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A B S T R A C T

The glioblastoma tumour microenvironment is characterised by immense heterogeneity, with malignant and 
non-malignant cells that interact in a complex ecosystem. Emerging evidence suggests that the tumour micro
environment is key in facilitating rapid proliferation, invasion, migration and cancer cell survival, crucial for 
treatment resistance. Spatial omics technologies have enabled the molecular characterisation of regions or in
dividual cells within their spatial context, providing previously unattainable insights into the complex organi
sation of the glioblastoma tumour microenvironment. Understanding this organisation is crucial for the 
development of new therapeutics and novel diagnostic tools that guide patient care. This review explores spatial 
omics technologies and how they have contributed to the development of a model outlining the architecture of 
the glioblastoma tumour microenvironment.

1. Introduction

Glioblastoma (GBM) is the most aggressive primary brain tumour 
with dismal 5-year survival rates of less than 5 % [1]. Despite a rapidly 
expanding repertoire of novel biologics and immunotherapy in cancer 
care, GBM treatment for the past two decades has relied primarily on 
standard cytotoxic chemotherapy as the only systemic therapy with a 
proven survival benefit. The clinical stagnation of GBM treatment can be 
in part attributed to the heterogeneous nature of the tumour microen
vironment (TME) [2], representing a complex ecosystem consisting of 
malignant cells, immune cells, vasculature, and other non-malignant 
cells. Due to its diverse and dynamic nature, the TME plays a crucial 
role in mediating complex phenomena, such as tumour progression and 
treatment response.

The rapid evolution of single cell RNA sequencing (scRNA-seq) has 
substantially broadened our understanding of the GBM TME [3]. Using 
scRNA-seq, Neftel et al. revealed four tumour cell states of GBM; neural 
progenitor cell-like (NPC-like), oligodendrocyte precursor cell-like 
(OPC-like), astrocyte-like (AC-like) and mesenchymal-like (MES-like) 
[4]. The first three tumour cell states exhibit transcriptional traits 
reminiscent of neuronal, oligodendrocytic and astrocytic cell lineages in 
the normal brain, respectively [4,5]. The MES-like state is marked by 

characteristics of cancer stem cells and has been associated with recur
rence [6]. These cell states influence and are responsive to their cellular 
surroundings. Using scRNA-seq in combination with functional studies, 
macrophages were found to promote the transition of all tumour cells to 
a MES-like state [7], while NPC-like and OPC-like tumour cells receive 
synaptic input from neurons allowing them to adopt more aggressive 
invasion mechanisms [8]. However, scRNA-seq is unable to provide 
spatial context due to the destruction of the tissue to isolate cells, con
straining insights into the TME ecosystem [9]. Analyses that retain the 
spatial context are thus required to gain a comprehensive understanding 
of this complex TME.

Techniques that allow the measurement of many molecules simul
taneously in intact tissue, termed spatial omics, have emerged as an 
attractive option to retain information on cellular organisation and have 
already yielded diverse insights into the GBM TME. In this review, we 
provide an overview of the spatial omics technologies. We aim to 
describe how these different technologies have advanced our under
standing of the GBM TME: interaction with the immune system, reliance 
on the vasculature, addiction to neuronal signalling and impact of 
metabolic reprogramming, together with our perspective on future ap
plications of these technologies for diagnostic purposes.
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2. Spatially-resolved omics methods unravel GBM architecture

The GBM TME consists of many components and their interactions. 
Spatial omics, in particular spatial transcriptomics and proteomics, have 
revealed that these components form highly organised structures.

