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Diffuse midline glioma (DMG) is a highly aggressive and untreatable pediatric
cancer primarily arising in the pontine brainstem region, necessitating the
development of representative models for treatment advance. Here we
developed an FGF4-driven human brainstem organoid model, which we
used to genetically engineer H3.3K27M-altered DMG. We demonstrated
that brainstem pontine glial specification is critical for DMG tumorigenesis,
yielding infiltrative tumors that recapitulate patient-representative
intratumoral heterogeneity. Prolonged GD2 chimeric antigen receptor
(CAR) T cell treatment mirrored clinical outcomes and revealed extensive
transcriptional heterogeneity, from which both potent effector and
dysfunctional CART cell populations could be identified. Furthermore,
incorporation of myeloid cells generated DMG-specific microglia that
reduced treatment efficacy and revealed CAR T cell functional states most
vulnerable to microglia-mediated immunosuppression. Thus, we present
arepresentative DMG model offering a months-long experimental window
invitro, which weleveraged to delineate CAR T cell functionality and
microglialimpact, aiding therapy development for this devastating disease.

Diffuse midline gliomas (DMGs) arerare and aggressive pediatricbrain
tumors often caused by somatic mutations in histone 3 (H3) genes,
commonly a K27M substitution’, occurring at a high prevalence in
the ponsregion of the brainstem?. Primarily, affecting children under
10 years®, they present the highest mortality rate of any cancer, with a
median overall survival of only 9-15 months*>. This detrimental prog-
nosis necessitates a better understanding of the disease’s biology to
develop effective treatments.

Single-cell analyses of H3K27M-altered DMG revealed intratu-
moral heterogeneity, with a spectrum of tumor cell profiles ranging
from stalled stem-like oligodendrocyte progenitor cell (OPC-like) to
moredifferentiated astrocyte (AC-like) and oligodendrocyte (OC-like)
phenotypes, which closely resemble normal developmental cell types,
alongside a recently identified mesenchymal-like (MES-like) state®s,
In addition, insights from both animal®" and human pluripotent
stem-cell-derived”" studies suggest an early neurodevelopmental
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window of tumor initiation. Thus, dysregulated mechanisms during
hindbrain development'®'*", particularly involving glial progenitors
in the region responsible for brainstem pons formation', likely have
a central role in driving H3K27M-altered gliomagenesis. Capturing
this region-specific embryonic patterning is, therefore, crucial for
accurately modeling pontine DMG. Furthermore, previous work iden-
tified a tight relationship between DMG progression and its unique
environment, including neuron and synaptic signaling"” ", which can
promote glioma growth®.

Human brain organoids have become valuable in vitro tools for
investigating brain development and understanding the onset, pro-
gression and potential therapeutic targeting of nervous system dis-
orders, including cancer® >, Given the rarity and inoperable nature
of DMG, which limits the availability of patients participant material?,
organoids could offer a scalable model for generating DMG tumors
de novo and enabling in vitro testing of emerging therapies. This
includes the latest advances in immunotherapy for DMG, GD2 chi-
meric antigen receptor (CAR) T cells’, which showed promising, yet
variable treatment outcomes between patients in a recent clinical
trial**. Correlative data from this trial suggest that an expansion of
the immunosuppressive myeloid compartment coincides with unfa-
vorable treatment outcomes®. Uncovering the functional profiles of
CART cells and their interplay with the immunosuppressive tumor
microenvironment may offer key insights toimprove their therapeutic
outcomesin DMG.

Here, wereportahuman cerebral guided organoid model for the
brainstemregion, enriched for pontine medullaglial lineages. Genetic
modeling of H3.3K27M-altered DMG in these brainstem-regionalized
organoids (BrOs) replicates the infiltrative nature and transcriptomic
landscape of DMG. We demonstrate the utility of this accessible human
DMG organoid model (DMGO) for modeling CAR T cell functional
heterogeneity during prolonged treatment (up to1 month) and within
the context of brain-resident microglia.

Results

FGF4-driven morphogen guidance patterns for

brainstem identity

To generate human organoids with appropriate hindbrain brainstem
identity for DMG modeling, we applied sequential morphogen guid-
ance using a timely sequence of Wnt, dual SMAD inhibitors, retinoic
acid (RA), fibroblast growth factors (FGFs) and sonic hedgehog
(SHH) (Fig. 1a, Extended Data Fig. 1a,b and Supplementary Table 1).
While FGF2 and FGF8 can be used in combination with RA and Wnt
to pattern the midbrain?, cerebellum” or spinal cord” in growing
organoids, we evaluated FGF4 because of its role in specifying rostral
hindbrain, particularly in the pontine area®?°, as well as its involve-
mentinthe development of hindbrain-specific serotonergic neurons®.
A direct comparison of replacing common FGF2 supplementation

with FGF4 after 7 days of patterning demonstrated that 10 ng mi™
FGF4 specifically promotes developing the pontine, including the
prepontine to retropontine area, according to bulk sequencing data
(Fig.1band Supplementary Table 2). Furthermore, among HOX genes
important for hindbrain formation, expression of HOXB1, amarker of
pontine precursor cells*, emerged already at an early stage (day 14)
(Extended Data Fig. 1c) and three-dimensional (3D) imaging revealed
HOXBI1-expressing cells within early neurodevelopmental SOX2" neural
rosette structures (Fig. 1c). Bulk sequencing analysis from day 7 to day
84 showed that the patterning remained consistent and reproducible
across and within multiple batches, as well as between human embry-
onic stem cell (hES cell) and induced pluripotent stem cell (iPS cell)
sources (Extended DataFig. 1d,e).

To investigate cellular composition and regional identities at
higher resolution, we performed time-course single-cell RNA sequenc-
ing (scRNA-seq) across eight time points, spanning from day 5 to day
120 (Extended Data Fig. 2a and Supplementary Table 3). Following
quality control (Extended Data Fig. 2b and Supplementary Table 3)
and doublet filtering, we recovered 55,327 high-quality cells. Spatial
similarity mapping using VoxHunt*, a tool based on Mus musculus
insitu hibridization data from the Allen Brain Atlas, confirmed a hind-
brainidentity with a more pronounced pontine signature (Fig. 1d). We
next generated an integrated uniform manifold approximation and
projection (UMAP) representation of the different time points and
performed cell-based annotation using reference datasets, including
therecently published Human Neural Organoid Cell Atlas (HNOCA)**
and the Human Developing Brain Cell Atlas (HDBCA)**° (Fig. 1e and
Extended DataFig.2c-g). Temporal analysis revealed aninitial phase of
high proliferation that diminished over time (Extended DataFig. 3a), as
cells transitioned from pluripotent stem cells to the neuroepithelium
and radial glial cells, as well as into distinct neuronal and glial popula-
tions thatemerged by days14 and 60, respectively (Fig. 1f), reflecting
the natural occurring segregation of neurogenesis and gliogenesis
phases®. Projection of the organoid dataset onto the HNOCA that
was regionally annotated for neuronal lineages (Fig. 1g) revealed that
most neuronal precursor cells, neuroblasts and neurons originated
from a heterogeneous nontelencephalic cluster with enrichment
for midbrain, pons and medulla regions (Fig. 1h), which collectively
form the brainstem”. These neuroblasts and early neurons expressed
STMN2and RBFOX3 (NeuN) but lacked the telencephalic marker FOXGI
(ref. 35) (Extended Data Fig. 3b). Furthermore, neurotransmitter trans-
porter analysis revealed a predominance of excitatory (glutamatergic)
andinhibitory (GABAergic) neurons, the latter known to form synapses
with DMG and promote its growth”*¢, Smaller proportions of cholin-
ergic and dopaminergic neurons were also detected, consistent with
their distribution in the HDBCA (Extended Data Fig. 3¢,d). In addi-
tion, immunofluorescence analysis identified cells expressing tryp-
tophan hydroxylase 2 (Extended DataFig. 3e), akey enzymeinvolved

Fig. 1| Generation and validation of glial-enriched brainstem organoids.

a, Schematic representation of timely morphogen stimulated patterning of

hES cells and hiPS cells toward brainstem organoids and their subsequent
application for DMG tumor, CART cell treatment and microglia-enriched

tumor microenvironment modeling. b, Heat map of zscore measuring relative
brainregion identity on the basis of VoxHunt similarity mapping for various
supplemented concentrations of FGF2 or FGF4 (n = 3 experimental repeats,
withn =3 organoids pooled; total n = 9 organoids per condition). ¢, Immuno-
fluorescence 3D images of a200-um-thick organoid slice on day 21labeled for
F-actin (white), SOX2 (yellow) and HOXB1 (red). Right, zoomed-in view of areain
white inset. Scale bars, 250 um (mainimage) and 25 um (inset). A representative
image of n=2slices from n =2 organoidsis shown. d, VoxHunt spatial correlation
map of day 120 brainstem organoids with E18.5 mouse brain. The pons areais
delineated inred (n =9 organoids from three independent batches). e, Integrated
UMAP representation of developing brainstem organoids from different time
points, colored by cell annotation. f, Area plot following the relative distribution

of cell types over time. Cell types are color-coded asine. g, UMAP of the HNOCA**
colored for brainstem organoid presence score. A high score indicates a high
likelihood that these HNOCA cells are present in the brainstem organoid dataset.
Areas annotated by a dashed line indicate lineages as annotated in the HNOCA.
Inset, UMAP colored by coarse regional annotation. h, Heat map showing the log,
fold compositional changes in the brainstem organoid dataset compared to the
HNOCA. Positive values correspond to an increased abundance of cells from the
indicated regional identity or glial lineage. NPC, neuronal precursor cell. i, Cell
clusters in the HDBCA* with gained coverage in brainstem organoids relative to
the HNOCA. The horizontal line indicates the threshold used to define a cluster
as gained or not.j, UMAP of the HDBCA showing, in shades of red, the HDBCA
clusters gained in brainstem organoids, mostly related to oligos and glioblasts.
Gray represents clusters below the threshold used to define gained. Inset, UMAP
colored by coarse regional annotation. For e-j, n = 84 organoids in total with 5-24
organoids pooled per time point (details in Supplementary Table1).
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inserotonergic synthesis, suggesting that, albeit undetectable at the
scRNA-seq level similar to the HDBCA®, this population of neurons
is present. Thus, consistent with HNOCA and adult brain data show-
ing greater heterogeneity and intermixing among nontelencephalic
neurons, including hypothalamic, brainstem and hindbrain neurons
(referred to as splatter neurons) compared to cortical neurons®*3$,
our organoid model recapitulates this regional diversity, with an

enrichment in brainstem identity compared to profiles described in
most HNOCA protocols.

Pontine and medulla enrichment of glial lineages

DMG s rooted in the glial lineage®, prompting us to investigate the glial
composition within our BrO model. First, we showed the presence of
committed ACs (GFAP*AQP4%) and OCs (OLIG2") at the protein level
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(Extended DataFig. 3f). At the single-cell transcriptomic level, we iden-
tified glial populations spanning pre-OPCs, OPCs, committed OC pre-
cursors, glioblasts and ACs, offering a detailed representation of glial
diversity and maturation states (Fig. 1e). By comparing age-matched
cellsof HNOCA-covered protocols, BrOs showed significant enrichment
intheglial lineage, particularly glioblasts and OPCs (Fig. 1h). Addition-
ally, we assessed glycolysis, an indicator of cell stress in brain orga-
noids*. Consistent with models described in the HNOCA, we observed
similar glycolysis levels (Extended Data Fig. 3g). However, in the glial
lineage, glycolysis levels were lower (Extended Data Fig. 3h), suggest-
ingreduced stress and a healthier metabolic state of glial cells in BrOs.
Moreover, OPC (referred to as oligo in the HDBCA®) and glioblast popu-
lations demonstrated a reduced number of differentially expressed
genes (DEGs) compared to HNOCA datasets (Extended Data Fig. 3i),
reflecting higher transcriptional fidelity and closer alignment with
primary counterparts in the HBDCA®. To date, no comprehensive
region-wide analysis has been conducted on glial cells derived from
organoids. However, the HBDCA revealed strong region specificity in
the glial lineage during early brain development, which may be par-
ticularly relevant for H3.3K27M-altered DMG in the brainstem pontine
region. Projection of the BrO datasets onto the HBDCA latent space
(Extended Data Fig. 3j,k) and comparison to organoid protocols
embedded in the HNCOA revealed significant coverage of glial clus-
tersin BrOs. Notably, 13 of the 19 gained clusters exhibited pontine and
medaulla-specificidentities (Fig. 1i,j and Extended Data Fig. 3j,k). Thus,
our newly generated BrO model offers an experimental framework for
studying gliogenesis within the context of pontine medullaregionality,
offering relevance for DMG modeling.

