-
Number Alteration Analysis

We used the non-cancerous cells found within previ-
ously described® glioblastoma samples as synthetic
spike-ins. For each sample, 5000 synthetic spike-ins cells
were selected to match the depth of the cells of interest.
We used scCNAutils (https:/github.com/jmonlong/
scCNAutils) to transform the expression signal into a
copy-number aberration (CNA) signal as previously de-
scribed?® (see the Supplementary Methods for more de-
tails). We performed clustering of this data using the
Louvain algorithm and identified cells as non-cancerous
if they clustered with the known non-cancerous cells that
had been spiked-in synthetically (Supplementary Figure
5A). CNA detection is described in the Supplementary
Methods.

Analysis of Non-Cancer Cells

Data were normalized using the negative binomial regres-
sion methods included in the Seurat software.?" After the
normalization, the canonical correlation analysis method
was used to remove the batch effect while retaining the bio-
logical differences.?? Two rounds of clustered non-negative
matrix factorization (cNMF) was done to identify cell types.
A chi-square test was used to compare the number of cells
in short-term recurrences vs other samples. Gene set en-
richment analysis (GSEA)2 of the reactive astrocytes
(Figure 6A) was done using the Mann-Whitney U statistical
test. Comparisons of the myeloid signatures to those in the
literature were done using the “Integrated comparison of
programs and signatures” method described below. See
the Supplementary Methods for more details.

Analysis of Cancer Signatures

Signal-containing nonrandom genes were selected
for the overall dataset, similar to previously described
methods.>?* Clustered non-negative factorization,?® with
the modifications described by Couturier et al,® was used
to determine cancer programs for each sample. cNMF
was used a second time on all programs to find the cancer
meta-programs. We scored each cell for these programs
and performed UMAP?® on the scores to embed all sam-
ples together.

Analysis of the Subventricular Zone

We obtained SVZ samples from 14 patients undergoing
surgical resection of IDH wild-type glioblastoma, IDH-
mutant glioma, or metastatic carcinoma. All samples
were obtained from radiologically normal brain regions
(Figure 4B). Samples were processed as described above.
Clustering was done using the Louvain algorithm, differen-
tial expression using the Wilcoxon test, and CNA analysis
using the InferCNV (V.1.4.0) (see Supplementary Methods).

Integrated Comparison of Programs and
Signatures

To assess the similarity between programs and signatures,
Jaccard indices were calculated, which reflect the fraction
of overlapping markers for each pair of programs/signa-
tures. We used a maximum of the top 100 markers for each
program/signature. The resulting matrices were then visu-
alized using a heatmap graph and the complete-linkage
hierarchical clustering method (R, version 4.0.0; packages:
pheatmap, stats).

RNA Velocity

RNA velocity analysis of cancer cells was performed using
Velocyto?” with modifications described previously.® Given
that the embedding space of all samples was the same, we
were able to combine these results in the same plot (Figure
3A-C) by averaging the velocity vector by sample in each
voxel. Analysis of the origin and destination of cancer cell
differentiation was done using a Markov process?’ run on
a per-patient basis, with the origin score corresponding to
the result of the backward Markov process minus the for-
ward Markov process (Figure 3H).

Cytokine Assay

In total, 100 000 glioblastoma or 300 000 human fetal brain
cells were cultured in neurobasal media without any sup-
plement (untreated) or with the addition of C1Q (400 ng/
mL), ILTa (3 ng/mL), and TNF-a (30 ng/mL; cytokine).
Glioblastoma cells were treated for 5 days, and human
fetal brain cells were treated for 24 hours before proc-
essing for single-cell RNA-seq or western blotting. Single-
cell RNA-seq processing was done as described above;
western blot processing was done as previously reported.3
C1Q was obtained from Cedarlane (CLPR0554-2), IL-1a
(PHCO0011), and TNF-a (PHC3011) from Gibco. CHI3L1 anti-
body was purchased from Abcam and Tubulin from Sigma.
The analysis is described in the Supplementary Methods.

Glioma Mouse Model Generation and Treatment

Animal studies were approved by the Institutional Animal
Care and Use Committees of the Netherlands Cancer
Institute. Murine glioblastoma was induced in 5- to 6-week-
old Nestin-Tv-a; Ink4a/Arf-- mice by intracranially injecting
200 000 DF-1 cells expressing a RCAS construct encoding
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PDGF-B HA, as previously described.?82® Radiotherapy
(2 Gy/day x 5 days) was performed on glioblastoma-
bearing mice with concomitant BLZ945 administration (see
Supplementary Methods).

