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Despite improvements in cancer patient outcomes seen in the past decade, tumor
resistance to therapy remains a major impediment to achieving durable clinical
responses. Intratumoral heterogeneity related to genetic, epigenetic,
transcriptomic, proteomic, and metabolic differences between individual
cancer cells has emerged as a driver of therapeutic resistance. This cell to cell
heterogeneity can be assessed using single cell profiling technologies that enable
the identification of tumor cell clones that exhibit similar defining features like
specific mutations or patterns of DNA methylation. Single cell profiling of tumors
before and after treatment can generate new insights into the cancer cell
characteristics that confer therapeutic resistance by identifying intrinsically
resistant sub-populations that survive treatment and by describing new cellular
features that emerge post-treatment due to tumor cell evolution. Integrative,
single cell analytical approaches have already proven advantageous in studies
characterizing treatment-resistant clones in cancers where pre- and post-
treatment patient samples are readily available, such as leukemia. In contrast,
little is known about other cancer subtypes like pediatric high grade glioma, a class
of heterogeneous, malignant brain tumors in children that rapidly develop
resistance to multiple therapeutic modalities, including chemotherapy,
immunotherapy, and radiation. Leveraging single cell multi-omic technologies
to analyze naive and therapy-resistant glioma may lead to the discovery of novel
strategies to overcome treatment resistance in brain tumors with dismal clinical
outcomes. In this review, we explore the potential for single cell multi-omic
analyses to reveal mechanisms of glioma resistance to therapy and discuss
opportunities to apply these approaches to improve long-term therapeutic
response in pediatric high grade glioma and other brain tumors with limited
treatment options.
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Introduction

High grade glioma (HGG) are aggressive and highly malignant tumors of the central
nervous system (Wen and Kesari, 2008; Cohen, 2022) and little progress has been made in
improving clinical outcomes for these patients in the past 40 years. Survival rates are low in
both pediatric and adult HGG, and certain subtypes of pediatric HGG (pHGGQG), like diffuse
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midline glioma (DMG), are almost universally lethal (Jones et al.,
2017; Ostrom et al., 2019). Our poor understanding of which
processes and pathways drive pHGG malignancy and response to
therapy has impeded efforts to develop effective treatments for
PHGG and other brain tumors. Pan-cancer analyses suggest the
presence of up to 1,000-fold fewer mutations in pediatric tumors
compared to adult tumors arising in the same tissue (ICGC
PedBrain-Seq Project et al., 2018; Ma et al., 2018), and certain
driver mutations, including genetic aberrations in epigenetic
regulators like histone H3 point mutations (H3K27M and
H3G34 R/V), are observed more frequently in pediatric glioma
compared to adult brain tumors (Khuong-Quang et al, 2012;
Schwartzentruber et al., 2012; Wu et al., 2012; Fontebasso et al.,
2013; Wiestler et al, 2013; Mackay et al., 2017). The divergent
genetic profile of pHGG tumors suggests that focused studies aimed
at identifying mediators of therapeutic response specific to pediatric
cohorts have the potential to inform personalized strategies to
improve clinical outcomes.

The abysmal survival rate seen in adult HGG is often attributed
to these tumors exhibiting stem cell-like phenotypes associated with
poor response to radiation, temozolomide (TMZ) and other
therapies (Bao et al, 2006; Liu et al,, 2006; Chen et al., 2012;
Alexander et al, 2020; Petralia et al., 2020; Syafruddin et al,
2021; Wang et al.,, 2021). Despite potential roles for rare tumor
sub-populations in treatment resistance, most efforts to characterize
glioma response to therapy rely on either limited tumor gene panels
or bulk sequencing to compare tumor samples from different
patients (intertumoral heterogeneity) rather than addressing cell
to cell variation within individual tumors (intratumoral
heterogeneity) (Allen et al., 2017; Mueller et al., 2019; Nejo et al.,
2019; Petralia et al., 2020; Wang et al., 2021). Recent single cell
analyses highlight the strikingly heterogeneous nature of glioma
tumors and have enabled the profiling of glioma stem and
progenitor like cells, the analysis of lineage diversity among
tumor cells, including mesenchymal, oligodendroglial, and
astrocytic sub-populations (Sottoriva et al., 2013; Darmanis et al.,
2017; Filbin et al., 2018; Yuan et al., 2018; Neftel et al., 2019; Zhai
et al., 2020; Guilhamon et al., 2021; Abdelfattah et al., 2022; Curry
etal, 2023; Khan et al., 2023). It is also possible that the stem cell-like
and therapy-resistant properties of HGG are conferred by a
relatively small number of tumor cells, which cannot be easily
detected or fully characterized by bulk sequencing (Bao et al,
2006; Liu et al., 2006; Chen et al., 2012; Alexander et al., 2020).
Further single cell analyses highlight spatial differences in HGG cell
phenotypes within different tumor regions (Sottoriva et al., 2013;
Darmanis et al., 2017; Comba et al,, 2021) and identify diverse
tumor-associated immune cells suggesting that heterogeneity in the
local tumor microenvironment may also play a key role in treatment
resistance. Similarly applying single cell analyses to pediatric HGG
before and after treatment has the potential to generate a more
comprehensive view of the unique cellular composition of pediatric
gliomas and their dynamic responses to therapy.

Because of technological limitations, most initial attempts at
using single cell technologies to dissect glioma heterogeneity have
profiled only one layer of biological regulation in isolation, such as
cell to cell variation in transcription through single cell RNA
sequencing (scRNAseq). Since cellular heterogeneity can occur at
the level of the genome, epigenome, transcriptome, proteome, and
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metabolome, these unidimensional datasets may impart an
incomplete or skewed understanding of the underlying factors
driving heterogeneity (Comba et al, 2021). New technologies
now make it possible to conduct single cell multi-omic analyses
to track several molecular features simultaneously allowing
researchers to systematically examine the interplay between
different sources of heterogeneity and their roles in determining
therapeutic response (Vandereyken et al., 2023). In this review, we
explore the potential for single cell multi-omic approaches to
revolutionize our understanding of how pHGG and other cancers
develop treatment resistance and address some of the challenges
inherent to applying these technologies towards the development of
strategies to improve clinical outcomes in glioma.

