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The current median survival for glioblastoma (GBM) patients is only about 16 months, with many patients succumbing to the disease in just a matter of months, making it the most common and aggressive primary brain cancer in adults. This poor outcome is, in part, due to the lack of new treatment options with only one FDA-approved treatment in the last decade. Advances in sequencing techniques and transcriptomic analyses have revealed a vast degree of heterogeneity in GBM, from inter-patient diversity to intra-tumoral cellular variability. These cutting-edge approaches are providing new molecular insights highlighting a critical role for the tumor microenvironment (TME) as a driver of cellular plasticity and phenotypic heterogeneity. With this expanded molecular toolbox, the influence of TME factors, including endogenous (e.g., oxygen and nutrient availability and interactions with non-malignant cells) and iatrogenically induced (e.g., post-therapeutic intervention) stimuli, on tumor cell states can be explored to a greater depth. There exists a critical need for interrogating the temporal and spatial aspects of patient tumors at a high, cell-level resolution to identify therapeutically targetable states, interactions and mechanisms. In this review, we discuss advancements in our understanding of spatiotemporal diversity in GBM with an emphasis on the influence of hypoxia and immune cell interactions on tumor cell heterogeneity. Additionally, we describe specific high-resolution spatially resolved methodologies and their potential to expand the impact of pre-clinical GBM studies. Finally, we highlight clinical attempts at targeting hypoxia- and immune-related mechanisms of malignancy and the potential therapeutic opportunities afforded by single-cell and spatial exploration of GBM patient specimens.
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INTRODUCTION
Despite advancement in the field of cancer therapeutics, attempts at treating patients with glioblastoma (GBM), the most common adult brain cancer with a universally fatal prognosis (Louis et al., 2021; Ostrom et al., 2023), have had limited success. GBM inevitably recurs, for which there is currently no effective treatment, and no new drugs have been FDA-approved to treat GBM since 2009 (Wen et al., 2020). However, as drug after drug fails to have significant clinical efficacy for GBM patients, our understanding of the cellular and molecular drivers of GBM and treatment resistance grows. Two major culprits identified in therapeutic inefficacy are the molecular heterogeneity and phenotypic plasticity of GBM cells (Sottoriva et al., 2013; Liau et al., 2017; Yabo et al., 2022). These cellular traits cooperate to support the spectrum of cellular states found within GBM. The heterogeneity of GBM encompasses the genome, epigenome, and transcriptome and extends from inter-patient variability and intra-tumoral cellular diversity to the variety of cellular interactions in the tumor microenvironment (TME) (Sottoriva et al., 2013; Patel et al., 2014; Yabo et al., 2022). Until recently, characterization of GBM tumors relies on bulk tumor subtyping and histopathological traits (Verhaak et al., 2010; Wen et al., 2020); however, limitations exist due to the lack of cellular resolution. The advent of single-cell sequencing methodologies now allows clinicians and scientists to discern differences between individual cells from a genomic, epigenomic, transcriptomic, and/or proteomic perspective, allowing for a deeper characterization of the cellular variability within GBM. Furthermore, the emergence of spatially resolved omics technologies, which provide geographical data within tissue samples at cellular resolution, allows for detailed interrogation of GBM tumor cells and their spatial arrangement while preserving tumor niches.
In this review, we cover recent findings regarding cellular diversity in time and space as well as the arsenal of spatially resolved omics approaches available that set the stage for deep exploration of GBM heterogeneity and temporal evolution. Furthermore, we discuss the utilization of these technologies in unveiling novel tumor mechanisms and molecular targets that have the potential to be translated into clinical therapeutics.
Single-cell characterization of GBM cellular states
Prior to the development of single-cell omics, GBM tumor classification consisted of molecular subtypes based on bulk genomic and transcriptomic tumor profiles (Verhaak et al., 2010). These molecular subtypes, characterized by Verhaak et al., provided a way to subset patient tumors and identify common tumor phenotypes associated with treatment response and survival (Verhaak et al., 2010). However, this approach defined tumors by their average overall profile, which overlooks individual cell phenotypes and dynamic cellular transitions. In the last decade, advancement in sequencing technologies have allowed researchers to analyze tumors at single-cell resolution, unveiling new dimensions to the already vast degree of cellular heterogeneity we see in GBM. Early studies demonstrated a co-existence of the standard molecular subtypes within individual tumors as well as extensive inter-patient variability (Patel et al., 2014; Wang et al., 2017). While all tumors had a dominant molecular subtype - proneural, classical, or mesenchymal - which correlated to the assigned bulk classification, each tumor also had heterogeneous representation of the other subtypes with some individual cells expressing signatures for more than one subtype, termed “hybrid” cells (Patel et al., 2014). Complementary studies showcase the capacity of GBM cells to transition between subtypes (Wang et al., 2017; Varn et al., 2022; Hoogstrate et al., 2023), showing that increased representation of the classical and/or mesenchymal signatures in proneural tumors significantly worsened patient survival (Patel et al., 2014; Wang et al., 2017) These studies highlight the clinical importance of understanding tumor heterogeneity in GBM.