Results
New and Recurrent Glioblastoma Cell Atlas

We characterized 17 new and 8 recurrent glioblastomas
(Figure 1A). Patients with recurrent glioblastoma were in-
itially treated with total (3) or subtotal (5) surgical resec-
tion followed by an adjuvant protocol of radiotherapy (60
Gy) and concomitant temozolomide followed by mainte-
nance temozolomide.2 This standard treatment protocol
is used globally and is completed ~9.5 months following
surgery. BT396 is exceptional in that it was derived from a
patient enrolled in a blinded trial assessing the effective-
ness of bevacizumab plus standard of care treatments in
new glioblastoma.?® Six cancers recurred at the surgical
margin within the original radiation field, 2 recurrences
were distant and outside the radiation field (Figure 1B), a
typical recurrence location pattern.3'32 Recurrences fol-
lowed 2 temporal patterns: early recurrences were defined
as cancers that progressed during treatments or within
3 months of treatments; and late recurrences are cancers
that recurred more than 9 months following standard of
care treatments. Table 1 summarizes the patients’ clinical
characteristics.

Droplet-based scRNA-seq was performed on 115 091
glioblastoma cells derived from these 25 patients. Cells
isolated from each tumor were defined as cancer or non-
cancer based on the presence or absence of copy-number
alterations (CNAs), respectively (Figure 1C). All new glio-
blastoma cancer cells harbored canonical alterations in
chromosomes 7 and 10, whereas chromosome 7 was not
amplified in cancer cells derived from recurrent tumor
BT408, and chromosome 10 was not lost in cancer cells
from recurrent tumor BT396. We also compared these cells
to cells derived from non-pathological regions of 1 new pa-
tient with glioblastoma (Supplementary Figure 1A) and 2
patients with epilepsy.3® Cells from these samples did not
contain anomalies in chromosomes 7 or 10.

In new and recurrent glioblastoma, cancer cells sep-
arated by the patient in t-distributed stochastic neighbor
embedding (tSNE) (Figure 1D), in keeping with previous
single-cell studies on glioblastoma.%8

Immune Cells and Reactive Astrocytes Are
Increased in Early Recurrent Glioblastoma

We characterized the TME cell populations to identify cell
types and to assess changes in their proportions with treat-
ments and at recurrence. After batch-effect correction,
non-cancer cells were distributed into 7 main clusters: my-
eloid cells, T cells, dendritic cells, astroglia, oligodendro-
cytes, endothelial cells, and mural cells, and each cell type
expressed characteristic markers (Figure 2A and B). In
early recurrent tumors, there was a smaller proportion of
cancer cells and a larger proportion of all other TME cells,

compared to patients with new tumors or late recurrences
(Figure 2C, P< 1e7?1).

While oligodendrocytes were the most abundant cells in
non-pathological samples (Figure 2A and C), myeloid cells
were the most abundant non-cancer cells in new and re-
current glioblastoma (Figure 2C), and their proportion was
highest in early recurrent tumors. They formed 11 clusters
corresponding to the following subsets (Figure 2D and
E; Supplementary Figure 1B-D): activated microglia ex-
pressing the macrophage genes AlF1, CD74, CTSD, APOE,
GPR34, and the microglia gene P2RY12 (clusters 0, 1, 2,
6, and 9); homeostatic microglia expressing microglial
genes P2RY12, P2RY13, CX3CR1, and TMEM119 (cluster
10); monocyte-derived macrophages (MDMs) expressing
CD163, S100A8, S100A9, S100A10, CD14, and CD68 (clus-
ters 3, 7, 8, and 11); and macrophages expressing pro-
inflammatory cytokines, such as CCL3 and IL1B (clusters 4
and 5). Cells from each patient were distributed across the
clusters with no patient-specific clusters (Supplementary
Figure 1E). We validated these signatures by comparing
them to similar datasets described in the glioblastoma
literature®343% (Supplementary Figure 1F). The propor-
tion of all MDM clusters, including those expressing pro-
inflammatory cytokines, was highest in early recurrences
(Figure 2F).

The proportion of T cells was highest in early recurrent
tumors compared to all other samples (Figure 2A and C).
CD8*T cells are subclustered into 3 groups (Supplementary
Figure 1G) which all express T-cell markers, such as CD3
but differentially express CD8 and CD27 (Supplementary
Figure 1H). Cluster 0 expressed cytotoxic markers GRZMB,
GNLY, and NKG7 and was the most commonT-cell type in all
sample groups except early recurrences. T cells from early
recurrences were most often grouped into cluster 1 and
expressed antigen presentation genes, such as CD74 and
HLA. Cluster 2T cells expressed proliferation genes, such
as TOP2A and HIST1H4C (Supplementary Figure 1I) and
were absent in non-pathological samples (Supplementary
Figure 1J).