2.1. The trade-offs of plexity and resolution in spatial transcriptomics

Approaches for spatial transcriptomics can be broadly classified 
based on detection via next generation sequencing (NGS) or imaging 
(Fig. 1, Table 1). NGS-based approaches encode positional information 
onto transcripts which are then read out by sequencing [10], whereas 
imaging-based approaches leverage fluorescently labelled probes that 
directly tag transcripts that are detected by high-resolution microscopy 
across multiple rounds of imaging [10]. NGS and imaging approaches 
vary in terms of robustness, area size, cost, sensitivity, throughput, 
resolution and ease of use. NGS-based technologies are capable of 
sequencing gene expression level across the whole transcriptome and 
isolating cell populations [11]. However, they are limited in their res
olution as currently applied methods bin transcripts into regions that 
can contain multiple cells and thus cannot achieve single cell resolution 
[11]. Even recent advancements allowing for subcellular resolution 
cannot fully isolate single-cell profiles due to the requirement of 
binning, though these are yet to be applied to study GBM [12,13]. These 
methods of spatial profiling hinder cell-specific questions such as ligand 
receptor interactions, although broader predictive methods remain 
possible [14]. In comparison, imaging-based methods can currently 
profile more than 1000 genes but vary in the size of their capture region - 
and while targeted probes can be precisely located at subcellular reso
lution, panels are limited in size and customisability.

Both NGS- and imaging-based strategies encounter difficulties in the 
analysis of their generated data. Cell segmentation is an important 
component of imaging-based analyses, as this determines which tran
scripts are assigned to individual cells [25]. Alternatively, segmentation 
can be guided by distribution of transcripts themselves [26]. In the 
context of the GBM TME, the elongated or irregular morphologies of 
tumour and neural cell types requires sophisticated model training [27, 
28], which has not yet produced a streamlined pipeline for accurate 

segmentation [29,30]. Segmentation is of limited benefit to NGS-based 
strategies due to the coarser resolution, requiring deconvolution 
methods to estimate the composition of small regions [30]. However, 
these cannot compensate for the general lack of single cell resolution 
and thus spatial transcriptomics data from popular NGS-based methods 
may provide more limited insights into spatial organisation than data 
generated using imaging-based platforms. Contrastingly, background 
noise and limited panel size are current areas undergoing improvement 
for imaging-based platforms to enhance findings.

2.2. Antibodies as the key to spatial proteomics

Spatial proteomics can either be achieved via mass spectrometry 
imaging (MSI) or antibody-based approaches (Fig. 1). MSI, like Sec
ondary Ion Mass Spectrometry (SIMS), ionizes tissue sections to analyse 
the released molecules with mass spectrometry, generating spatially 
resolved maps of various biomolecules [31,32]. While this allows an 
unbiased examination of tissue sections, the application of MSI in spatial 
proteomics is limited due to technical challenges that include low spatial 
resolution, inability to detect low-abundance proteins and imprecise 
quantification due to sample preparation [33]. Moreover, MSI produces 
complex data, which require advanced computational tools for the 
identification of proteins [34]. Hence, antibody-based approaches, 
which provide greater versatility and specificity, are the dominant 
technique in spatial proteomics. Traditional antibody-based approaches, 
like immunohistochemistry and proximity ligation assay, are limited to 
the measurement of 1–4 proteins [35]. Approaches harnessing multi
plexing and/or indexing have increased the number of proteins detected 
simultaneously. These include multiplexed immunohistochemistry 
(mIHC) [36], multiplexed immunofluorescence (mIF) [37], and 
CO-Detection by indEXin (CODEX) [38]. Relying on the principles of 
mIF, CODEX is a multiplexed single-cell imaging technology that em
ploys the use of antibodies. Antibodies are conjugated to barcodes 
comprised of unique oligonucleotide sequences, enabling the detection 
of over 60 antigens at single-cell level in one tissue sample [39]. CODEX 
overcomes the limitations experienced in mIF such as tissue distortion, 
antibody-antibody interactions and longer incubation times. This is 
largely achieved by the fast sequential barcode readout through rapid 

Fig. 1. Schematic representation of the workflows of spatial proteomics and transcriptomics methods used to profile the GBM TME.
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binding and unbinding of fluorescent oligonucleotides [40]. The images 
generated are reconstructed to create a high-dimensional spatial map of 
the tissue, though imaging artifacts relating to corner bleaching have 
been documented [41]. Approaches exist that combine MSI and 
antibody-based methods to visualise the distribution of specific proteins 
in tissue sections, such as Imaging Mass Cytometry (IMC) [42], where 
antibodies conjugated to metal isotopes are quantified using a mass 
spectrometer.