Treatment strategies for pediatric high
grade glioma

pHGG is a rare and aggressive form of brain cancer that
primarily affects children and adolescents (Ostrom et al.,, 2022).
The discovery of clinically relevant biomarkers through in DNA and
RNA sequencing, methylome, and proteomic profiling have led to
the recognition of different pHGG subtypes, which are detailed in
the 2021 World Health Organization central nervous system tumor
classification system (Louis et al, 2021). The importance of
these
exemplified by the diffuse subtypes of pHGG, which may present

establishing prognostic ~ biomarkers for tumors s
with similar histological and anatomical features but can exhibit
striking differences in their molecular and genetic alterations
(Table 1). Fully understanding these distinct molecular and
genetic characteristics can then allow clinicians to tailor
treatment strategies for pHGG patients based on their tumor
subtype (Rallis et al., 2022).

Current treatment paradigms for pHGG may vary based on
patient age and tumor subtype, but they often include combinations
of radiation, chemotherapy, surgery, immunotherapy, and targeted
small molecules (Table 2). For some pHGG subtypes, like H3K27-
altered tumors and other gliomas with invasive growth patterns,
surgical resection is nearly impossible due to risks related to the
anatomical locations and the diffuse growth patterns of these tumors
(Wang and Jiang, 2013; Jones et al., 2017; Vitanza and Monje, 2019).
Radiation is standard of care for pHGG but is ultimately palliative
and has minimal impact on overall survival (Mandell et al., 1999;
Tauziede-Espariat et al., 2019). Radiotherapy is associated with
variable responses in pHGG and can lead to neurocognitive
defects especially in very young patients, only increases overall
survival in diffuse midline glioma by ~3 months (Langmoen
et al,, 1991), and had no significant effect on overall survival for
patients diagnosed with H3G34-altered tumors in one recent study
(Crowell et al., 2022). Chemotherapy is also rarely effective on its
own and leads to variable clinical responses in different in by pHGG
subtypes. Treatment with chemotherapy is associated with slightly
increased overall survival in infantile and pediatric HGG patients,
but exclusively when gross surgical resection was achieved (Wisoff
et al., 1998; Wolff et al.,, 2010). In contrast, multiple studies report
that neither TMZ-based nor non-TMZ-based chemotherapy are
sufficient to provide a survival benefit for pediatric HGG patients
(Spostol et al., 1989; Finlay et al., 1995; Cohen et al., 2011; Jones et al.,
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TABLE 1 Genetic and molecular characteristics of WHO 2021 classification of pediatric-type diffuse high grade glioma.

Tumor subtype Molecular Anatomical Histological markers  Age at Survival References
features/ location diagnosis
genetic
alterations
Diffuse midline H3K27 brainstem, spinal OLIG2+, H3K27me3 loss, 7-8 years 9-11 months Schwartzentruber et al. (2012),
glioma, H3 K27- cord, pons, medulla, TP53 (variable), ATRX Wu et al. (2012), Castel et al.
altered TP53 and thalamus (variable) (2015), Cooney et al. (2017)
ACVRI1
PDGFRA
EGFR
EZHIP
Diffuse hemispheric | H3G34 supratentorial tumors, | GFAP', OLIG2,, ATRX, 15 years 14-18 months Schwartzentruber et al. (2012),
glioma, H3 G34- mainly in temporal TP53 (variable), MKI67 Wu et al. (2012), Korshunov
mutant TP53 and parietal lobes (high) et al. (2016), Lim et al. (2021),
Crowell et al. (2022), Gianno
ATRX et al. (2022)
Diffuse pediatric- IDH-wildtype supratentorial tumors | necrosis, microvasculature 2-18 years 14-44 months Korshunov et al. (2017),
type high-grade (~85%), proliferation, Tauziede-Espariat et al. (2019),
glioma, H3-wildtype = H3-wildtype brainstem (~15%) H3K27me3 retained, GFAP", Gianno et al. (2022)
and IDH-wildtype OLIG2*
PDGFRA
MYCN
EGFR
Infant-type NTRK family intra-axial tumor OLIG2+, GFAP+, <1 year 5-year overall Duffner et al. (1999), Guerreiro
hemispheric glioma H3K27me3 retained survival of Stucklin et al. (2019), Ceglie
ALK 50%-60% et al. (2020), Clarke et al. (2020),
Gianno et al. (2022)
ROS
MET

TABLE 2 Major therapeutic modalities used to treat pediatric high grade glioma.

Therapy

category

Examples/sub-categories

References

Radiation focal radiation, hypo-fractionated radiation Mandell et al. (1999); Gallitto et al. (2019); Metselaar et al. (2021); Crowell
et al. (2022)
Chemotherapy Non-TMZ chemotherapy: CCNU, vincristine, prednisone, Spostol et al. (1989); Finlay et al. (1995); Duffner et al. (1999); Massimino
methylprednisolone procarbazine, hydroxyurea, cisplatin, cytarabine, et al. (2008); Crowell et al. (2022)
dacarbazine
TMZ chemotherapy Lashford et al. (2002); Cohen et al. (2011)
Immunotherapy T cell immunotherapy Ahmed et al. (2017); Vitanza et al. (2021b); Haydar et al. (2021); Majzner

Targeted small
molecules

et al. (2022)

cancer vaccines

oncolytic viruses

checkpoint inhibitors

Anti-PD-1 and anti-PD-L1

panobinostat, vorinostat, ONC-201, dasatinib, crizotinib, everolimus

Pollack et al. (2016); Van Gool et al. (2020)

Friedman et al. (2021); Gallego Perez-Larraya et al. (2022); Ghajar-Rahimi
et al. (2022)

Fried et al. (2018); Cacciotti et al. (2020); Van Gool et al. (2020)

Arrillaga-Romany et al. (2017); Galanis et al. (2018); Chi et al. (2019);
Miklja et al. (2020); Puduvalli et al. (2020); Gibson et al. (2021); DeWire
et al. (2022); Izquierdo et al. (2022)
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2017) and combinations of high dose chemotherapy and radiation
similarly did not improve clinical outcomes midline and brainstem
tumors or in H3G34-altered tumors (Jenkin et al., 1987; Spostol
et al., 1989; Hargrave et al., 2006; Crowell et al., 2022).