Non-cancer astroglia from glioblastoma and non-
pathological samples were separated into 5 subclusters
(Figure 2G). Cells from one subcluster expressed markers,
such as NES, FABP7, and PTPRZ1 (Figure 2H), we called
these astrocyte progenitor cells (APCs) based on their
expression of astrocyte and progenitor markers and the
lack of expression of astrocyte differentiation markers,
such as AQP4 and APOE. Cells from another subcluster
expressed well-known astrocyte markers, such as AQP4
and APOE, we called these classical astrocytes. Cells from
a third subcluster expressed markers, such as CHI3L1,
CD44, and S100A10, similar to mouse reactive astro-
cytes.?® GSEA of cells from this subcluster showed enrich-
ment of pro-inflammatory cytokine response pathways,
such as TNF-a and interferon-y, and enrichment of gene
sets, such as “STAT3 signaling,” “inflammatory response,”
and “epithelial-mesenchymal transition” (Supplementary
Figure 1K). We named these reactive astrocytes. The re-
maining 2 subclusters expressed typical oligodendrocyte
markers, such as MOG and MBP, late progenitor markers,
such as SOX10,%” and active myelination markers, such as
BCAS1 (see Fard et al,% p. 1) (Figure 2H). We called these
early oligodendrocytes. The proportions of APCs (odds
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A New and recurrent glioblastoma cancer cell and tumor microenvironment cell capture and processing

¥

Tumor E ™
Ventricl X /( / N\ Clustering
>
entricle = 17 Patients /’ h E—
b3
~ . e Ot
” =
?’; Cells x genes TME tSNE
w
5 \
= %}? \
Intercellular
interactions
scRNAseq 2
8 st 2nd
g oNMF cNMF
5
&)

Ventricle —{/ 8 Patients
. N ) Programs per Meta-programs
Resection cavity ’/) f D, sample x %
genes genes

f i Yy PR
Tumor microenvironment (TME) cells % )‘?/.{ @ Q:/\ Cancer cells %é‘ ‘x.@f\ %

B Spatial and temporal recurrence pattern on brain imaging
BT356 BT369 BT374 BT389* BT396 BT408

Pre-Op

||
RT

Temolozomide

Months

18
20
86
C &mm D N ©BT363 *BT364 *BT368 *BT373 «BT377 *BT380 « BT389
Braas W ©BT390 *BT397 *BT400 *BT402 *BT407 *BT409 *BT420
BT363 Recurrent *BT356 *BT369 *BT374 *BT389* *BT396 *BT408 *BT419
BT364 *BT426
BT368
BT373
BT377
BT380 25
BT389 oNA
BT390 - Gain
BT397 | oss
g;:gg Proportion of
BT407 affected (:hru . &
BT409 bR 4 g
BT420 e e eeeeeeeees maaees k4 2
BT356 ——
BT369
BT374
BT389’
BT396 -25
BT408
BT419
BT426
Tizs
Oligodendrocytes
.
Endo{hesﬂladl g\lg vvvvvvvvvvvvvvvvvvvvvvv -25 0 25

Dendriiocels 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 X

Astrocytes Chromosome

Fig.1 Glioblastoma cell atlas before, during, and after treatments. (A) Workflow for new and recurrent glioblastoma processing and analysis. (B)
First presentation, postoperative, and at recurrence brain imaging, treatment timeline, and progression-free survival for patients with recurrent
glioblastoma. Asterisks mark the original tumor site. Circles mark the recurrent tumor site. Patients either recurred during or shortly after adjuvant
treatment (less than 12 months from surgery) or later (more than 18 months from surgery). (C) Copy-number anomalies for all patients separate



Couturier et al. Immune-dependent mesenchymal GBM cells and variant SVZ NSCs

ratio = 1.8, chi-square test P = 8.0e™%) and reactive astro-
cytes (odds ratio = 3.6, chi-square test P = 5.1e78) were
significantly increased in early recurrent glioblastoma
compared to non-pathological samples and new and late
recurring glioblastoma (Figure 2l), while early oligodendro-
cytes were significantly decreased in early recurrent glio-
blastoma (odds ratio = 0.45, chi-square test P = 2.8e).

Four-Lineage Glioblastoma Cell States Are
Maintained Following Treatments

To find common organizing patterns for new and recurrent
glioblastoma, we devised a two-round recursive clustered
non-negative matrix factorization (cNMF).325> cNMF was
first applied to each sample individually to yield sample cell
programs. We obtained 142 programs from all patient sam-
ples. Hierarchical clustering revealed programs from new
and recurrent samples clustered together (Supplementary
Figure 2A) with similar correlations (Supplementary Figure
2B), and no group of programs belonged exclusively to
new or recurrent glioblastoma samples.

From these programs, a second round of cNMF
yielded consensus cancer meta-programs. We found 11
meta-programs, each expressing a unique gene signa-
ture (Supplementary Figure 2C; Supplementary Table
2). We compared these to the signatures described by
Neftel et al® and Couturier et al® (Supplementary Figure
2D) and identified the meta-programs: cell cycles 1 and
2 (G1S and G2M); neuronal; oligodendrocyte progen-
itor cells (OPC); oligodendrocytic; mesenchymal-2; hy-
poxia; mesenchymal-1; astrocytic; APC; and housekeeping
(Supplementary Figure 2C).