In recent years, our molecular understanding of GBM has grown substantially with several studies defining novel, transcriptionally distinct cellular states (Figure 1) (Neftel et al., 2019; Couturier et al., 2020; Garofano et al., 2021; Chanoch-Myers et al., 2022). For example, Neftel et al. described four transcriptionally and genetically unique cellular states (OPC-, NPC-, AC-, and MES-like) that demonstrated significant state plasticity in murine xenograft models (Neftel et al., 2019). Another study by Garofano et al. classified cell states along two axes, neurodevelopmental and metabolic, where the two metabolic states, mitochondrial (MTC) and glycolytic/pluri-metabolic (GPM), correlated to patient survival and therapeutic vulnerability (Garofano et al., 2021). Specifically, the GPM state represents a worse prognosis alongside resistance to inhibitors of oxidative phosphorylation, likely attributed to their metabolic versatility. Furthermore, GPM cells and MES-like cells are transcriptionally similar and both express genes involved in myeloid and lymphoid interactions; however, the exact mechanisms of immune modulation, and whether they are immune-activating or -suppressing, were not identified (Neftel et al., 2019; Garofano et al., 2021). A more recent study has expanded the mesenchymal classification by identifying subclasses of the mesenchymal-like state associated with hypoxia (MES-hypoxia) and astrocytic features (MES-astro) (Chanoch-Myers et al., 2022). This study shows that MES-hypoxia cells associate with tumor-associated M2-like macrophage (TAM) abundance and are likely immune-suppressive while MES-astro cells associate with anti-tumor immune activation. These distinctions highlight the significance of the microenvironment in regulating mesenchymal cell-associated immune modulation. Additionally, numerous studies have focused on the highly aggressive, stem-like population of GBM cells (glioma stem cells; GSCs), underscoring their distinctive plasticity and diverse states (Dirkse et al., 2019; Bhaduri et al., 2020; Guilhamon et al., 2021; Richards et al., 2021). These studies demonstrated that GSC states exist along a continuous phenotypic spectrum and can readily transition between various stem-like and/or differentiated states to drive tumorigenesis and enhance tumor heterogeneity (Dirkse et al., 2019; Richards et al., 2021).
[image: Figure 1]FIGURE 1 | Transcriptionally and spatially distinct cellular states in GBM. Single-cell and spatially resolved technologies have revealed vast heterogeneity in tumor cell states within patient GBMs. While each of these states are fundamentally unique, there are cross-study similarities in their transcriptional profiles. Additionally, cellular states defined through spatial omics approaches have some transcriptomic overlap with states defined by dissociative single-cell techniques. The inclusion of spatial technologies in the study of heterogeneous GBM cell states provides valuable information about proximity of tumor cell states to other cell types, including non-neoplastic cells in the tumor microenvironment. TAMs = tumor-associated monocytes; NK cells = natural killer cells.
As previously mentioned, dynamic cellular plasticity and the resulting heterogeneity in GBM poses a significant challenge for therapeutic development. This inherent adaptability allows GBM tumor cells to efficiently escape current therapies. The underlying mechanisms of resistance, and how they may be circumvented, are not yet fully understood, underscoring the need for additional studies aimed at identifying drivers and their downstream influences on malignancy states. Fortunately, single-cell sequencing studies have already elucidated several mechanistic mediators of GBM cell states associated with anti-tumor immune-suppression and poor prognosis, including environmental conditions (e.g., hypoxia, radiation therapy) and immune interactions, especially tumor cell-TAM interactions. For example, hypoxia serves as a strong stimulus for cellular adaptation of both stem-like and non-stem-like GBM cells by promoting a mesenchymal shift, increasing expression of stemness markers, and disrupting DNA methylation patterning to facilitate state transitions (Joseph et al., 2015; Dirkse et al., 2019; Johnson et al., 2021). Similarly, cell-to-cell interactions between myeloid cells and tumor cells have been shown to regulate cellular transition to a more malignant state (Ye et al., 2012; Hara et al., 2021). Specifically, tumor cell-TAM interactions increase invasiveness of GSCs and induce a mesenchymal shift in tumor cells through TGF-β signaling and oncostatin receptor-ligand interaction, respectively (Ye et al., 2012; Hara et al., 2021). Furthermore, epigenetic alterations, including dysregulation of DNA methylation and chromatin modifiers, and various transcription factors have been implicated in determining cellular states and transitions (Chaligne et al., 2021; Guilhamon et al., 2021; Johnson et al., 2021; Ma et al., 2021). CRISPR-based screening revealed that SP1 is necessary for maintaining GSCs involved in the immune response while FOXD1 is critical for GSCs associated with angiogenesis (Guilhamon et al., 2021), highlighting potential state-specific therapeutic targets that warrant further investigation.
Beyond identifying drivers of cellular states and transitions, understanding the resultant impact on the brain microenvironment, tumor progression, therapy response and patient prognosis is crucial. Numerous attempts have been made at characterizing the relationships between transcriptionally distinct tumor cell states and immune cells in the TME using single-cell RNA-sequencing (scRNA-seq), revealing strong associations between mesenchymal-like GBM cell states, immune-suppressive macrophages, and dysfunctional anti-tumor T cells (Wang et al., 2017; Yuan et al., 2018; Chanoch-Myers et al., 2022; Xiao et al., 2022). Cell-cell interactions are difficult to discern using dissociative techniques where spatial context is absent, and these studies, therefore, must rely on imperfect analyses such as ligand-receptor pair analyses (Yuan et al., 2018; Xiao et al., 2022) and/or inferred cell abundances based on deconvolution of bulk sequencing data (Wang et al., 2017; Chanoch-Myers et al., 2022). These approaches predict interactions solely based on gene expression profiles, which can be beneficial for hypothesis generation, but are incapable of assessing cell proximity, a critical component for most cell-cell interactions. Cytometry time-of-flight (CyTOF) analysis, which uses an antibody panel to label dissociated cells for subset identification, has been utilized to study the immune tumor microenvironment in GBM (Friebel et al., 2020; Fu et al., 2020; Lee et al., 2021; Simonds et al., 2021). However, these studies focus only on immune cells and, therefore, do not afford the opportunity to explore relationships with the malignant cell population.