2.3. Mapping the GBM architecture via spatial transcriptomics and 
proteomics

The application of spatial omics to patient GBM tissue samples 
cemented the notion of immense intra-tumoral heterogeneity [43]. 
While this had been apparent from previous studies using 
RNA-sequencing on multiple samples from the same tumour [44], 
spatial omics powerfully demonstrated the extent of this diversity and 
spatial intermixing, whereby proximal regions can be dominated by 
different tumour cell states [45] and clonal lineages [46]. As a result, 
many spatial omics technologies have been applied with the intent to 
learn about the tumour architecture and understand the principles 
guiding its organisation. In 2022, Ravi et al. were the first to systemat
ically address this challenge by using spatial transcriptomics generated 
from 20 GBM tumours with the 10X Visium technology [47]. This 
dataset has since been used multiple times to help make new discoveries 
or validate findings on the organisation of GBM tumours 
(Supplementary Materials). These and other studies using spatial tran
scriptomics and proteomics have converged on the existence of four 
distinct niches in the GBM TME: the non-necrotic tumour core, 
hypoxia-associated mesenchymal neighbourhoods, perivascular niches 

rich in immune cells, and the invasive edge where tumour cells meet 
neurons (Fig. 2).

The non-necrotic tumour core makes up the bulk of the tumour and is 
densely packed with malignant cells [48]. Use of NGS-based spatial 
transcriptomic methods characterised these cells as predominately of 
the OPC-like tumour state [49,50]. However, application of newer 
spatial technologies with single cell resolution have refined this model 
by revealing considerable intermixing of AC-like and OPC-like states in 
the tumour core [45,51]. This heterogeneity may result from cellular 
interactions enabled by immune cell infiltration and increased cell 
density [52]. Indeed, an early study investigating immune cells in 47 
tumour explants by CODEX found that the tumour core was rich in 
immunosuppressive macrophages and microglia cells [48]. More 
recently, the co-localisation of AC-like tumour cells and microglia cells 
in the core was confirmed across spatial transcriptomics data generated 
by CosMx, 10X Visium, and GeoMx [45]. Reanalysis of the Ravi et al. 
data shows that these microglia share decreased levels of homeostatic 
genes, co-expression of pro- and anti-inflammatory molecules, and 
increased levels of canonical markers with pro-tumoural macrophages 
[53]. Furthermore, spatial transcriptomics elucidated ligand-receptor 
pairs that govern the interaction of myeloid cells with tumour cells in 
GBM. Notable pairs include VISTA-VSIG3 [54] and ANXA1-FPR1 [55], 
which have been demonstrated to associate with poor survival or induce 
immunosuppressive environments, respectively. In BRAF mutated GBM 
tumours, spatial transcriptomics of tumour slices treated with a 
BRAF/MEK inhibitor further indicated a critical role of MAPK/ ERK 
signalling in modulating interactions between tumour and myeloid cells 
[56]. This result suggests the MAPK/ ERK pathway as a promising target 
to enhance immunotherapy.

GBM tumours present with tissue hypoxia that occurs in distinct 

Table 1 
Spatial transcriptomics techniques available for use in the study of the GBM TME.

Technology Method Resolution/Capture area Targets Ref.