De novo generation of H3.3K27M-altered DMG

We next investigated whether BrOs could be exploited to model DMG
tumors. Plasmids" expressing the most common H3.3K27M-defining
DMG mutation®, alongside typical accompanying and pons-specific
tumor suppressor TP53 and platelet-derived growth factor A (PDG-
FRA) alterations**>*, were introduced using insitu electroporation of
developing BrOs (Fig.1a). This mutation cocktail has been shown to be
time sensitive in in utero electroporation mouse models®**; hence,
we tested different time points of electroporation between days 11
and 28. We identified day 11 as the time point most efficiently inducing
tumorigenic growth (Fig. 2a and Extended Data Fig. 4a), reinforcing
the concept of arestricted early developmental time window for DMG
transformation®". At this stage of development, we observed a domi-
nance of radial glia and neuroepithelial stem-like cells in BrOs (Fig. 1f),
aligning with earlier work identifying neural stem cells as a permissive
cell state for H3.3K27M-driven neoplastic transformation®" ™, Track-
ing tumor growth over 2 months showed that the resulting tumors
display infiltrative growth (Fig. 2b). In contrast, the use of empty
control plasmids resulted in only a few localized electroporated
cells (Extended Data Fig. 4b). Whole-organoid 3D imaging at week 16
(4 months after electroporation) with tumors color-coded for inva-
sion depth further confirmed a diffuse growth pattern characteristic
of DMG (Fig. 2c). In addition, DMGOs orthotopically transplanted in
immunodeficient mice were able to progress in vivo, demonstrating
invasive growth (Extended Data Fig. 4c). Quantification of H3.3K27M
expression, combined with dominant-negative TP53 (DNp53) and
PDGFRA-D842V at the protein level, showed incorporation of all three
mutationsinto the majority of GFP-positive cells (Fig. 2d-f). These find-
ingsillustrate DMG invasive outgrowthin our guided brain organoids
dependent on combined common driver mutations typically observed.

Representative DMG including pons-specific OPC states

Tofurther assess the representability of ourin vitro grown tumor model
(DMGO), we conducted histological comparisons to patient samples
sharing the same mutational profile. This showed that H3.3K27M cells
(H3K27M") display loss in H3K27 trimethylation (H3K27me3) in both

patient samples and DMGOs (Extended Data Fig. 4d,e), a hallmark of
H3K27-altered DMG"*. Furthermore, our in vitro grown tumors exhib-
ited aglobal methylation profile closely resembling DMG, distinguish-
ing our tumors from glioblastoma and posterior fossa (PFA1and PFA2)
epyndomas, which present with a similar loss of H3K27M trimethyla-
tion caused by H3K27M substitution or EZHIP overexpression, respec-
tively* (Fig. 2g). We next conducted scRNA-seq profiling of sorted
GFP*tumor cells and, after quality control filtering, analyzed approxi-
mately 7,000 cells from 14 DMGOs (Fig. 2h, Extended Data Fig. 5a,b
and Supplementary Table 4). The malignant state of these cells was
further supported by the analysis of inferred copy-number variation
(iCNV) from scRNA-seq data, which showed large-scale amplifica-
tions and deletions in these cells compared to healthy cells, includ-
ing losses of chromosomes 10 and 13 and a gain of chromosome 19q
(Extended Data Fig. 5¢). Using published DMG references®®, we first
annotated cancer cell states previously described for DMG, including
OPC-like, AC-like and MES-like cell states and a population of cycling
cells.Inline withthe early developmental window of our model, weiden-
tified only few cells with amore mature OC-like phenotype. Importantly,
weidentified amajor proportion of OPC-like tumor cells that resembled
recently defined OPC-like 2 and 3 states, both described as pediatricand
pons-specific pre-OPC states® (Fig. 2h and Extended DataFig. 5d-f). Fur-
thermore, we found the highest similarity score between DMGOs and
primary DMG patient material®, as opposed to cell lines, patient-derived
xenografts (PDXs) and material from patients with glioblastoma® or
both PFA subtypes** (Fig. 2i). Together, this highlights the ability of
DMGOs to closely resemble primary DMG tumors.

Pontine glial-specific DMG tumorigenesis

We investigated the mechanisms driving tumorigenesis to iden-
tify the attributes of BrOs that appear to be critical for supporting
the growth of DMG tumors. We used TrackerSeq, a PiggyBac-based
genetic lineage-tracing approach (Extended Data Fig. 6a), and ana-
lyzed cancer clone dynamics at 2 months after electroporation. We
retrieved 167 unique barcodes from six DMGOs and two healthy BrOs
(Extended Data Fig. 6b-h and Supplementary Table 5) and detected
individual clones spanning up to approximately 800 cells per barcode,
indicative of cancerous transformation (Extended Data Fig. 6i,j). By
comparing large versus small, traced clones (Fig. 3a,b) through DEG
and METASCAPE analysis, we identified glial specification as a critical
feature driving cancer clone expansion in contrast to neuronal speci-
fication enriched in smaller clones (for example, synapse organiza-
tion and modulation of chemical synaptic transmission) (Fig. 3a,b).
Larger clones were characterized by higher gene expression of OL/IG1,a
canonical OPC marker, as well as /[ER2, JUNB, FOS and EGR1, previously
described as key markers of the OPC-like 3 pre-OPC state®. Interest-
ingly, we also identified a higher expression of AQPI1, an aquaporin
previously shown to be exclusive to ACs in the human brainstem*.
Furthermore, analysis of patient data’ revealed AQPI expression in
tumors located in the pons but not in those arising from the cortex
or thalamic regions (Extended Data Fig. 6k). These data hint toward
aglial-specific tumorigenic process that is, furthermore, dependent
on pontine location. This is further illustrated by genes upregulated
inlarge DMG tumor clones mapping back to the glial lineage of BrOs
(Fig. 3¢c), indicating that tumorigenesis is dependent on gliogenesis.
To confirmthis experimentally, we performed in situ electroporation
of our mutation cocktail in unguided cerebral organoids, revealing a
reductionin tumor induction (Fig. 3d). Inaddition, the outgrowth was
nondiffuse, with almost no GFP-positive tumorigenic cells carrying the
H3.3K27M substitution (Fig. 3e,f). These findings demonstrate that
H3.3K27M-driventumorigenesis depends on the correct anatomical cell
identity, which our BrO model recapitulates. Consensus non-negative
matrix factorization (cNMF) (Fig. 3g and Extended Data Fig. 61,m) and
lineage relationship analysis identified malignant metagene programs
1and 2 to be present in the highest number of clones (30 and 26 of
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Fig.2| DMG tumor induction and characterization in brainstem organoids.

a, Stacked bar plot quantifying electroporation efficiency (light-gray columns;
day 11 versus day 14, P= 0.782) and tumor induction (dark-gray columns; day 11
versus day 14, P= 0.010) in brainstem organoids tested at various time points
ranging from day 11 to day 28. NS, not significant; **P < 0.01, according to a two-
tailed independent ¢-test. Data are shown as the mean + s.e.m. (n =139 BrOs in
total with23-35BrOs per time point; details in Supplementary Table 1).

b, Tumorigenic outgrowth of the same DMGO at weeks 4, 6 and 8. Representative
images of n = 3 organoids. Scale bars, 500 pm. White arrowheads depict invasive
and diffuse patterns. ¢, Representative immunofluorescence 3D image of intact
DMGOs with GFP signal color-coded for zdepth on arainbow scale. The gray
outline was created by masking of propidiumiodide fluorescence (n =2 DMGOs).
Scale bar, 500 pm. d,e, Representative multispectral 3D images of tumor GFP
(green), H3K27M (magenta) and DNp53 (yellow) (d) or tumor GFP (green)

and PDGFRA (red) (e) in consecutive slices of aweek 8 DMGO (n =3 DMGOs).

Scale bars, 50 um. f, Percentage of GFP* tumor cells expressing H3K27M, DNp53
or PDGFRA detected by multispectral 3D imaging asind,e (n =2 DMGOs with
n=3ROIsimaged per DMGO). g, Methylation profile of DMGO compared to
DMG or resembling tumor types. Each dot represents one patient sample. GBM,
glioblastoma; EPN, ependymoma; tSNE, ¢-distributed stochastic neighbor
embedding. For DMGO, the dot represents a pooled sample of n =3 DMGOs.

h, Integrated Force Atlas representation of DMGO tumors colored by tumor cell
state (n =14 DMGOs from four independent batches. i, Heat map representation
of average transcriptomic similarity between DMGO tumor cells and in vitro and
in vivo models (cell lines and PDXs) and H3K27-altered DMG, GBM and PFA1/2,
H3K27M/EZHIP-mutant patient samples. The average similarity (color intensity)
represents an averaged prediction score of all DMGO subsetted tumor cells
mapped into amerged dataset consisting of transcriptomic model-derived and
patient datasets®™® (n =14 DMGOs from four independent batches).

34 clones, respectively; Fig. 3h) and belonging to the OPC-like lineage,
emphasizing the central role of this lineage in H3K27M DMG tumori-
genesis®. More specifically, we show overlap with the pre-OPC state,
OPC-like 2 (Extended Data Fig. 6m). In the context of humanearly gesta-
tion, regionally distinct gene signatures for the glial lineage have been

suggested to underlie the strong region-specific occurrence pattern of
glial-related diseases, such as DMG™. In line with this, both programs 1
and 2 specifically enrich for the hindbrain pons OC precursor lineage™,
as opposed to midbrain and forebrain lineages (Fig. 3i). Collectively,
these findings highlight the role of pons glial specification, capturedin
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Fig. 3| Clonal dynamics of DMG tumors in brainstem organoids. a, Volcano plot
showing top DEGs inlarger and smaller clones. b, METASCAPE results showing
selected GO terms from the highest-scoring summary GO terms for small and
large clones. ¢, Presence of large (red) and small (blue) clones in the integrated
UMAP representation of developing BrOs, showing a preference for gliogenesis
and neurogenesis, respectively. For a-c, n =14 DMGOs from four independent
batches. d, Bar plot quantifying electroporation efficacy (light-gray columns;
guided versus unguided, P=0.342) and tumor induction (dark-gray columns;
guided versus unguided, P= 0.023) for guided brainstem organoids as compared
to unguided neural organoids at day 11.*P < 0.05, according to a two-tailed
independent ¢-test. Data are shown as the mean + s.e.m. (n = 35 organoids from
three independent experiments per condition; details in Supplementary Table1).
e, Representative images of tumorigenic outgrowth (GFP, green) at weeks 4

and 8 for unguided neural organoids (n = 35 organoids from three independent
batches). Scale bars, 500 pm. f, Representative multispectral 3D images of
tumor GFP (green), H3K27M (magenta) and DNp53 (yellow) in unguided neural
organoids (n =2 organoids). g, UMAP of traced DMGO cells, colored by their
respective highest-scoring cNMF program. h, UpSet plot displaying clonal
intersection events. Only clonal families found in more than one cNMF module
are depicted and filtered with at least three cells present per unique barcode.

Bar plots depict the frequency of each lineage combination (top) and the number
of clones that contain each program (left). Coloring of dots matches the cNMF
programannotation asin g. i, Heat map presenting the mean cellular enrichment
scores of cNMF programs 1and 2 for forebrain, midbrain and hindbrain or
ponsoligo lineage signatures in HDBCA®. For g-i, n = 8 DMGOs from three
independent batches.
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BrOs, indriving DMG tumorigenesis, emphasizing the need for spatial
and developmental precision in modeling DMG and establishing a
human-relevant experimental system for therapeutic testing.

