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therapeutic response and human oncogenic signaling in a 3D
disease model for H3K27M-altered DIPG

© The Author(s) 2025

It has become evident from decades of clinical trials that multimodal therapeutic approaches with focus on cell intrinsic and
microenvironmental cues are needed to improve understanding and treat the rare, inoperable, and ultimately fatal diffuse intrinsic
pontine glioma (DIPG), now categorized as a diffuse midline glioma. In this study we report the development and characterization
of an in vitro system utilizing 3D Tumor Tissue Analogs (TTA), designed to replicate the intricate DIPG microenvironment. The innate
ability of fluorescently labeled human brain endothelial cells, microglia, and patient-derived DIPG cell lines to self-assemble has
been exploited to generate multicellular 3D TTAs that mimic tissue-like microstructures, enabling an in- depth exploration of the
spatio-temporal dynamics between neoplastic and stromal cells. The 3D-TTA model recapitulates clinical patterns of DIPG growth,
evidenced by resistance to chemotherapy, HDAC and proteasome inhibitors, as well as sensitization to the antibody-activated
innate immune microenvironment including complement proteins and surrounding microglia. Multimodal fluorescence imaging
platforms integrated with high-throughput omics revealed that alterations in tumor cell motility and growth in the 3D-TTA model
compared to tumor cell only spheroids correlated with specific transcriptomic and proteomic changes. STAT3, ITGA5, LGALST,
SOD2, MVP, and CLIC1, associated with microenvironment signaling, DNA replication, and immune regulation, were identified as
potential novel targets in the 3D model. The results indicate that the 3D TTA platform developed here represents a powerful tool for
preclinical studies, paving the way for identification/validation of tissue specific biomarkers and novel drug targets, thus advancing
disease management strategies for DIPG in children.
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INTRODUCTION

Reclassified in 2016 (WHO) as a grade IV malignant midline glioma
(DMG), diffuse intrinsic pontine glioma (DIPG), is a highly
aggressive tumor of the brain stem that is difficult to treat and
is a leading cause of brain cancer deaths among children [1]. With
150-300 new diagnoses per year in the United States, DIPG has a
devastating impact on children and families, with a median
survival ranging from 8 to 12 months and a projected 5-year
survival of ~2% [2]. The diffuse invasive phenotype of DIPG,
together with the proximity to vital brainstem structures, renders
resection impossible [3, 4]. Treatment modalities such as
fractionated radiation therapy (RT), the established standard-of-
care, offer limited benefits [5], prolonging survival by ~3 months
on average [6]. Thus, outcomes have not changed substantially
over the past decades [7-9], in part because of therapeutic
resistance and the risks associated with invasive procedures for
acquisition of biopsy tissues to study the molecular characteristics
of the disease [10]. Benefitting from the contemporary improved
understanding of the tumor ecosystem, implementation of
immunotherapy, as a promising treatment option, is ongoing
[11,12].

Epigenetic modulation resulting from single amino acid
substitution of lysine (K) 27 to methionine (M) in histone H3
(H3K27M) within the brainstem is a currently well-understood
driver of tumorigenesis in most DIPG/DMG cases [13, 14]. The
neurogenic niche comprised of signaling factors, extracellular
matrix (ECM) and specialized cell types such as microvascular
endothelial cells and microglia contribute to a distinctive
microenvironment that may support self-renewal or “stemness”
in H3K27M variants as well as resistance to therapy [15].
Characterization of the dynamic reciprocity in the tumor
microenvironment (TME) that promotes therapeutic resistance is
ongoing and of high clinical relevance. Nevertheless, the
prognosis remains dismal, even after >250 clinical trials
performed over the past three decades [16, 17]. This suggests
that using in vitro models that better account for microenviron-
mental cues affecting tumor-intrinsic and immunogenic targets
may provide better insights [7, 18, 19]. Therefore, identifying the
critical tumor-cell interactions in the DIPG microenvironment is an
essential step towards improved understanding of the disease
process that impacts pharmacologic development and clinical
outcome [20].

Preclinical results at times fail to translate into benefits for
humans in clinical trials, a relatively common occurrence in DIPG.
Immune compromised human xenograft or orthotopic models for
DIPG use rodents that are often 6-8 weeks of age (corresponding
to 20-30 human years), which is potentially problematic for
translation to an illness that typically arises in children aged
5-9yrs [16]. Genetically engineered immune competent mouse
models (GEMM) for DIPG generate brainstem tumors de novo
sharing molecular signatures of pathology found in the human
disease [21-23]. They are valuable in determining the specific
genetic alterations driving tumor formation and growth. The
antitumor activity of therapeutic agents as observed in these
animal models remains to be demonstrated in children with DIPG.
Preclinical in vitro studies in DIPG that preceded validation in
animal models have included neurospheres or adherent mono-
layers from patient-derived cell cultures [24-27]. The culture
conditions in these models can lead to significant differences in
gene expression and signaling pathways that influence the
response of DIPG cells to potential therapies [28]. A comprehen-
sive approach including multiple experimental models leveraging
the strengths of each in representing the malignancy while
allowing for controlled experimental manipulation in a reprodu-
cible and cost-effective manner are needed for optimal drug
testing and translation of findings to patients. Our effort here is to
introduce a simple and practical 3D co-culture model that
complements the existing preclinical model systems to assist in
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the identification of stroma-induced molecular targets and a more
reliable projection of the therapeutic response in children.

The present work is grounded on the hypothesis that the
invasive nature and hard-to-treat phenotype of DIPG may be
associated with dynamic crosstalk between tumor cells and the
microenvironment [29, 30]. These midline brainstem tumors
harbor an immunologically cold TME with myeloid cells including
microglia and tumor- associated macrophages as the most
abundant immune cell population amidst proliferating vascular
endothelial cells and pericytes [29-31]. From a critical introspec-
tion analysis of the available literature for representative in -vitro
DIPG/DMG models, envisaged as rapid, reproducible and cost-
effective screening platforms with potential for therapeutic
validation and discovery, a reductionist methodology offered the
most logical bottom-up approach. More importantly, the 3D
platform has been conceived to recreate the evolving TME by
sequential introduction of other DIPG tissue specific components.

We present here a model for the H3K27M-altered DIPG TME that
includes tumor tissue analogs (TTA) formed through 3D co-culture,
with monitored size, cell number, and cellular composition. These
TTAs are capable of self-assembling into tissue-like microstruc-
tures. The miniaturized 3D disease model for DIPG allows
controlled manipulation of the microenvironment and therapeutic
intervention in real-time as monitored by standardized imaging.
Exploiting the 3D TTA to elucidate the mechanistic basis of
microenvironment-induced changes in tumor cells by integrating
proteomic and transcriptomic analysis provides insights into
chemotherapy resistance and the molecular basis of stroma-
induced synthetic lethality of immunotherapeutic approaches in
DIPG. Such progress made toward an improved therapeutic
strategy for DIPG can lead to neuro-oncologic advances of high
importance and may provide therapeutic targets for validation in
clinical trials.

MATERIALS AND METHODS

Cell lines

All cell lines were maintained at 37°C and 5% CO2 as 2D or 3D cultures.
Patient-derived non-adherent DIPG cell lines, SU-DIPG-6 (H3.3-K27M,
female), SU-DIPG-13 (H3.3-K27M, female), SU-DIPG-17 (H3.3-K27M, male),
SU-DIPG-4 (H3.1-K27M, female), were gifted by Dr. Michelle Monje’s
laboratory at Stanford University [32]. Cells were cultured in Tumor Stem
Media (TSM) consisting of a 1:1 mixture of DMEM/F12 (Invitrogen, Carlsbad,
CA, USA) and Neurobasal (-A) medium (Invitrogen) with 0.1 mg/ml
Primocin (InvivoGen, #ant-pm-1, San Diego, CA, USA), and supplemented
with B27(-A) (Invitrogen), human-BFGF (20 ng/mL), human-EGF (20 ng/mL),
human PDGF-AA (20 ng/mL), human PDGF-BB (20ng/mL) all from
Shenandoah Biotechnology, Warminster, PA, USA and heparin (10 ng/mL)
(StemCell Technologies, Vancouver, Canada). Patient-derived SF8628 cell
line (H3.3-K27M, female) was purchased from EMD Millipore (SCC127) and
maintained in DMEM-High Glucose (Sigma, D6546, St. Louis, MO, USA),
10% Fetal Bovine Serum (FBS, ATCC® 302020™, Manassas, VA, USA), 2 mM
L-Glutamine (EMD Millipore Cat. No. TMS-002-C, Darmstadt, Germany) and
0.1 mg/ml Primocin.