NGS LCM-seq Laser capture microscopy (LCM) Defined regions mRNA 
Whole 
transcriptome

[15]

Nanostring 
GeoMx

Digital spatial profiling (DSP) via photocleavable 
oligonucleotide barcodes

Defined regions, separated by marker expression mRNA 
Whole 
Transcriptome

[16]

10X Visium Gene capture across an array of spots 55 µm spots with 100 µm distance between centers 
6.5 × 6.5 mm capture region

mRNA 
Whole 
Transcriptome

[11]

Slide-seq Gene capture across an array of spots 10 µm spots mRNA 
Whole 
Transcriptome

[17]

10X Visium HD Gene capture across an array of uniquely-barcoded 
oligonucleotide squares

Sub-cellular scale: 2 µm tiles binned into 8 × 8 µm 
regions 
6.5 × 6.5 mm capture region

mRNA 
Whole 
Transcriptome

[13]

STOmics Stereo- 
seq

DNA Nanoballs Sub-cellular reolution: 0.2 µm spots with 0.5 µm 
distance between centers 
13.2 × 13.2 mm capture region

mRNA 
Whole 
Transcriptome

[12]

Imaging - 
ISH

10X Xenium Probe ligation, rolling circle amplification, and 
fluorophore hybridization 
Expansion segmentation or multimodal segmentation

Sub-cellular resolution 
12 × 24 mm capture region

mRNA 
Up to 5000 genes

[18]

​ EEL-FISH RNA transfer via electrophoresis with expansion 
segmentation

Sub-cellular resolution 
1 cm2 capture region

mRNA 
500 genes

[19]

​ Nanostring 
CosMx

Fluorescent probe hybridisation with probabilistic cell- 
typing

Sub-cellular resolution 0.51 mm2 capture region (up 
to 20/slide)

mRNA and 
proteins 
Up to 6000 genes 
68 proteins

[20]

​ MERSCOPE error-robust barcodes Sub-cellular resolution 
3 cm2 capture region

mRNA and 
proteins 
Up to 1000 genes 
6 proteins

[21]

​ RNAScope Double Z probe design Single-cell resolution 
20 × 20 mm capture region

mRNA 
12 genes

[22]

Imaging - 
ISS

HybISS Padlock probes and rolling circle amplification with 
antibody-based segmentation

Sub-cellular resolution 
60 mm2 capture region

mRNA 
200 genes

[23]

STARmap three-dimensional sequencing by ligation Subcellular resolution mRNA 
1020 genes

[24]
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regions and is associated with extensive metabolic reprogramming [57]. 
These niches are critical as they increase the velocity of GBM evolution 
and are associated with poorer patient survival [58,59]. Spatial tran
scriptomics has revealed that hypoxic niches are preferentially popu
lated by MES-like tumour cells, impair cell proliferation, and induce cell 
migration programs [55]. The hypoxic niche is associated with infil
trating immune cells, such as T cells, macrophages, and monocytes, 
which promote an immunosuppressive phenotype through the expres
sion of cytokines and an increase in extracellular adenosine [55,60,61]. 
Activated myeloid cells surrounding the hypoxic niche produce creatine 
to support the growth of tumour cells [62], with macrophages infil
trating the niche as opposed to microglia [61]. Using 10X Visium data 
generated from genetically engineered mouse models of GBM, a subset 
of these macrophages in the hypoxic region has been shown to phago
cytose myelin debris and transfer derived lipids to MES-like cells fuelling 
tumour growth [63]. The interactions between tumour and immune 
cells appear to be necessary for the generation of hypoxic zones. 
Importantly, the effect of hypoxia extends beyond the visibly necrotic 
areas and appears to be a driver of global spatial organisation of the 
tumour, with tumours impacted by hypoxia displaying more organisa
tion than those tumours that lack hypoxia [51,64]. This effect on spatial 
organisation might be mediated by necrosis and aberrant vasculature, 
which are caused by oxidative stress. Moreover, spatial transcriptomic 
analysis on 55 GBM samples found that this architecture is reminiscent 
of a response in normal tissue to wound healing, which may implicate a 
functional program driving the development of this hypoxic niche [64].