Modeling CART cell heterogeneity and functional exhaustion

Given the relevant tumor progression observed in DMGOs, we evalu-
ated their potential as a human in vitro platform for preclinical test-
ing of GD2 CART cells (Fig. 1a), motivated by promising yet variable
treatment outcomes in a recent first clinical trial in patients with
H3K27M-mutant DMG***, By exposing untransformed BrOs to GD2
CART cells, we first visually inspected with brightfield imaging that
the presence of GD2 CART cells did not affect the general health of the
model (Extended Data Fig. 7a). Next, we confirmed GD2 target expres-
sionin DMGO (Extended Data Fig. 7b) and tumor cell killing through
confocal imaging of cleaved caspase 3 in GFP* tumor cells (Fig. 4a).
Having established these experimental preconditions, we treated
DMGOs 4 months after tumor induction by administrating CD8" GD2
CART cellsondays 0 and 7and monitored T cell activation, measured by
interferon-y (IFNy) secretion (Extended DataFig. 7c) and tumor control
(Extended DataFig. 7d,e) over time. Similar to heterogeneous outcomes
reported inindividuals***, we observed an overall partial reductionin
tumor burden (Fig. 4b) and heterogeneous response rates over time
and betweenindividual DMGOs (Extended DataFig.7d,e). AsGD2 CAR
T cell activation was evident by a robust IFNy response for all treated
DMGOs (Extended Data Fig. 7c), limited response profiles (for example,
DMGO179) are unlikely to result from a lack of antigen recognition.
Therapy effects could be detected after >1 month of treatment (Fig. 4¢),
offering advantages for modeling CAR T cell functionality in vitroina
manner that is representative of T cell states at the tumor site in vivo,
including potential exhaustion profiles associated with prolonged
tumor exposure. To test our model for this purpose, we sequenced over
20,000 GD2 CART cells retrieved from DMGOs, as well as unexposed
GD2 CART cells (Supplementary Table 6). This revealed a substantial
level of heterogeneity induced upon DMGO exposure (Fig.4d).In GD2
CART cellsretrieved from DMGOs, we identified nine transcriptional
states (Fig. 4¢e) that, on the basis of acombined interrogation of curated
gene signatures (Extended Data Fig. 8a), DEGs, DEG-associated Gene
Ontology (GO) terms (Extended Data Fig. 8b-f), expression of canoni-
cal immune effector (Fig. 4f) and exhaustion markers (Fig. 4g) and
comparison to a pan-cancer tumor-infiltrating lymphocyte (TIL) data-
set including brain malignancies*® (Extended Data Fig. 8g), reflected
different T cell activation, differentiation and effector states. For
instance, we identified a GD2 CAR T cell population that, albeit acti-
vated (on the basis of HLA gene expression) (Extended Data Fig. 8a),
does not fully differentiate toward effector function (undifferenti-
ated; Tyyp) (Extended Data Fig. 8b,h), as well as an IL-2-responsive
population (T,.,) (Extended Data Fig. 8c,i), probably differentiating
into effector T cells (Extended Data Fig. 8i). In addition, we observed

an interferon-stimulated gene (ISG)-expressing population (Ts)
(Extended Data Fig. 8a), corresponding to /SG-expressing TILs*®
(Extended Data Fig. 8j) and considered as an interferon-induced acti-
vation state*”*%, Other clusters included a CAR T cell population with
migrating properties and interconnectivity that appeared to be influ-
enced by its neuronal environment (Extended Data Fig. 8d), as well as
proliferating (T,z) (Extended Data Fig. 8e) and metabolically stressed
T cells (Ty;s) (Extended Data Fig. 8a,f). Importantly, we distinguished
potential DMG-targeting effector T cell populations on the basis of their
cytotoxic profile (Fig. 4f) and putative level of exhaustion (Fig. 4g).
While one of these clusters predominantly expressed GZMK (Tsz),
cytotoxic T cells (Tcy7) expressed GZMB, PRF1 and IFNG (Fig. 4f). In
contrast, exhausted T cells (Tgy) displayed reduced /FNG and concomi-
tant expression of immune checkpoint genes, LAG3, HAVCR2, TIGIT
(ref. 49) and SELPLG™, as well as the transcriptional repressor PRDMI
associated with exhaustion® (Fig. 4g). Weekly CAR T cell administra-
tion (days 0 and 7) did not improve T, reduction or T.,; enrichment
over asingle dose (Extended Data Fig. 9a), indicating that exhaustion
may setonasearly asday 7.

To confirm thatexhaustion detected inour DMGO modelreflects
representative T cell exhaustion at the tumor site, we compared the Ty
phenotype present upon DMGO exposure to preexposure GD2 CAR
T cells that, although alleviated by the 4-1BB endodomain, can still
display exhaustion features resulting from tonic signaling™. Indeed,
afraction of preexposure GD2 CAR T cells overlapped with our Tgy
cluster detected upon DMGO exposure (Extended Data Fig. 9b,c).
However, separating the cells in this cluster according to experimental
condition (Extended Data Fig. 9c) revealed that DMGO-exposed Ty
upregulated a wide array of additional exhaustion markers (Fig. 4h),
as well as known transcription factors and functional modulators of
exhaustion (Fig. 4i) that include those described in cancer patients
across TIL datasets (Supplementary Table 7). In addition, overlap with
exhaustion markers found in the antigen-driven lymphocytic chori-
omeningitis virus mouse model of chronic infection®***, as well as an
invitro model of CART cell dysfunction based on continuous antigen
exposure®, demonstrates that the observed exhaustion profileis anti-
gen driven (Supplementary Table 7). For in vitro model systems, this
has not been achieved in the context of naturally expressed tumor
antigen, only through persistent anti-CD3 and anti-CD28 antibody
stimulation® or by using repeated rounds of stimulation with antigen-
pulsed® or overexpressing® tumor cell lines*. Thus, DMGOs model the
functional heterogeneity of CART cells, including representative T cell
functional exhaustion, an actionable axis for improving outcomes®
and, therefore, critical factor to evaluate preclinically.

NCAM1 selection of short-lived cytotoxic effector CART cells
Consistent with their potent cytotoxicity and lack of exhaustion, the Teyr
population overlaps with the ‘killer’ gene signature of ‘super-engager’

Fig.4| DMGOs model CART cell functional heterogeneity. a, Representative
multispectral 3D imaging of GD2 CAR T cells (CD3; cyan), DMG tumor cells
(GFP; green) and cleaved caspase 3 (cCasp3; red) in DMGOs (n =2 DMGOs).
Scale bar, 5 um. b, GD2 CAR T cell treatment outcome measured as arelative
change in tumor GFP intensity quantified by imaging compared to the start
oftreatment (100%). DMGOs were left untreated (gray line; n =1DMGO) or
treated with mock-transduced T cells (black line; n=2) or GD2 CAR T cells
(orangeline; n =4 DMGOs); for each treatment condition, asmoothed trend
line of the averaged values at different time points was plotted using the locally
estimated scatter plot smoothing algorithm. Arrows indicate the time points
of T celladministration. ¢, Representative images of the tumor GFP signal at
theindicated time points for a DMGO subjected to prolonged GD2 CART cell
treatment administrated on day 0, day 8 and day 15 (n =1DMGO). d, Sankey plot
illustrating the shift in the relative proportions of unbiasedly identified GD2
CART cell clusters before and after DMGO exposure. e, UMAP visualization of
annotated GD2 CART cell clusters. f, Cytotoxic effector molecule and cytokine
gene expression across the GD2 CART cell clusters. g, Gene expression of

selected exhaustion-associated receptors, ligands and transcription factors
across the GD2 CART cell clusters. f,g, Dot plot representing the percentage of
cells expressing selected genes. The color intensity represents the average scaled
gene expression. h,i, Heat map depicting the relative expression of exhaustion
markers (h) and exhaustion-associated transcription factors and functional
regulators (i) in nonexposed (left) and DMGO-exposed (right) GD2 CART cells
within the T cluster. TF, transcription factor. j, Super-engager signature score
onablue-to-red color scale, showing the enrichment of a previously identified

T cell serial killer gene set®® atop UMAP cell embeddings of the GD2 CAR T cell
dataset. The dashed outline annotates the embedding of the T.,; GD2 CAR T cell
cluster. Ford-j, GD2 CAR T cells retrieved from n = 4 treated DMGOs and n =2
independent batches of unexposed GD2 CART cells. k, Dot chart depicting the
fold enrichment in tumor killing by NCAM1* GD2 CART cells over NCAM1~ GD2
CART cells quantified as the change in tumor area detected by GFP compared to
the start of treatment (n = 2 DMGOs per treatment condition). I, Percentage of
cells per Teyy, Texand Ty cluster for NCAM1™ GD2 CART cells (left; retrieved from
n=2DMGOs) and NCAM1" GD2 CART cells (right; retrieved from n = 2 DMGOs).
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engineered T cells that we recently identified to have profound
tumor-targeting capacity and serial killing behavior in a short-term
coculture assay®® (Fig. 4j). As we previously identified NCAM1 as a
selection marker to enrich for this population®, we exploited this
strategy (Fig. 1a) to furtherinvestigate the relevance of this CAR T cell
functional profile in a prolonged treatment setting. We sorted GD2
CART cells onthe basis of NCAM1 expression before DMGO treatment
(Extended DataFig. 9d) and compared tumor control between NCAM1*
andNCAMLI cells (Fig. 4k and Extended Data Fig. 9e). This demonstrated

theinitial potent antitumor activity of NCAM1" GD2 CAR T cells, witha
1.4-fold enrichment in tumor control over NCAM1"GD2 CART cells on
day 2. However, this enhanced potency stabilized between days 5 and
7,withNCAMI T cells displaying more gradual antitumor activity over
time, slightly outperforming NCAMI' cells by day 7 (Fig. 4k), inline with
ahigherrecovery of NCAMI cells at day 14 (Extended Data Fig. 9f). To
gaininsightinto potential transcriptomic profiles explaining these dif-
ferential outcomes, we performed scRNA-seq of NCAM1™and NCAM1*
GD2 CART cells and mapped them back to our previously identified
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GD2 CART cell signatures (Extended Data Fig. 9g). This revealed an
additional stressed GD2 CAR T cell cluster specific to NCAM1™ cells (Ty,s)
(Fig. 41 and Extended Data Fig. 9h) that differed from the T, cluster
through expression of heat-shock proteins (Supplementary Table 8)
and overlapped with the stress response state identified in TILs that
associates withimmunotherapy resistance*® (Extended Data Fig. 9i).
Further aligning with the initially enhanced tumor control observed
(Fig.4k), NCAMI" cells showed a3.3-fold enrichmentin T.,; compared to
NCAMILI cells (Fig. 41). However, in line with poor persistence of the cells
(Extended Data Fig. 9f), NCAM1' T cells were additionally enriched for
Ty (Fig. 41), explaining their reduced performance over time (Fig. 4k).
Together, this identified NCAMI" cells as a potent tumor-targeting,
yetshort-lived effector GD2 CAR T cell population and offers proof of
concept for cell selection as a means to narrow CAR T cell functional
heterogeneity before administration.

Microglia-enriched DMGO microenvironment

Theupregulation of features associated with tissue residency*®, includ-
ingthe canonical marker CD103 (/TGAE) used toidentify tissue-resident
T cells®* (Fig. 5a and Supplementary Table 7), underscores the capa-
city of DMGOs to model T cell performance within tissue. While this
may inform strategies to enhance CAR T cell trafficking and tissue
residency®, DMGOs lack the myeloid compartment, akey regulator of
T cellresponses. Therefore, to enhance the complexity of DMGOs, we
incorporated microglia, amain component of the DMG tumor micro-
environment®, We generated primitive macrophage progenitors (PMPs)
from hES cells, previously shown to differentiate into mature microglia
inmouse brains®* and human midbrain organoids®, as well as in cocul-
ture with neurons®. PMPs similarly integrated into BrOs and, within
7 days, adopted the ramified morphology characteristic of homeostatic
microglia® (Fig. 5b,c). Confirming functional maturation, the cells
displayed typical microgliabehavior, migrating to sites of myelininjec-
tion (Fig. 5d and Supplementary Video 1) and removing myelin through
phagocytosis®® (Fig. 5e and Supplementary Video 2). Furthermore,
3 weeks after incorporation in BrOs, above 80% of cells expressed the
microglia-specific marker P2RY12 at the protein level (Fig. 5f,g) and
scRNA-seqanalysis (Supplementary Table 9) demonstrated increased
expression of microglia-specific transcription factors®”° (Fig. 5h).
Additionally, they resembled an adult state when referenced against
microglia developmental programs identified in mice” (Fig. 5i), further
validating microglia maturation. Comparison to a myeloid cell refe-
rence dataset from DMG tumors’* confirmed microglia as opposed
to macrophage identity (Fig. 5j).