Improved molecular and genetic profiling of pHGG tumors
and research in pre-clinical models has led to the discovery of
multiple targeted therapies, including both small molecule
inhibitors of various enzymes and immunotherapeutic
approaches. Targeted small molecule inhibitors for pHGG
treatment include: chromatin-targeting drugs like the histone
deacetylase inhibitors vorinostat and panobinostat (Fouladi
et al., 2010; Jones et al., 2017; Galanis et al., 2018; Puduvalli
et al., 2020); the DRD2 antagonist/CLPP agonist ONC201
(Arrillaga-Romany et al., 2017; Chi et al., 2019); kinase
inhibitors like dasatinib, crizotinib, and trametinib (Miklja
et al., 2020; Gibson et al., 2021; Izquierdo et al., 2022); and
mTOR inhibitors like everolimus (Miklja et al., 2020; DeWire
et al., 2022). While some of these inhibitors may temporarily
improve symptoms and can lead to short-term stable disease in
some patients, many of these clinical trials are ongoing and
limited in scope, so it is not yet clear whether durable clinical
responses will be possible.

More recently, immunotherapeutic approaches using oncolytic
viruses, cancer vaccines, and autologous T cell therapy have shown
promise in animal models and are under investigation in the clinic.
Specifically, clinical trials assessing pHGG patient response to CAR-
T cells directed against various tumor antigens, including GD2, B7-
H3, and HER?2, have led to improved symptoms or stable disease in
some patients but have yet to improve overall survival (Ahmed et al.,
2017; Vitanza et al., 2021b; Haydar et al., 2021; Majzner et al., 2022).
Early phase clinical trials using oncolytic viruses, immune
checkpoint inhibitors, and cancer vaccines to target pHGG and
enhance tumor immunogenicity are similarly in progress, but it
remains uncertain whether these interventions will result in a
significant response in larger numbers of patients (Fried et al,
2018; Van Gool et al., 2020; Gallego Perez-Larraya et al., 2022;
Ghajar-Rahimi et al., 2022).

In addition to the adverse side effects that can accompany each
of these treatment modalities, another factor to consider when
developing new therapies is that treatment failure in pHGG
commonly occurs due to intrinsic or acquired resistance to
therapy (Vanan and Eisenstat, 2014; Kline et al, 2018).
Overcoming treatment resistance therefore poses a key challenge
to improving clinical outcomes in aggressive and highly
heterogeneous cancers like pHGG and will require a better
understanding of how resistance to therapy develops in patients.
Since subpopulations of brain tumor cells vary in their sensitivity to
treatment (Bao et al., 2006; Liu et al., 2006; Chen et al., 2012;
Alexander et al., 2020), efforts to elucidate resistance mechanisms in
pHGG that rely solely on bulk sample analysis methods or that only
focus on a single aspect of tumor cell biology may lose important
information regarding changes in sub-clonal tumor cell phenotypes
and the tumor microenvironment following treatment. Single cell,
multi-omic techniques provide an opportunity to separately profile
tumor, normal brain cell, and immune populations (Vandereyken
et al,, 2023), to characterize dynamic changes to the glioma cellular
landscape that occur in response to treatment when applied to
pHGG patient samples.
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Single cell multi-omic profiling of
glioma

Differences between the genome, epigenome, transcriptome,
proteome, and metabolome of individual tumor cells in a single
patient can all contribute to intratumoral heterogeneity associated
with therapeutic resistance (Mazor et al., 2016; Marusyk et al., 20205
Santiago et al., 2020). Variable mutation profiles between cells
within the same tumor, chromatin dysregulation leading to stem
cell-like behaviors in tumor cell sub-populations, neoplastic
transcriptional states specific to individual tumor cells, erratic
post-translational ~ modifications, and  unique  metabolic
dependencies are all examples of intratumoral differences in cell
phenotypes that might influence tumor sensitivity to therapy.
Despite the capacity of single cell profiling to reveal mechanisms
of tumor heterogeneity and therapeutic resistance, the application of
single cell multi-omic analyses to pediatric glioma is rare. As a result,
the role of intratumoral heterogeneity in driving pediatric glioma
progression and response to treatment is poorly understood. Multi-
omic analyses at single-cell resolution can address this knowledge
gap by generating more comprehensive profiles of pHGG
intratumoral heterogeneity (Figure 1).

Multiple techniques are now available for targeted “omic”
profiling of the major subtypes of biological molecules at a single
cell resolution (Table 3). Many of these single cell analyses can be
performed either as stand-alone assays or in combination with
each other to generate multi-omic datasets to describe multiple
phenotypic features within single cells, such as through
simultaneous analysis of both transcriptomic and epigenetic
profiles. For example, combined scRNAseq and single cell
ATACseq (scATACseq) has been applied to characterize both
single cell transcriptomes and chromatin accessibility patterns in
adult spinal ependymoma demonstrating dynamic changes to the
landscape of tumor-immune interactions associated with tumor
progression (Zhang et al., 2021). The application of both
scRNAseq and scATACseq has identified
multiple  progenitor-like acting

also recently

glioma cell subtypes
cooperatively to maintain tumor growth in adult glioma
(Wang et al, 2019), and revealed the complex cellular
architectures of different medulloblastoma subtypes (Li et al.,
2021).