The perivascular niche is thought to harbour pluripotent glioma stem 
cells that maintain self-renewal capacity through their interaction with 
the endothelium [65]. Intriguingly, this niche was found to be inhabited 
by cancer associated fibroblasts, which through secretion and 

remodelling of the extracellular matrix create a supportive environment 
for the maintenance and proliferation of glioma stem cells [66]. Beyond 
this, studies applying both spatial transcriptomics and/or proteomics 
have further characterised the perivascular niche as containing infil
trative immune cells, such as bone marrow derived macrophages, T and 
B cells [45,51,67,68]. The macrophages in the perivascular niche have 
been demonstrated to express signatures of phagocytosis and 
antigen-presentation [53]. Interestingly, use of single cell resolution 
spatial transcriptomics suggested that macrophages in this region may 
impair migration of abundant T cells high in GZMK expression, which 
are abundant in GBM, further into the tumour core [69]. While different 
studies conducted with spatial omics agree on co-localisation of immune 
and endothelial cells, they disagree on the dominant tumour cell state 
surrounding the vasculature in GBM. A study by Greenwald et al. found 
that predominately tumour cells in the OPC-like state co-locate with 
endothelial cells [51]. This observation is consistent with findings from 
an independent study using 10X Visium on 3 patient samples [70] and a 
study using HyBiSS with 199 probes on 2 patient samples [71]. In 
contrast, spatial transcriptomics data generated using EEL-FISH of 57 
sections from 27 patients found that AC-like tumour cells, rich in CRYAB 
expression, co-locate with endothelial cells. EEL-FISH, unlike 10X Vis
ium, provides single cell resolution but has poor sensitivity. With the 
limitations in study size and technologies, future studies using spatial 
omics are needed to fully characterise the microenvironment around the 
vasculature.

Recently, synaptic connections between healthy neurons and adja
cent malignant glioma cells have been discovered at the leading edge. 
These neuron-glioma synapses have been observed in xenograft models 
and resected patient samples, with NPC- or OPC-like states integrating 
into surrounding neuronal circuitry and communicating through 

Fig. 2. Model of the architecture of GBM tumours based on spatial omics. The GBM TME is characterised by four regional niches; the leading edge, non-necrotic 
tumour core, perivascular niche, and hypoxia-associated niche. Each niche is populated by specific cell types that either perpetuate or result from the unique 
environmental conditions of the niche.
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synaptic architecture [8]. The communication is mediated by mecha
nisms including AMPA receptors and paracrine signalling via NLGN3 
and BDNF [72,73]. Neuron-glioma synapses increase branching of 
tumour microtubules, and drive glioma invasion and growth by 
co-opting migration strategies reminiscent of neuronal progenitor cells 
[8,74]. Signalling between neurons and glioma is also bidirectional, 
with neuronal excitability increased via glutamate secretion from gli
oma cells [75]. While pioneering immuno-electron microscopy and 
single cell sequencing demonstrated this neuron-glioma interface, 
spatial technologies promise to further characterise how this connec
tivity aids tumorigenesis. A study employing 10X Visium demonstrated 
associations of neurons with reactive astrocytes and NPC-like tumour 
states [76]. Consistent with the spatial heterogeneity of GBM samples, 
individual samples displayed a continuum of neural signature strength 
enriched for synaptic characteristics that transitioned across space, with 
malignant and neuroglial states enriched in high neural areas [76].

3. Metabolic niches

Spatial metabolomics and lipidomics of GBM samples, both primary 
patient tissue and murine models, has unveiled a new dimension of 
niches, which was unable to be parsed in bulk samples.

3.1. Spatial metabolomics technologies

The most popular spatial metabolomics technologies rely on MSI, 
which involves the desorption and ionisation of analytes and their 
accelerated within an electrical field towards a mass analyser. There are 
three types of ionisation methods, matrix-assisted laser desorption/ 
ionisation (MALDI) [77], desorption electrospray ionisation (DESI) 
[78], and SIMS, which is also commonly utilised for proteins (Table 2).