Other pediatric brain tumor cell lines (Neuroblastoma, Medulloblastoma
and Glioblastoma) were used to assess relative expression of the tumor
specific antigen, GD2 in DIPG cells and were provided by the Asgharzadeh
laboratory (CHLA). Patient-derived MYCN non-amplified human neuro-
blastoma cell lines CHLA-15 (female) and L-AN-6 (male) were established in
the Seeger laboratory (CHLA) [33]. CHLA-15 cells were grown in IMDM
(Gibco Cat. No. 12440053, Grand Island, New York, USA) with 20% FBS,
4mM L-glutamine, and 1X ITS (5 pg/mL insulin, 5 pg/mL transferrin, 5 ng/
mL selenous acid, Cat. No. 41-400-045, Gibco). L-AN-6 cells were grown in
RPMI-1640 plus 10% FBS, and 2mM L-glutamine. MYCN-driven 9464D
neuroblastoma cell line derived from transgenic mice [34] was cultured in
DMEM supplemented with 10% FBS, 1 mM sodium pyruvate, 2 pM L-
glutamine, 1X MEM nonessential amino acids, and 0.1 mg/ml Primocin.
D54 (adult glioblastoma; female) and UW-228-2 (SHH-activated pediatric
medulloblastoma; female) cell lines were maintained in DMEM with 10%
FBS and 0.1 mg/ml Primocin. SV40-immortalized human microglial cells
HMC-3 (ATCC®CRL-3304) were cultured in EMEM (ATCC® 30-2003™)
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supplemented with 10% FBS and 0.1 mg/ml Primocin. SV40-immortalized
human cerebral microvascular endothelial cells, HBEC-5i (ATCC®CRL-3245),
were grown in DMEM:F12 (ATCC® 30-2006™) with 10% FBS and 40 pug/mL
endothelial cell growth supplement (ECGS, EMD Millipore #02-102). All cell
lines were authenticated by short tandem repeat DNA profiling (University
of Arizona Genetic Core, Tucson, AZ) performed every two years, and
tested for mycoplasma contamination three days before an experiment
(Mycoalert Detection kit, Lonza, LT07-705, Rockville, MD, USA).

Transient labeling of endothelial cells for detecting dynamic
tumor-stromal cell interactions

SPY650-DNA (Spirochrome AG, SC-501, Stein am Rhein, Switzerland) is a
far-red (Aaps/em 652/654 Nm), nontoxic, cell-permeable, and highly specific
live cell DNA probe for fluorescence imaging of nucleus and DNA. A 1000x
SPY650-DNA stock solution was reconstituted in 50 uL of anhydrous DMSO.
Staining at this concentration allowed persistence of the dye in long term
cultures, despite necessary media change and ongoing cell division. HBEC-
5i microvascular endothelial cells at a 60-70% confluency were incubated
overnight with staining solution of SPY650-DNA in a 1:3000 dilution of
fresh cell culture medium as described. The single-cell suspension of
labeled endothelial cells was then used for multicellular 3D co-cultures.

Generation of lentivirus-transduced stable fluorescent

cell lines

Lentivirus-based labeling reagents enabling co-expression of a nuclear-
restricted green (tagGFP2) or orange (TagRFP) fluorescent protein, as well
as puromycin driven by an EF-1a promoter were purchased from Sartorius
(Cat. No. 4624 & 4771, Gottingen, Germany). Polyclonal DIPG cell lines
expressing tagGFP2 (GFP), and HMC3 microglial cell line expressing tagRFP
(RFP) were generated in-house as per the manufacturer’s instructions.
Briefly, cells were seeded at 30% confluency and were transduced 18-24 h
later with lentivirus particles at an MOI (multiplicity of infection) of 3 using
standard fresh medium supplemented with Polybrene® (Millipore Sigma,
TR-1003-G, Burlington, MA, USA) at concentration of 8 ug/mL. The cultures
were replaced with fresh medium and microscopically evaluated for
expression of fluorescent proteins 48-72 h later. Fluorescent cells were
enriched by puromycin (Gibco, A11138-03) selection (0.5 pg/mL) after
48-72h, later followed by flow sorting. Each fluorescent cell line was
checked for mycoplasma contamination and identity by STR analysis.

Establishment of 3D tumor tissue analogs for DIPG

We describe a technique for self-assembly of monodispersed cells to
generate tumor tissue analogs (TTA) of multiple cell types that can be
precisely size-controlled and can influence the DIPG microenvironment.
Multicellular 3D aggregates were cultured from a combination of (i) SU-
DIPG-6 and SU-DIPG-13 cell lines, stably transduced to express nuclear
restricted green (tagGFP2) fluorescent protein, (ii) human brain microglial
cells (HMC-3), transduced to express red (tagRFP) fluorescent protein, and
(iii) untransduced human cerebral microvascular endothelial cells (HBEC-
5i), visualized as needed via staining with a fluorescent dye (SPY650) as
described below. The 3D multicellular tissue-like aggregates are formed
and maintained in the same serum-free medium supplemented with brain
specific growth factors [35]. Clear flat or round bottom, low attachment 96-
well plates (Corning, NY) were used in experimental studies with 15,000 to
45,000 cells/well for 96-well flat- and U-bottom plates or 60,000 cells/well
for 8-well micro chamber slides (ibidi, Grafelfing, Germany). Cell counts and
viability were determined using Countess 3 automated Cell Counter
(Invitrogen) before plating. The 3D TTA were imaged using a STELLARIS 5
confocal microscope (Leica Microsystems, Deerfield, IL, USA). Confocal
z-stacks were acquired, maximum intensity projections were generated,
and spatial measurements were performed using Leica LAS X software.
Violin plots were generated with GraphPad Prism.

Phase-contrast time-lapse microscopy

Time-lapse fluorescence and phase-contrast microscopy were performed
using a Zeiss Axio Observer 7 live cell imaging microscope (Carl Zeiss
Microimaging, Thornwood, NY, USA) with 5x or 10x objectives and a
custom-stage incubator to house 3D culture samples in an 8-well micro
chamber slide (ibidi, 80826 Fitchburg, WI, USA). Quantitative data were
obtained from an average of 108 images per experimental condition at
each timepoint (Nine fields of view were examined per condition,
performed separately in four dishes, and with each experiment repeated
a total of three times). Images were acquired every 30 min over a course of
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48h and each image sequence contained approximately 108 frames of
0.65 pm/pixel.

Tracking tumor cell migration

Images acquired with time lapse microscopy were analyzed using the
Imaris 9.9.1 (Bitplane AG, Zurich, Switzerland) software with spot detection
function to track migration of nuclear restricted GFP-expressing SU-DIPG
cells alone and in co-culture with stromal cells. Spot size was set to 10 um
as an upper threshold for background signal filtration. Autoregressive
motion was used for tracking and “maxDistance” was designated as 30 um
with a “Maximum Gap Size” of 3 frames between each track. The
integrated “Edit Tracks” function in the Imaris software was used to correct
for potentially fragmented and/or falsely connected tracks. The integrated
“statistics” function was additionally used to extract data for track length,
average speed, average displacement, and straightness of tumor cell
trajectories. Cell tracks were graphically represented using MATLAB
(Portola Valley, CA, USA).

Immunohistochemistry (IHC)

IHC was performed on Formalin-fixed Paraffin-embedded 3D Tumor cell
only cultures (T) and Tumor Tissue Analogs (TEM) using the automated
Leica BOND RX platform. Briefly, the slides were heated at 60°C for 10 min
and deparaffinized using Dewax (Leica Biosystems, Buffalo Grove, IL, USA)
at 72°C for 30's; Sequentially rinsed with three changes of 100% reagent
alcohol followed by rinse in Bond Wash (3 min), and DI water (4 min).
Antigen retrieval was done with ER1 buffer at 100°C for 20 min. Samples
were then incubated in hydrogen peroxide for 10 min, and rinsed three
times with Bond Wash (2 min each) again and incubated for 1 h with either
of the following primary antibodies from Abcam : (a) Olig2 (1:125,
ab109186), CD133 (1:1000, ab216323), GFAP (1:2000, ab7260), Ki-67 (1:800,
ab15580), CD31 (1:100, ab9498), or IBA-1 (1:100, PA527436, Fisher
Scientific); rinsed three times in Bond Wash, for 2 min each. The BOND
Refine (DS9800; Leica BioSystems) detection system was used for
visualization. Slides were then dehydrated, cleared, and coverslipped.
Images were viewed using Aperio ImageScope software (Version
v12.4.6.5003, Leica Biosystems, Milton Keynes, UK).

Histone extraction and Histone H3 Methylated trimethyl
Lys27 ELISA

Histones were extracted by standard extraction techniques using the
Active Motif Histone Extraction Minikit (40026). Histone ELISAs were
conducted using the trimethyl K27 Elisa Kit (Active Motif, 53106)
normalized to a H3K27me3 standard curve and total H3 protein. 4ug of
total histone protein was used per antibody binding reaction in the ELISA.
The experiment was repeated 3 times with three replicates per sample. The
absorbance was read at 450 nm and 655 nm that served as the reference
wavelength for background subtraction. The absorbance values of the
unknown samples were then used to interpolate their protein concentra-
tions from the standard curve generated on graphpad prism.

Mass spectrometry-based proteomics of 3D cell cultures

DIPG cells only in 3D cultures and DIPG cells in co-culture with endothelial
cells and microglia were collected at day 5, 10 and 15 for proteomic
analysis. The cultures were maintained for 5 days in the same medium,
after which the medium in each sample was replaced every 2 days. Total
protein from each sample (supernatant and 3D cell cultures) was reduced,
alkylated, and purified by chloroform/methanol extraction prior to
digestion with sequencing grade modified porcine trypsin (Promega,
Madison, WI, USA). Tryptic peptides were then separated by reverse phase
XSelect CSH C18 2.5 um resin (Waters, Milford, MA, USA) on an in-line 150 x
0.075mm column using an UltiMate 3000 RSLCnano system (Thermo
Fisher Scientific, Waltham, MA USA). Peptides were eluted using a 90 min
gradient from 98:2 to 65:35 buffer A:B ratio (Buffer A= 0.1% formic acid,
0.5% acetonitrile; Buffer B=0.1% formic acid, 99.9% acetonitrile). Eluted
peptides were ionized by electrospray (2.4 kV) followed by mass spectro-
metric analysis on an Orbitrap Eclipse Tribrid mass spectrometer (Thermo
Fisher Scientific). Mass spectrometry (MS) data were acquired using a
Fourier transform mass spectrometry analyzer in profile mode of full width
at half maximum (FWHM) resolution of 120,000 over a range of 375 to
1400 m/z with advanced peak determination. Following HCD (high energy
collisional dissociation) activation, tandem mass spectrometry (MS/MS)
data were acquired using the ion trap analyzer in centroid mode and
normal mass range with a normalized collision energy of 30%.
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Proteins were identified by query of the Uniprot Homo Sapiens
Database (June 2021) using MaxQuant (version 2.0.3.0, Max Planck
Institute, Martinsried, Germany) with a parent ion tolerance of 3 ppm
and a fragment ion tolerance of 0.5 Da. Scaffold Q + S (Proteome Software,
Portland, OR, USA) was used to verify MS/MS based peptide and protein
identifications. Protein identifications were accepted if they could be
recognized with less than 1.0% false discovery and contained at least 2
identified peptides. Protein probabilities were assigned by the edge
features. Protein MS1 iBAQ intensity values were assessed for quality using
ProteiNorm [36]. The data were normalized using variance stabilizing
normalization (VSN) and statistical analysis was performed using Linear
Models for Microarray Data (limma) with empirical Bayes (eBayes)
smoothing of the standard errors [37]. Proteins with an FDR adjusted p-
value < 0.05 and a fold change > 2 were considered significant.