We then measured the expression of each meta-program
in all cancer cells by dividing the gene expression matrix
by the meta-program matrix. We positioned these cells on
a fetal neurodevelopmental roadmap previously described
by Couturier et al® and found that most cancer meta-
programs are specific to a lineage (Supplementary Figure
2E). OPCs, APCs, and cycling cells mapped closest to fetal
glial progenitors (Supplementary Figure 2F). Mesenchymal
and hypoxia meta-programs coexpressed within cells
(Supplementary Figure 2G). Samples with more astrocytic-
expressing cells correlated with higher APC expression
(Supplementary Figure 2H).

Glioblastoma Hierarchy Analysis Shows
Increased Mesenchymal Meta-Program
Expression in Early Recurrences

To study the hierarchical organization of glioblastoma
cancer cell types, we projected cancer cells from all
patients on a UMAP embedding of the cancer meta-
programs (Figure 3A-C). A lineage-based, branched

Fig.1 Continued

pattern emerged, with a central OPC-APC axis containing
the majority of the cell cycle meta-program cells. Cells ex-
pressing the oligodendrocytic or astrocytic meta-programs
were found adjacent to cells expressing the OPC or APC
cell meta-programs, respectively. Cancer cells expressing
the mesenchymal-1 meta-program were transcriptomically
closer to cells expressing the APC, astrocytic, and mesen-
chymal-2 meta-programs. A large majority of cycling cells
expressed the OPC, APC, or neuronal meta-program as
their main state meta-program (Figure 3D). Overall, the
expression of meta-programs transitioned from the cen-
tral OPC-APC region to the lineage programs expressed
in each axis, such that a decrease in 1 meta-program was
associated with an increase in the adjacent meta-program
(Figure 3E). Interestingly, new (Figure 3B) and recurrent
(Figure 3C) tumors shared the same organizational pattern.
We validated the meta-programs and their organization by
using standard Seurat approaches (see Methods) to visu-
alize and cluster the batch-corrected transcriptomic data of
all cancer cells (Supplementary Figure 3A).

We used RNA velocity?’ to describe the lineage dynamics
within the cancer and found that the origin of the velocity
field in both new and recurrent glioblastoma grossly cor-
responded to the intersection of the lineages (Figure 3A-C),
akin to what has been described in new glioblastoma.3

Next, we compared meta-program expression in new
and recurrent samples (Supplementary Figure 3B and C).
We compared the mean meta-program expression of each
sample by sample type and found a significant increase in
the mesenchymal-1 meta-program in early recurrent sam-
ples (Wilcoxon rank-sum test, P = .026). This was offset by
a decrease in the OPC (P = .013) and neuronal (P = .052)
meta-programs (Figure 3F), reminiscent of the shift from
early oligodendrocytes to reactive astrocytes observed in
the TME of early recurrences. In contrast, late recurrences
exhibited variable lineage representation with less mesen-
chymal enrichment, similar to new tumors. We confirmed
this meta-program recurrence shift in a separate 20-patient
cohort of paired new and recurrent glioblastomas using
the mesenchymal marker CD44 (two-sample Student’s t
test, P=.007, Figure 3G). In a multivariate regression, early
recurrence maintained its association with the mesen-
chymal-1 score (P=.027), but no association was seen with
age (P=.96) or gender (P=.18).

Cycling Astro- and Oligo-Progenitors Are Located
at the Origin of the Glioblastoma Hierarchy

We performed a RNA velocity Markov process?’ on each
sample independently. Overall, the origin of the Markov
process had a statistically positive correlation with the
cell cycle (Student’s t test, P-values = .04 and .06) and APC
meta-programs (P-value =.002) (Figure 3H; Supplementary
Figure 3D). Interestingly, the degree of correlation with the

glioblastoma cancer cells and non-cancer cells. Cancer cells contain characteristic anomalies in chromosome 7 and/or 10 in all patients. Non-
cancer cells do not contain chromosome-wide anomalies. (D) tSNE visualization of all cancer cells from glioblastoma samples. Cells are colored
according to the sample. Abbreviations: cNMF, clustered non-negative matrix factorization; post-op, postoperative; pre-op, preoperative; TME,
tumor microenvironment; tSNE, t-distributed stochastic neighbor embedding.
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Fig.2 The proportions of non-cancer cell types in new and recurrent glioblastoma shift with treatments and time. (A) tSNE of non-cancer cells
from all samples. Cells are colored according to cell types and grouped by sample type: non-pathological, new glioblastoma, early recurrent gli-
oblastoma, and late recurrent glioblastoma. (B) Marker gene expression for non-cancer cell types. (C) Bar graph showing the proportion of all
cell types in samples from non-pathological brain, new glioblastoma, and early and late recurrent glioblastoma. (D) tSNE of myeloid cells from
all samples. Cells are colored according to the clustering analysis results. (E) Heatmap of gene expression for myeloid cell clusters. Clusters are
arranged in 4 main groups: activated microglia, homeostatic microglia, MDMs, and pro-inflammatory macrophages (see also Supplementary
Figure 1C). (F) Bar graph showing the proportion of myeloid cells types in samples from non-pathological brain, new glioblastoma, and early
and late recurrent glioblastoma. (G) tSNE of non-cancer astroglia from all samples. Cells are colored according to their cluster or cell type. (H)
Gene expression heatmap for all non-cancer astroglia from all samples arranged by cluster/cell type. (I) Bar graph showing the proportion of
non-cancer astroglia cells per subcluster in samples from non-pathological brain, new glioblastoma, and early and late recurrent glioblastoma.
Abbreviations: MDM, monocyte-derived macrophage; Pls, pro-inflammatory macrophages; TME, tumor microenvironment; tSNE, t-distributed