Various research groups have also sought to understand the
relationship between genetic mutations, DNA methylation and
heterogeneous gene expression profiles in glioma patient samples.
For example, studies integrating scRNAseq and DNA methylation
profiling have uncovered correlations between DNA methylation
patterns and gene expression associated with the expression of glial
differentiation genes and response to environmental stress
(Chaligne et al.,, 2021; Johnson et al., 2021). An additional study
similarly integrated DNA methylation and scRNAseq datasets to
identify METTL7B as a potential prognostic marker in glioma
associated with an immune-suppressive tumor microenvironment
(Chen et al, 2021). Further studies have integrated bulk DNA
sequencing and scRNAseq data to track lineage hierarchies and
to infer transcriptional signatures associated with distinct glioma
sub-populations including stem and progenitor-like cells (Muller
et al.,, 2016; Filbin et al., 2018). Finally, combined genetic profiling,
scRNAseq, and metabolic analysis in glioblastoma multiforme has
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FIGURE 1

Single cell multi-omic approaches to phenotyping glioma cells. Applying multi-omic techniques to single cells isolated from patient tumors enables
simultaneous profiling of different aspects of tumor cell biology in the same cells. Three examples of these types of techniques and the tumor cell
phenotypes they characterize are shown: scM&T-seq profiles DNA methylation and gene expression; DAb-seq profiles genomic alterations and cell
surface protein expression; and CITE-seq profiles gene expression and cell surface protein expression. Linking multiple phenotypes in individual
glioma cells from patient samples through single cell multi-omic approaches like those depicted above has the potential to improve our understanding of
intratumoral heterogeneity in glioma and provide insights into the molecular mechanisms driving glioma development and progression.

TABLE 3 A brief summary of single cell profiling techniques to assess intratumoral heterogeneity.

Omic data

subtypes

Sequencing

Non-sequencing

References

Genome scDNAseq Evrony et al. (2021)
Epigenome scBisulfite-seq, scATACseq, Smallwood et al. (2014); Skene and Henikoff (2017);
scCUT&RUN/scCUT&Tag Kaya-Okur et al. (2019); Xu et al. (2021)
Transcriptome scRNAseq MERFISH* Hwang et al. (2018); Xia et al. (2019)
Proteome Flow cytometry, CyTOF, Imaging mass Doxie and Irish (2014); Lavin et al. (2017); Roussel et al.
cytometry”, scProteomics (2020); Woo et al. (2021); Kuett et al. (2022)
Metabolome SpaceM* Rappez et al. (2021)

Multi-omics

scG&T-seq scDNAseq + scRNAseq
scM&T-seq scBisulfite-seq + scRNAseq
scTRIO-seq scM&T-seq + CNV analysis
CITE-seq cell surface protein + transcriptome
profiling by scRNAseq
REAP-seq
Watermelon CITE-seq + lineage tracing
SHARE-seq scRNAseq + scATACseq
ICICLE-seq
DAD-seq cell surface protein + genome profiling
by scDNAseq
Tapestri

Select-seq*

RNAseq on SLACS-isolated single cells

+ protein expression by
immunofluorescence

Macaulay et al. (2016)

Angermueller et al. (2016)

Hou et al. (2016)

Peterson et al. (2017); Stoeckius et al. (2017)

Oren et al. (2021)
Ma et al. (2020); Swanson et al. (2021)

Morita et al. (2020); Demaree et al. (2021); Peretz et al. (2021)

Lee et al. (2022)

= technique preserves spatial information in samples.

identified
neurodevelopmental and metabolic profiles that may be
targetable in the clinic (Garofano et al, 2021). Together, these

new functional subgroups differing in  their
studies demonstrate the promise of layering multiple single cell
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analysis techniques to resolve tumor cell features and to identify

functionally significant tumor subpopulations driving resistance.
The benefits of using sequencing-based single cell profiling

techniques include the generation of extensive amounts of data
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FIGURE 2
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Spatial, single cell profiling of glioma patient tumors. A wide variety of cell types are found in the tumor microenvironment of glioma, including
immune cells, different subtypes of tumor cells, and normal brain cells. The interactions between these cells result in tumor cell behavior changes that can
be accounted for through spatial, single cell omic profiling techniques. Spatial analyses like MERFISH, imaging mass cytometry, and SpaceM allow the
effect of cell to cell interactions on tumor, immune, and normal cell phenotypes to be visualized.

on large numbers of cells and the ability to simultaneously profile
tumor cells, infiltrating immune cells, and normal cells within the
same sample. However, one downside of using many single cell
sequencing-based techniques is that these analyses usually require
cell dissociation as an early step in their sample processing protocols.
This need for sample dissociation results in a loss of spatial
information regarding the cellular organization of brain tumors,
such as local interactions between glioma cells, neurons, normal glia,
and immune cells, which may mediate tumor cell phenotypes. For
instance, previous studies reveal that glioma stem and progenitor-
like cells reside in the perivascular niche in contact with endothelial
cells (Calabrese et al., 2007; Charles et al., 2010) and demonstrate
extensive spatial heterogeneity in both the abundance and types of
immune cells across different regions of brain tumors (Abdelfattah
etal., 2022). Conducting spatial profiling of tumor markers through
either low throughput (immunohistochemistry,
immunocytochemistry, RNA in situ analysis) or high throughput
(spatial scRNAseq) can therefore complement single cell data from
disassociated samples to reveal the regional heterogeneity, and local
interactions between, cell types of interest in patient tumors
(Figure 2).

Current knowledge of intratumoral
heterogeneity in pediatric high grade
glioma

studies have multi-omic

Previous applied

technologies to characterize intratumoral heterogeneity in glioma,

single cell

but most reports thus far have focused on adult samples rather than
pediatric brain tumors (Table 4). Although a subset of potential
therapeutic targets implicated by studies analyzing adult glioma may
be relevant to pediatric brain tumors, substantial differences exist in
the genetics and molecular features of pHGG (Table 1) that may
result in unique mechanisms of therapeutic resistance in pediatric
patients (Jones et al., 2012; Sturm et al., 2017; Gestrich et al., 2021;
Lehmann et al., 2022). One major difference is that driver mutations
in chromatin regulators, including histone H3 point mutations are
common in pHGG but not in adult HGG (Khuong-Quang et al.,

Frontiers in Pharmacology

2012; Schwartzentruber et al.,, 2012; Wu et al., 2012; Fontebasso
et al., 2013; Wiestler et al.,, 2013; Mackay et al., 2017). The unique
biology of pediatric brain tumors may limit the relevance of single
cell data from adult samples as a basis to develop therapeutic
strategies for childhood glioma and warrants further investigation
into the drivers of therapeutic resistance in pHGG.