Single-cell sequencing has also identified cell states associated with patient prognosis and therapeutic response in GBM. For example, a subset of mesenchymal tumor cells and an invasive subset of GSCs have both been correlated with decreased patient survival (Guilhamon et al., 2021; Chen X. et al., 2022) while tumor cells that depend on mitochondrial function are associated with longer survival (Garofano et al., 2021). Moreover, several studies have identified unique therapeutic vulnerabilities in subsets of malignant cells identified by scRNA-seq (Bhaduri et al., 2020; Couturier et al., 2020; Garofano et al., 2021; Richards et al., 2021). These include a subset of astrocyte-like cells that preferentially utilize mitochondrial metabolism and are therefore susceptible to oxidative phosphorylation inhibitors (Garofano et al., 2021), chemoresistant progenitor GSCs that are vulnerable to inhibition of the transcription factor E2F4 (Couturier et al., 2020), and GSCs associated with injury response mechanisms that are uniquely targetable by knocking out inflammatory response genes (e.g., ITGB1, ILK, and WWTR1) (Richards et al., 2021). As demonstrated by these studies, using single-cell technology to examine how cell states relate to prognosis and therapy response has been more informative to date than analyzing interactions with the immune TME which is more highly dependent on spatial relationships. However, based on the knowledge that environmental interactions regulate cellular states and adaptability, spatial context will provide another dimension critical for comprehensively identifying clinically translatable cellular and molecular targets.
Spatially resolved technologies for GBM
Unlike single-cell approaches that rely on cell dissociation, spatially resolved technologies maintain tissue architecture and allow for in-depth exploration of tissue heterogeneity and cellular phenotypes while preserving spatial context. Currently, a variety of approaches are available that widely range in their spatial resolution, target depth, and target molecule(s) (Table 1). These can be subdivided based on their fundamental mechanism into spatial barcoding, in situ sequencing, and in situ imaging. Spatial barcoding, which involves sequencing of oligo-conjugated molecules that bind to mRNA transcripts in the tissue, is arguably the most commonly used subclass of spatial transcriptomics techniques. Examples of spatial barcoding platforms include 10X Visium (standard or CytAssist), Slide-Seq (Xiong et al., 2022), and high-definition spatial transcriptomics (HDST) (Vickovic et al., 2019), Stereo-seq (Chen A. et al., 2022), and Seq-Scope (Cho et al., 2021). These techniques are especially useful in discovery-based, hypothesis-generating studies since they cover virtually the entire transcriptome. While spatial barcoding is advantageous for this unbiased transcriptome coverage, the data is collected at multi-cellular spot-wise resolution (up to 100 microns), where one data point averages numerous cells, which requires computational deconvolution to determine the cellular composition of each spot. Sample-matched scRNA-seq is therefore complementary to spatial transcriptomics because it facilitates the spatial deconvolution of data (Ma and Zhou, 2022). Notably, several spatial barcoding techniques, including HDST, Stereo-seq, and Seq-SCOPE, are high resolution and capture spots at subcellular size (0.5–2 microns), thereby foregoing the need for spatial deconvolution. These approaches have yet to be used in GBM studies, likely due to technical challenges and strict instrument requirements (Wang Y. et al., 2023).
TABLE 1 | Spatially resolved technologies for studying GBM.
[image: Table 1]An extension of the 10X Visium platform, Visium CytAssist, provides the same transcriptomic data with the added advantage of protein detection using oligo-tagged antibodies. Another spot-wise dual spatial transcriptomic and proteomic technique growing in use is the Nanostring GeoMx platform (Merritt et al., 2020). This platform uses photocleavable oligo-labeled probes and/or antibodies that target mRNA and protein, respectively, that are selectively released from the tissue regions of interest (ROIs) and sequenced. While the resolution is lower, Nanostring allows for supervised selection of ROIs based on preliminary tissue staining, allowing for the analysis of both the transcriptomic and proteomic profiles of specific tissue regions. Spatial CITE-seq, a recently developed technique that evolved from the previous single-cell CITE-seq approach, allows for simultaneous detection of both whole transcriptome and up to 270 proteins with a 25-micron resolution (Liu et al., 2023). Similar to Nanostring GeoMx, spatial CITE-seq involves oligo-labeled mRNA probes and protein-specific antibodies. These oligo barcodes are subsequently sequenced for transcript and protein identification. Having just emerged, spatial CITE-seq has not yet been used in the setting of GBM but is a promising new technology for multi-omic spatial exploration. In comparison to transcriptomic approaches, these dual transcriptomic and proteomic technologies provide an additional dimension of data that can be used to analyze relationships between transcriptional states and protein-defined cell types. However, validation studies are necessary for robust conclusions due to the multi-cellular resolution of these approaches and consequential computational complexities.
To achieve higher spatial resolution, in situ approaches can be employed. Generally, these technologies afford subcellular investigation of mRNA and/or protein expression with the drawback of limited target depth compared to spatial barcoding technologies. In situ sequencing, such as FISSEQ (Lee et al., 2015) and STARmap (Wang et al., 2018), provides a greater target depth than in situ imaging, covering most of the transcriptome, but run into issues with instrument limitations and optical crowding (i.e., indistinguishable fluorescent signals due to overlap) (Kleino et al., 2022). These methods can extensively define the spatially relevant transcriptional profile of individual cells within tissue, outperforming spatial barcoding in regard to resolution and fluorescent-based in situ imaging in terms of target depth. Transcriptomic imaging techniques involving fluorescence in situ hybridization (FISH) include seqFISH (Eng et al., 2019), Vizgen MERSCOPE, and Nanostring CosMx (He et al., 2022). The newest of these, MERSCOPE and Nanostring CosMx, are both commercially available. While MERSCOPE can identify up to 500 genes using a customizable probe panel, Nanostring CosMx can analyze up to 6000 genes and 68 proteins simultaneously using either standard or customized fluorescently labeled probes and antibodies, but with a longer imaging time compared to MERSCOPE. The new 10X Genomics platform, Xenium, incorporates both in situ sequencing and hybridization by using padlock probes with rolling circle amplification that are subsequently fluorescently labeled and imaged. The successive rounds of fluorescent imaging, fundamental to the Xenium platform, result in a high fluorescent intensity and signal to noise ratio, making it an enticing new option for in situ imaging. While in situ imaging is limited in the volume of detectable targets, the commercial availability of many of these approaches, especially multi-omic ones, increases their accessibility and reliability. This is consistent with the prevalence of these technologies in recent studies. Furthermore, the subcellular resolution and multi-omic data provided by the CosMx and Xenium platforms yield more conclusive information regarding cellular states, localization, and interactions, relative to spatial barcoding techniques.