Microglia incorporation in tumor-bearing DMGOs led to the
acquisition of recently described DMG-associated functional
phenotypes”, including an IFN-activated, phago lipid and hypoxic
state (Fig. 5k). Moreover, compared to BrOs, microglia from DMGOs
showed enrichment of GO terms related to antigen presentation
and immune responses, such as peptide processing mediated by

major histocompatibility complex class Il and type I IFN response,
previously described as upregulated in DMG-associated microglia
and macrophages” (Extended Data Fig. 10a). These DMG-specific
microglia states were accompanied by reduced chemokine expres-
sion and upregulation of genes associated with an immunosuppres-
sive profile, in line with patient data” (Fig. 5I). This was confirmed by
protein expression of CD163, associated with an anti-inflammatory
state, and SPP1, associated withimmunosuppressive lipid-laden mac-
rophages™ (Extended Data Fig. 10b,c). Together, these findings show
that, withinanappropriate neuronal environment, PMPs differentiate
into mature microglia that, in the presence, of DMG tumor cells adopt
aDMG-specificimmunosuppressive phenotype.

Microgliaimpact GD2 CART cell therapy responses

Correlative clinical data suggest that expansion of theimmunosuppres-
sive myeloid compartment may be associated with poor GD2 CART cell
outcomes® and myeloid cells, including microglia, are also implicated
in CART cell-induced toxicity”. To address this experimentally, we per-
formed GD2 CART cell treatmentin DMGOs with integrated microglia.
Confocal imaging showed interactions between GD2 CAR T cells and
microglia within tumors (Fig. 6a). Moreover, we observed increased
cytokine secretion in the presence of both GD2 CART cells and inte-
grated microglia (Fig. 6b). This included upregulated chemokines
related to myeloid cell chemotaxis, including MCP3 and CXCL1, as
well as myeloid-cell-associated growth factors, such as macrophage
colony-stimulating factor (M-CSF). We also observed elevated inter-
leukin (IL)-1acand IL-6 levels, key proinflammatory cytokines linked to
CART cell (neuro)toxicity and clinically targeted to manage adverse
effect”, suggesting that microglia-integrated DMGOs may serve as a
relevant model to study CART cell-microgliainteractions underlying
treatment-related toxicity. Furthermore, analysis of DMGO-induced
CART cell transcriptional heterogeneity in the presence of microglia
(Extended Data Fig. 10d and Fig. 6¢), showed an increased propor-
tion of the exhausted cluster and identified a microglia-affected GD2
CART cell population (Ty,,), aligning with undifferentiated TILs, as
well as naive and tissue-resident memory cells, from the pan-cancer
TIL atlas*® (Extended Data Fig. 10e). To validate the low effector pro-
file of the T\, population, we compared curated gene signatures
from the same resource*® across GD2 CAR T cell clusters (Fig. 6d and
Extended DataFig.10f). T, cells showed reduced activation and effec-
tor signatures, including cytotoxicity, but higher senescence-related
genes. Thus, the presence of microglia shifts the transcriptional pro-
file of GD2 CART cells toward reduced effector function. In line with
this, when we monitored CAR T cell-mediated tumor control, it was
reduced in integrated-microglia DMGOs (Fig. 6e). Together, these
findings demonstrated that microglia integrated in DMGOs yield a
suitable representative phenotype for probing CART cell function
and toxicity. This establishes adirect role for microgliain shaping CAR
T cell functional states and impairing tumor control.

Fig. 5| Microgliaintegration and characterizationin BrO and DMGO. a, Gene
expression of tissue-resident markers in nonexposed (top; n =2 independent
batches of unexposed GD2 CART cells) and DMGO-exposed (bottom; retrieved
fromn=4DMGOs) GD2 CART cells within the Ti, cluster. Dot plot representing
the percentage of cells expressing selected genes. The color intensity represents
the average scaled gene expression. b, Schematic overview of PMP integration
inBrOs and DMGOs and treatment with GD2 CART cells. ¢, Representative
brightfield images of BrOs for mScarlet’ PMPs (white) 3 or 7 days after integration
(n=19 BrOs). Right, zoomed-in view of area in white insets. Scale bars, 500 um
(mainimage) and 50 pum (inset). d,e, Live 3D imaging of microglia (orange)

and CFSE-labeled myelin debris (green), showing homing of microglia to

sites of myelin debris injection (d) and phagocytosis of myelin debris (e)
(n=2BrOs).Scalebars, 50 um (d) or 10 um (e). f, Immunofluorescence 2D images
of BrO with microgliaintegrated for 3 weeks, labeled for DAPI (white), IBA1
(magenta) and P2RY12 (cyan) (n =1BrO). Scale bar, 50 um. g, Quantification of

percentage of P2RY12" cells of total IBA1* microgliainaBrOslice (n =1BrO).

h, Heat map depicting the relative expression of microglia-associated
transcription factors in PMPs (left) and BrO-derived microglia (right)

3 weeks after integration. i, Heat map depicting representation of microglia
developmental stages” in PMP or microglia derived from BrOs or DMGOs.

j, Violin plot showing the expression level of microglia and macrophage gene
signatures’ in PMP (left) and microglia derived from BrO (right). Statistical
analysis was performed using a two-tailed ¢-test (microglia, P=9.4 x 107
macrophage, P=8.6 x107'°). k, Violin plots showing expression levels of DMG-
associated microglia states’* in microglia derived from BrO (blue) or DMGO
(green). I, Dot plot showing the relative expression of selected chemokines and
genes associated withimmunosuppression’in microglia derived from BrO
(left) or DMGO (right). For h-1, microglia were sorted from n =9 organoids in
total (n=5BrOs and n =4 DMGOs) and unexposed PMPs from n =2 independent
experiments (details in Supplementary Table 1).
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Discussion

Here, we showed that morphogen-guided patterning with FGF4 and RA
produces BrOs, characterized across region-specific neuronal and glial
lineages through benchmarking against recent single-cell organoid and
brain atlases**°. BrOs enable spatial and temporal modeling of the

developing brainstem, including pons-specific features, the regional

origin and niche for H3.3K27M-altered DMG. We demonstrated an
interplay between the H3.3K27M substitution and pontine glial fate in
driving DMG tumorigenesis, resulting in an experimentally accessible
organoid model that recapitulates features of DMG tumors. While
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Fig. 6 |Microgliaimpact onthe GD2 CART cell response. a, Representative
immunofluorescence 3D images of a200-pm-thick slice containing microglia,
1weekafter start of GD2 CART cell treatment. Cells are labeled for DAPI (white),
GFP* DMG tumor cells (green), IBA1* microglia (orange), CD3" T cells (cyan)

and cCasp3 (red). n =2 DMGOs. Bottom, zoomed-in view of area in white inset
(n=2DMGOs). Scale bar, 10 pm. b, Heat map depicting the fold change in
concentration of selected cytokines, chemokines and growth factors of DMGOs
containing microglia normalized against no microglia on day 3, day 7 and day 14
after GD2 CART cell addition (n = 6 DMGOs). TNF, tumor necrosis factor.

¢, Percentage of cells within GD2 CART cell clusters, including anew microglia-
affected cluster, for nonexposed GD2 CART cells (left), GD2 CART cells retrieved
from DMGO without (middle) or with integrated microglia (right). d, Heat map
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highlighting the average scaled expression of curated TIL gene signatures*®in
the Ty;, GD2 CART cell cluster. e, Reduction in tumor area (normalized zscore
per DMGO relative to time point 0) after the addition of GD2 CART cellsinDMGO
without (blue) or with (orange) integrated microglia. The arrow indicates the
time point of GD2 CAR T cell administration. Data are shown as the mean + s.e.m.
Statistical analysis at each time point was performed using a linear mixed-
effects model, accounting for experimental and organoid variation. Reported
Pvalues are two-sided and were adjusted for multiple comparisons using the
false discovery rate (Benjamini-Hochberg) (t3, P= 0.04389; t7, P= 0.04389;

t10, P=0.08409; t14, P=0.0578). For b-e, n = 6 DMGOs with microgliaandn=6
DMGOs without microglia from four independent batches.

DMG patient-derived organoids are emerging as platforms for drug
testing®®’®”’, our model offers acomplementary approach to generate
invitrotumors for this rare and fatal disease, for which tissue samples
are limited. Moreover, the use of iPS cells as a cell source establishes
the potential for individualized modeling, supporting personalized
drug evaluation and direct comparison to clinical outcomes. How-
ever, because the model is derived from hES cells and iPS cells, it is
limited in recapitulating postnatal tissue, as reported for other neu-
ral organoids®*’%. Furthermore, the current model does not capture
complex intraregional interactions, which are particularly relevant
in the pons—akey relay between the forebrain and motor or sensory
pathways. Assembloid methodologies’®°, such as linking cortical

organoids with BrOs and DMGOs, could improve neuronal health and
lineage diversity while enabling modeling of DMG invasion and pro-
gression across brain regions in response to neural secretion®**' and
activity”*?*%2 Such neuronal interplay should be further characterized
inDMGOsin the future to validate the model for these critical processes,
for instance, through live calcium imaging of synaptic signaling or
retrograde labeling of GABAergic neurons using viral tracers".
Despite current limitations, the model provides a therapeuti-
cally relevant platform to interrogate CAR T cell function in DMG
tissue-specific context. Prolonged treatment of DMGOs reflects
the variable outcomes seen in individuals®**®, revealing CAR T cell
heterogeneity and functional exhaustion. From this heterogeneity,

Nature Cancer


http://www.nature.com/natcancer

Article

https://doi.org/10.1038/s43018-025-01084-0

we identified the most potent yet short-lived CART cell population
and validated a means to enrich for these cells, offering a potential
approach to optimize therapy composition®. This model could also
be leveraged to uncover how CAR T cells modulate cancer cell states
andreveal mechanisms of acquired resistance that may be cotargeted
toimprove clinical efficacy.

Giventherecognition that the tumor microenvironment can sig-
nificantly impact treatment response, we integrated microglia, a key
immune component in DMG’. In line with representative tumor cell
states observed in DMGOs, microglia differentiated into DMG-specific
and immunosuppressive profiles’?. This enabled an experimental
interrogation of microgliaimpact on CAR T cell functionality, reveal-
ing increased exhaustion and a T, population, marked by stalled
differentiation and low effector function. This shift toward dysfunc-
tion correlated with reduced tumor control, offering a framework
to counteract microglia-induced resistance and enhance antitumor
efficacy. While T cell exhaustion might be addressed throughimmune
checkpoint inhibition, strategies targeting the newly identified T,;,
population require further investigation. Our imaging data reveal-
ing direct microglia-CAR T cell interactions, suggest that dissecting
the underlying signaling involved could be a critical starting point.
Furthermore, similar approaches could be used to assess microglial
influence on tumor phenotypes, as prior studies linked MES tumor
states to tumor-associated macrophages®.

Altogether, we generated ahuman brainstem organoid model for
DMG with applications toward understanding CAR T cell functionality
in the context of the tumor microenvironment that could aid further
therapy development for this detrimental disease.

Methods

Ethics

All murine experiments were conducted in compliance with the Ani-
mal Welfare Body of the Princess Maxima Center for Pediatric Onco-
logy based on local and international regulations under CCD license
AVD39900 202216507. For the use of DMG samples, patients and/or
their parents or guardians provided writteninformed consent accord-
ing to national laws and in agreement with the declaration of Helsinki
(2013). This study was approved by the Institutional Review Board (IVB)
andregistered under national registry number 2020.142.

Stem cell culture

Brainorganoids were generated from three different cell lines encom-
passing H9 (WAO09, WiCell) and H1 (WAO1, WiCell) hES cells (both
derived from human blastocysts®) and C7-aiPS cells (RUID 06C52463,
derived from CD4' T cells). The iPS cell line C7-a was obtained from Rut-
gers University Cell and DNA Repository and contains a Cre-inducible
H3.3K27M reading frame in the endogenous H3F3A locus”. Cell lines
were cultured in mTeSR Plus medium (StemCell Technologies, 100-
0276) and incubated at 37 °C with 5% CO,. The cells were grown on
Matrigel-coated (Corning, 354277) six-well plates and passaged when
70-80% confluent by nonenzymatic detachment of colonies using
Gentle Cell Dissociation Reagent (GCDR) (StemCell Technologies,
100-0485). All cell cultures were routinely tested for the presence of
Mycoplasma species.