Flow cytometry to detect surface expression of GD2 on tumor
cell lines

Cells were detached using trypsin (0.05%) with EDTA, washed in complete
media and pelleted by centrifugation. They were counted and 5 x105 cells
were washed once in cold FACS buffer (1X PBS supplemented with 2%
heat-inactivated FBS and 2 mM EDTA and the endocytosis inhibitor NaN3)
followed by incubation with anti-GD2-APC antibody (Clone 14G2a, Isotype
mouse IgG2a, BD Biosciences, Franklin Lakes, NJ, USA) or isotype-matched
control mAb of irrelevant specificity (murine 1gG2a-APC; BD Biosciences)
for 30 min in a 4 °C ice water bath in the dark. Cells were washed twice in
FACS buffer and transferred to filter top tubes with addition of DAPI live/
dead stain (final concentration 1ug/ ml; Sigma-Aldrich). Data were
acquired using a BD FACS Aria | flow cytometer, acquiring 10,000 events
from the live (DAPI negative) singlet gate for each cell line. Exported Flow
Cytometry  Standard (fcs) files were then analyzed using
FlowJo_v10 software (Ashland, OR, USA) and geometric mean fluorescence
intensity determined for every sample. The stain index, which is the mean
fluorescence intensity (MFI) of the positive and negative populations
divided by two times the standard deviation (SD) of the negative
population was calculated for each cell line and graphically represented.
Stain Index (A) = MFI (positive) — MFI (negative) / 2 X SD (negative)

Whole blood collection and plasma preparation

Human whole blood was collected from four IRB-consented healthy
donors (CHLA-21-00319) by venipuncture in EDTA-sprayed lavender top
BD Vacutainer® collection tubes. Samples were obtained after informed
consent, and in accordance with an institutional review board approved
protocol. Cells were separated from plasma by centrifugation for 15 min at
1500 x g using a refrigerated centrifuge. The resulting supernatant,
designated as plasma, was aliquoted and stored at —80 °C.

Imaging and analysis in real time by IncuCyte
Live cell imaging was performed using IncuCyte S3 (Sartorious). SU-DIPG-6
and/or SU-DIPG-13 cells were seeded alone and in co-culture with stromal
cells and scanned on 96-well flat bottom

(CytoOne, CC7682-7596, USA Scientific, Ocala, FL, USA) or U-bottom
(Corning, 7007, Corning, NY, USA) plates in the cell culture incubator over
time. Each well was scanned using a 10X objective lens in 4 randomly
selected positions or with a 4X objective at a single position, repeated at
indicated intervals in the experiment. Imaging included high-definition
phase contrast and epifluorescence microscopy with 483/506 and 555/
584 nm filter sets to detect green (tagGFP2, DIPG) and orange (tagRFP,
microglia) fluorescence, respectively. Image processing and cell counting
were performed using IncuCyte software (Sartorius). There were 3 to 6
replicates for each sample set per experiment (r=3-6) and each
experiment was repeated 3 times (n = 3).

Immunotherapeutic targeting of GD2 expressing DIPG cells in
3D co-cultures

Suspension of nuclear restricted GFP-expressing SU-DIPG-6 cells at a cell
density of 15,000/well and 45,000/well and suspension of SU-DIPG-6 cells
in equal proportion with stromal endothelial cells and nuclear restricted
tagRFP-expressing microglial cells at a cell density of 45,000 cells/ well
were plated in a 96-well flat bottom plate (CytoOne, US Scientific)
overnight. Cell counts and viability were determined using Countess 3
automated Cell Counter (Invitrogen) before plating. Targeting of GD2-
expressing DIPG cells alone and in co-culture was assessed with Incucyte
S3 live-image fluorescent microscopy system (Sartorius) housed in a cell
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culture incubator. Cytotoxicity assays were performed utilizing dinutux-
imab (Unituxin™, United Therapeutics Oncology, Silver Spring, MD, USA)
and Plasma collected from human donors. Dinutuximab stocks and human
plasma from different donors were diluted in TSM medium with growth
factors before addition to wells. Final concentrations in a final well volume
of 200 pl were in the following range: dinutuximab (0.5 pg/ml); Human
Plasma (10%). Cultures with and without dinutuximab and Heat inactivated
human plasma served as control. Cell survival for all groups was
normalized to cell survival in cultures that were untreated.

Samples preparation and RNA sequencing

GFP-expressing SU-DIPG-6 and SU-DIPG-13 cells were flow sorted from 3D
cultures of tumor cells only and TTA comprised of tumor cells with
microglia and endothelial cells on day 5. The SMART-Seq V4 Ultra Low RNA
Input Kit for Sequencing (Takara Bio, Kusatsu, Shiga, Japan) was used for
reverse transcription and generation of double stranded cDNA for
subsequent library preparation using the Nextera XT Library Preparation
kit (Ilumina, San Diego, CA, USA). An input of 10 ng RNA was used for
oligo(dT)-primed reverse transcription, followed by cDNA amplification and
cleanup. Quantification of c¢DNA was performed using Qubit™ 4
fluorometer (Thermo Fisher Scientific). cDNA normalized to 80 pg/ul was
fragmented and sequencing primers added simultaneously. A limiting-
cycle PCR added Index 1 (i7) adapters, Index 2 (i5) adapters, and sequences
required for cluster formation on the sequencing flow cell. Indexed
libraries were pooled. Enriched libraries were verified using 2100
Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA) and quantified
via Qubit™ 4 fluorometer (Thermo Fisher Scientific). Libraries were
sequenced on a NovaSeq 6000 (lllumina) using 1x75 bp read length and
coverage of over 30 M reads/sample. Raw sequence data was deposited to
NCBI GEO (GSE222891).

Data analysis

Sequences were aligned to Ensembl genes version 107 corresponding to
the Genome Research Consortium Homo sapiens build number 38
(GRCh38.p13) using the STAR aligner with ‘GeneCounts’ output [38]. Reads
per kilobase of the transcript, per million mapped reads (RPKM) values
were determined with the R/Bioconductor software package ‘edgeR’
[39, 40] and differential gene expression was determined using the
software, ‘limma-voom’ [41]. Principle component plots and dendrograms
of hierarchical clustering were generated from RPKM using the R software
‘ggdendro’ [42]. Volcano plots and heatmaps were generated using RPKM
values and the R software ‘gplots’ [43] of differentially expressed genes.
Gene set enrichment analysis was performed on differentially expressed
genes with fold change >1.5 or <-1.5 using the Gene Ontology
resource:'GOstats’ [44], and target gene/protein networks were con-
structed using open source String database [45] and Cytoscape [46]
softwares. Connectivity map (CMap) analysis was performed for high
scoring genes (https://clue.io) to search for potential small molecule
compounds. Genes found to be highly significant in the unsupervised
analysis were input into The Broad Institute CMap (clue.io) for gene set
testing against the latest version of the L1000 dataset (CMAP LINCS 2020)
containing over 3 million gene expression profiles. The output is a list of
“perturbagens” (chemicals, and biologics) that closely match the input (+
raw_cs) and the inverse of the input (- raw_cs).

Parametric t-test at significance level (a=0.05) was used to assess
significant differential change on log-transformed values of the tracking
parameters including mean speed, track length, displacement, and
straightness between tumor-cell only culture (T) and co-culture (TEM)
conditions with the R Statistical Package (Version 4.3.2). Box-whisker plots
of the log-transformed values representing the median, 25% percentile,
and 75% percentile were presented for visualization of the differential
change.