MALDI-MSI combines a high energy laser beam with energy 
absorbing matrix molecules. Matrix is sprayed onto the tissue and forms 
crystalline structures with the analytes after dehydration. When exposed 
to the laser, the matrix absorbs the energy and assists in the release of 
analytes that can then be detected in a mass analyser [77]. The choice of 
matrices significantly determines the range of molecules that can be 
identified and at what sensitivity. Recently, a study investigating 
different matrices for studying brain cancer reported that the use 
α-cyano-4-hydroxycinnamic acid matrix with positive polarity offered 
the best performance of 5 different matrices for small molecules 
(70–400 m/z) and small lipids (400–1000 m/z) [79]. Unlike the laser 
used in MALDI-MSI, DESI-MSI uses electrically charged droplets to 
ionise analytes. To form and apply these droplets, DESI-MSI utilises a 

high-voltage electric field applied to a solvent. Upon contact between 
the droplets and the analytes, the charged droplets propel the analytes 
towards a mass analyser where they can be detected. Typical solvent 
used in electrospray is volatile and polar, including water, methanol, 
acetonitrile, and their mixtures. Like MALDI-MSI, the choice of solvent 
critically impacts the detection of the range of analytes [80].

Unlike ionisation-based MSI methods, Raman spectroscopy is a non- 
invasive and label-free optical tool that allows the detection of metab
olites across tissue [81]. Instead of identifying the molecules by their 
mass, Raman spectroscopy exploits that light is inelastically scattered 
from a sample when it is illuminated by light from a laser. The energy of 
the scattered photons is different from that of the incident photons 
producing the Raman spectrum which serves as a fingerprint for the 
composition and structure of the irradiated area. Newer fast atom 
bombardment methods, like stimulated Raman spectroscopy utilising 
high-frequency phase-sensitive detection allow a resolution of ~450 nm 
comparable to fluorescence microscopy, greater sensitivity, faster im
aging speeds, background-free and readily interpretable chemical 
contrast compared to traditional spontaneous Raman spectroscopy [82]. 
Hence, Raman spectroscopy has been popular for real-time imaging and 
diagnostic purposes (discussed below).

3.2. Metabolic diversity in GBM

Spatial metabolomics has yielded distinct metabolic activity that 
distinguish tumour and normal brain. Such metabolites include the 
polyamine spermidine, which has been found in MALDI-MSI spatial 
studies in transplanted murine tumours (CT-2A and GL-261 models) to 
be significantly enriched in tumour compared to normal brain [83]. 
Importantly, spermidine abundance impacts on the activity of tumour 
infiltrating CD8 T cells [83] and tumour associated myeloid cells [84], 
with polyamine inhibitors enhancing survival in immunocompetent 
mice. Purines have also been found to play an important role in the TME, 
with MALDI-MSI analysis of patient GBM tumours finding that purine 
metabolism is among the most significantly enriched metabolic path
ways [60]. Moreover, adenosine was found to correlate to the protein 
expression of CD73, which interacts with microglial CD39 protein, with 
spatial proximity predictive of poor outcomes for adult GBM and pae
diatric diffuse midline glioma patients [60], further supporting the 
importance of spatial analyses of the TME.

Tumour intrinsic niches have also been identified by spatial lip
idomic profiling, with the abundance and class of lipids differing be
tween tumour regions and predictive of the subtype of glioma. In a study 
of 36 patients with gliomas of different histological grades [85], a ma
chine learning classifier was built to determine the subtype of glioma 
based on the DESI-MSI spatial lipidomic input data. Qualitative sam
pling of glycerophosphoinositols, glycerophosphoserine and sulfatide 
lipid species, in addition to specific peaks including arachidonic acid 
(m/z 303.2), was used in the classifier to determine glioma subtype [85]. 
This suggests that different subtypes of glioma share intrinsic lipid 
metabolic profiles and may metabolise drugs differently. Furthermore, 
analysis of GBM xenograft murine models using MALDI-MSI identified 
that long-chain acylcarnitines were detected with increased intensity at 
the tumour edge compared to the core [86]. Together, these studies find 
that the differing mechanisms of fatty acid metabolism may influence 
drug distribution due to differing affinity and transport mechanisms 
both throughout the tumour and between different subtypes of glioma in 
patients.