PHGG are not only genetically and molecularly distinct from
adult pHGG, but also exhibit a high degree of intra- and
intertumoral heterogeneity. Sequencing studies analyzing
either multiple brain regions or comparing diagnostic and
recurrent tumors taken from individual pHGG patients reveal
spatially and temporally heterogeneous DNA mutations even
among samples acquired from the same patient affecting genes,
such as ATM, PPMI1D, BCOR, ATRX, MYC, and KMT5B
(Hoffman et al., 2016; Nikbakht et al., 2016; Salloum et al.,
2017; Vinci et al,, 2018). pHGG also exhibit heterogeneity in
the presence of copy number variations in PDGFRA and other
genes regulating oncogenic signaling and the cell cycle (Bax et al.,
2010; Paugh et al., 2011; Koschmann et al., 2016), and cell to cell
variation in epigenetic regulation reflected by differences in
histone post-translational modifications and DNA methylation
in pHGG (Sturm et al., 2012; Mackay et al., 2017; Castel et al,,
2018; Huang et al., 2018). Finally, scRNAseq and histological
analyses of both pediatric and adult brain tumors reveal
heterogeneous cell phenotypes, including stem and progenitor-
like cells as well as neuronal, glial, and mesenchymal
subpopulations (Hemmati et al., 2003; Monje et al., 2011;
Filbin et al., 2018; Jessa et al.,, 2019; Vladoiu et al., 2019).
Together, these findings suggest that heterogeneity in DNA
mutations, epigenetic regulation, transcriptional outputs, and
differing tumor microenvironments all have the potential to
remodel the cellular landscape of pHGG to promote
therapeutic resistance.

Heterogeneity in pHGG can be driven by intrinsic factors like
genomic instability and cancer stem cell differentiation as well as in
response to extrinsic factors in the tumor microenvironment like
tumor-immune cell interactions and drug treatment (Santiago et al.,
2020; Kaminska et al., 2021). Multi-omic single cell analyses may

therefore identify pathways of previously unknown significance in

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1002296

Murdaugh and Anastas

10.3389/fphar.2023.1002296

TABLE 4 Selected single cell sequencing datasets from pediatric and adult high grade glioma patient samples.

HGG subtype Single cell datasets Major finding

References

Pediatric H3K27M glioma | scRNA-seq Most H3K27M tumor cells are oligodendrocyte progenitor-like Filbin et al. (2018)

Pediatric H3.3G34 R/V scRNA-seq Epigenetic and transcriptional features of H3.3G34 R/V glioma identify new therapeutic = Sweha et al. (2021)

glioma targets

Pediatric cerebellar scRNA-seq Tumor cells express fetal transcriptional programs Vladoiu et al. (2019)

tumors

Pediatric ependymoma scRNA-seq Neural stem cell-like tumor subclones in relapsed patient samples are more immature =~ Wu et al. (2022)
with increased immune cell crosstalk

Pediatric ependymoma scRNA-seq Malignant cell differentiation programs are targetable and predict patient survival Gojo et al. (2020)

Pediatric scRNA-seq Tumor subtypes with distinct developmental trajectories may share a similar cell-of- Hovestadt et al.

medulloblastoma origin (2019)

Pediatric scRNA-seq, scATAC-seq Characterizes medulloblastoma subtypes and identifies potential therapeutic targets Li et al. (2021)

medulloblastoma

Adult glioblastoma

scRNA-seq, scATAC-seq

Combination therapy targeting multiple tumor cell phenotypes may improve treatment
efficacy

Wang et al. (2019)

Adult glioblastoma scATAC-seq An invasive glioma stem cell chromatin state is associated with lower survival Guilhamon et al.
(2021)
Adult glioblastoma scRNA-seq The glioma stem cell immune microenvironment transitions from stimulatory to Zhai et al. (2020)
suppressive as tumorigenesis progresses
Adult high grade gliomas = scRNA-seq Glioma cell subtypes exhibit differences in proliferation and immune cell interactions ~ Yuan et al. (2018)
Adult glioblastoma scRNA-seq Infiltrating immune cells enhance glioblastoma cell proliferation and invasiveness Darmanis et al.
(2017)
Adult glioblastoma scRNA-seq Identifies immune suppressive factors in tumor-associated macrophages that can be Abdelfattah et al.
targeted to improve immunotherapy (2022)
Adult glioblastoma scRNA-seq Glioblastoma cell states are influenced by DNA mutations and the tumor Neftel et al. (2019)
microenvironment
Adult glioblastoma scRNA-seq Individual cells within the same tumor exhibit variable expression of glioblastoma subtype = Patel et al. (2014)
markers
Adult glioblastoma scRNA-seq Identifies glioma stem cell-specific developmental pathways to target therapeutically Couturier et al.

Adult glioblastoma scRNA-seq, scBisulfite-seq

Epigenetic state can shape therapeutic outcomes

(2020)

Johnson et al. (2021)

Adult glioblastoma scRNA-seq

Tumor subtypes exhibit different metabolic dependencies

Garofano et al.
(2021)

Adult glioblastoma scRNA-seq, scBisulfite-seq,

scDNA-seq

Malignant cells show epigenetic inheritance that differs based on IDH genotype

Chaligne et al.
(2021)

the development of therapeutic resistance. Single cell multi-omic
profiling of brain tumor patient samples have begun to define the
complex cellular landscape of adult glioma as it relates to disease
biology (Table 4). Recent single cell multi-omic profiling studies
have identified salient features of glioma biology, including distinct
tumor-immune interactions associated with malignancy and disease
progression, correlations between genetic and epigenetic features of
tumor cells, novel sub-cellular populations and mechanisms of
glioma cell plasticity, and putative therapeutic targets (Wang
et al, 2019; Chaligne et al, 2021; Chen et al, 2021; Garofano
et al., 2021; Johnson et al, 2021; Zhang et al.,, 2021). Studies that
integrate separate single cell and bulk multi-omic datasets have
similarly identified novel regulators, prognostic biomarkers of adult
glioma subtypes (Neftel et al., 2019; Wu et al., 2020; Chen et al,,
2021). These analyses demonstrate the value of applying single cell,
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multi-omic profiling as a strategy to reveal hidden complexity in
adult gliomas that may soon be applied to pHGG.