RESULTS

3D TTA: An in vitro robust and reproducible 3D platform
integrating DIPG microenvironment

Inspired by the reductionist approach, we devised an in vitro
disease model for DIPG via self-assembly of select non-malignant
stromal with malignant cell types of human origin including
microvascular brain endothelial cells, microglia, and tumor cell
lines to form 3D tumor tissue analogs. The nomenclature followed
across all sections in the manuscript for the tumor-cell-only culture
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is T and the co-culture leading to the formation of 3D TTA
comprised of tumor cells, endothelial cells and microglia is TEM.
Lentivirus-mediated stable overexpression of nuclear restricted
GFP (green fluorescence protein, tagGFP2) in H3K27M mutant-
DIPG cells and of RFP (orange/red fluorescence protein, tagRFP) in
microglia. The lentiviral transduction was found to impair the
ability of endothelial cells to proliferate. Therefore, a live cell
permeable fluorescent nuclear DNA dye, spirochrome 650 (SPY-
650) was used to stain endothelial cells (blue) to distinguish them
from other stably transduced cell types in the 3D TTA (Fig. 1A). The
expression of IBA1 and GFAP in the microglia and CD31 in the
endothelial cells in the formalin-fixed Paraffin-embedded (FFPE)
sections of 3D TTA (TEM-13 and TEM-6) assessed via immunohis-
tochemical analysis confirmed their presence in the co-cultures
(Fig. 1B and Supplementary Fig. 1A). The actively proliferating
tumor cells in the 3D TTA organized towards the periphery at day
5 of co-culture. These cells were strongly positive for Ki67 staining.
The tumor cells in TEM-13 stained positive for expression of Olig2
(oligodendrocyte transcription factor), GFAP (glial fibrillary acid
protein), and CD133, markers used to assess the differentiation
and malignancy of the DMG/DIPG phenotype (Fig. 1C). These
tumor specific proteins were also expressed in the FFPE sections
of tumor cell only cultures (T-13) [Supplementary Fig. 1B].
Significant loss of trimethylation in Histone 3 Lysine 27 residue
(p < 0.05) of the SU-DIPG-13 cells (T-13) alone and those enriched
by flow sorting (T-13 TEM sorted) from 3D TTA in comparison to
TEM-13 co-culture and endothelial cells (grey asterisk) or microglia
(red asterisk) was revealed upon performing an enzyme linked
immunosorbent assay (ELISA) with 4 pg of total core histones per
sample (Fig. 1D). The histone 3 trimethylation in DIPG cells from
tumor cell only cultures versus tumor cells sorted by flow
cytometry was also found to be higher. The finding reveals that
co-culturing DIPG cells with stromal cell types in a 3D environment
preserves the TME characteristics of the DIPG tissue, which is a
significant step towards developing more realistic in vitro models
capable of complementing the preclinical in vivo investigation to
advance DIPG research.

Spatial and temporal dynamics between tumor and stromal
cells impact the formation of 3D TTA

Time-lapse microscopy tracking every 30 min for 28 h was used to
capture GFP-expressing DIPG cell movement, which was analyzed
with the Imaris software. Transient or stable expression of
fluorescent proteins in the multicellular co-cultures showed that
DIPG, microglia, and endothelial cells stained with SPY-650
engage in direct contact, extend cellular processes, and migrate
in spatial patterns during the formation of 3D TTA (Fig. 2 & videos
in Supplementary Fig. 2). This behavior was found to be
qualitatively dissimilar from the growth and aggregation of DIPG
cells cultured alone, which migrated to a limited degree and did
not extend cellular processes. Tracking parameters were mon-
itored for each DIPG cell in the tumor-cell-only (T) culture and TEM
co-culture conditions included speed, length, displacement, and
straightness (total displacement =+ track length). Figure 3A
provides representative images of track speed mean, which is
one of the the multiple spatiotemporal measures described in
Supplementary Fig. 3. The live tumor cell tracking videos from
which the images and data were collected can be found in
Supplementary Fig. 4. These data indicate that the presence of
microglia and endothelial cells affect the movement of DIPG cells
and formation of 3D microstructures. Quantitative analysis using
two DIPG cell lines for speed mean is presented in the
corresponding box-whisker plots of log10 transformed values
shown in Fig. 3B. Parametric t-test at significance level (a = 0.05)
rejected the null hypothesis of no differential change between
tumor-cell only culture (T-6, T-13) and co-culture (TEM6, TEM13).
Parametric t-tests resulted in a p-value < 2.2e-16 for mean speed,
track length, displacement and straightness when comparing T-6
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and TEM-6 were significant. Similarly, for the comparison of T-13
and TEM-13, analysis resulted in p-value < 1.4e-05 for track length,
p-value < 2e-16 for mean speed, p-value < 3.4e-15 for straightness
and p-value<2.2e-16 for displacement. These data provide
evidence that stromal cell types promote tumor cell motility and
indicate that interaction of DIPG cells with cell types of the
supporting tissue environment may facilitate the transition from
confined to diffusive movement.

We utilized SU-DIPG-6 cells and a high throughput system
(Sartorius incuCyte® S3) to discern morphometric characteristics
during formation of 3D aggregates. Results of cluster count,
cluster area, and tumor cell count were evaluated with 3 replicates
within each of the 3 repeated experiments and compared
between tumor cell only culture and TTA from co-culture (Fig.
3C, D). The experimental design included GFP-expressing DIPG
cells that were plated alone at different densities corresponding to
the tumor (T) cell count and the total cell count in the co-culture
(TEM) to isolate the impact of stromal cells from the effect of cell-
cell contact or confluency on the formation of aggregates and
tumor cell proliferation via the Incucyte. This live cell analysis
system provided us with a reliable method for monitoring tumor
cell growth in real time, allowing us to quantify the number of
GFP-expressing tumor cells. The increase in tumor cell count is
correlated with their proliferation over time. For the co-culture, the
number of 2000 um? or larger aggregates (cluster count) peaked
at 6 h, then plateaued before a decreasing trend after 24 h. This
reduction in the number of aggregates was also accompanied by
a gradual increase in the percentage of area covered by cells (%
cluster area confluence) at 24h, indicating the growth and
coalescence of smaller aggregates with multicellular composition
into larger aggregates. Aggregation was less pronounced in tumor
cell-only cultures, including those plated at the same confluency
(45K cells) or at one-third confluency (15K cells) matching the
DIPG cell count in the co-culture. An increase in the number of the
GFP-expressing SU-DIPG cells in 3D co-cultures was observed at
~2 days, with continued increase over the entire observation
period of 5 days, (Fig. 3D, right). In contrast, the count of GFP-
expressing DIPG cells in tumor cell-only culture decreased with
time when plated at high confluency, with a gradual increase at
one-third confluency, further indicating the impact of resource
limitations on DIPG cell proliferation in tumor cell only cultures.
These results suggest that stromal cell types modulate DIPG cell
motility and proliferation in addition to the spontaneous tendency
to aggregate into heterotypic clusters.

Stromal cell types augment the spheroid-forming potential of
3D TTA and the proliferation of DIPG cells

Using confocal fluorescence microscopy to characterize the self-
assembly process during the co-cultures, we observed sponta-
neous aggregation of DIPG and stromal cells into significantly
larger circular microtissue-like structures that were designated 3D
TTA. Aggregation occurred within 3-5 days of co-culture in flat or
U-bottom 96-well plates. Fig. 4A (A, B, E, & F) provides
representative bright field and confocal images of 3D clusters of
non-adherent GFP-expressing H3K27M mutated SU-DIPG-6 and
SU-DIPG-13 cells alone (T-6 & T-13) and in co-culture with RFP-
expressing microglia (M) and non-fluorescent endothelial cells (E)
(TEM-6 & TEM-13) on flat or U-bottom 96-well plates. Empirical
evaluation of the spheroid/cluster size at day 5 (Fig. 4A: C, D, G &
H) showed that the co-culture of stromal cell types with the DIPG
cells (TEM-6 & TEM-13; 16-25 replicates per sample set)
consistently yielded robust 3D TTA that were notably larger than
clusters of tumor cells alone (T-6 & T-13). Multiple aggregates of
variable sizes were formed in DIPG-only cultures (0.07-
0.7 x105 um?) in both flat- and U-bottom plates within 3-5 days
of culture, while growth of the TEM TTA model resulted in a single
large 3D TTA ~4-6 X105 pm? in size in each well of the U-bottom
plates over the same timeframe. The flat-, or U-bottom nature of
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Fig. 1 Non-adherent DIPG cells self-organize with stromal cell types into multicellular tumor tissue analogs in different 3D co-culture
platforms. A Presence of the three cell types in 3D TTA of TEM-6 and TEM-13 at day 5 of suspension culture is demonstrated in representative
confocal merge of images with DIPG cells (T, nuclear restricted tagGFP2, green), microglia (M, nuclear restricted tagRFP; red/pink) and
endothelial cells (E, SPY650 live cell fluorescent nuclear DNA dye, blue). All cells have SPY-650 stain, but it is salient in endothelial cells, which
lack fluorescent proteins. Representative bright field and fluorescence images of cultures on day 5 in 96-well flat-bottom.
Immunohistochemical staining (DAB) for B GFAP, CD31 and IBA1 identifies the presence of DIPG cells, endothelial cells and microglia and
C CD133, Olig2 and Ki67, markers representative of DIPG /tumor stem cells in FFPE sections of the 3D TTA (TEM-6 and TEM-13); D, Graphical
representation of Histone 3 trimethylation at Lysine 27 residue (ng) observed by ELISA performed with 4 pg total histone protein isolated from
the indicated samples. Loss of trimethylation in Histone 3 Lysine 27 residue (p < 0.05) of the SU-DIPG-13 cells (T-13) alone and those enriched
by flow sorting (T-13 TEM sorted) from 3D TTA was significant in comparison to TEM-13 co-culture and endothelial cells (grey asterisk) or
microglia (red asterisk).
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TEM-6

Fig. 2 Spatio-temporal interaction between DIPG and stromal cell types Impacts formation of Tumor Tissue Analogs. Snapshots from
widefield time lapse microscopy (Zeiss Axio Observer 7) at 0, 12, 24, and 48 h of tumor, endothelial, and microglial cell co-cultures (TEM) and
tumor cells cultured alone; —6 and —13 refer to cultures of SU-DIPG-6 and SU-DIPG-13 DIPG cell lines, respectively. DIPG tumor cells are
fluorescently labeled with nuclear restricted GFP (green), endothelial cells are labeled with nuclear spirochrome dye, SPY650 (blue), and

microglia are labeled with tagRFP (red).