Beyond in situ transcriptomics, several technologies allow for in situ analysis of other molecular targets including proteins, lipids, metabolites, and drugs. For example, imaging mass cytometry (IMC) utilizes metal-tagged antibody probes that are laser ablated and identified using a mass cytometer (Giesen et al., 2014). This provides information on up to 40 proteins at subcellular resolution. Alternatively, CO-Detecting via indEXing (CODEX, now commercially known as PhenoCycler) can detect up to 100 proteins at subcellular resolution through successive rounds of fluorescent-labeled oligo probe hybridization and imaging, similar in context to cyclic immunofluorescence (CycIF) (Lin et al., 2015; Goltsev et al., 2018). Both technologies have flexible protein panel options, permitting customization. A major disadvantage to these approaches is the limit in target depth and the inherent bias in using pre-selected probe panels.
Unbiased spatially resolved proteomics technologies are also available in the form of mass spectrometry imaging (MSI). These methodologies are classified by their ionization method, or method for acquiring tissue analytes, and their mass analyzer which outputs the mass spectrum for each analyte. One commonly used ionization method in cancer studies is matrix-assisted laser desorption ionization (MALDI) (Taylor et al., 2021). Broadly, MSI works by ionizing or removing analytes from the tissue surface and subsequently using a mass spectrometer to identify each analyte. These analytes may include proteins, lipids, metabolites, or drug molecules, depending on the tissue preparation method. In general, MSI-based spatial approaches provide subcellular resolution of detectable tissue analytes with the disadvantage of complex downstream analysis and the need for complementary technologies in order to identify target analytes, depending on their molecular class. MALDI is advantageous over other ionization methods given the larger variety of detectable molecular classes, pixel resolution, and types of useable tissue (e.g., fresh-frozen, FFPE, etc.), and is particularly useful for proteomics, lipidomics, and/or metabolomics studies.
Collectively, the large variety of spatially resolved technologies currently available has the capacity to provide an abundance of insight into GBM biology, with each approach having unique utility in spatial studies. Importantly, the selection of analytic tools for spatial omics is also expanding and includes options for neighborhood analyses, which analyze gene expression patterns, cell proximities, and ligand-receptor interactions to explore cell interactions (Yuan and Bar-Joseph, 2020; Dries et al., 2021; Pham et al., 2023), and spatiotemporal trajectory analyses, which can infer cell state transitions and progressions relative to space (Pham et al., 2023). In the broad field of cancer biology, the aforementioned technologies have granted revolutionary insight into the dynamic and heterogeneous nature of cancers. In particular, spatial omics have unveiled spatial diversity of cancer cell states, invasive progression of tumors, spatially distinct cellular transitions in response to stimuli, cellular interactions within the TME, and tissue localization of treatment-resistant cancer cells (Zhou et al., 2023).
Spatiotemporal tumor cell dynamics in GBM
Spatially distinct cellular and tissue states
Prior to high resolution spatial technologies, sequencing insight into tissue architecture was only achievable by conducting bulk sequencing on tumor specimens that had been micro sampled based on pre-defined histopathological regions. The Ivy Glioblastoma Atlas Project collected over 100 samples from histopathological tumor regions for RNA-sequencing, providing unparalleled insight, at the time, into niche-specific transcriptional and genetic profiles in GBM (Puchalski et al., 2018). In particular, this project identified signaling pathways unique to each niche, such as cellular stress response and inflammatory response in the perinecrotic region and cell migration and immune activation in the perivascular region. While this data continues to be useful today, the emergence of high resolution spatially resolved sequencing tools allow for detailed and in-depth analysis of tumor tissue at cellular resolution. Going beyond the classically defined histopathological regions in GBM, spatial technologies have uncovered a vast degree of knowledge relating to the localization and co-localization of malignant and non-malignant cells, and their related interactions within specific niches (Table 2; Figure 2).
TABLE 2 | Publicly available primary spatial datasets from GBM patients.