In addition to the tumor cell intrinsic factors that drive
intratumoral  heterogeneity, dynamic changes in tumor
composition can occur because of interactions between glioma
and immune cells in the surrounding microenvironment (Turner
and Reis-Filho, 2012; McGranahan and Swanton, 2017). For
example, a single cell transcriptome profiling study in pediatric
ependymoma patient samples recently found that neural stem cell-
like tumor subclones in relapsed patient samples exhibit increased
immune cell crosstalk (Wu et al., 2022). Single cell analysis to reveal
dynamic interactions between tumor cells and immune cells may
also reveal mechanisms of resistance to immunotherapy and
potential targets to enhance pHGG immune targeting. For

example, a recent study of pHGG tumors exposed to CAR-T cell
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FIGURE 3

Intratumoral profiling of therapeutic responses in glioma patient
tumors with single cell multi-omics. Glioma tumor samples collected
from patients before and after treatment can be profiled using single
cell multi-omic techniques to identify tumor cell phenotypes
associated with successful therapeutic targeting by looking for tumor
cell subtypes that are present in pre-treatment samples but that are
absent in post-treatment samples. In contrast, resistant tumor cell
subtypes will be present in both the pre-treatment and post-
treatment sample while newly evolved or adapted tumor cell
phenotypes that result in acquired resistance will be seen only in the
post-treatment sample. The information yielded from these single cell
profiling experiments for tumor cell phenotypes like DNA mutations,
gene expression, and cell surface proteins can thus provide a deeper
understanding into the clonal composition changes that drive glioma
patient responses to different treatment modalities.

therapy using both bulk an single cell profiling revealed
heterogeneous CAR-T cell phenotypes and identified cytokines
and TGFp signaling molecules as potential mediators of CAR-T
treatment efficacy (Vitanza et al., 2021a; Majzner et al., 2022).
Another recent single cell profiling study revealed additional
immunosuppressive  factors produced by tumor-associated
macrophages that might be targeted to enhance therapeutic
responses (Abdelfattah et al., 2022).

Intrinsic differences between tumor cells can also set the stage
for further, potentially more unpredictable consequences of
tumor-tumor cell interactions where clones displaying
different phenotypes may have suppressive, protective, or
stimulatory effects on each other (Santiago et al, 2020). An
example of this behavior comes from a recent paper showing
that cells located in distinct anatomical features of glioblastoma
multiforme tumors display diverging patterns of gene and
protein expression allowing individual tumor cells to influence
each other’s behaviors to drive tumor progression and escape
from the effects of therapy (Lam et al., 2022). Spatial differences
in tumor cell heterogeneity may also influence the activity
endogenous immune cells and the efficacy immune cell-based
therapies (Liu et al., 2021). Using single cell multi-omic profiling
techniques that preserve spatial information in patient samples
can therefore provide further insights into the drivers of
intratumoral heterogeneity in solid tumors and the effects of a
changing tumor microenvironment on treatment response.
Despite the valuable knowledge provided by these types of
analyses, very little spatial profiling has been done in pHGG.
Increasing our knowledge of regional tumor heterogeneity, such
as between primary and metastatic tumors invading other brain
regions and the spine is particularly needed to understand the
diffuse nature of certain subtypes, like DMG which are highly
invasive and spread into multiple brain regions (Nikbakht et al.,

2016).
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These sometimes unpredictable drivers of intratumoral
heterogeneity arising from various cell to cell interactions within
the tumor microenvironment are perhaps best summarized by the
aphorism “the whole is greater than the sum of the parts.” An
alternative to bulk analyses is to apply single cell multi-omic analyses
to matched glioma patient samples taken before and after treatment
to examine the changes in tumor cell phenotypes that occur in
response to different forms of therapy (Figure 3). Through well-
designed longitudinal studies, it may also be possible to correlate
these multi-omic single cell datasets with clinical outcomes as a first
step in identifying specific cell populations that escape tumor
response or to discover biomarkers of tumor evolution that
might predict therapeutic resistance. Analyzing treatment-
associated changes in intratumoral heterogeneity in this way will
allow researchers to move beyond merely taking the sum of the parts
to instead obtain multi-dimensional datasets providing a much
more comprehensive view of the pathways and processes

underlying therapeutic resistance in brain tumors.

Profiling treatment-associated
changes in the intratumoral
heterogeneity in high grade glioma

Standard of care for pHGG consists of radiation often combined
with chemotherapy and experimental therapeutics (Fangusaro,
2009; Jones et al., 2012; Adamski et al, 2014; Bredlau and
2014).
consequences, including cognitive deficits, endocrine disorders,

Korones, Many of these treatments have adverse
and vasculopathies, and none of these therapeutic strategies are
curative (Armstrong et al., 2004; Merchant et al., 2009; Mueller et al.,
2013). pHGG tumors frequently exhibit both intrinsic and acquired
resistance to therapy (Vanan and Eisenstat, 2014; Kline et al., 2018)
and numerous studies suggest that subpopulations of brain tumor
cells vary in their sensitivity to treatment (Bao et al., 2006; Liu et al.,
2006; Chen et al., 2012; Alexander et al., 2020). Neither the defining
characteristics of treatment-resistant glioma cell sub-populations,
nor the underlying pathways regulating spatio-temporal
heterogeneity and dynamic response to therapy are fully
delineated in pediatric glioma. Our limited knowledge of which
genes and pathways drive pediatric glioma heterogeneity and
therapeutic resistance represents a key knowledge gap, which has
hindered efforts to develop effective treatments to overcome
therapeutic resistance in pHGG.