96-well plates did not impact on the inherent ability of adherent
stromal cell types and non-adherent DIPG cells in co-culture to
promote cell-cell contact. The formation of 3D micro-tissue like
structures in flat- and U-bottom 96 well platforms, has been
subsequently utilized interchangeably to delineate DIPG cell
behavior in the context of the stromal microenvironment.

High throughput cell culture tracking was used to perform a
comparative analysis of co-culture parameters including initial cell
density, cell combination, and culture platform (flat- or U-bottom)
to investigate growth dynamics of the TTA spheroid assembly.
Data from the tumor cell only (T) and heterogeneous suspension
cultures of DIPG cells and Endothelial cells (TE) or Microglia (TM) in
equal proportion with a total of 30,000 cells/well in Fig. 4B show
that the presence of endothelial cells in co-culture with GFP-
expressing DIPG cells is a key contributor to the formation of
multicellular aggregates (>2000 um?, top) on 96-well flat bottom
plates. These aggregates subsequently coalesced (Cluster area,

SPRINGER NATURE

middle) overtime ~144h, promoting proliferation of the GFP-
expressing DIPG cells (Tumor cell count, bottom). The pattern of
spontaneous aggregation, coalescence, and subsequent expan-
sion did not occur in a comparable manner when tumor cells were
cultured alone (T) or in combination with microglia (TM) and no
significant proliferation of tumor cells was observed over the
period of 7 days of monitoring. Figure 4C displays the IncuCyte
blended phase contrast/fluorescence images in real time for
individual combinations of stromal cell types and/or GFP-
expressing SU-DIPG-6 and SU-DIPG-13 cells (T) at the indicated
cell densities and time points on 96-well low-attachment
U-bottom plates. While all combinations formed a single
spheroidal cluster by day 5, the sphere-forming potential of both
GFP-expressing cell lines (SU-DIPG-6 and SU-DIPG-13) was
enhanced between day 0-2 by the presence of RFP-expressing
microglia (M) and/or endothelial cells (E). Snapshots of the 3D TTA
comprising all three cell types (TEM) showed the formation of
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Fig. 3 Tumor-stromal interaction influences motility and growth of DIPG cells in real time. A Snapshot of mean track speed (threshold
S 210 pum/s), of DIPG cells (nuclear GFP; green) in “tumor cell only” (T-6 and T-13) and in co-culture (TEM-6 and TEM-13) condition with
endothelial cells (SPY650 nuclear stain; blue) and microglia (nuclear tagRFP; red). Real-time live cell images were acquired at 30 min intervals
over 28 h. Scale bar = 200/ 300 pm. Time stamp for the tracks is color coded as indicated in each image (Purple-Blue-Green-Yellow-Red). A
magnified (2.5X) region of each image is also included as an inset. B Corresponding quantitative track speed mean (um/s), length (um),
displacement (pm), and straightness (D/L) are plotted on a Log10 scale. The differences in tracking parameters of GFP-expressing DIPG cells in
the two culture conditions were significant at a=0.05 C Representative Incucyte snapshots from real-time imaging at 0 and 15 h for nuclear
restricted GFP-expressing SU-DIPG-6 cells alone (T) and in co-culture with endothelial cells and microglia (TEM). DIPG cells in T were plated at
two separate densities (15,000 and 45,000 cells), corresponding to the T cell count in co-culture and the TEM total cell count, respectively.
D Quantitative culture analysis of multicellular aggregates over a period of 5 days included cluster count (Left), cluster area (Middle; %
normalized to cluster area above threshold at 0 h time Point), and tumor cell count (right). Applied cluster threshold for analysis=2000 pm?Z.

compact spherical structures in each well with the process results provide support for the co-culture (TEM) acting as a 3D

initiated within 24 h of incubation. The aggregation of DIPG cells
alone in similar low adherent conditions of the U-bottom wells
was gradual and they continued to remain as multicellular
composites until day 2, even when incubated at increasing
confluency of 15,000 [T(1)], 30,000 [T(2)] and 45,000 [T(3)] cells/
well [T(1)]. Varying plating density for tumor cell only cultures was
included in the experimental design to ensure that it was not the
increase in the number of cells in the co-culture (TEM) but the
presence of stromal cell types that influenced formation of a
single spheroidal structure in the U-bottom well. All other
combinations with (TE, TM) or without co-culture with DIPG cells
(EM) formed a single compact spherical cluster by day 2. The
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microtissue with behavior distinct from DIPG cell clusters alone
and prompt the use of additional methodologies to gauge the
ability of 3D TTAs to recapitulate the biological nature of DIPG
tissue.

DIPG cells in the 3D TTA demonstrate improved correlation
with activity of attempted therapeutic strategies compared to
DIPG cells cultured alone

Temozolomide (TMZ) chemotherapy. Temozolomide is a traditional
chemotherapy drug for high-grade glioma. The TMZ pharmaco-
kinetics from two clinical trials ranged between 0.5 and 72 uM in
the plasma and 0.8-9.9 uM in the cerebrospinal fluid (CSF) [47].
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Fig. 4 Human brain microvascular endothelial cells and microglia modulate the formation of multicellular aggregates in co-culture and
influence the growth of DIPG cells. A Representative bright field and fluorescence images of cultures on day 5 in 96-well flat-bottom
(A, € and U-bottom E, G plates forming multi- and/or single cell aggregates. T-6 & T-13 denote neurospheres formed from tumor cells
expressing nuclear restricted-GFP only (SU-DIPG-6 and SU-DIPG-13 cell lines, respectively; green). TEM-6 & TEM-13 denote 3D TTA comprlsed
of DIPG cells (green), mlcroglla (nuclear restricted tagRFP red) and endothelial cells that do not carry any fluorescent label. Cluster area (um?)
calculated after measuring diameter in confocal images with the line tool of LAS X software and displayed as violin plots, for flat-bottom
B, D and U-bottom F, H plates (n = 16-25 per sample set; **** p < 0.0001). Scale bar=100 pm. B Growth metrics from live cell imaging in 96-
well flat-bottom plates with tumor (GFP-expressing DIPG-6) and stromal cell types |ncubated in different combinations and cell density are
displayed over time, including number of aggregate clusters (cluster threshold=2000 ym?) (Top), cluster area (Middle), and tumor cell count
(Bottom). Neurosphere formation by tumor cell only cultures at 30,000 cells/well [T(2)] served as control, in comparison to tumor:endothelial
cell (TE) and tumor:microglial cell (TM) combinations. € Overlay of phase contrast and fluorescence images (Incucyte) of multicellular
aggregation in 96-well U-bottom plates using two DIPG cell types, with variable plating density and variable cell combinations of Tumor,
Endothelial, and Microglial cell cultures, monitored over time (Day 0-2 d). The annotations denote: T(1): 15,000 cells/well; T(2), EM, TE, TM:
30,000 cells/well and T(3), TEM: 45,000 cells/well.
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TMZ alone or in combination with radiation has proven to be of
low efficacy in pediatric patients with DIPG and in patient-derived
in vivo models [48, 49]. We used TMZ drug titration ranging
between 0 and 400 uM to demonstrate the utility of in vitro 3D
cell culture for rapid translation of clinically relevant response of
chemoresistance in DIPG. Using real-time quantitative live-cell
imaging and analysis platform, we compared the response of DIPG
cells as neurospheres or in 3D TTA co-culture to a TMZ dose range
of 0-400 pM (Fig. 5A, B). TMZ concentrations from 0-100 uM did
not affect DIPG-6 cell viability or proliferation in the two culture
conditions, as assessed by tracking the GFP-expressing tumor
cells. Inability of the lowest tested dose of 25 uM, which is far
above the plasma/CSF concentration of TMZ, to elicit a cytotoxic
effect in the DIPG cells is indicative of their resistance to TMZ.
Figure 5B shows that incubation of 3D TTA with TMZ at 400 pM
reduced cell viability of GFP-expressing DIPG-6 (TEM-6) by only
~20% at 72 h, while a reduction in viability of ~60% was observed
for tumor cells cultured alone (T-6). These results suggest that
stromal influence augments the therapeutic resistance to TMZ in
DIPG cells. D54, a patient-derived GBM cell line, generated from a
53 year old adult male, originally reported to be sensitive to TMZ
[50] served as a positive control for this experiment. Supplemen-
tary Fig. 5 demostrates inhibition of tumor cell viability by 80% in
D54 cells at 50 pM TMZ concentration by 72 h in this cell line.

Panobinostat and marizomib: The oral histone deacetylase
(HDAC) inhibitor, panobinostat, and small molecule proteosome
inhibitor, marizomib, have been screened as potential therapeu-
tics in pre-clinical and clinical investigation for DIPG [51-53]. The
effect of 0-32 nM of either drug on 3D TTA was analyzed over 96-
h by real-time quantitative live cell imaging (Fig. 5C, D &
Supplementary Fig. 6). GFP-expressing tumor cells in the 3D TTA
(T-TEM-6 and T-TEM-13, blue dotted and solid line) demonstrated
increased resistance to higher concentrations of both drugs in
comparison to neurosphere cultures of tumor cells alone (T-6 and
T-13, green dotted and solid line) in Fig. 5C. Notably, RFP-
expressing microglia in the 3D TTA did not exhibit significant
change in cell viability over 96 h at the indicated concentrations of
drugs represented as M-TEM-6 and M-TEM-13 (grey dotted and
solid line) in Fig. 5C. The raw values for each experiment were
normalized as percentage to the total starting number of
untreated cells.