[image: Table 2][image: Figure 2]FIGURE 2 | Summary of cellular dynamics and localization in GBM based on spatial omics. The GBM tumor microenvironment is characterized by regional niches (invasive edge, cellular tumor, vascular niche, and perinecrotic niche) enriched with a variety of cell types and interactions that perpetuate or result from the niche-specific environmental conditions. (A) The invasive edge of GBM is characterized by normal brain cells (e.g., neurons and glia) and infiltrating tumor cells. In general, these tumor cells are NPC-like and/or Radial glia-like and interact with normal brain cells to increase invasion and promote tumor progression. (B) The vascular niche is phenotypically diverse tumor region composed of infiltrating anti-tumor lymphocytes, an abundance of pro-tumor TAMs and CAFs, and mesenchymal-like and immune-modulating (reactive immune) tumor cells. Within this niche, CAF-GSC interactions promote an aggressive tumor cell phenotype while immune-suppressive TAMs and tumor cells work together to repress anti-tumor T cell function (C) The perinecrotic or hypoxic niche is a highly immune-suppressive tumor region characterized by an abundance of hypoxia-responsive, immunosuppressive tumor cells and tumor cell-TAM interactions. TAMs are recruited to the perinecrotic niche by tumor cells and, broadly, hypoxic conditions where they undergo a GBM cell-mediated pro-tumor transformation to an M2-like, immune-suppressive state. Reciprocally, TAMs support the growth of hypoxic tumor cells and drive them to a mesenchymal-like, immune-suppressive state. Additionally, TAMs and tumor cells cooperate to repress anti-tumor T cell function through adenosine signaling. Notably, anti-tumor T cells are also suppressed by hypoxia in general. F(x) = functional; Non-f(x) = non-functional; EMT = epithelial-to-mesenchymal transition. The H&E-stained tissue in this graphic was obtained from the Ivy GAP database (tumor tissue sub-block W2-1-1-F.1.01).
In a pioneering study, Ravi et al. combine spatial transcriptomics, MALDI-MSI, and IMC to describe five spatially and transcriptionally distinct malignant states in patient tumors–regional oligodendrocyte progenitor cell-like (OPC), regional neuronal progenitor cell-like (NPC), radial glia, reactive immune, and reactive hypoxia (Ravi et al., 2022a). Aside from their transcriptional profiles, these states differ in their metabolic profiles, chromosomal variations, and co-localization with non-neoplastic cell types. Notably, both reactive immune and reactive hypoxia are associated with increased TAM and T cell abundance, especially PD1+ T cells, demonstrating that these states reside in regions of immune infiltration (Figure 2C). Additionally, the reactive hypoxia state utilizes glycolysis and amino sugar metabolism more so than other states. Given the dependence of anti-tumor lymphocytes on glucose metabolism (Ho et al., 2015; Siska et al., 2016), this hints at a potential immune-suppressive role of reactive hypoxia cells which may monopolize glucose in the TME.
A subsequent study conducted by Zheng et al. identified five spatially distinct tumor cell states–NPC, OPC, reactive astrocyte, mesenchymal-like (MES), and a subset of MES cells termed MES-hypoxia (Zheng et al., 2023). In line with the previous study, tumor cell states tend to fall under one of two umbrellas: neurodevelopment or astrocyte/mesenchymal-like. In comparison, both the NPC and OPC states from Zheng et al. resembled the regional NPC and spatial OPC states from Ravi et al., respectively, while both the reactive astrocyte and MES states had overlap with the reactive immune state (Figure 1). Notably, the MES-hypoxia state, which closely resembles the reactive hypoxia state, is associated with a worse prognosis in patients. While there are transcriptional similarities between these spatial cell states and the cell states previously defined by scRNA-seq (Figure 1) (Ravi et al., 2022a; Al-Dalahmah et al., 2023; Zheng et al., 2023), these spatially distinct states are fundamentally characterized with respect to their local microenvironment and are therefore influenced by surrounding cells and nutrients, providing an added dimension critical for exploring tumor-immune interactions.
Spatially resolved omics have also helped elucidate unique tissue regions, composed of both neoplastic and non-neoplastic cell types, within GBM patient specimens. Ren and colleagues described four tissue regions–tumor core, invasive niche, vascular niche, and hypoxic niche - using spatial transcriptomics that corresponded to enrichment of specific cell states (Ren et al., 2023). For example, astrocyte-like and radial glia-like GBM cells localized in the invasive niche while OPC-like GBM cells were more prominent in the tumor core suggesting that astrocyte-like and radial glia-like cells may be more involved in tumor invasion and progression (Figure 2A). A study by Al-Dalahmah et al. also characterized distinct tissue states using spatial transcriptomics. Of the three identified states, two were somewhat homogeneous in composition with one predominantly enriched in non-neoplastic brain cells and the other predominantly enriched in CNV-positive tumor cells, reminiscent of the cellular tumor niche (Wen et al., 2020). A more heterogeneous third state was enriched for astrocyte/mesenchymal-like tumor cells, reactive astrocytes, macrophages, and T cells and was associated with shortened patient survival (Al-Dalahmah et al., 2023), likely representing aspects of both the perivascular and perinecrotic niches (Wen et al., 2020). In another study, a combination of Nanostring GeoMx, CosMx and Xenium elucidated heterogeneous cell neighborhoods in GBM. Two major niches conserved across patients and spatial platforms were a brain-intrinsic environment, marked by astrocytic- and oligodendrocytic-like tumor cells and microglia, and a brain-extrinsic niche consisting of peri-vascular enrichment of mesenchymal-like cells, monocytes, T cells, and neutrophils (Figure 1) (Moffet et al., 2023).