stochastic neighbor embedding.

OPC meta-program varied according to sample type. OPC
was positively correlated with the origin in all new tumors
(P-value = .001) but was negatively correlated in the ma-
jority of recurrent tumors (P-value = .45) (Figure 3H). In
most new and recurrent tumors, the mesenchymal, as-
trocytic, neuronal, and oligodendrocytic meta-programs
had a statistically significant or trending negative cor
relation with origin (Student’s t test, P-values = .002, .29,
.78, .03), indicating they are endpoints of the velocity field
(Supplementary Figure 3D).

The Signature of Cancer Cells Detected in
the Human Adult Subventricular Zone Match
Coresident Neural Stem Cells

To compare glioblastoma APCs and OPCs to non-cancer
adult progenitor cells, we sampled tissue from an acces-
sible, yet radiologically normal, nearby neurogenic niche
(Figure 4A and B, arrowheads). The SVZ of patients with
glioblastoma (n = 11), IDH-mutant glioma (n = 1), and met-
astatic brain tumors (n = 2) was analyzed using scRNA-seq
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Fig. 3 Hierarchical organization of meta-programs uncovers meta-program dynamics in new and recurrent glioblastoma and a bi-progenitor
origin. Meta-program UMAP embedding of cancer cells from all (A), new (B), and recurrent (C) patients. Arrows indicate the sample-wise mean
RNA velocity of cells within the voxel. Cells are colored according to their highest meta-program score. Cells with a high combined cell cycle
meta-program score (>100) are labeled bright red. (D) Bar graph showing the proportion of total and cycling cells expressing a meta-program as
the dominant meta-program. The OPC, APC, and the neuronal meta-program are enriched in cycling cells, while others are stable or decreased.
(E) Gaussian-filtered expression of the astrocytic, APC, OPC, and oligodendrocytic meta-programs in cells according to their position along
UMAP1. (F) Average expression of meta-programs by sample, stratified according to new, early recurrent, and late recurrent glioblastoma. *<0.05.
(G) Representative CD44 expression in a paired patient with new and recurrent glioblastoma (scale bar = 50 um). The boxplots represent the ab-
solute change in the percentage of CD44-positive cells (%CD44*) from new to recurrent tumors in 21 paired new and recurrent patients stratified
by recurrence time (early: <12 months; late: >12 months). These boxplots show the first quartile, median, and third quartile with whiskers corre-
sponding to 1.5 times the interquartile range. Most patients with an early recurrence showed an increase in average CD44 fluorescence intensity
(P=.007). Two-sample Student’s ttest was used. (H) Patient-wise correlation of the velocity origin score to the meta-programs, stratified by new
and recurrent samples. The origin score corresponds to the frequency at which a cell is the endpoint of a backward Markov process minus the
frequency of being the endpoint of a forward Markov process. A positive correlation indicates cells expressing a meta-program tend toward
the origin of the velocity field, while a negative correlation indicates these cells tend toward the terminus. P-values: *<.01; **<.001; ***<.0005.
Abbreviations: APC, astrocyte progenitor cell; c.cycle, cell cycle; GSC, glioma stem cell; HK, housekeeping; mes, mesenchymal; neuro, neuronal;
oligo, oligodendrocyte; OPC, oligodendrocyte progenitor cell.

(Figure 4A and B). None of the patients with glioblastoma
had, or developed over the course of their disease, MRI-
based evidence of intraventricular or leptomeningeal dis-
ease (Figure 4B).

These cells are separated into 10 clusters based on gene
expression (Figure 4C and D). Neural stem cells (NSCs)
expressed known NSC markers, such as NES, FABP7,

PTPRZ1, SOX2, and BCAN (Figure 4D and E). Compared
to cancer cells from tumors, NSCs did not express high
levels of genes associated with lineage differentiation,
such as AQP4 (astrocytic), CD44 (mesenchymal-1), and
APOD (oligodendrocytic), but some overlap existed with
neuronal genes, such as SOX4 (Supplementary Figure 4A).
We compared the overall NSC signature to cell types found
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Magnetic resonance imaging of each SVZ of the patient demonstrating the regions of signal abnormality and the distant site (arrowheads) where
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in the fetal brain® and found the highest similarity to glial
progenitor cells (GPCs) and some similarity to OPCs and
excitatory neurons (Figure 4F).