A clinically utilised metabolic pathway in GBM is the hydrolysis of 5- 
aminolevulinic acid (5-ALA) to protoporphyrin IX (PpIX). PpIX is fluo
rescent under blue light, and this pathway is harnessed in fluorescence 
guided neurosurgery, where the pro-drug Gliolan® (5-ALA) is admin
istered to patients prior to surgery to fluorescently demarcate infiltrative 
tumours outside the magnetic resonance imaging (MRI) contrast- 
enhanced regions of GBM [87]. Combining 5-ALA positive spatial re
gions with transcriptomics has enabled the description of gene 

Table 2 
MSI-based spatial metabolomics techniques utilised in the study of the GBM 
TME.

MALDI-MSI DESI-MSI SIMS

Ionisation 
method

Laser desorption/ 
ionisation

Electrospray 
desorption/ 
ionisation

Focused ion 
beams

Working 
environment

High vacuum/Ultra- 
high vacuum/ 
Atmospheric 
pressure

Ambient Low vacuum (Wet 
SIMS)/High 
vacuum/Ultra- 
high vacuum

Spatial 
resolution

10 µm - 150 µm 40 µm - 400 µm 10 nm – 50 nm

Commonly used 
mass 
spectrometry 
analysers

− Time of flight 
(ToF)

− Quadrupole Ion 
Trap (QIT)

− Orbitrap
− Fourier 

Transform Ion 
Cyclotron 
Resonance (FT- 
ICR)

− ToF
− QIT
− Orbitrap

− FT-ICR

− ToF
− Magnetic 

Sector

− QIT
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signatures associated with aggressive tumours and proteomic analysis 
revealing pro-survival signatures [88]. Importantly, defining discrete 
metabolic regions using real-time fluorescence allows for the intra
operative distinction of the peri-necrotic zone, bulk tumour, and tumour 
margin regions [88], whereby effective removal of 5-ALA positive re
gions was found to effectively identify the immune reactive zone beyond 
the tumour core [88]. Thus, real-time spatial intraoperative analysis of 
distinct metabolic pathways could leverage the intrinsic phenotype of 
the GBM cells (discussed below).

Spatial metabolomics has additionally played a role in better un
derstanding GBM subtypes. The hydrolysis of 5-ALA to PpIX in tumour 
cells was found to associate with a MES-like phenotype (wound 
response/glycolytic signature), which was distinct from the tumour cells 
at the core, using transcriptomics of spatially defined 5-ALA metabo
lising regions [89]. The most striking association with the MES-like 
tumour cells is with the hypoxic niche in GBM, where loss of oxygen 
and metabolic deterioration leads to genomic instability [90]. Using 
MALDI-MSI of 6 GBM samples, regions of hypoxia were detected, in-line 
with their transcriptionally proposed locations, with strong enrichment 
for glycolysis and amino sugar metabolism [47]. Such glycolysis can 
result in an acidified TME, which can be harnessed to facilitate tumour 
invasion and the release of purine metabolites, which impact immune 
interactions [47,60,91].

4. Spatial omics is set to change GBM diagnosis and treatment

Currently, specific measures of cellular composition, microanatom
ical location and associated tissue interactions do not enter the appraisal 
of pathological assessment in clinical routine. Thus, the next frontier for 
spatial omics will be the integration into clinical practice. A deeper 
understanding of cell states and spatial architecture, such as the iden
tification of spatial biomarkers of response could inform diagnosis, 
prognosis, and guide treatment selection. For this to be effective, studies 
will need to consider the cost, available expertise, and timeliness of 
results to inform clinical care. To overcome these limitations, one 
approach is to leverage deep learning approaches that utilises available 
spatial transcriptomic data to train a model that can then predict out
comes from widely available histology images. The requirement for such 
an approach necessitates that gene expression can be inferred from cell 
morphology. From a cohort of 23 GBM samples with matched spatial 
transcriptomics and histology images, Zheng et al. developed a con
volutional neural network and applied this to 410 patients with histol
ogy sections [49]. This model could accurately predict the regional 
composition in terms of tumour cell states and immune cell types. 
Notably, spatial interactions between tumour cell states could predict 
survival; for example, increased connectivity between AC-like cell states 
decreases survival, compared to patients with TMEs where AC-like cell 
states connect with other cell states, highlighting the capacity of spatial 
omics data to improve prognostication.