Aside from transcriptomics, distinct tissue regions have also been uncovered using spatial proteomics. By using a combination of MALDI-MSI proteomics and shotgun proteomics, Duhamel et al. described three unique tissue regions (Duhamel et al., 2022). These regions were predominantly distinct from histopathological niches, though with some similarities. One region resembled both the perinecrotic and perivascular niches and had increased expression of immune-related proteins while another region embodied traits of both the perivascular niche and cellular tumor and was enriched for tumorigenic proteins. The third included both infiltrating tumor and cellular tumor and expressed neurodevelopmental and synaptic transmission proteins. Interestingly, these proteomic tissue states appear to align, molecularly, with the transcriptional tissue states defined by Al-Dalahmah et al.; however, a direct comparison has not been done. Notably, several region-specific proteins were determined to be prognostic markers for patients. In particular, ANXA11, a protein involved in tumor proliferation and invasion in other cancers (Liu et al., 2015; Hua et al., 2018), was highly expressed in the neurodevelopmental region and correlated with poor patient prognosis. A separate study by Shekarian et al. unveiled seven distinct tissue states via CODEX spatially resolved proteomics technology (Goltsev et al., 2018; Shekarian et al., 2022). Researchers demonstrated enrichment of an adaptive immune state, characterized by infiltrating lymphocytes and M2-like macrophages, and two vascular-related states in the tumor core and tumor periphery, respectively. Additionally, they determined that the tumor core has increased cellular density and heterogeneity compared to the more homogeneous cellular composition in the tumor periphery. Given what is known about the effect of TAM interactions on tumor cell plasticity (Ye et al., 2012; Hara et al., 2021), one can predict that this tumor core heterogeneity may result from increased interactions facilitated by higher immune cell infiltration and cellular density.
Insights into cell interactions
Spatially resolved omics can also provide insight into the diversity and consequences of cell-cell interactions within tumor regions. Spatial transcriptomics and proteomics have associated invading brain tumor cells with non-neoplastic glial cells in the invasive tumor edge (Wang et al., 2022). Spatial transcriptomics have also shown that cancer-associated fibroblasts (CAFs), a subset of non-neoplastic tumor-resident fibroblasts, also co-localize with tumor cells and support GBM progression (Jain et al., 2023). Specifically, CAFs are in close proximity to mesenchymal-like and stem-like GBM cells, endothelial cells, and TAMs within the perivascular niche (PVN) (Figure 2B). Furthermore, CAFs are recruited to the PVN by GSCs where they promote a malignant GSC phenotype characterized by HIF1a activation, epithelial-to-mesenchymal transition and increased cell proliferation. Notably, intracranial implantation of CAFs with GSCs in mice enhanced tumorigenesis relative to tumors formed by GSCs alone, emphasizing the potent pro-tumoral effects of CAFs in GBM.
Regarding the immune TME, spatial transcriptomics and proteomics have shown that tumor cells co-localize with both exhausted CD8+ T cells (Ravi et al., 2022b) and a variety of myeloid cells (Coy et al., 2022; Shekarian et al., 2022; Al-Dalahmah et al., 2023; Jain et al., 2023; Sattiraju et al., 2023). Interactions between tumor cells and myeloid cells have a well-established role in promoting an immune-suppressive TME and multiple scRNA-seq studies have revealed mechanisms whereby TAMs can drive a mesenchymal transition in GBM tumor cells (Hara et al., 2021; Xiong et al., 2022). One study using spatial transcriptomics and metabolomics revealed that activated TAMs surrounding the hypoxic niche produce creatine to support the growth of nearby tumor cells in an otherwise low-nutrient environment, highlighting the importance of TAM interactions for tumor cell survival (Figure 2C) (Rashidi et al., 2024). Conversely, a spatial transcriptomics study demonstrated that hypoxic tumor cells promote an immune-suppressive phenotype in TAMs through induction of CCL8 and IL1B cytokines (Figure 2C) (Sattiraju et al., 2023). An additional spatial study based on MALDI-MSI and CycIF discovered that co-localization of CD39+ myeloid cells and CD73+ tumor cells results in increased extracellular adenosine, an immune-regulatory molecule (Figure 2C) (Coy et al., 2022). Notably, CD73 expression in tumor cells is correlated to HIF1a expression and enriched in the perinecrotic niche. This link between the tumor cell hypoxic response and immune-suppression is corroborated by evidence that HIF1a activation in tumor cells results in a mesenchymal shift and expression of immunosuppressive genes and is linked with poor patient survival and tumor recurrence (Joseph et al., 2015; Sattiraju et al., 2023). In this same study, Sattiraju and colleagues elegantly showed that adaptive immunity is necessary for generation of hypoxic tumor zones which in turn work to suppress the anti-tumor immune response. Furthermore, obstructing communication between hypoxic tumor cells and TAMs reduces hypoxia frequency, suggesting that generation of hypoxic regions is at least partially dependent upon tumor-TAM interactions. Together, these data highlight the pro-tumor impact of immune infiltration and hypoxic conditions on anti-tumor immunity and tumor cell phenotypes.
Spatiotemporal TME changes in response to therapy
Based on the inevitability of tumor recurrence and high degree of inherent plasticity in GBM, understanding how the spatial landscape of GBM changes over time and in response to therapy will go a long way toward advancing therapeutic development for recurrent GBM. A study by van Hooren et al. revealed an increase in monocyte-derived macrophages (MDMs) at time of recurrence in GBM (van Hooren et al., 2023). Van Hooren et al. used spatially resolved IMC to demonstrate MDM, regulatory T cell (Treg) and PD1-high CD8+ T cell enrichment in recurrent GBM, resulting in increased MDM-CD8+ T cell and Treg-CD8+ T cell interactions and enhanced immune-suppressive activity. Spatial changes in response to immunotherapy, specifically anti-CD47 and anti-PD1, have also been explored by Shekarian et al. In their study, treatment of patient tumor explants with single or combinatorial immunotherapy resulted in increased CD4+ and CD8+ T cell infiltration and M1-like macrophage presence, as determined by CODEX spatial technology (Shekarian et al., 2022). Immunotherapy-treated explants had markedly high levels of interferon-gamma, especially those treated with anti-PD1, suggesting functional activation of infiltrating lymphocytes. Notably, explants with low interferon-gamma levels post-treatment had a higher abundance of M2-like macrophages and enhanced expression of checkpoints on T cells, suggesting that a prevalence of immune-suppressive TAMs may impair immunotherapy-induced T cell activation. While valuable, particularly in studying immune responses to immunotherapy treatment, these studies omitted analysis of the effects on the neoplastic cell populations. Given what we know about tumor cell and TME interactions impacting tumorigenesis and immune regulation, improving our understanding of tumor cell phenotype transitions in the context of neighboring non-neoplastic cells will be crucial for development of effective therapeutics.