Embryoid body (EB) formation

Cellswere washed with1x Dubecco’s PBS (Gibco, 14190144), detached
with GCDR and spun down at 300g for 5 min, before resuspending in
base medium (1:1 advanced DMEM/F-12 medium (Gibco, 12634010)
and Neurobasal medium (Gibco, 10888022), supplemented with 1x
GlutaMax (Gibco, 35050061)) and counting. A total of 70,000 cells per
mlwereadded to day 0 medium (base medium, 10 pM Y-27632 (ROCKi,
AbMole BioScience, M1817) and 4 ng mI™ FGF2 (PeproTech,100-18 C)).
For EBformation, 7,000 cellsin 100 pl of medium were seeded per well
ofanultralow-attachment treated U-bottom 96-well plate (Nexcelom,

ULA96U020; PHC Europe, MS-9096UZ) and incubated at 37 °C with
5% CO,.Fromday 2 to day 21, patterning medium (base medium, 1x N2
(Gibco, 17502048) and 1 mg ml™ heparin solution (StemCell Techno-
logies, 07980)) was used.

Organoid patterning

In week 1, week 1 medium (patterning medium, 50 ng ml” FGF2,1pM
dorsomorphin (DM; StemCell Technologies, 72102), 10 uM SB431542
(SB43; StemCell Technologies, 72232) and 3 uM CHIR99021 (CHIR;
StemCell Technologies, 72052)) was used. On day 2,100 pl of week 1
medium was added per well. On day 5, 100 pl of medium per well
was replaced with fresh week 1 medium. In the second week, week 2
medium (patterning medium, 1 uM DM, 10 uM SB43, 3 uM CHIR,
10 ng mI' FGF4 (StemCell Technologies, Cat.#78103.1),10 uMall-trans
RA (StemCell Technologies, 72262) and 1 uM purmorphamine (PMA;
StemCell Technologies, 72202) was used. Onday 7,190 plof mediumwas
replaced with fresh week 2 mediumand, onday 9,100 plof mediumwas
replaced. Onday 11, EBswere embedded in12 pl Matrigel droplets and
five droplets were transferred to each well of a12-well suspension plate
(Greiner Bio-One,665102) with 1 ml of week 2 medium and incubated
at 37 °C with 5% CO,. In week 3, week 3 medium (patterning medium,
10 ng mI™ FGF4, 10 uM RA and 1 uM PMA) was used. Until day 21,
the medium wasrefreshed every 2 days with week 3 medium. Onday 17,
the plates were placed on an orbital shaker inside a5% CO,incubator at
37 °C.Fromday 21 onward, the medium was refreshed every 2-3 days
with maturation medium (1:1advanced DMEM/F-12 medium and neuro-
basal medium, supplemented with 1x GlutaMax, 0.5x N2, 0.5x B27
without vitamin A (Gibco, 12587010) and 1x penicillin-streptomycin
(Pen-Strep, Gibco,15140122).

Insitu electroporation
PCAGPbase, PBCAG_DNp53_IRES luciferase, PBCAG_PDGFRA-D842V_
IRES_eGFP and PBCAG_H3K27M_eGFP plasmids were used to induce
tumor growth in hES cell-derived organoids. IniPS cell-derived orga-
noids, the H3K27M-expressing plasmid was replaced with1.00 pg pl™
SSi-Cre. PCAGPbase and PB_Venus were used as a control. All plasmids
werekindly provided by the T. N. Phoenix laboratory™. For genetic line-
age tracing, 1.50 pg pl™ TrackerSeq® was added to the plasmid mix.
Onday11, unless stated otherwise, organoids were injected witha
mixture of plasmid DNA (1.50 pg pl™ per plasmid) and 0.1% (w/v) Fasta-
Green (Merck, F7252-5G) using a FemtoJet 4i (Eppendorf, 5252000013)
with the following parameters: injection pressure, 15 hPa; compensa-
tion pressure, 5 hPa. Subsequently, electroporation was performed
usinga NEPA21 Super Electroporator (Nepagene) and CUY650P1 (Nepa-
gene) tweezers with the following parameters: voltage, 50 V; pulse
length, 10 ms; pulseinterval, 50 ms; number of pulses, four; decayrate,
10%. Transfer pulse parameters were as follows: voltage, 20 V; pulse
length, 50 ms; pulseinterval, 50 ms; number of pulses, five; decayrate,
40%. Using the impedance (kQ) measurement of the NEPA21 Super
Electroporator, voltage was automatically readjusted to optimize cell
perforation and viability per individual organoid. Electroporation
was performed by applying ashock twice in orthogonal direction and
organoids wereincubated at 37 °C with 5% CO, for atleast 2 htorecover.

DMGO orthotopic transplantation

No statistical methods were used to predetermine sample sizes but
they are close to those previously published®. NOD.Cg-Prkdc*“
12rg™™1/Sz] (NSG) mice (The Jackson Laboratory, 005557) were housed
at 45-65% humidity and 20.5-23.5 °C with a 12-h light-dark cycle, in
specific-opportunist-pathogen-free conditions using individually ven-
tilated cages and sterile food and water ad libitum. Ten 3-4-week-old
male and female NSG mice were anesthetized using isoflurane/O, inha-
lation and transferred to a stereotaxic frame. Eye ointment was applied
and 0.05 mg kg™ buprenorphine was injected subcutaneously. After
removing hair from the surgical site, a 1-cm incision was made in the
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skin to expose the skull and 3 mg kg™ lidocaine was applied topically.
Under astereo microscope, a Dremel was used todrill acircular groove
of 5mminthe skull above the right cerebral cortex. Cortex buffer was
applied before the dura mater and 2 mm?®of brain tissue was removed
to accommodate the DMGO transplant. DMGOs were preselected on
the basis of GFP signal 1-2 weeks after electroporation and, if too big
in size, cut in half before transplantation. After placing the DMGO,
the brain was covered with a neuropatch, the skull was closed with
dental cementand the wound was closed using skin glue. After surgery,
0.06 mg ml™ carprofen was provided in the drinking water for 3-5 days
and mice were monitored 2-3 times per week for signs of weight loss,
lack of grooming and/or reduced mobility.

If mice reached the study (21 days) or humane endpoint accord-
ing to the monitoring of clinical symptoms, they were put under deep
anesthesia by intraperitoneal injection of 75 mg kg™ ketamine and
1 mg kg medetomidine. Transcardiac perfusion was performed with
PBS and 4% paraformaldehyde and, after resection, brains were cut
into 300-pum sections using a vibratome. Staining, clearing and imag-
ing were performed as described below. Antibodies used are listed in
Supplementary Table 10.

Multispectral large-scale single-cell resolution

3D (mLSR-3D) imaging

Organoids were fixed in 4% paraformaldehyde (Sigma-Aldrich, 441244)
for30 minat4 °C,washed three timesin PBST (1:1,000 Tween-20in 1x
PBS) for 15 min at 4 °C, embedded in 4% low-melting-point agarose
(Invitrogen, 16520-050) and sliced into 100-250-pum sections using
aleica VT 1200 S vibratome. mLSR-3D was performed on the sliced
organoids as described previously®®. All combinations of primary and
secondary antibodies used are listed in Supplementary Table 10. The
slices were imaged using a Zeiss LSM 880 confocal microscope witha
x25 (numerical aperture (NA): 0.8) objective and Leica Stellaris with
%20 (NA: 0.75) and x40 (NA:1.3) objectives. Alternatively, intact orga-
noids were fixed and cleared using the organic solvent-based vDISCO
method®” and imaged using a Leica SP8 microscope witha x16 (NA: 0.6)
BABB-compatible objective.

2D formalin-fixed paraffin-embedded (FFPE) tissue imaging
Routine histopathology procedures were followed to obtain FFPE
tissue for World Health Organization standardized tumor classifi-
cation. Patient and organoid material was sliced into 3-um sections
before hematoxylin and eosin and subsequent stainings. Immuno-
histochemical staining was performed on the Leica BOND RX fully
automated research stainer using the bond polymer refine detec-
tion kit (Leica, DS9800). Stained tissue sections were analyzed by an
experienced neuropathologist.

DNA methylation profiling

The DNA methylation profile of a pooled DMGO sample consisting of
three independent replicates was compared to cases of DMG, glioblas-
tomaand PFA ependymoma obtained from published datasets’*”'. Data
were loaded in R (version 4.3.1), probe filtering was performed using
package ChAMP®? and each array platform was processed separately
(HumanMethylation450 or EPIC) using the ‘minfi’ method” andfiltering
out probes located on single-nucleotide polymorphisms or sex chro-
mosomes or with detection P value > 0.01. Raw [ values were merged
using function combineArrays and normalized with method BMIQ®.In
total, 10,000 probes with the highest s.d. were selected and the Pearson
correlation between samples was calculated, weighted by the inverse of
variance. This correlation matrix was used to compute a distance matrix,
whichservedastheinput forthe Rtsne function fromthe Rtsne package.

Cyclicimmunofluorescence imaging
Organoid FFPE sections were deparaffinized in xylene (three times,
3 mineach) followed by rehydrationinagraded alcohol series for1 min

each (100% twice, 95% twice and 70% once). Sections were washed in
deionized water (two times, 1 mineach) and putintarget retrieval solu-
tion, pH 9 (Agilent Dako). Antigen retrieval was performed for 40 minat
95 °C. Sections were allowed to cool to room temperature and washed
for 5 minindeionized water followed by storage in PBS until further use.
Cyclical immunofluorescence imaging was performed as previously
described®. All combinations of primary and secondary antibodies
used are listed in Supplementary Table 10. Imaging was performed
onaleicaDMi8 Thunderimaging system withan HC PL APO x20 (NA:
0.80) objective.Images of each cycle were aligned based on DAPI signal
using a previously developed tool (https://github.com/Dream3D-
Lab/CycFluoCoreg). The resulting composite images were imported
into QuPath (version 0.4.4)°°, where nuclei were segmented using a
cell expansion of 2.5 pm. An object classifier using RandomTrees was
trained for each marker on two separate images. These object classi-
fiers were combined into a composite classifier that was applied to all
images. The resulting dataset containing the count of classified cells
ineachimage was exported to R for quantification and visualization.

Transcriptomics and genetic lineage-tracing processing and
analysis for BrO and DMGO

The detailed step-by-step approaches were deposited to the
protocols.io repository (https://doi.org/10.17504/protocols.io.
6qpvrwql3imk/v1)?.

GD2 CART cell expansion and selection

CD8 GD2 CART cells (14G2a GD2-4-1BBz CAR) and donor-matched
mock-transduced CD8 T cells were produced as previously described”.
CART cellsand mock-transduced T cells were expanded using a rapid
expansion protocol® and cryopreserved after 14 days. T cells were
thawed and rested in RPMI-1640 medium, supplemented with Glu-
taMax, 10% FBS (Thermo Fisher,10500064),1% Pen-Strep, 50 U per ml
IL-2 (Miltenyi, 130-097-743),2,000 U per mlIL-7 (Miltenyi, 130-095-367)
and 50 U per ml IL-15 (Miltenyi, 130-095-760) for 3 days at 37 °C with
5% CO,. For selection of GD2 CART cells based on NCAM1 expression,
a similar expansion protocol was used but without the addition of
IL-15 and Daudi cells. After resting, cells were washed and stained for
30 minat4 °Cin flow cytometry (FC) buffer (1x PBS with 2% FBS) with
live-dead fixable near-IR dead cell stain (1:1,000; Thermo Fisher),
CD3-APC (1:80; BD BioLegend, clone SK7) and NCAM1-HiLyte-488
(1:200;QVQ, FSH-10B10). CD3*'NCAMI or CD3'NCAMI' GD2 CART cells
underwent fluorescence-activated cell sortingonaBD FACSArialland
wereimmediately used for experiments.

GD2 CART cell treatment

Firstly, 4 months after tumor induction, DMGOs were untreated or
treated with 500,000 CD8" GD2 CART cells or mock-transduced CD8*
Tcellsper DMGO added ondays O and 7. For prolonged treatment, GD2
CART cells were administrated on days O, 8 and 15. Tumor size was
monitored by imaging using a Leica Thunder DMi8 microscope with a
x10 objective. After THUNDER software-mediated computational clear-
ing of theimaging data, tumor size for each time point was quantified
using Fiji. Background signal, defined as GFP-negative areas within the
organoid, was subtracted. The organoid surface was set as the region
of interest (ROI) and mean gray values of the GFP channel for the ROI
were calculated. Supernatant of the cocultures was collected and
IFNy concentration was measured with ELISA (R&D Systems, DY285B).
Untransformed BrOs were similarly treated and organoid appearance
was monitored by brightfield imaging.