CNA analysis of all SVZ-derived cells detected anom-
alies in the NSC cluster that are common in glioblastoma
(Figure 4G). One hundred and eighty-three of 578 cells in
the NSC cluster contained statistically significant chro-
mosome 7 amplification and chromosome 10 deletion
(NSC-Chr72mp/Chr109%'), no other cell type harbored these
anomalies (Figure 4G and H). These CNA-containing cells
were only derived from the SVZ of patients with IDH wild-
type glioblastoma (Figure 4H and 1). Normal NSCs (NSC-
normal) and NSC-Chr72™P/Chr109%' cells clustered together
with a high degree of similarity (Figure 4G and 1), and NSCs
from all patients clustered together (Figure 4l). The overall
NSC signature and the NSC-Chr72mp/Chr109' signature
were more similar to the NSC-normal signature than any
of the cancer meta-programs (Figure 4J).

Comparison of Glioblastoma, TME, and
Subventricular Zone Cells Identifies Cancer Meta-
Program Homologs in the Adult Human Brain

We compared cancer cell meta-programs to signatures of
neural cells derived from the TME, fetal brain,® and SVZ
(Figure 4K and L). The astrocytic meta-program most re-
sembled non-cancer classical astrocytes from the TME and
fetal brain, while the oligodendrocytic meta-program re-
sembled oligodendrocytes from the TME and SVZ.The OPC
meta-program most resembled fetal OPCs. The APC meta-
program most resembled the TME-derived APCs. Both OPC
and APC meta-programs had some similarities to SVZ NSC
and fetal GPC. Finally, the mesenchymal-1 meta-program
was most similar to the TME-derived reactive astrocyte
cluster.

A Pro-Inflammatory Environment Induces
Mesenchymal Genes in Glioblastoma and Non-
Cancer Brain Cells

We found an increase in the mesenchymal-1 meta-program
in early recurrent compared to new and late recurrent gli-
oblastoma (Figure 3F). We also identified reactive astro-
cytes expressing a signature similar to mesenchymal
cancer cells in the glioblastoma TME and non-pathological
white matter (Figures 2G and H, 4K). The expression of
gene sets is significantly altered in the mesenchymal-1
meta-program (Supplementary Figure 4B) correlated well

Fig.4 Continued

with their expression in the reactive TME-derived reac-
tive astrocyte cluster (Pearson correlation = 0.63, P-value
<1e™?', Figure 5A).This suggests the mesenchymal-1 meta-
program in glioblastoma and the reactive astrocytes in the
TME share some core regulatory mechanisms. Both cancer
mesenchymal-1 meta-program and non-cancer reactive
astrocytes are enriched for response to inflammation and
cytokine gene sets, particularly NF-xB and TNF-a. response
(Figure 5A; Supplementary Figures 1K, 4B). Receptor-
ligand analysis®® identified TNF expressed by myeloid cells
as a ligand for receptors on the surface of mesenchymal-1
cancer cells (Supplementary Figure 4C).These data suggest
mesenchymal cancer cells and reactive astrocytes could be
derivate cell types that result from interactions with pro-
inflammatory cytokine secreting TME immune cells.

To test this hypothesis, we assessed if the cytokines
that drive these response pathways in reactive astro-
cytes®® are sufficient to upregulate the mesenchymal
meta-program in GSCs derived from new and recur-
rent glioblastomas. Within 5 days, the combination of
TNF-a, IL-1a, and C1Q converted these cells, growing as
neurospheres in suspension, into adherent and flattened
cells emanating protrusions (Figure 5B). Single-cell RNA-
seq of low passage GSC lines derived from patients with
new and recurrent glioblastoma treated with this cytokine
cocktail revealed an upregulation of the mesenchymal-1
meta-program and to a lesser degree the mesenchymal-2
meta-program (Figure 5C). Protein blotting of these cells
confirmed an upregulation of the mesenchymal marker
CHI3L1 (Figure 5B).

We next asked if this cytokine-induced shift to the mes-
enchymal-1 meta-program is a specific feature of glio-
blastoma or represents a generalizable neural stem cell
property. Within 1 day of exposing human fetal NSCs to
the cytokine cocktail, their growth pattern shifted from
neurospheres in suspension to adherent and flattened
cells emanating protrusions (Figure 5D), and scRNA-
seq showed a signature shift characterized by elevated
CD44, CHI3L1, and S100A11 expression, and reduced
SOX4, SOX9, ASCL1, and OLIG2 expression (Figure 5E).
Differential gene expression in cytokine vs control cells
confirmed these shifts in expression (Figure 5F). A com-
parison of these signatures to fetal brain signatures and
cancer meta-programs confirmed that the signature en-
riched in control fetal NSCs was most similar to cancer and
fetal OPCs, whereas cytokine treatment shifted these cells
to a signature most similar to the cancer mesenchymal-1
meta-program (Figure 5G). GSEA showed an enriched ex-
pression of cytokine response pathways and mesenchymal