Therapeutic perspectives
GBM tumors are notoriously resistant to current immunotherapies with clinical attempts continuing to fall short of therapeutic efficacy endpoints (Medikonda et al., 2021). A multitude of therapeutic modalities that have seen success in other cancers including immune checkpoint inhibitors (ICIs), CAR-T cells, vaccines, and oncolytic viruses have been tested in GBM clinical trials but fail to significantly affect patient survival. Despite several mechanisms of immunotherapy resistance being proposed (Wang et al., 2021), our understanding of tumor-immune cell interaction in GBM remains inadequate. Combining single-cell transcriptomic and spatial technologies provides an opportunity to robustly study multiple facets of the interactions between GBM cells and the microenvironment, particularly when used in tandem (Ravi et al., 2022a; Wang et al., 2022). Spatially resolved multi-omics present immeasurable potential in GBM that has only just breached the surface. Expanding our understanding of spatiotemporal cell dynamics in GBM will advance therapeutic development. In the final section of this review, we provide a clinical perspective on the findings discussed previously, highlighting current pre-clinical and clinical therapeutic advances leveraging the technologies discussed herein.
Inhibiting pro-tumor cell communication
One potential avenue for augmenting efficacy of immunotherapy in GBM involves restricting tumor-supportive cell-cell interactions, especially those that induce immunosuppressive phenotypes. For example, spatial analyses have demonstrated both CAF-tumor cell and TAM-tumor cell interactions that promote tumor progression and immune-suppression in association with hypoxia (Coy et al., 2022; Jain et al., 2023; Sattiraju et al., 2023). As mentioned in previous sections, these interactions involve various signaling mechanisms and involve GBM cells residing in the hypoxic niche. CAF-mediated induction of a hypoxic response, mesenchymal shift, and expression of immune-suppressive genes in GSCs relies on osteopontin and HGF signaling (Jain et al., 2023). Alternatively, tumor cell-TAM interactions can involve TGF-b and oncostatin signaling or creatine metabolism to support immunosuppressive TAMs and tumor cells, respectively (Ye et al., 2012; Hara et al., 2021; Rashidi et al., 2024). Inhibiting these signaling mechanisms would be expected to decrease immune-suppression and potentially increase anti-tumor T cell infiltration and/or functionality (Figure 3A).
[image: Figure 3]FIGURE 3 | Hypoxia-related therapeutic targets in GBM. The pro-tumor and highly immune-suppressive effects of hypoxia make it an attractive therapeutic target for GBM. (A) Hypoxia-associated cell interactions that inhibit the anti-tumor immune response by inducing immune-suppressive phenotypes in GBM cells and/or TAMs can be attenuated by inhibiting their mechanisms of intercellular communication. (B) Immune-suppressive cell states can also be targeted directly through various approaches including anti-CD73/CD39 or inhibitors designed to target metabolic vulnerabilities and/or specific immune-suppressive mechanisms or effectors. TAM-specific agents, such as anti-CSF1R, can be used to reprogram TAMs to an anti-tumor state. (C) Reversal of hypoxia is another promising therapeutic approach, whereby fluorocarbons have been shown to reduce hypoxia and resensitize GBM cells to chemoradiation. Hypothetically, hypoxia reversal has the potential to reduce the pro-immunosuppressive effects of hypoxia on TAMs and GBM cells and reduce T cell repression to enhance the anti-tumor immune response. (D) Alternatively, hypoxia-activated prodrugs are a method of exploiting hypoxic conditions in order to chemically reduce and thereby activate cytotoxic drugs to target malignant and pro-tumor cells within the hypoxic niche.
Targeting immune-suppressive cells
Another approach to boost the anti-tumor immune response is to target immunosuppressive cell types directly (Figure 3B). Malignant cell states that modulate the immune TME, such as reactive hypoxia (Ravi et al., 2022a) or MES-hypoxia (Zheng et al., 2023) cells which express immune-suppressive factors and correlate spatially with immune-suppressive TAMs, are a promising therapeutic target. Approaches to effectively inhibit these states remain unclear. One option could be to identify and target molecular pathways downstream of the hypoxic response, such as dysregulated DNA methylation, the mesenchymal shift, cytokine signaling in TAMs, or molecular drivers of the reactive hypoxia or MES-hypoxia tumor cell states (Joseph et al., 2015; Johnson et al., 2021; Ravi et al., 2022a; Chanoch-Myers et al., 2022; Sattiraju et al., 2023). Similarly, data on the unique metabolic profiles identified using MALDI-MSI (Ravi et al., 2022a) may be leveraged to identify targetable metabolic vulnerabilities in hypoxic GBM. Another option would be to target potent immunosuppressive effectors individually, such as with a CD73 inhibitor like α,β-methylene-ADP (APCP) (Cho et al., 2006), or collectively by inhibiting a common upstream driver like TGF-β signaling (Johnson ALJK et al., 2022). As previously mentioned, spatial proteomics revealed that tumor cell expression of CD73 is strongly correlated to TAM co-localization, hypoxia, and immune-suppression. Therefore, inhibiting CD73 could impair pro-tumor adenosine signaling in the perinecrotic niche and enhance the anti-tumor immune response.