DMGO GD2 expression analysis

Firstly, 60 days after electroporation, a DMGO sample was dissected
for the tumor region, mechanically dissociated and cultured for two
additional weeks to expand tumor cells. Cells were retrieved from the
culture plate using StemPro Accutase (Gibco, A1110501) and passed
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througha 70-um Flowmi cell strainer (Merck, BAH136800070) to cre-
ateasingle-cell suspension. Dissociated cells were centrifuged at 500g
for 5minat4 °C and resuspended and washed in FC buffer. Cells were
either left unstained or stained with live-dead fixable near-IR dead cell
stain (1:1,000; Thermo Fisher) and GD2-PE (1:200; clone 14.G2a, BD
Biosciences, 562100) for 30 min at 4 °C. Cells were washed twice in FC
buffer, acquired on aSony SH800s (Sony Biotechnology) and analyzed
using FlowJo software (version10.9.0).

scRNA-seqof GD2 CART cells

DMGOs treated with GD2 CART cells were dissociated and washed twice
with PBS +/+ (Mg?'/Ca*, 3% FBS). Cell suspensions were filtered using
a 70-um Flowmi cell strainer and stained in FC buffer with CD3-APC
(1:80; BD Biosciences, clone SK7) and live-dead fixable near-IR dead
cell stain (1:1000; Thermo Fisher) for 30 minat4 °C.CD3" T cells were
sorted ona CytoFLEX SRT benchtop cell sorter (Beckman Coulter) and
immediately processed for scRNA-seq.

Preprocessing and analysis of GD2 CART cell

scRNA-seq datasets

Doublets were identified and removed using the scDblIFinder
package'°°, with default settings. Low-quality cells (>15% mitochon-
drial content, <200 or >6,500 genes or >35,000 reads) were removed.
The Seurat (version 4)'” workflow was used to normalize and scale
readsand 3,000 highly variable genes were determined. Cell-cycle con-
founding effects were eliminated by the removal of cell-cycle-related
genes from the variable features of the dataset. Principal compo-
nent analysis was performed using the ‘RunPCA’ function. The first
30 principal components were used for nonlinear dimensionality
reduction applying the UMAP'°> method with the ‘RunUMAP’ func-
tion of the Seurat package. Clustering analysis was performed using
the Seurat package ‘FindNeighbors’ and ‘FindClusters’ functions. To
identify subpopulations, marker genes for each cluster were deter-
mined through the ‘FindAlIMarkers’ function. Markers (adjusted P
value < 0.05) were examined to profile genes associated with known
CDS8T cell subsets, as well as project previously published signa-
tures. Inaddition, DEGs were used as input for GO enrichment analysis
using the GO resource (https://geneontology.org). Tointegrate three
batches of NCAM1-selected cells, we applied the Seurat-based canoni-
cal correlation analysis integration method. As integration features,
we used 1,000 variable features from each dataset, along with DEGs
between conditions to account for biological variability. To assign
cell populations to the clusters identified in Fig. 4e, we estimated
the proportion of cells from these clusters for every cluster of the
integrated dataset. Newly emerging populations were defined on the
basis of differentially expressed markers and their origin, categorized
by whether they originated from exposed, unexposed, NCAM1" or
NCAMLI populations. To determine the identity of the Ty, cluster, we
mapped our GD2 CAR T cell subsets to the CD8" TIL resource dataset*
using Seurat’s FindTransferAnchors(). The GD2 CART cell identities
were then transferred to this dataset with TransferData(), retaining
only high-confidence predictions (score > 0.5). These transferred
identities were used to calculate the proportion of T,, GD2 CAR T cells
within each CD8' TIL subset.

T cell signature projection

To evaluate the expression of established T cell signatures, we used a
gene signature specific to serial killer engineered T cells that we pre-
viously obtained®. Using the VISION R package'*?, we computed and
visualized the overall enrichment of the identified gene set atop UMAP
cellembeddings of our dataset. In addition, we projected our GD2 CAR
T cell signatures onto a pan-cancer CD8 TIL atlas*® through T Cell Map
(https://singlecell.mdanderson.org/TCM/) using the VISION package.
Foreach GD2 CART cell subset, markers obtained through DEG analysis
were filtered using an adjusted Pvalue < 0.00001.

PMP generation and integration

PMPs were generated using an adjusted protocol'®*. Briefly, 70-80%
confluent H1 stem cells were detached with GCDR. For EB formation,
7,000 cells were plated per well of an ultralow-attachment treated
U-bottom 96-well plate (Greiner Bio-One, 650970) in mTeSR+ (StemCell
Technologies, 100-0276) medium, containing 50 pM ROCK inhibitor
(Y-27632; AbMole, M1817), 50 ng mI™ bone morphogenetic protein
4 (StemCell Technologies, 78211), 50 ng ml™ VEGF (PeproTech, 100-
20-100ug) and 20 ng mI™ SCF (Miltenyi Biotec, 130-093-991). On day
2, fresh medium was added and, on day 4, EBs were transferred to a
six-well plate with X-VIVO 15 medium (Lonza, BEO2-060F), containing 1x
GlutaMax (Gibco), 1x Pen-Strep (Gibco),100 ng mI™*M-CSF (PeproTech,
300-25-50ug) and 25 ng mlI™ IL-3 (PeproTech, AF-200-03-10ug). The
medium was refreshed once aweek. After -3 weeks, the release of PMPs
in the supernatant was observed. PMPs were collected and 100,000~
200,000 cells were added per brain organoid in maturation medium
(1:1 advanced DMEM/F-12 (Gibco) and Neurobasal (Thermo Fisher)
medium, 1x GlutaMax, 0.5x N2 (Gibco), 0.5x B27 without vitamin A
(Gibco) and 1x Pen-Strep). Organoids were kept ona microtiter orbital
shakerinsidea37 °C 5% CO,incubator for1-3 weeks for PMP integration
and differentiation. For CART cell treatment experiments, organoids
were sectioned into 200-um-thick slices using a vibratome, transferred
to a 24-well suspension plate in 750 pl of maturation medium and
incubated at 5% CO, and 37 °C for 3 days. A total of 50,000-200,000
PMPs were added per slicein 750 pl of maturation mediumin a 24-well
suspension plate for 7 days before adding 200,000 CD8" GD2 CAR
T cells in 750 pl of maturation medium. Tumor size during treatment
was monitored by imaging using a Leica DMIL LED FLUO microscope
with a x10 objective.

SORT-seq of microgliaand GD2 CART cells

BrOs and DMGOs containing microglia and optionally treated with GD2
CART cells were dissociated 21 days after initial microgliaincorporation
as described above for the preparation of scRNA-seq and TrackerSeq
libraries. Dissociated cells, control PMPs and unexposed GD2 CAR
T cells were washed and stained in FC buffer with CD3-BV421 (1:100;
BDBiosciences, clone SK7) and live-dead fixable near-IR dead cell stain
(1:1,000; Thermo Fisher) for 30 minat 4 °C.CD3" T cells and mScarlet”
microglia and PMPs were single-cell-sorted into 386-well plates con-
taining well-specific barcoded primers (Single Cell Discoveries) on
a Sony SH800s (Sony Biotechnology). Plates containing sorted cells
were immediately snap-frozen on dry ice and processed for SORT-seq
by Single Cell Discoveries. Cells were heat-lysed at 65 °C followed by
complementary (cDNA) synthesis. All the barcoded material from
one plate was pooled into one library and amplified using invitro tran-
scription. Library preparation was performed following the CEL-Seq2
protocol'” to prepare acDNA library for sequencing using TruSeq small
RNA primers (Illumina). The DNA library was paired-end sequenced on
anllluminaNextseq 500, with high output, using a1x 75-bp llluminaKkit
(read1:26 cycles, index read: 6 cycles, read 2: 60 cycles).

Myelin phagocytosis assay

CSFE-labeled myelin debris, kindly provided by the L. Akkarilab™, was
injected into PMP-integrated organoid slices using a glass needle and
aFemtoJet 4i. The slices were immediately imaged on a Leica STEL-
LARIS microscope at 37 °C and 5% CO, overnight with a time interval
of 5-10 min.

Luminex analysis

Protein was detected in the culture supernatant by Luminex. Acquisi-
tion of data was performed using a FLEXMAP 3D system (Bio-Rad) with
XPONENT 4.3ul software (Luminex). Data analysis was performed
using Bio-Plex Manager 6.2 (Bio-Rad). All assays were performed at
the ISO9001:2008-certified MultiPlex Core Facility of the University
Medical Center Utrecht.

Nature Cancer


http://www.nature.com/natcancer
https://geneontology.org/
https://singlecell.mdanderson.org/TCM/

Article

https://doi.org/10.1038/s43018-025-01084-0

Statistics and reproducibility

Statistics on bulk sequencing data were computed using built-in func-
tions of R (‘stats’, version 4.3.1) through a one-way analysis of variance
with apost hoc Tukey honestly significant difference test. Statistics on
electroporation efficiency and tumor induction were calculated using
two-tailed independent t-tests (function: t.test). All statistical tests
were performed with a confidence interval of at least 95% (a = 0.05).
Data distribution was assumed to be normal but this was not formally
tested, unless otherwise indicated, and no statistical method was used
to predetermine sample size. To evaluate tumor response to GD2 CAR
T cellsinthe presence or absence of microglia, the normalized tumor
areaateachtime point was analyzed using alinear mixed-effects model,
accounting for fixed and random effects related to batch and organoid
variation. Multiple models were tested and the best-fitting model was
selected. P values were adjusted for multiple comparisons using the
false discoveryrate (Benjamini-Hochberg). The investigators were not
blinded to allocation during experiments and outcome assessment.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Raw sequencing and methylation data that support the findings of
this study were deposited to the European Genome-Phenome Archive
under accession codes E-MTAB-15147 and E-MTAB-15559, respectively.
Processed sequencing data were deposited to Zenodo (https://doi.
org/10.5281/zenodo.16992353)'°°. Sequencing metadata are provided
in Supplementary Tables 2-4, 6 and 9. Source data are provided with
this paper.

Code availability

All used R and Python scripts for analysis are available from GitHub
(https://github.com/Dream3DLab/DMGO_analysis). Pipelines for ana-
lyzing TrackerSeq data can also be found on GitHub (https://github.
com/anna-alemany/TrackerSeq_BROs).
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fold change normalized toweek 1. n =3 pooled BrOs per batch. d, Boxplot batch foriPSC-derived.

representation of Spearman’s rank coefficient between different organoid
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Extended Data Fig. 2| Quality control and integration of brainstem organoids
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showing the number of genes, number of counts, percentage of mitochondrial
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basis. Box plotsinside violin plots show the median (center line, 50th percentile),
the box spans the interquartile range (25th-75th percentiles), whiskers extend

to the most extreme observations within 1.5xIQR of the quartiles (defining the
plotted minima and maxima). ¢, scIB integration benchmarking of different
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assessed integration methods, showing metrics for preservation of biological
variation and batch correction. d, scPoli latent embedding of brainstem organoid
cells, colored by timepoint (top) and snapseed annotation (bottom). e, scPoli
integrated UMAP of brainstem organoids, colored by timepoint. f, scPoli
integrated UMAP representation showing three age bins, early (day 5 - day 20),
mid (day 30 - day 60) and late (day 90 - day 120). g, Matrixplot of scPoli
(HNOCA*) or scANVI (HDBCA*) mediated label transfer annotation compared to
the final annotation. For panels a-g, n = 84 organoids in total with 5-24 organoids
pooled per timepoint, see Supplementary Table S1for details.
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3| scRNA-seq and 3D imaging characterization of
brainstem organoids. a, Areaplots showing relative ratios of the cell cycle phases
over the different timepoints. b, Dotplot showing the expression of selected
markers for each cell type annotation, colored by their respective cell class.
FOXGlisrepresented inbold, indicating absence of expression. ¢, Annotation of
neurotransmitter transporters (NTT) for cells assigned as neuroblast or neuron.
d, Comparison of NTT found in the brainstem organoid dataset and the HDBCA*
pons. For panels a-d, n = 84 organoids in total with 5-24 organoids pooled per
timepoint, see Supplementary Table S1for details. e, Representative 3D confocal
image of a200 pm thick organoid slice at day 110 labelled for TUBB3 (orange)
and TPH2 (blue). n =2 BrOs. White insert indicates zoom area displayed on the
right. Overview image and zoom scale bars 250 pm and 25 pm, respectively.