the sample was derived. (C) tSNE of SVZ cells from all patients colored by cell type. (D) Heatmap of gene expression by cell type. (E) tSNE with
cells colored according to the expression of selected progenitor genes. (F) Matrix of similarity between NSC signatures and the fetal signature.?
(G) CNA heatmap of SVZ cells. (H) tSNE and box plot of SVZ cells from all patients with cells harboring chromosome 7 amplification and chro-
mosome 10 deletions identified. tSNE: CNA-harboring cells are red. Boxplot shows the percentage of CNA-harboring cells per sample, stratified
by sample type. Only samples from patients with IDHwt glioblastoma contain CNA-harboring cells. P-value: *<.05, one-sample Student's t test.
(1) tSNE of SVZ with cells labeled according to patient. (J) Matrix of similarity between NSC signatures and cancer meta-programs. (K) Matrix of
similarity between cancer meta-programs and TME/SVZ neural cell type signatures. (L) Matrix of similarity between cancer meta-programs and
fetal signatures in (F). Abbreviations: APC, astrocytic progenitor cell; Astro, astrocytic; CAN, copy number alteration; EN, excitatory neuron; ENP,
excitatory neuronal progenitor; GPC, glial progenitor cell; IN, interneuron; IPC, inhibitory neuronal progenitor cell; Mes, mesenchymal; Neuro,
neuronal; NSC, neural stem cell; Oligo, oligodendrocytic; OPC, oligodendrocyte progenitor cell; RG, radial glia; SVZ, subventricular zone; TME,
tumor microenvironment; tRG, truncated radial glia; tSNE, t-distributed stochastic neighbor embedding.
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Fig.5 Immune signals and radiotherapy upregulate a mesenchymal-like program in fetal and cancer stem cells. (A) Volcano plot of the GSEA of
reactive astrocytes and the mesenchymal cancer meta-program. (B) Representative images of GSC neurospheres following 5 days of culture in
control and cytokine-stimulated conditions. Bottom panels show CHI3L1 protein expression in GSCs following 5 days of culture in neuro-cult (NC),
cytokine-stimulated (CYT), neuro-cult complete (NCC), and fetal bovine serum media (FBS). (C) Single-cell RNA-seq of the cells in (A) was scored
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gene sets in cells that were cytokine-stimulated compared
to control cells (Figure 5H).

We next tested if this TME-induced program shift could
be reproduced in new and recurrent glioblastoma mouse
models. We used a mouse glioma model with the ex-
pression of PDGF-B in Nestin expressing progenitor cells
(RCAS-hPDGF-B; Nestin-Tv-a)*® concomitant with a short
hairpin-mediated knockout of Ink4a.These mice develop tu-
mors that recapitulate human glioblastoma, and, following
radiotherapy, show an increased content of infiltrating
MDMs as they relapse,?® similar to our findings in human
glioblastoma (Figure 2F). We compared the expression of
the mesenchymal marker CD44 in these treatment-naive
and recurrent glioblastoma models and observed a sig-
nificant increase in the expression of this marker within
recurrent tumors, suggestive of a mesenchymal program
acquisition (Figure 51). We confirmed that CD44 expression
mainly localizes to cancer cells (Supplementary Figure 4D).
We next tested whether this mesenchymal program shift
could be hampered by blocking TAM activity. We observed
that mice treated with a CSF1R inhibitor, which primarily
targets macrophages in this model,?® concomitantly with
radiotherapy prevented the upregulation of CD44 expres-
sion (Figure 5l), in agreement with the reported role of CNS
myeloid cells in the production of TNF-a, IL-1a, and C1Q.

Discussion

We created a glioblastoma cancer and non-cancer cell
atlas that spans the evolution of the disease from onset,
through treatments, and at recurrence. We found that while
cancer cell meta-programs and TME cell types are main-
tained, their proportions shift in response to treatments
and over time. The conservation of cancer meta-programs
is in keeping with the conservation of genetic drivers at
recurrence.*' The persistence of progenitor cells, predom-
inantly APCs, in recurrent glioblastoma suggests that they
are treatment-resistant and responsible for tumor repopu-
lation following treatments.