Variable tumor cell phenotypes and mutation profiles can result
in different sensitivity to therapy within the same tumor, and the
selective pressure applied during treatment can lead to tumor cell
adaption and evolution resulting in tumor escape from therapeutic
response (Raynaud et al., 2018; Marusyk et al., 2020; Santiago et al.,
2020; Touat et al, 2020). Studies comparing matched patient
samples collected before and after treatment are more common
in cancers like melanoma and leukemia that are more amenable to
sample collection compared to central nervous system tumors, and
single cell multi-omic profiling of matched samples from these
cancers demonstrate that tumor cell evolution correlates with
disease relapse and unfavorable treatment outcomes (Gaiti et al.,
2019; Granja et al, 2019; Morita et al,, 2020). Similar research

comparing naive and treated brain tumor samples has identified
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features of treatment-resistant glioma either through either bulk or
single cell analyses, including potential targets for future therapies,
factors that influence the tumor microenvironment, and genomic
alterations contributing to malignant progression in different brain
tumor subtypes (Barthel et al., 2019; Mueller et al., 2019; Nejo et al.,
2019; Petralia et al., 2020). The diverse and impactful findings of
these studies emphasize how new technological approaches to
profiling intratumoral heterogeneity can provide insight into
glioma biology and reveal novel strategies for therapeutic targeting.

Intratumoral heterogeneity observed in pHGG prior to
treatment may also result in poor therapeutic response due to
the presence of intrinsically resistant tumor cell subpopulations.
For example, stem- and progenitor-like glioma cells sometimes
known as glioma stem cells or brain tumor initiating cells (Zhou
et al, 2021), have been implicated in adult glioma therapeutic
response (Bao et al., 2006; Liu et al., 2006; Chen et al., 2012).
Recent advances in single cell multi-omic profiling have provided
researchers with new tools to decipher roles for rare tumor stem cells
in treatment resistance and sensitivity. For example, one study
integrated scRNAseq and mass cytometry data from adult glioma
samples to identify surface markers used in the isolation of CD9+/
CD133+ progenitor cells, which were then shown to be less sensitive
to TMZ treatment and more proliferative in intracranial xenografts
(Couturier et al, 2020). Another study applied scRNAseq to
similarly describe a glioma stem cell subpopulation that was
enriched after radiation treatment in a mouse model (Alexander
et al,, 2020). Additional studies have similarly identified stem cell-
like subpopulations in pHGG (Monje et al., 2011; Chen et al., 2012;
Filbin et al., 2018), but the role of glioma stem cells in mediating
pediatric glioma phenotypes and response to therapy has not yet
been thoroughly studied. However, there is some evidence that
glioma stem cells may play a role in pHGG recurrence after
therapy (Hoffman et al, 2019). Further studies applying single
cell multi-omic analyses to pHGG patient tumors before and
after therapy may help unravel potential roles for cancer stem
cells and other glioma cell sub-populations in both intrinsic and
acquired resistance.

Validating results from multi-omic
single cell datasets using mouse
models

A limitation of many single cell profiling studies is that these
analyses generate correlative data, and the functional relevance of
many molecular markers and cell sub-populations revealed by these
analyses can remain elusive. Single cell analyses of mouse models of
pHGG may also provide valuable insights into the underlying causes
of tumor heterogeneity and reveal mechanisms of treatment
resistance. Pairing patient tumor molecular profiling data with
results from functional biological assays in cell culture and
animal models is one strategy for experimentally determining the
mechanisms of tumor heterogeneity and treatment resistance. For
example, recent studies have sought to analyze differences in gene
expression and chromatin accessibility in isolated adult glioma stem
cell clones varying in their proliferation, differentiation, and
sensitivity to TMZ to identify gene regulatory signatures
associated with these aggressive tumor cell phenotypes (Meyer
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et al,, 2015; Guilhamon et al., 2021). By subsequently comparing
these gene and chromatin signatures to single cell datasets from
patient tumors, the authors then provided evidence that freshly
dissociated tumors contain cells exhibiting similar characteristics to
the aggressive clones profiled in the laboratory, highlighting the
potential significance of these phenotypes. Another study performed
both molecular profiling and drug screening in newly established
primary cell culture models derived from patient tumor samples
collected in an ongoing clinical trial to identify the mechanism of
resistance by which DMG tumors evade MEK inhibitors (Izquierdo
et al, 2022). In this study, MEK inhibitor resistance occurred
through the development of de novo mutations that might serve
as therapeutic targets in a combination treatment strategy to ablate
the resistant tumor cells. This approach combining molecular
profiling and functional drug testing has the potential to identify
other promising therapies if applied to additional treatment
modalities, particularly if the functional studies are accompanied
by single cell multi-omic profiling of pre- and post-treatment pHGG
patient samples.

Comparative single cell profiling of patient samples and mouse
models also has the potential to yield significant insights into
therapeutic resistance and the roles of tumor-immune cell
interactions in glioma treatment response. Of note, a recent
comparative single cell multi-omic study in adult glioblastoma
found conserved changes in tumor-associated immune cell
responses to therapy between mouse models and patient tumors,
suggesting that animal studies have the potential to accurately
recapitulate certain aspects of patient tumor microenvironment
(Pombo Antunes et al., 2021). Given that glioblastoma driver
mutations are known to influence the immune composition of
the tumor microenvironment in adult HGG (Garcia-Fabiani
et al, 2021), additional comparative studies using single cell
multi-omic  techniques to  analyze recently developed
immunocompetent models of pHGG may therefore provide
insight into the effects of patient tumor subtype on therapy
resistance due to immunosuppressive or immunostimulatory
states (Chen and Hambardzumyan, 2018; Patel et al, 2020;
Tomita et al, 2022). Together, these studies emphasize how
combining data from multi-omic single cell profiling of patient
samples and results obtained from preclinical model systems may
help researchers to better understand the significance of specific
molecular profiles on glioma cell behaviors like drug resistance or
response to immunotherapy.

Challenges and conclusion

A practical concern regarding the use of multi-omic single cell
sequencing approaches to study glioma disease mechanisms is that
these experiments generate massive data outputs requiring complex
analysis pipelines and extensive resources for data storage. In
contrast, single cell profiling by non-sequencing approaches may
be more cost-effective and can potentially preserve tissue structures
to provide an additional layer of information about the tumor
microenvironment and cell to cell interactions (Figure 2). Low-
throughput  and

non-sequencing based approaches, like

immunohistochemistry and DNA fluorescence in  situ

hybridization (FISH), can offer much faster, cheaper, and readily
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interpretable assessments of tumor heterogeneity while still assaying
large numbers of cells. However, the information provided will be
more biased than sequencing-based single cell profiling since non-
sequencing techniques rely on a relatively small number of probes or
antibodies, which may result in more limited findings from
exploratory studies (Kashyap et al., 2022).