f, Representative optical section ofimmunofluorescent 3D imaging of a200 um

thick organoid slice at week 16 labelled for neurofilament (NF, white), GFAP (red-
to-white gradient) and AQP4 (green) (left) or for DAPI (white) and OLIG2 (red)
(right). n =2BrOs, scale bars =50 um. g, Glycolysis scores over the HNOCA** and
BrO datasets. Dashed line represents the mean score over all HNOCA datasets.
h, Glycolysis scores for the OPC (left) and Glioblast (right) lineages in the HNOCA
and brainstem organoids (BrOs), statistically analyzed using a permutation test.
i, DEG analysis comparing Oligo (left) and Glioblast (right) from the HNOCA and
brainstem organoids (BrOs) to the HDBCA counterparts.j, UMAP of the HDBCA,
colored by the brainstem organoid presence scores. k, Proportional brainstem
organoid presence scores for the HDBCA, showing the ratio of cells being
represented in brainstem organoids (BrOs) per annotated cell class. For panels
g-k, n =84 organoids in total with 5-24 organoids pooled per timepoint, see
Supplementary Table S1 for details.
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Extended Data Fig. 4| Tumorigenic growth and patient-representability tumor sample harbouring H3.3k27M, TP53 and PDGFRA mutations. Top
of DMGO. a, b, Representative image of GFP expression (a; tumor-inducing mix) panels; staining for H3K27M and H3K27me3. Bottom panels; Haematoxylin
or control (b; PiggyBac backbone including CAG-mVenus) as a measure and eosin (HE), glial fibrillary acidic protein (GFAP) and neurofilament (NF).
of tumor outgrowth at week 6. n =3 DMGOs and 3 controls, scalebars=1 mm. n =7 patients. e, Representative routine histopathological characterization of
¢, Representative 3D confocal image of a300 pm brain section ofa aDMGO atday 120. Top panels; staining for H3K27M and H3K27me3. Bottom
DMGO-transplanted NSG mouse developing tumor outgrow labelled for panels; Haematoxylin and eosin (HE), glial fibrillary acidic protein (GFAP) and

CD31 (red), tumor-GFP (green) and DAPI (grey). n = 2 mice, scale bar =500 pm. neurofilament (NF). n =5DMGOs.
d, Representative routine histopathological characterization of a DMG patient
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Extended Data Fig. 5| See next page for caption.
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Extended DataFig. 5| Quality control, processing and analysis of DMGO
scRNA-seq data. a, Violin plots showing the number of genes, number of
counts, percentage mitochondrial genes and percentage of ribosomal genes
after filtering on a sample-by-sample basis. Box plots inside violin plots show
the median (center line, 50th percentile), the box spans the interquartile range
(25th-75th percentiles), whiskers extend to the most extreme observations
within 1.5xIQR of the quartiles (defining the plotted minima and maxima).

b, Unintegrated UMAP representation of DMGO cells, colored by sequencing

batch. ¢, iCNV profile of DMGO cells showing chromosomal aberrations
compared to healthy cells from the BrO time course data shown in Fig. 1e. Orange
depicts tumor and green represents healthy cells. d, Dotplot showing marker
gene expression for different tumor states, color-coded for their respective
annotation. e, Matrixplot with the obtained tumor state annotations compared
to reference datasets’. f, Mapping scores of DMGO cellsin Liu et al.?, showing
high presence of the annotated cell states, except for cycling cells. For panels a-f,
n =14 DMGOs from 4 independent batches.
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Extended Data Fig. 6 | See next page for caption.
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Extended DataFig. 6 | Barcode representation after quality control and
filtering and cNMF program annotation. a, Schematic representation of the
applied approach for simultaneously recovering transcriptomic information,
HTO hashtags and lineage barcodes from DMGOs on asingle cell level. A nested
PCR strategy was applied for the TrackerSeq barcode. b-f, Quality control
assessment and filters used to select barcodes from experimental replicate
1(top) and experimental replicate 2 (bottom). Histogram depicting the total
number of UMI counts prior to any filtering (b). Histogram displaying read
counts and the cut-off (red dashed line) set as aminimum total read count of
log10*and log10? for experimental replicate 1and 2, respectively (c). Scatter plot
depicting read counts plotted against UMI counts and the applied threshold
for minimum total read counts indicated (red dashed line) (d). Histogram
depicting the mean oversequence per barcode and thresholding applied
(dashed blue line) (e). Scatter plot depicting read counts plotted against max
mean oversequence showing both thresholds applied (f). g, UMAP embedding
of lineage-traced DMGOs and BrO controls. Cells are colored according to

unique lineage barcodes. Cells without barcodes are presented in gray.

h, Representation of each DMGO and BrO control in the final UMAP embedding.
i, Bargraph depicting the total number of cells for each clonal barcode after
applying the filtering of >3 cells per clonal family. j, Pie charts of the relative
size of each recovered clonal family among all barcoded cells per sample used
for the large versus small clone comparison. Percentage is depicted for clonal
families that are equal to, or above 20%, which are defined as large clones.

For panel b-j, n =14 DMGOs and n = 2 BrOs, see Supplementary Table S1 for
details. k, Dotplot showing normalized expression of AQPI and AQP4in DMG
cells’. In contrast to AQP1, AQP4 - a canonical AC-like marker - was present in
DMG tumors across all locations. l. Module scores of gene programs as derived
from cNMF projected onto the UMAP of lineage-traced cells. m, Heatmap of
Jaccard index scores, indicating the overlap of the cNMF derived programs to
tumor state annotations. For panels b-j, I, m,n =14 DMGOs and n =2 BrOs, see
Supplementary Table S1for details. For panelland m,n =14 DMGOsandn=2
BrOs, see Supplementary Table S1for details.
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Extended Data Fig. 7| DMGO GD2 expression and CART cell mediated tumor
control. a, Representative brightfield images at day 14 of untransformed
brainstem organoids (BrOs) left untreated (n = 8 BrOs) or exposed to GD2 CAR
Tcells (n=8BrOs) atday 0 and 7.b, DMGO tumor cell GD2 expression (orange)
analyzed by flow cytometry compared to an unstained control (black).n=1
DMGO.c, d, IFNy levels measured in the culture supernatant (c) and GD2 CART
cell treatment outcome measured as tumor GFP intensity relative to the start of
treatment (day 0,100%) with asmoothed line trend plotted between the values
at different timepoints for each DMGO using the LOESS algorithm (d). DMGOs

were either left untreated (gray line, n =1DMGO), treated with mock transduced
Tcells (black lines,n=2DMGOs), or GD2 CART cells (orange lines, n =4 DMGOs).
Arrowsindicate the timepoints of T cell administration. e, Images of tumor GFP
signal onday 0, 7,10 and 14 for an untreated DMGO (n =1DMGO) and DMGOs
treated with mock transduced T cells (n =2DMGOSs), or GD2 GART cells (n=4
DMGOs).GD2 CART cells and mock transduced T cells were administrated at
day 0 and 7. For panels c-e, DMGOxxx indicates individual DMGO sample ID for
reference across data figures.
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Extended Data Fig. 9| See next page for caption.
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Extended Data Fig. 9| Non-exposed, DMGO-exposed and NCAM1 subset
characterization of GD2 CART cells. a, Percentage of cells within GD2 CAR T cell
clusters, including those identified in Fig. 4e, a cluster enriched in non-exposed
cells, and the NCAMLI specific Ty cluster. Data is shown separately for GD2 CAR
T cellsretrieved from DMGO at day 14 after administration weekly (at day O and 7,
left; n =4 DMGOs) or once (at day O, right; n =2 DMGOs). b, UMAP representation
of theintegrated GD2 CART cell dataset, illustrating the distribution of non-
exposed GD2 CART cells. ¢, UMAP embedding of DMGO-exposed (pink) and
non-exposed (green) GD2 CAR T cells within the Tg cluster. For panelbandc,
GD2 CART cellsretrieved fromn =4 DMGOs and n = 2 independent batches

of unexposed GD2 CART cells.d, Applied gating strategy (top panels) and
obtained purity (bottom panels) of sorted NCAM1"and NCAM1* GD2 CAR

T cells. e, Representative images of tumor control measured by GFPimagingin
DMGOs treated with sorted NCAM1™ (top) or NCAM1' (bottom) GD2 CART cells.
f, Number of NCAM1" and NCAMI' GD2 CART cells retrieved from each DMGO
sample after two weeks of treatment. g, Proportion of cells within GD2 CAR T
cell clusters, including those identified in Fig. 4e, a cluster enriched in non-
exposed cells, and the NCAM1" specific T, cluster. Data is shown separately for
NCAMI1 GD2 CART cells (left) and NCAM1* GD2 CAR T cells (right). h, Selected
significant GO terms associated with the DEGs of the T,;s NCAM1  specific GD2
CART cell cluster. i, Upregulated marker gene signature (DEG analysis adjusted
p-value <0.05; avg_log2FC > 0) of the T,;s GD2 CART cell cluster projected onto
the pan-cancer CD8' TIL dataset*’. For panels d-i, n =2 DMGOs for NCAM1 " and
n=2DMGOs for NCAMI" cells.
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Extended Data Fig. 10 | Microglia characterization in brainstem organoids and
DMGOs and transcriptomic phenotype of microglia-affected T cells (TMA).

a, Selected significant GO terms associated with DEGs in microglia derived

from BrOs (left; n =5BrOs) or DMGOs (right; n =4 DMGOs). b, Representative
Immunofluorescent 2D images of DMGOs with microglia, 3 weeks after
integration, labeled for DAPI (white), IBA1 (green), SPP1(magenta) and CD163
(blue). n=3DMGOs, scale bar = 50 pm. ¢, Quantification of the percentage of

CD163" (left) or SPP1* cells (right) in IBA1* microgliain DMGOs. n = 3 DMGOs.

d, Gating strategy used to sort mScarlet" PMP/microgliaand CD3* GD2 CART
cells for scRNA-seq. e, Bargraph depicting the proportion of T, GD2 CART cells
matched toidentified pan-cancer CD8 TIL subsets*. f, Heatmap depicting the
average scaled expression of curated gene signatures from the CD8 TIL reference
dataset*® across the GD2 CART cell clusters. For panels d-f, n = 6 DMGOs with
microgliaand n =6 DMGOs without microglia.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed
IZ The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

< The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

[ ] Adescription of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

|X’ A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
N Gjve P values as exact values whenever suitable.

|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

|:| For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

OXX O O OX O OOS

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Zen Black (v2.3 SP1 FP3), Leica Application Suite X (v3.7.4.23463; v3.8.1.26810; v4.7.0.28176), Sony Cell Sorter Software (v2.1.6), BD
FACSDiva (v 8.0.1), CytExpert SRT (Version 1.0.3.10011)

Data analysis Imaris (v8.0 - 10.0); R (v4.3.1); R Studio (2023.090+463); Python (v3.10.4); Seurat (v4.4.0); scVI (v1.0.4) ; inferCNV (v 1.18.1); cNMF (v1.4.1);
pySCENIC (v0.12.1); 10x Cellranger (v3.1); DESeq2 (v1.40.2); VoxHunt (v1.0.1); gprofiler2 (v0.2.2) ;FlowJo Software (v10.9.0); GraphPad Prism
(v.8.0.2); Microsoft Excel (Version 2312 Build 16.0.17126.20190); QuPath (v0.4.4); SCEVAN (v 1.0.1); scclusteval (v.1.0); Imagel2 (v
2.3.0/1.53q); xPONENT (version 4.3ul); Bio-Plex Manager (version 6.2). All used R and Python scripts for analysis, excluding lineage tracing,
are available at the Rios’ Dream3D laboratory’s GitHub page, https://github.com/Dream3DLab/DMGO_analysis. Pipelines for analyzing
TrackerSeq data can be found at the Alemany’s group GitHub, https://github.com/anna-alemany/TrackerSeq_BROs.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Raw sequencing and methylation data that support the findings of this study have been deposited in the European Genome Phenome Archive (https://ega-
archive.org/) under accession code E-MTAB-15147 and E-MTAB-15559, respectively. Processed sequencing data have been deposited in Zenodo (https://
zenodo.org) under accession code 10.5281/zenodo.16992353. Sequencing metadata is provided in Supplementary Table S2, S3, S4, S6 and S9.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender Sex was not considered during study design.

Reporting on race, ethnicity, or = No categorization variables were included in this study.
other socially relevant

groupings

Population characteristics For this manuscript only patients with DMG tumours harboring H3.3K27M, TP53 and PDGFRA mutations were included.

Recruitment Samples were obtained as part of an institute wide bio-banking effort. All brain tumour patients and/or parents or guardians
were approached for participation, which entailed inclusion of remaining biopsy/ autopsy material.