Dinutuximab anti-GD2 immunotherapy: GD2-targeting has been
identified as a potential immunotherapeutic approach for multiple
cancers including DIPG [12]. Immunotherapy with Dinutuximab is
thought to promote anti-tumor-effects by activating the innate
immune microenvironment. Figure 6A provides a schematic of the
components of the innate immune system that can be activated
or tamed by a monoclonal antibody immunotherapy that targets
potential GD2 antigens on tumor cells. Using flow cytometry, we
found GD2 to be highly expressed on the surface of several DIPG
cell lines (SU-DIPG-6, SU-DIPG-13, SU-DIPG-17 and SF8628), except
for SU-DIPG-4 that we investigated (Fig. 6B). GD2 expression in SU-
DIPG-17, —13, and —6 was notably higher than that in
medulloblastoma (UW-228-2), adult glioblastoma (GBM, D54)
and neuroblastoma (CHLA-15, 9464D) cell types. Human CHLA-
15 and murine 9464D neuroblastoma cell lines were included as
positive controls, and the L-AN-6 neuroblastoma cell line served as
a negative control. We observed dinutuximab (0.5 pg/ml)-
mediated cytolysis of SU-DIPG-6 cells alone and in 3D TTA in
the presence of human plasma obtained from healthy donors
(10%). Tumor cell killing in both the tumor cell-only and 3D TTA
co-cultures in the presence of human plasma with complement
proteins was very rapid and occurred within 3-9 h of dinutuximab
antibody addition (Fig. 6C, D). The DIPG cells in 3D TTA (TEM)
underwent cytolysis by an additional ~50% compared to tumor
cells alone incubated at low and high cell density with
dinutuximab. The 3 and 9h time-point post-treatment were
selected to demonstrate sensitivity of DIPG cells in the 3D TTA to
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dinutuximab via complement and microglial activation. The RFP-
expressing microglia in co-cultures remained unaffected by the
treatment. The cytolytic effect of dinutuximab was not observed
with heat-inactivated human plasma (HI-HP). Data for each
treatment condition was averaged from 4 wells in the Incucyte
S3 system (p<0.05). In Fig. 6E, we incorporated microglia
maintained in 40% human serum to form 3D TTA comprised of
activated microglia to induce antibody-dependent cell-mediated
cytotoxicity. The presence of activated microglia resulted in ~20%
reduction in cell viability at 3h treatment with dinutuximab
(0.5 pg/ml). To permit a comparison across drug-treated experi-
mental replicates, the viable cell count values for each experiment
were normalized by setting the value of untreated cells at 100%
and by converting each raw cell count value to a percent of
untreated control.

The integrated omics landscape of 3D TTA reveals the impact
of tumor ecosystem on gene expression sharing features with
the Glioma/GBM tissue phenotype

We utilized high throughput omic techniques to probe the
molecular changes that result from DIPG co-culture in the 3D TTA
model. Pan-analysis by mass spectrometry, presented as a Volcano
plot (Fig. 7A), identified a total of 4085 proteins in the cellular
proteome (cell pellet) and 503 proteins in the secretome
(supernatant) of the 3D TTA and corresponding SU-DIPG-6 cell-
only neurospheres collected at day 5, 10 and 15 post-culture, with
50% medium change every 48 h. Of these, 229 proteins were up-
regulated, and 179 proteins were down-regulated in the cellular
proteome of the 3D TTA in comparison to the DIPG cell-only
cultures (Supplementary Material Excel_Proteomics). Differential
expression of these proteins was plotted based on a significance
of -Logo p = 1.3 and a fold-change represented on Log, scale that
was > or < 1.5. For the secretome, which was partially replenished
every 2 days and final collected for analysis on day 5, the applied
threshold of Log, fold change was reduced to = or < 1.2, to
account for the anticipated impact of successive medium change
on prevalence of proteins in the supernatant. The data showed
upregulation of 31 proteins and downregulation of 30 proteins
(Fig. 7A).

Fig. 7B provides the RNA-Seq transcriptomic volcano plot
indicating the overall extent of differential gene expression for
flow-sorted DIPG cells in the 3D TTA (combined results from TEM-6
[Biological coefficient of variance (BCV) 0.113] and TEM-13 [BCV
0.07]) compared to DIPG cell-only cultures (T-6 [BCV 0.069]) and
T-13 ([BCV 0.046]) (Supplementary Fig. 8B). RNA-Seq analysis
identified 1100 genes with a log-fold change greater or less than
1.0 and a false discovery rate (FDR)-corrected p-value less than
0.05. Of these, 349 were down-regulated and 751 were up-
regulated among the two cell types, as illustrated in the volcano
plot. The differentially expressed genes and proteins were
screened by gene set enrichment analysis for functional
significance. Heat maps were created from the set of 11
statistically significant proteins/genes that demonstrated a similar
expression profile by proteomic and transcriptomic analyses,
utilizing variance stabilizing normalization (VSN) (Fig. 7C, D).
Identified genes included TIMP1(tissue inhibitor of metalloprotei-
nase-1), COL6A1 (Collagen Type VI Alpha 1 Chain), LGALS1
(Galectin-1), LGALS3 (Galectin-3), SOD2 (Superoxide Dismutase),
CLICT (Chloride Intracellular Channel 1), STAT3 (Signal transducer
and activator of transcription 3), CEBPB (CCAAT Enhancer Binding
Protein Beta), ITGA5 (Integrin Subunit Alpha 5), PLSCR1 (Phos-
pholipid scramblase 1) and MVP (Major Vault Protein). Notably, the
identified gene set included NFKBIZ (NFKB Inhibitor Zeta), VCAM1
(Vascular Cell Adhesion Molecule 1) and CCL20/ MIP-3a (C-C motif
chemokine ligand 20 or macrophage inflammatory protein-3
alpha) (Fig. 7D, red), which are functionally related to the
intracellular signaling network from nucleus to cell surface
(Fig. 7D, E).
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Fig. 5 DIPG cells are protected from chemo- and targeted- therapies by the presence of stromal cell types. A Representative images
demonstrating response to TMZ chemotherapy (400 pm) in GFP expressing SU-DIPG-6 tumor cells (T-6) alone and in 3D co-culture with
microglia expressing tagRFP) and endothelial cells with no fluorescent marker (TEM-6) at 72 h post treatment in flat-bottom 96-well plates.
B % tumor cells present over time for GFP-expressing DIPG cells alone (green) and in 3D co-culture (orange) after treatment with variable
concentration of TMZ (0-400 pm). € Quantification of cellular growth in U-bottom 96-well plates and D corresponding representative IncuCyte
images (T-6, T-13 and TEM-6, TEM-13) demonstrate response to variable concentration of Marizomib (0-32 nM) and Panobinostat (0-32 nM)
from 1-4 days. Here the tumor cells express GFP fluorescence (Green) and microglia express tagRFP (red) and endothelial cells do not express
any fluorescent protein. Response of SU-DIPG-6 and SU-DIPG-13 tumor cells alone is identified as T-6 and T-13, respectively (green solid and
dotted line). Response of GFP-labeled tumor cells in TEM-6 and TEM-13 co-culture with microglia and endothelial cells is denoted as T-TEM-6
and T-TEM-13 (blue solid and dotted line). Response of microglia (quantified via tagRFP label) in TEM co-cultures is indicated as M-TEM-6 and
M-TEM-13 (Grey dotted and solid line). In all cases, values of integrated green- or red- fluorescence intensity per well (from GFP and tagRFP
expression) were averaged across 4 well replicates per experiment.
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DIPG/DMG is a rare malignancy with limited information and
access to surgical tissue biopsies [54]. To investigate the
significance of the set of genes/proteins identified by the
integrated omic analysis, we interrogated open-access public
database of The Cancer Genome Atlas (TCGA) and The Human
Protein Atlas (THPA) in the context of glioma patients to assist in
the evaluation of attributes specific to the in-situ brain tumor
tissue in our experimental model. The correlation indicates the
impact of stromal influence on changes associated with oncogenic
signaling in DIPG cells. TCGA data correlating survival probability
in GBM/glioma patients with RNA expression showed that
overexpression of each of the identified genes (except for VCAM1)
was associated with poor prognosis (Supplementary Fig. 7). We
explored data from THPA for relative expression of the identified
proteins in GBM/glioma patient tissue samples compared to
reference samples of normal brain tissue (Fig. 7G, H). Digital
immunohistochemical analysis from 10-14 patient samples
revealed significantly increased expression of 9 proteins in tumor
tissues when compared to the normal brain tissues, which
included STAT3, SOD2, CEBP, ITGA5, MVP, LGALS1, CLIC1, LGALS3
and VCAMI1. Five (CEBPB, PLSCR1, COL6A1, TIMP1 and NFkB1Z) of
the 14 candidate proteins overexpressed in the 3D TTA model did
not demonstrate any significant change in the glioma/GBM
cohorts, suggesting that DIPG/DMG may express molecular
characteristics distinct from those in the general glioma/GBM
tumors. Thus, capturing features of the disease-specific TME by
including interacting cell-types in the 3D TTA is associated with
alterations in genomic expression.