Further efforts are required to bring spatial omics technologies into 
real-time utility to inform neurosurgical decision making. While frozen 
sections taken at the time of surgery have long been part of routine 
clinical practice with reported high diagnostic accuracy [92], they are 
time and labour intensive [93], and have limited influence on extent of 
resection. Therefore, there is a need for technology, such as Raman 
spectroscopy [94,95] and DESI-MSI [96], that can deliver more rapid 
results intraoperatively facilitating a more comprehensive guide on 
heterogenous tumour margins and residual disease at the resection 
cavity. Raman spectroscopy has been used to discriminate tumour 
margins, which can be used to actively guide neurosurgery, and distin
guish between GBM and IDH-mutant glioma, thus actively guide 
neurosurgery [94]. Other approaches use non-spatial techniques, such 
as methylation arrays, in combination with artificial intelligence algo
rithms trained on matched spatial omics data to guide clinical decision 
making. For example, using such an algorithm trained on methylation 
signatures, Drexler et al. distinguishes between high-neural signatures in 

GBM patients who may benefit from more aggressive surgical resection 
[76]. This result illustrates that real-time molecular measurements may 
in the future guide neurosurgeons to maximise the risk-benefit equation 
during surgical procedures and could permit rapid enrolment in clinical 
trials, ultimately changing clinical practice.

5. Conclusions

Rapidly evolving spatial omics technologies have already provided a 
model of the organisation of the GBM TME. This model suggests that 
targeted treatments aimed at exploiting specific niches, such as hypoxia- 
associated neighbourhoods, are required. While there are some early 
therapeutic targets and improved understanding of disease mechanism, 
expanding beyond spatial and into the temporal dimension will be key to 
drive further discoveries and understand cell dynamics impacting 
tumourigenesis and immune regulation. Perioperative clinical trials 
utilising spatial transcriptomics longitudinally hold promise to investi
gate cell dynamics in patients [97]. Beyond their impact on drug dis
covery for GBM, spatial omics will revolutionise the diagnosis and 
prognostication of GBM either via their direct application or more likely 
using models trained on spatial omics or multi-omics data, once more 
readily available. This will ultimately pave the way for accelerated 
tumour diagnosis and personalised treatment for patients.

Competing interest

SF reports a relationship with NanoString Technologies Inc that in
cludes: travel reimbursement. SAB reports a relationship with Nano
String Technologies Inc that includes: funding grants. All other authors 
declare that they have no competing interests. All authors have 
contributed to and approved the content of the manuscript and its 
submission to Seminars in Cell and Developmental Biology. Any affili
ations or collaborations are as stated in the manuscript.

Funding

This work was made possible and financially supported in part 
through the authors’ membership of the Brain Cancer Centre, support 
from Carrie’s Beanies 4 Brain Cancer, a Venture Grants Scheme 
administered by Cancer Council Victoria (VG2022 to SAB, SF, JRW) and 
through Victorian State Government Operational Infrastructure Support 
and Australian Government NHMRC Independent Research Institutes 
Infrastructure Support Scheme (IRIISS). Support from the Victorian 
Cancer Agency Mid-Career Research Fellowship (MCRF22003 to SAB), 
WEHI Johnson PhD Scholarship and an Australian Government 
Research Training Program (RTP) Scholarship (JJDM), CSL Trans
lational Data Science Scholarship (JJDM), WEHI IPSI Scholarship (OEF), 
Melbourne Research Scholarship (OEF) and Gregg Symons Scholarship 
for Brain Cancer Research (OEF).

Supplementary materials

Table: Studies using spatially resolved data to investigate the GBM 
TME.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the 
online version at doi:10.1016/j.semcdb.2024.12.006.

References
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