We found 3 types of non-cancer astrocytes in the TME.
One of these, reactive astrocytes, was most prevalent in
early recurrent tumors, along with an increased propor-
tion of pro-inflammatory TAMs. Exposure of human fetal
NSCs to the cytokines expressed by pro-inflammatory

Fig.5 Continued

TAMs leads to increased expression of reactive astrocyte
genes. Similar reactive programs were detected in astro-
cytes exposed to myeloid-produced TNF-a, IL1a, and
C1Q.%642 These data are in agreement with the reported
role of microglia in the control of astrocyte responses in
inflammation and glioblastoma.364344 Moreover, these
findings identify additional mechanisms through which gli-
oblastoma TME inflammation shifts glioblastoma cancer
cells types. Clinically, these data suggest a cellular mech-
anism for the transient inflammatory response to treat-
ments, termed pseudoprogression which is often seen in
imaging.*®

We found a strong similarity between the reactive as-
trocyte signature and the mesenchymal-1 meta-program
in the cancer. Like reactive astrocytes in the TME, the
cancer mesenchymal-1 meta-program was upregulated
in recently treated tumors, a finding confirmed in the radi-
ated and recurrent glioblastoma mouse model. These data
suggest the cancer cells expressing the mesenchymal-1
meta-program parallel TME reactive astrocytes, and both
may be induced in response to a pro-inflammatory state
created by immune cells in response to tumor treatments
(Supplementary Figure 6).

Unbiased cNMF analysis resolved 2 progenitor meta-
programs, OPC and APC. RNA velocity and GSC enrich-
ment data suggest OPC and APC progenitor cancer cells
within the tumor are at the origin of the differentiation hier-
archy and contain the majority of the tumor’s cycling cells.
Since these progenitor cancer cells resemble normal fetal
progenitor cells,® and normal adult progenitor cells are
thought to reside with neurogenic niche regions, we ana-
lyzed the nearby, yet MRI normal, SVZ of patients under
going tumor surgery. We detected common glioblastoma
chromosomal anomalies in a very small percentage of
cells from all patients with IDH wild-type glioblastoma; no
chromosomal anomalies were detected in cells from other
patients. While the cancer cell types in the tumor span the
differentiation hierarchy of all neural lineages, the cancer
cells detected in the SVZ resemble NSCs only and showed
little heterogeneity between patients, suggesting that
these cancer cells resided in the SVZ because they devel-
oped there, not because they invaded from the tumor into
the SVZ.This further suggests that NSCs may be the origin
cell of glioblastoma and that the onset of gliomagenesis
occurs in neurogenic niche regions. In support of this hy-
pothesis, evidence of low-level driver mutations have been

by meta-program and averaged by the patient. The y-axis indicates enrichment of a signature from new to recurrence (ie, a positive enrichment
corresponds to a higher average expression of the meta-program in the cytokine-stimulated condition). (D) Representative images of human
fetal NSC neurospheres following 1 day of culture control and cytokine-stimulated conditions. Bottom panels show CHI3L1 protein expression in
fetal NSCs following 1 day of culture in NC, CYT, NCC, and FBS media. (E) Single-cell RNA-seq of the cells in (D) was analyzed by PCA. Top panel:
cells are colored according to their culture condition. Middle panel: boxplot of the position of the cells along PC1. Bottom panel: gene expres-
sion heatmap of the genes with high and low PC1 loadings; the x-axis corresponds to all cells sorted from low to high PC1 position. (F) Volcano
plot of the differential expression analysis of the cells in (E), cytokine-stimulated vs control. (G) Comparison of the high and low PC1 genes in (E)
to the cancer meta-programs and fetal signatures in Couturier et al.3 The signature formed by PC1 high genes has a high similarity to the mes-
enchymal-1 meta-program. (H) Volcano plot of the GSEA performed from the differential expression analysis performed in (F). (I) Representative
CD44 expression in treatment-naive and recurrent PDG-Ink4a/Arf-- mouse glioma model. Images are shown for a vehicle-treated new tumor, a
recurrent tumor emerging post-10 Gy radiation therapy (RT) fractionated in 5 doses, a tumor from a mouse treated with the CSF1R inhibitor BLZ945
as a monotherapy (12d), and a recurrent tumor from a mouse treated with RT in combination with BLZ945 (RT + BLZ945 12d). Boxplot plot shows
the percentage of CD44-positive cells in each condition: treatment-naive 3 mice; recurrent tumor following RT = 3 mice; treatment-naive plus
BLZ945 = 2 mice; recurrent tumor following RT plus BLZ945 = 3 mice. Scale bar = 50 um. Abbreviations: GSC, glioma stem cell; GSEA, gene set en-
richment analysis; NSC, neural stem cell; PCA, principal component analysis.
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detected within the SVZ and not in the nearby white matter
of patients with glioblastoma,’® and an increased suscep-
tibility to malignant transformation was found in NSCs
compared to differentiated cells in a mouse model.*® It is
also possible that cancer cells from the tumor displayed
tropism for the SVZ and dedifferentiate into NSCs upon ar-
rival, a process that would be counter to the physiological
motion of cells away from the SVZ.#

These results suggest gliomagenesis may begin within
SVZ NSCs distant from the tumor site and suggest glio-
blastoma is composed of a neurodevelopmental hierarchy
that mirrors the injured brain, influenced by the TME.

Supplementary Material

Supplementary material is available at Neuro-Oncology
online.
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