Given the wide range of single cell profiling techniques (Table 1),
the high cost associated with sequencing-based single cell analyses,
and the limited availability of pHGG patient samples, selecting
among potential methods for single cell profiling requires careful
consideration. For example, some single cell profiling techniques can
be performed on fixed tissue, while others require fresh or frozen
specimens. Appropriate single cell profiling methodologies must
also be selected according to the treatment modalities in question.
Single cell analyses that conserve spatial information may be
particularly useful for characterizing glioma responses to
immunotherapy because these methods enable the visualization
of tumor-immune interactions (Marusyk et al, 2020). Since
immunotherapy is beginning to show some promising results in
early stage clinical trials for pHGG (Majzner et al., 2022), profiling
pre- and post-treatment patient tumor samples using spatial, single
cell multi-omic techniques may be especially relevant to ongoing
efforts to improve immunotherapeutic approaches for pHGG
treatment.

Single cell multi-omic datasets can also be expensive to generate
and require processing through complex analytical pipelines before
the results can be interpreted. The types of bioinformatic analyses
and mathematical modeling that are applied to single cell multi-
omic datasets are a key determinant of the quality of information
obtained from these experiments. Unfortunately, bioinformatic
analysis protocols for single cell datasets are not yet standardized
across different research studies. Depending on the pipelines used,
in-depth analyses of multiple aspects of intratumoral heterogeneity
can be made from the shared properties identified between single
cell multi-omic datasets or even extracted from individual single cell
omic profiling experiments, such as by detecting somatic mutations
or multi-cellular programs from scRNAseq data (Vu et al.,, 2019;
Welch et al., 2019; Jerby-Arnon and Regev, 2022). Separate analyses
using mathematical modeling of treatment efficacy can then take
this intratumoral heterogeneity into account in simulations aimed at
predicting determinants of patient responses to therapy (Rockne
and Scott, 2019).
mathematical modeling have their own limitations and may also

However, bioinformatic analyses and
provide an incomplete or inaccurate understanding of how tumor
heterogeneity contributes to therapy resistance. Further, integrating
single cell datasets generated from separate experiments or even
from different studies through meta-analyses may also yield
important findings despite the inability to examine different
“omics” datasets in the same cells.

Perhaps the most daunting challenge limiting current studies
applying single cell multi-omic analyses to naive and treatment-
resistant brain tumors is the ability of researchers to access paired
tumor samples across the time course of a patient’s treatment.
Matched single cell analyses in non-responding or relapsed
patients either during surgical resection procedures or from rapid
autopsies may provide a viable strategy to study the development of
therapeutic resistance that arises from intratumoral heterogeneity in
glioma. Using pre-treatment patient biopsies to generate organoid,
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explant, and gliomasphere cultures or patient-derived orthotopic
xenograft mice can also allow for pre-treatment and post-treatment
responses to be assessed without requiring multiple rounds of brain
tumor sample collection from a single patient (Hubert et al., 2016;
Jacob et al., 2020; LeBlanc et al., 2022; Sundar et al., 2022). However,
these in vitro and in vivo patient-derived glioma models may not
accurately reflect the effects of the intratumoral heterogeneity and
the tumor microenvironment on treatment resistance. Primary
patient samples collected before and after treatment are therefore
better suited for use in single cell multi-omic studies even though
paired patient brain tumor sample collection can prove challenging.
Despite these limitations, the recent introduction of lower-cost
sequencing technology coupled with the rising use of machine
learning to assist with data processing and interpretation have
made single cell multi-omic profiling easier than ever and greatly
improved its potential to yield clinically significant data when
applied to patient samples.

Future directions for assessing
intratumoral heterogeneity in glioma

Resistance to therapies, such as radiation, chemotherapy, targeted
therapeutics, and immunotherapy, is a key challenge to improving
clinical outcomes in aggressive and highly heterogeneous cancers like
PHGG, which have no effective treatment options despite decades of
research. The development of therapeutic resistance in these tumors is
a multifaceted process that may be attributed to: 1) the expansion of
subclonal populations showing intrinsic resistance; 2) the emergence
of altered tumor cell phenotypes as these cells adapt or evolve upon
exposure to therapy and escape killing; and 3) dynamic changes to the
tumor microenvironment, including the interactions between brain
tumor cells and normal neurons, glia, and tumor-associated immune
cells. Before the advent of single cell technologies, previous research
into the molecular underpinnings of therapeutic resistance relied on
bulk approaches that assessed molecular changes induced by
treatment at low resolution and averaged across large numbers of
cells without the ability to separately profile tumor, non-tumor, and
immune populations. In this review, we have highlighted how
sophisticated, new technologies now enable researchers to layer
multi-dimensional datasets to simultaneously profile genetic,
epigenetic, transcriptomic, and proteomic aberrations at a single
cell level to describe dynamic changes to the glioma cellular
landscape in response to treatment.

Most of the existing single cell multi-omic analyses of glioma
published thus far have focused on either determining how tumor
cell phenotypes diverge from normal tissue or on sub-classifying
tumors into different molecular subgroups. Applying single cell
multi-omic profiling to pre- and post-treatment pHGG tumors has
the potential to reveal the consequences of various therapies on
tumor composition and to identify markers of treatment
susceptibility and resistance. These types of analyses are expected
to generate data that can be applied to ultimately improve patient
outcomes in several ways: by identifying novel treatment strategies
and combination therapies to target the mechanisms by which
glioma escapes therapy, by predicting the outcomes of different
treatment modalities in a patient-specific manner that accounts for
heterogeneity in therapeutic responses between cells in the same
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tumor, and by assessing how tumor-immune interactions affect
response to therapy and resistance. Obtaining a more holistic view of
the complex interplay between diverse tumor cell populations and
their environment through multi-omic single cell analyses provides
an opportunity to revolutionize therapeutic approaches to cancer
treatment and make precision oncology practice more precise.
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