Gene set enrichment analysis reveals that tumor-stroma
interactions alter vital biological processes in DIPG cells

The Gene Ontology (GO) knowledgebase was used to perform
enrichment analysis on the four different RNA seq datasets
obtained from SU-DIPG-6 and SU-DIPG-13 cultures, comparing
tumor cells cultured alone with those co-cultured with stromal
cell types in the 3D-TTAs. This omics data-driven approach
identified differentially expressed genes involved in biological
processes captured with GO terms: (i) microenvironment
signaling; (ii) DNA replication and damage; and (iii) immune
regulation. Unsupervised gene set enrichment analysis was
performed with the Ingenuity Pathway Analysis (Qiagen) to
reveal statistically significant pathways (Supplementary Fig. 8)
including those defined via GO. Data are presented as RPKM
(i.e. the number of reads per kilobase of transcript divided by
the number of all reads mapped in millions) heatmaps in Fig.
8A-C. Corresponding directed acyclic graphs of gene and
protein-protein interactions were constructed (Fig. 8D, E). The
upregulated expression of MHC related genes on tumor cells
when in co-culture with stromal cell types (TEM) in Fig. 8A, B is
an interesting finding that indicates the potential of tumor-
stromal cell co-culture as a promising strategy to enhance the
efficacy of immunotherapy. The list of perturbagens including
small molecules, pharmacologic and biologic was obtained via
CMap analysis (Supplementary Material-Excel-CMap). The top
10 chemical perturbagens predicted by the connectivity maps
with the highest negative enrichment scores predicted to
generate opposite gene expression included inhibitors for
Aurora kinase A, C-Jun N-terminal kinase (JNK), Protein kinase C
(PKCQ), transforming growth factor beta (TGF-B) receptor and
Calcineurin as presented in Supplementary Fig. 9.

DISCUSSION

The tumor tissue can be described as an evolving ecosystem.
Interactions between neoplastic and non-neoplastic cells in a
developing tumor influence the TME, which in turn reprograms
cancer cells to promote survival or resistance to therapy [55,
56]. Investigating these interactions to unravel the complex
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interplay between proliferation, invasion and therapeutic
resistance of cancer cells requires developing representative
surrogate platforms. Acquisition of autopsy specimens for
research has enabled the development of orthotopic patient-
derived xenograft mouse models that manifest the patient
tumor heterogeneity [57], and the generation of treatment-
resistant DIPG/DMG cell lines. These cell lines have served as
experimental platforms providing meaningful insights into the
molecular alterations driving malignancy [58]. This knowledge
base has led to the generation of genetically engineered
models that can be very useful to understand DIPG tumorigen-
esis in the brainstem of immune proficient mice and as
valuable tools for pre-clinical testing [21-23]. Robust and
reproducible in vitro studies followed by thorough validation in
animal models has been routinely used for translation of
findings or therapeutics to clinical settings. Nevertheless, a
concordance between the preclinical studies and clinical trials
has proven to be challenging for many diseases, including
H3K27M-altered DMG/DIPG. Acknowledging the strengths of
each of the preclinical DIPG/DMG models to understand
progression of the disease and test potential treatments, we
introduce an innovative methodology for generating a 3D co-
culture model with potential to reproduce the intricate
interplay between cancer cells and their surrounding micro-
environment as a more reliable alternative for capturing tissue
characteristics and preclinical testing in vitro before validation
in the in vivo animal models. This cost-efficient approach is
expected to augment the translational accuracy of drug
development to pediatric trials and streamline the extensive
use of animals in preclinical investigations.

Role of multi-cellular systems

Understanding the TME complexity in vitro requires simplifying
approaches. A ‘reductionist bottom-up approach’ was selected
to develop our in vitro 3D model. This study provides the
rationale for the breakdown or reduction of the TME that can
be successfully studied in the 3D TTA disease model for DIPG
comprised of authenticated microvascular endothelial cells
[59], microglia [60] and radiation-resistant DIPG cells of human
origin. We propose here a 3D co-culture platform incorporating
aspects of the TME as a cost effective and reproducible
alternative, and more importantly, with the capacity to be
experimentally manipulated. While in vitro models only
approximate the biological reality of de novo human tumors,
this platform was designed to generate a ‘better approxima-
tion’ of pediatric DIPG compared to tumor cells cultured alone,
as gauged by morphology, functional growth behavior,
genomic expression, and drug response, and to yield consis-
tent results over multiple DIPG cell types. To establish our
model, several co-culture methodologies were initially evalu-
ated and suspension cultures in serum-free medium led to the
reproducible formation of 3D multicellular aggregates with
phenotypic endpoints for quantitative analysis and amenable
to diverse experimental conditions. This work takes advantage
of the capacity of multiple cell types in suspension to form 3D
clusters, and investigates the influence of subsequent tumor-
stromal interactions to generate a more representative in vitro
model of tumor behavior. We demonstrate that stromal cell
types play an important role in the architecture, growth
behavior, genomic expression, and functional drug response
of 3D TTA and the proliferation/organization of DIPG cells. As
the model does not incorporate all components of the DIPG
tissue, we have introduced the term ‘Tumor Tissue Analogs’ to
designate such models [61, 62]. This 3D platform enables the
subsequent addition of potentially contributing other tissue
specific components of DIPG to improve our understanding of
DIPG biology and preclinical evaluation of drug efficacy in
patients.
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Fig. 6 The presence of stromal cell types sensitizes DIPG cells to antibody-based immunotherapy. A Schematic demonstrating
components of the innate immune system that can be exploited to target GD2-expressing tumors. Yellow highlighted complement system
and microglia are investigated in the present 3D DIPG model. B Expression of the tumor specific disialoganglioside GD2 on the surface of
patient-derived DIPG cell lines (green: SU-DIPG-4, SF8628, SU-DIPG-17, SU-DIPG-13, SU-DIPG-6), measured by flow cytometry with primary
labeled GD2 APC (clone 14G2a) mAb. Stain Index (Sl) for GD2 expression was normalized to isotype control (mouse IgG2a APC ab).
Neuroblastoma cell lines (red: L-AN-6, CHLA-15 & 9464D) served as additional positive controls. Medulloblastoma (UW-228-2) and
glioblastoma (D54) cell lines served as negative controls. C Representative images of DIPG-6 cells cultured alone as neurospheres (T-6) or in
co-culture as TTA (TEM-6), shown after treatment with dinutuximab (14G2a) mAb in the presence of human plasma (10%) donated from
healthy volunteers (n=4) as well as heat-inactivated human plasma (HI-HP; control) at 0 and 9h D Relative DIPG tumor cell viability
(integrated GFP green fluorescence intensity per treated well normalized to average fluorescence intensity of untreated wells) at 3h and 9 h,
showing stromal influence on extent of antibody-based complement-dependent lysis of GD2 expressing DIPG cells plated in variable density
[T-6, light green] and T-6(3), Dark green] and in combination with microglia and endothelial cells (TEM-6, Red-Green). Results were averaged
across 4 well replicates per experiment. Statistical significance was determined by one-way ANOVA and Tukey post-hoc test. * p-values < 0.05
for dinutuximab-induced cytotoxicity in GFP-expressing DIPG cells were defined significant. was investigated in a coincubation of
dinutuximab (14G2a) mAb (0.5 pg/ ml) and of human plasma (10%) donated from healthy volunteers (n = 4) in the tumor cell only (SU-DIPG-6)
neurospheres and 3D TTA comprised of GFP-expressing DIPG cells with endothelial cells and tagRFP expressing microglial cells columns act as
negative control. Heat-inactivated plasma (HI) from the same donors served as control in the experiment. E DIPG-6 tumor cell viability in 3D
TTA comprised of microglia preincubated in 40% human serum or 10% FBS at 3 h post-treatment with dinutuximab (0.5 ug/ml).
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Morphology, histology, and functional growth behavior
Confocal imaging, histology and functional loss of histone
trimethylation of fluorescently labeled DIPG cells in co-culture
with stromal cells capture the ability of non-adherent DIPG to self-
organize with adherent stromal cell types into 3D tissue-like
structures simulating aspects of the DIPG tissue biology (Fig. 1).
The data obtained from spatiotemporal imaging by live cell
tracking showed a notable increase in phenotypic measures of cell
motility, including speed, length, displacement, and straightness
of GFP-expressing DIPG cells under stromal influence versus those
from tumor cell only cultures (Figs. 2, 3 and Supplementary Fig. 4).
These findings suggest that the stromal microenvironment can
spur migration or invasive behavior of tumor cells that is not
evidenced from the tumor cell only cultures. This is in agreement
with the ability of DIPG/DMG cells to infiltrate and spread into the
healthy brain tissue, resulting in significant damage and a poor
prognosis.

Emerging evidence from reports evaluating the immune
microenvironment [63] and spatial analysis of receptor-ligand
candidates in DIPG-infiltrated brainstem [64] indicate the active
involvement of the endothelial and myeloid populations, speci-
fically the microglia via crosstalk with the cancer cells that
promote tumor progression. Our study supports these findings
and reveals the ability of endothelial cells to promote the self-
assembly of TTA and proliferation of DIPG cells in co-culture (Fig.
4). Future work will concentrate on understanding the molecular
underpinnings of the observed phenomenon.

Drug response

The therapeutic options for DIPG have remained unchanged over
several decades. Radiation therapy (RT), the standard treatment
for DIPG, is merely palliative as it only extends survival by
approximately 3 months [65]. The SU-DIPG-6 and SU-DIPG-13 cell
lines used in this study are derived from H3.3 K27M-altered DMG
autopsy samples of patients that have undergone radiation
treatment, exhibiting stem-like characterististics known to con-
tribute to the aggressiveness of the cancer [66, 67]. Therefore, as
these cell lines are radiation-resistant, we have investigated the
responses to second line treatments. Traditional, targeted and
immunotherapies that are in clinical/preclinical trials were chosen
to demonstrate the utility of the 3D TTA in evaluating the
therapeutic response.