Ethics oversight For the use of samples from patients with DMG, patients and/or parents or guardians provided written informed consent

according to national laws and in agreement with the declaration of Helsinki (2013). This study is Institutional Review Board
(IVB) approved and registered under national registry number 2020.142.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Organoids from well established cell lines (e.g. WA09/01) show variability from batches and not individual organoids (see ref79). Hence, a
consistent phenotype was considered significant and consistent when shown in minimum of three batches/biological replicates. Further we
considered the same significance and consistency of biological replicates for tumor induction and heterogeneity.

Data exclusions  Anindividual organoid not matching correct differentiation (control performed with markers: PAX7, MYOG, MYOD1; occasionally can occur
due to few similarities in developmental cue's relevant for mesodermal fate e.g. CHIR99021, see Lullo and Kriegstein 2017) and subsequent
tumor induction was excluded. Additionally samples with low cell number (below 100 cells) counts after filtering were excluded. Further one
sample was excluded from large versus small barcoded due to non-clonal behaviour (a single dominant barcoded clone) making Differential
Expressed Gene analysis impossible. All excluded samples and criteria are reported accordingly see Supplementary Table S4, S6 & Methods.

Replication All quantifications were done on minimum of three independent batches including at least three organoids. All attempts of replications were
successful. For accurate listing of batches and organoids used in this study, see Supplementary Table S1, detailing batch versions, cell source,

protocol applied etc.

Randomization  Organoids as well as tumor-bearing organoids were cultivated and subsequently picked randomly from multiple researchers involved in the
study for any experiments involving sequencing and imaging.

Blinding No techniques of blinding the investigators were applied in this study, as there were no case-controls relevant.
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Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods

Involved in the study n/a | Involved in the study
Antibodies |:| ChiIP-seq
Eukaryotic cell lines |:| Flow cytometry

Palaeontology and archaeology |Z |:| MRI-based neuroimaging
Animals and other organisms
Clinical data

Dual use research of concern
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Plants

Antibodies

Antibodies used As listed in Supplementary Table S10:
Primary:
SOX2 1:200 Thermo Fisher, 14-9811-82
HOXB1 1:200 R&D Systems, AF6318
TUBB3 1:2500 R&D Systems, MAP1195
TPH2 1:200 GeneTex, GTX101962
NF200 1:500 Sigma-Aldrich, N5389
GFAP 1:1000 Abcam, ab4674
AQP4 1:200 Sigma-Aldrich, MABN2527
OLIG2 1:200 Sigma-Aldrich, AB9610
GFP 1:200 Abcam, AB6673
GFP 1:200, Abcam, AB13970
p53 1:100 Invitrogen, 13-4100
PDGFRA 1:250 Cell Signaling, 8871
H3K27M 1:100 Invitrogen, MA5-27916
H3K27M (H3K28M) 1:400 Abcam, AB190631
H3K27me3 (H3K28Me3) 1:200 Cell Signaling, 9733S
GFAP RTU Leica, PA0026
NF RTU Leica, PAO371
Ibal 1:50, Fujifilm Wako, 019-19741
P2RY12 1:50 Atlas, HPA014518
CD163 1:50 Invitrogen, MA5-11458
SPP1 1:50 R&D Systems, AF1433-SP
CD3 1:100 BiolLegend, 300402
Ibal 1:100 Novus Biologicals, NB100-1028SS
cCasp3 1:100 Cell Signaling, 9661S
CD31 1:400 Abcam, AB134168

Secondary:

anti-rat AF594 1:250 Invitrogen, A21209
anti-sheep AF555 1:250 Invitrogen, A21436
anti-mouse 1gG2a AF488 1:250 Invitrogen, A21131
anti-rabbit AF647 1:250 Invitrogen, A31573
anti-mouse 1gG1 AF568 1:250 Invitrogen, A21124
anti-chicken AF647 1:250 Invitrogen, A21449
anti-mouse AF594 1:250 Invitrogen, A11032
anti-goat AF488 1:250 Invitrogen, A11055
anti-chicken AF488 1:250, Invitrogen, A11039
anti-rabbit AF594 1:250, Invitrogen, A21207
anti-mouse AF555 1:250, Invitrogen, A31570
Bond Polymer Refine Detection - Leica, DS9800
anti-rabbit Cy5 1:200, Jackson ImmunoResearch, 711-175-152
anti-mouse AF488 1:200, Invitrogen, A21202
anti-goat AF555 1:200, Invitrogen, A32816
anti-mouse AF555 1:250, Invitrogen, A32773
anti-goat AF647 1:250, Invitrogen, A21447
anti-rabbit AF488 1:200, ThermoFisher, A21206

Conjugated:
CD3-APC 1:80 BiolLegend, 344811
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Validation

NCAM1-Hilyte 488 1:200 QVQ, FSH-10B10

GD2-PE 1:200 BD Biosciences, 562100

CD3-BV421 1:100 BD Biosciences, 563798

GFP-booster ATTO647N 1:400, ChromoTek, GBA647N-100

Individual antibodies were commercially available and thus validated based on published data as well as manufacturers information
and validation procedures. Further signal-location and signal-to-noise levels were critically evaluated based on available information.
We refer to the individual manufacturers procedures to ensure integrity of the offered antibodies, e.g. https://
www.sigmaaldrich.com/NL/en/products/protein-biology/antibodies .

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s)

Authentication

H9 (WAQ9, Wicell; sex: Female), H1 (WAO1, Wicell; sex: Male) and iPSC C7-a (RUID 06C52463, RUCDR Infinite Biologics; sex:
Female)

H9 (WAQ9, Wicell) and H1 (WAO1, Wicell) were authenticated by WiCell via STR profiling. iPSC C7-a (RUID 06C52463, RUCDR
Infinite Biologics) provided by Marius Wernig lab was not authenticated separately.

Mycoplasma contamination All cells were tested for mycoplasma and tested negative.

Commonly misidentified lines  No commonly misidentified cell lines were used.

(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research

Laboratory animals

Wild animals
Reporting on sex
Field-collected samples

Ethics oversight

NOD.Cg-Prkdcscid 12rgtm1Wijl/Sz) (NSG) mice (The Jackson Laboratory, #005557) were housed at 45-65% humidity, 20.5-23.5 Cand
12-hour light/12-hour dark cycle, in Specific Opportunist Pathogen Free (SOPF) conditions using Individually Ventilated Cages (IVC)
and received sterile food and water ad libitum.

No wild animals were used in this study.
Both male and female mice were used for this study. Sex was not considered during study design.
No field-collected samples were used in this study.

All murine experiments were conducted in compliance with the Animal Welfare Body of the Princess Maxima Center for Pediatric
Oncology based on local and international regulations under CCD license AVD39900 202216507.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Plants

Seed stocks

Novel plant genotypes

Authentication

Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor
was applied.

Describe-any-atithentication-procedures for-each-seed-stock-tised-ornovel-genotype-generated—Describe-any-experiments-used-to
assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.
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Flow Cytometry

Plots
Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|X| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

|:| All plots are contour plots with outliers or pseudocolor plots.

|:| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Instrument

Software

Cell population abundance

Gating strategy

DMG organoids were dissociated into single cells using the Neural Tissue Dissociation Kit (P) (Miltenyi Biotec, Cat.
#130-092-628). After cutting the organoids into smaller pieces and adding the enzyme mixes according to the manifacturers
instructions, the samples were incubated on an orbital shaker at 37°C and resuspended in regular intervals with a P1000 until
a single cell suspension was reached, which was verified under the microscope using trypan blue to check for cell death. After
dissociation, the single cell suspension was washed twice with PBS +/+ (magnesium/calcium+ 3% FBS). Each organoid was
then stained with a different TotalSeg-A anti-human hashtag (Biolegend Cat #394601, #A0251-A0265), allowing us to tag
each cell with a sample-specific artificial oligonucleotide that can be recovered by sequencing. The hashing oligos were
designed to recognize most human cells using a combination of two clones against CD298 and B2 microglobulin. The cell
pellet was resuspended in staining buffer (50 ul for 500,000 cells). Unspecific binding was reduced by adding 5ul of human Fc
blocking reagent to the sample (FcX Human truStain, Biolegend #422301). After 10 min incubation at 4 °C, 1 ul of a unique
cell hashing antibody was added to each sample and incubated for 20 min at 4 °C and then washed 3x using PBS +0.04% of
BSA. Next, DAPI was used as a viability dye (Dapi 1:5000). Stained single cells suspensions were filtered using a 40 um Flowmi
cell strainer and sorted by FACS on DAPI exclusion and enriched for GFP expression for tumour cells. Organoids treated with T
cells were instead of DAPI stained with LIVE/DEAD Fixable Near-IR Dead Cell Stain (1:1000; ThermoFisher, L34976) and CD3-
APC (1:80; BioLegend, 344811) for 30 minutes at 4 °C. Stained single cells suspensions were filtered using a 40 um Flowmi
cell strainer and sorted by FACS on LIVE/DEAD dye exclusion and enriched for GFP expression for tumour cells or CD3 for T
cells. FACS experiments were performed using the CytoFLEX SRT Benchtop Cell Sorter (Beckman Coulter).

To confirm GD2 expression of the organoids, cells were retrieved from the culture plate using StemPro Accutase (Gibco, Cat.
#A1110501) and passed through a 70 um Flowmi cell strainer (Merck, Cat.#8AH136800070) to create a single cell
suspension. Dissociated cells were centrifuged at 500 RCF for 5 minutes at 4 °C and resuspended and washed in FC buffer
(2% fetal bovine serum (FBS), 1x PBS). Cells were either left unstained, or stained with LIVE/DEAD Fixable Near-IR Dead Cell
Stain (1:1000; Thermo Fisher, L34976) and GD2-PE (1:200; BD Biosciences, Cat.#562100) for 30 min at 4 °C. After staining,
cells were washed twice in FC buffer, acquired on a Sony SH800s (Sony Biotechnology).

For selection of GD2 CAR-T cells on NCAM1 expression, cells were washed and stained for 30 min at 4 °C in FC buffer with
LIVE/DEAD Fixable Near-IR Dead Cell Stain (1:1000; Thermo Fisher, L34976), CD3-APC (1:80; BioLegend, 344811) and
NCAM-1-Hilyte 488 (1:200; QVQ, FSH-10B10). CD3+ NCAM1- or CD3+ NCAM1+ GD2 CAR T cell populations were separated
by FACS on a BD FACSAria Il Cell Sorter (BD Biosciences).

For scRNAseq of microglia and GD2 CAR-T cells, cells were washed and stained in FC buffer with CD3-BV421 (1:100; BD
Biosciences, 563798) and LIVE/DEAD Fixable Near-IR Dead Cell Stain (1:1000; Thermo Fisher, L34976) for 30 min at 4 °C. CD3
+T cells and mScarlet+ microglia/ PMP were sorted into 386-well plates containing well-specific barcoded primers (Single Cell
Discoveries), one cell per well, on a Sony SH800s (Sony Biotechnology).

CytoFLEX SRT V5-B2-Y5-R3 Benchtop Cell Sorter (15 Colors, 4 Lasers), Product number is C71883 Serial number: BE24057
(Beckman Coulter, Brea, CA, USA)

Sony SH800s (Sony Biotechnology)

BD FACSAria Il Cell Sorter (BD Biosciences)

CytExpert SRT (Version 1.0.3.10011), Sony Cell Sorter Software (v2.1.6) and BD FACSDiva (v 8.0.1) was used for collection and
FlowJo Software (v10.9.0) for analyzing the data.

The sorting of tumor cells was a purity sort based on the highest expressing GFP+ cells. GFP+ cells were ranging form 1-38%
dependent on the samples. PE positive cell ranged from 0-26% and CD3-APC positive cells ranged form 0-61% depending on
the samples. Purity post sorting was not assessed to avoid loosing cells, however purity can be estimated based on plasmid
integration from the sequencing results see tumor and healthy classification in the Methods section.

GD2-PE positive tumor cells of the organoid were 90%.

mScarlet+ microglia abundance in BrO and DMGO organoids ranged from 1-7%, CD3-BV421+ cells ranged from 8-39%

To remove debris cells were gated on FCS-A/SSC-A . Single cells were gated based on FSC area and height. Next live cells were
selected based on exclusion of DAPI or LIVE/DEAD Fixable Near-IR Dead Cell Stain positive cells. Finally mScarlet+ microglia,
CD3-BV421+ T cells or GFP+ tumor cells were sorted. For some experiments, GFP- cells were further sorted based on CD3-
APC and PE.

|z| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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