Due to the abundance of pro-tumor myeloid cells within GBM, especially in recurrent GBM, TAMs have become a novel focus for developing therapies. These attempts have involved direct inhibition of pro-immunosuppressive mechanisms, such as CSF1R, KDM6B, or TREM2 inhibition (Przystal et al., 2021; Goswami et al., 2023; Sun et al., 2023), and TAM reprogramming to an anti-tumor state (Zhang et al., 2016; Chryplewicz et al., 2022; Zhang et al., 2023). Several of these approaches have proven successful in preclinical studies whereby TAM reprogramming increases tumor cell phagocytosis and augments checkpoint inhibitor therapy (Przystal et al., 2021; Chryplewicz et al., 2022; Goswami et al., 2023; Sun et al., 2023). An interesting facet of TAM reprogramming yet to be explored is the impact on tumor hypoxia. Since pro-tumor TAMs are interdependent, both spatially and mechanistically, with hypoxia, one would hypothesize that polarizing TAMs to an anti-tumor state may reduce the immunosuppressive TAM-tumor cell interactions that occur under hypoxic conditions.
Reversing or exploiting hypoxia
Another feature of GBM that can be exploited based on spatial understanding is the hypoxic niche. As discussed previously, hypoxia is a potent regulator of cell states in GBM, promoting mesenchymal and stem-like phenotypes in tumor cells and a pro-tumor, immune-suppressive phenotype in TAMs (Joseph et al., 2015; Dirkse et al., 2019; Johnson et al., 2021; Sattiraju et al., 2023). Furthermore, tumor cell states and tumor-immune interactions in the hypoxic niche facilitate tumor growth and suppress anti-tumor immunity (Sattiraju et al., 2023; Rashidi et al., 2024). These tumor-supporting, hypoxia-mediated cell states and mechanisms, discovered using single-cell and spatial technologies, represent new and promising therapeutic opportunities in GBM.
Aside from directly targeting interactions and cell states in the tumor, hypoxic conditions can be therapeutically exploited or reversed using hypoxia-activated cytotoxic agents such as evofosfamide (Evo or TH-302) or agents that increase intra-tumoral oxygen delivery like fluorocarbons, respectively (Teicher et al., 1997; Johnson et al., 2009; Murayama et al., 2012; Anduran et al., 2022) (Figures 3C, D). This would allow for specific targeting of cells residing in hypoxic tumor regions, including immunosuppressive GBM and myeloid cells, in a manner that spares normal brain tissue. Evo has been tested in other cancers where it augmented anti-PD1 therapy in preclinical studies (Jayaprakash et al., 2018; Wang et al., 2023). Translation into clinical trials demonstrated that Evo was well-tolerated and resulted in stable disease status in most patients (Hegde et al., 2021). In GBM, in vivo use of Evo −/+ radiation reduced tumor burden, eliminated hypoxia-responsive tumor cells, and reduced the presence of pseudopalisades, a morphological feature indicative of hypoxia surrounding necrotic regions (Sattiraju et al., 2023). Alone, Evo increased vascular density while simultaneously disrupting TAM infiltration and reducing TAM abundance near hypoxia. Beyond the lab setting, a phase II clinical trial tested Evo in combination with bevacizumab, an FDA-approved anti-angiogenic therapy, failed to have a significant impact on overall patient survival compared to a historical control (Brenner et al., 2021). Based on the promising pre-clinical data (Sattiraju et al., 2023), Evo warrants further investigation in the context of GBM, especially in the absence of bevacizumab. Additional studies exploring the specifics of how Evo impacts the anti-tumor immune response and whether it augments GBM immunotherapy could provide valuable insight into methods for targeting hypoxia-mediated immune suppression.
Alternative to exploiting hypoxia, reversing hypoxia via oxygen transporter drugs has been tested in GBM and effectively sensitizes tumor cells to chemoradiation (Teicher et al., 1997; Murayama et al., 2012). This can be achieved through fluorocarbons which efficiently deliver oxygen to hypoxic regions in high volumes through passive diffusion (Johnson et al., 2009). Notably, the fluorocarbon known as dodecafluoropentane emulsion (DDFPe) has been tested against newly-diagnosed and recurrent GBM in clinical trials where it was well-tolerated and effectively reversed tumor hypoxia (Lickliter et al., 2023). Furthermore, the study demonstrated a trend towards increased patient survival and is being tested further in a phase II/III trial [NCT02189109]. The effects of DDFPe have not been explored in pre-clinical GBM studies, highlighting a gap in knowledge with the potential to provide insight into DDFPe’s impact on hypoxia-mediated malignant cell states and suppressed anti-tumor immune response.
The prevalence of immunosuppressive cell types and interactions within and surrounding the hypoxic niche suggests that pinpoint targeting of these cells, pro-tumor interactions, or hypoxia itself may augment the anti-tumor immune response and enhance efficacy of immunotherapy against GBM. A byproduct of disrupted vasculature and consequently decreased oxygen availability, hypoxia is fundamentally dependent on tissue architecture. Therefore, high-resolution spatially resolved technologies, like those discussed in previous sections, are critical to understanding the clinical impact of hypoxia-mediated cell phenotypes and identifying viable therapeutic targets. Multi-omic spatial approaches are especially advantageous in that they allow for in-depth analysis of cell interactions, which can elucidate new mechanisms of hypoxia-mediated anti-tumor immune suppression, further expanding upon those previously identified.
Overall, spatially resolved studies have already revealed several attractive therapeutic targets in GBM (Figure 3). Moving forward, additional spatial approaches paired with robust preclinical testing of novel therapeutics will be critical to advance the field of GBM therapy. Treatments aimed at exploiting hypoxia or targeting hypoxia-mediated immunosuppressive cell states, hold particular promise for GBM and could ultimately be combined with current immunotherapies like checkpoint inhibitors or CAR-T cell therapy to synergistically impair tumor progression and extend patient survival.
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