TMZ is a well-studied chemotherapeutic drug for high-grade
glioma [68] that is cytotoxic to DIPG cells in vitro, but has not
been shown to have any clinical therapeutic efficacy in
pediatric patients with DIPG [69, 70]. Typical TMZ pharmaco-
kinetic data in adult patients with high-grade glioma showed
active concentrations of 0.5-72 uM in plasma and 0.8-10 uM in
cerebrospinal fluid [47]. Stromal influence in the 3D TTA
increased the in vitro resistance of DIPG cells to TMZ, even at
concentrations as high as 400 um (Fig. 5A, B), confirming the
lack of efficacy in patients [48, 71]. Recent investigations have
indicated that HDAC and/or proteosome inhibitors may be
effective against multiple neoplastic cell types, including DIPG
[53, 72, 73]. We selected the HDAC inhibitor panobinostat and
small molecule proteosome inhibitor marizomib for testing in
the 3D TTA. Comparing DIPG cells alone to those in 3D TTA
showed reduced tumor sensitivity to the two drugs in the TTA
(Fig. 5C, D and Supplementary Fig. 6), similar to the outcomes
from clinical trials in glioblastoma patients [74, 75]. Both
panobinostat and marizomib are designed to specifically target
and kill cancer cells. We did not observe any change in the
viability of the RFP- expressing microglia at the drug
concentrations studied, confirming the cancer cell-specific
targeting in the heterotypic co-culture of 3D TTA.

Antibody-based targeting is a form of cancer immunother-
apy that facilitates cancer cell recognition by the innate
immune system. Microglia and a set of complement proteins
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circulating in the blood are components of the innate immune
system known to play a role in the disease course of several
central nervous system pathologies. Cancer cells are often
capable of escaping this mechanism of immune surveillance.
When coated with tumor-specific antibodies, the cancer cells
are readily recognized as foreign and attacked by the innate
immune system. The GD2 antigen is a disialoganglioside
specifically expressed on several cancer cell types (Fig. 6A).
Dinutuximab, is a chimeric antibody that is in clinical use,
particularly for the treatment of high-risk neuroblastoma [76].
The antibody targets tumors expressing the GD2 antigen and
effectively marks them for destruction by the patient’s own
immune system driven by the process of complement-
dependent cytotoxicity (CDC) and antibody-dependent cellular
cytotoxicity (ADCC) [77]. We evaluated this immunotherapeutic
strategy by introducing human plasma in the 3D TTA model,
and activating the innate immune microenvironment of the
complement system in the human plasma and microglia using
the GD2-targeting dinutuximab antibody (Fig. 6C, E). The data
demonstrate that DIPG cells under stromal influence, particu-
larly activated microglia, were sensitized to such targeting, in
addition to the complement-induced killing via the
GD2 specific dinutuximab antibody. This approach shows the
potential of the 3D co-culture platform for investigating the
functionality of specific tumor-immune interactions of clinical
relevance, such as the human complement system and/or
microglia, which may have been missed with existing immune
compromised animal models or traditional cell culture
methods.

Genomic expression

The new co-culture model presented distinct spatio-temporal
characteristics and therapeutic response with known agents when
compared to 3D tumor cell spheroids. Integrated omics analyses
by mass spectrometry and RNA sequencing (Fig. 7) comparing the
DIPG cells in the 3D TTA with those cultured alone unveiled the
reprogramming of the tumor cell circuitry by the surrounding
stromal microenvironment. A set of 14 proteins/genes over-
expressed in DIPG cells from the 3D TTA were identified that we
curated into a non-canonical oncogenic signaling pathway in DIPG
cells induced by Tumor:Stroma Interactions (Fig. 7E). These have
been associated with shortened survival in glioma/GBM patients
(via TCGA database, Supplementary Fig. 7). Immunohistochemical
analysis from the public THPA database of malignant glioma/GBM
specimens correlated with the elevated expression of these
proteins in the 3D TTA (Fig. 7F, G). Literature-curated evidence
from glioma/GBM studies on overcoming therapeutic resistance to
TMZ and immune suppression by targeting some of the
differentially expressed molecules identified via the integrated
protein and RNA profiling in this study is provided in Supple-
mentary Table 1. Functional enrichment analysis of the RNA
sequencing data has provided associative-gene networks of
microenvironment signaling, DNA replication & damage and
immune regulation that are active in tumor cells of the 3D TTA
(Fig. 8). The data show the ability of 3D TTA to capture these TME
interactions that would have been difficult to identify using 2D/3D
tumor cell only cultures. Many tumors evade immune surveillance
by downregulating MHC-I, making them less visible to the
immune surveillance by T cells. Restoration of expression of
MHC-related genes in tumor cells of the TEM as observed in Fig.8E,
indicates that 3D model is a good platform to investigate and
develop T-cell mediated immunotherapies in vitro. Furthermore,
as described in the literature, some of these proteins could
represent therapeutic targets (Figs. 7, 8); these include FDA-
approved drugs such as atovaquone, an antimicrobial drug
identified as a novel STAT3 inhibitor [78]; biguanides including
metformin for blocking CLIC-1 [79]. Other drugs in clinical trials
include BBI608 (Napabucasin), a small molecule inhibitor of STAT3
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Fig. 7 Integrated proteomic and transcriptomic analysis reveals the molecular influence of stromal cell types in the DIPG model.
A Volcano plots display p-values of proteins differentially expressed in TTA (TEM-6) versus DIPG-only neurospheres (T-6) (expressed as -Logo p
Value), plotted against log, fold change. Data from pellet (left) and supernatant (right) are presented separately. Mass spectrometric data was
pooled over cultures at multiple points in time (5, 10, and 15 days of culture). Red data points indicate proteins with a p-value < 0.05 and a log,
fold change > or <1.5. Grey data points have p > 0.05. B RNA seq analysis as -log,, of the false discovery rate (FDR) for differentially expressed
transcripts in flow-sorted GFP-expressing DIPG cells (TEM-6 —13 combined vs. T-6 —13 combined) plotted against log, fold change at day 5.
Red data points indicate differentially expressed genes with FDR < 0.05 and log; fold change > or <1.0. Grey data points have FDR > 0.05 and
are not significant in the sample sets compared. C Heatmap visualization and hierarchical clustering of differential expression in select
proteins identified by mass spectrometric analysis in the supernatant and pellet of TTA (TEM-6) and tumor cell-only cultures (T-6) (results
shown from 5,10, and 15 days in culture). D Heatmap visualization of the directed gene set in flow-sorted DIPG cells that are statistically
significant (black) and also contribute to pathway enrichment (red) observed by RNA seq analysis. Data displayed are from GFP-expressing
DIPG cells from the TTA (TEM-6 & TEM-13 shown independently) and GFP-expressing DIPG cells cultured alone as neurospheres (T-6 & T-13).
Color key illustrates the relative expression across all samples. E Schematic representation of potential interactions among the differentially
expressed select genes/proteins from the proteomic and transcriptomic datasets. F Scatter plots of relative staining positivity (% positivity)
and histology score (H-score) analyzed from banked human glioma tissue samples (purple) and reference normal tissue samples (blue) from
The Human Protein Atlas public database, pertaining to the identified transcripts. p-values from the omics datasets are identified as
**¥¥p < 0.0001, ***p < 0.001, **p <0.01, *p < 0.05, identified as described above. G Representative 1 mm diameter immunohistochemical slices
from glioma/ GBM (Upper panel) and normal brain tissue (Lower panel) from THPA were used to perform the quantitative analysis in F.
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for advanced cancers [80]; and GB1211, an oral inhibitor of
Galectin-3 in the treatment of fibrosis [81].

Preclinical research in neuro-oncology, including in DIPG, has
mainly relied on animal models for validation of interactions
between tissue-specific cell types [25, 26, 82]. Patient-derived DIPG
cell lines from autopsy samples have been used for testing drug
candidates in vitro [53]. Modern neuronavigation tools in surgery
now allow access to biopsy specimens for generating treatment-
naive DIPG cell lines for preclinical studies [52]. Emerging biomimetic
approaches utilizing Hydrogels [83] and induced pluripotent stem
cells [84] as 3D in vitro models offer great promise for studying
human brain tumor biology and drug screening. Nevertheless, the
miniaturized 3D in vitro platform presented here mimics the critical
microenvironment characteristics of pediatric DIPG and allows
controlled experimental manipulations of difficult-to-study inter-
cellular interactions. This platform with potential to be continuously
refined by sequential addition of other stromal components, offers a
compelling alternative to 2D cell culture as advancements in
imaging, informatics, and molecular techniques allow for a wider
range of investigations.

Representative and reproducible DIPG disease models are
anticipated to improve patient outcome by assisting in
accurate prediction of therapeutic response to drugs in
development. A prudent approach would be to include a
robust 3D co-culture method as described here to improve the
selection of new therapeutic targets before pre-clinical assess-
ment in representative animal models. Harnessing the 3D TTA
to complement the existing and emerging physiologically
relevant models in addressing provocative basic, translational,
and clinical questions that provide meaningful and predictive
insights into the underlying mechanisms and therapeutic
response will accelerate the efficacy of ongoing and future
clinical trials in DIPG/DMG. Building upon the findings, future
work includes expanding the current research to investigate
the standard radiation treatment alone and in combination
with emerging therapeutic efforts including those aimed at
exploiting the immune functions of this malignancy utilizing
our 3D TTA generated from treatment naive and treatment
resistant cancer cell lines.

DATA AVAILABILITY

The data of the respective dataset in the study may be obtained by reaching out to
the corresponding author(s). Details for accessing the proteomics and RNA
sequencing data are provided in the supplementary material.
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