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I. Species-specific alignment of mouse versus human reads

We investigated the potential for read misalignment between the human and mouse genomes by aligning data from single species to the same hybrid genome used in the main analysis. We obtained publicly available single-species samples, aligned them to the hybrid human-mouse genome, quantified the proportion of reads that aligned to the non-host genome, the number of non-host genes with altered expression resulting from misalignment, and the cNMF gene expression programs impacted. 

For mouse, we downloaded raw sequence data from 10x Genomics Visium profiles of two healthy mouse brain coronal slices (Sample1 –Visium_V1_Adult_Mouse_Brain: https://www.10xgenomics.com/datasets/adult-mouse-brain-coronal-section-fresh-frozen-1-standard ; Sample2 – Visium_Fresh_Frozen_Adult_Mouse_Brain: https://www.10xgenomics.com/datasets/adult-mouse-brain-coronal-section-visium-ff-1-standard). After alignment of mouse-derived reads to the hybrid genome, only 0.02% of mouse reads aligned to human genes (Additional file 2: Fig. S8a-b). Across both samples, and considering all genes quantified with >50 UMIs (n=14,935 in sample1, n=13,721 in sample 2), only 10 genes had more than 10% of their reads mapping to the corresponding human gene (IGKC, IGHG4, ZIC2, KLF12, RBFOX1, ZBTB16, CIMP, AL627171.2, ANKRD11, PLCG2) (Additional file 2: Fig. S8c-d), and of these a single one (RBFOX1) stood out as having approximately equal read counts in both species plus high expression in mouse brain (Additional file 2: Fig. S8e-f). Of the 10 genes, RBFOX1 also had the highest expression resulting from misaligned reads (Additional file 2: Fig. S8g-h). A sequence comparison showed 100% homology between the 3’ end of mouse and human RBFOX1, explaining the misalignment profile. This gene represents the type of scenario that can potentially affect downstream analyses by boosting the human gene count inappropriately, and in a way that is independent of the presence and abundance of human tumor cells. In the Visium xenograft data, we confirmed high expression of both mouse and human RBFOX1, and an expression profile restricted to D0 regions (i.e. outside of the brain tumor, consistent with mouse as the source of signal) (Additional file 2: Fig. S8i). RBFOX1 had no contribution to human programs (i.e. it was neither a top scoring gene nor a hub gene; Additional file1: Table S2d). The lack of impact in downstream program-centric analyses suggests that our approach is robust to noise from this source (mouse-to-human misalignment).

A similar procedure with two publicly available human scRNA-seq data from GBM samples revealed that a very small proportion of human reads (0.15-0.2%) can align to the mouse genome (Additional file 2: Fig. S9a-b). For this analysis, Visium GBM samples were not accessible without additional permissions, so we analyzed scRNAseq GBM data as it has similar depth of gene expression coverage (Sample1 – scRNA_Brain_Tumor_3p: https://www.10xgenomics.com/datasets/2-k-sorted-cells-from-human-glioblastoma-multiforme-3-v-3-1-3-1-standard-6-0-0 ; Sample2 – scRNA_Parent_SC3v3_Glioblastoma: https://www.10xgenomics.com/datasets/human-glioblastoma-multiforme-3-v-3-whole-transcriptome-analysis-3-standard-4-0-0 ). Of all human genes quantifiable (n=19,863 in sample1; n=16,536 in sample2, with >50 UMIs), only 6 had more than 10% of reads aligning to a corresponding mouse gene (Gm42418, Lars2, Hmgb1, Rpl12, Malat1, mt-Co1) (Additional file 2: Fig. S9c-d). The most highly expressed of these stood out as having the vast majority of reads aligning to the mouse instead of human gene (Gm42418) (Additional file 2: Fig. S9e-h). In the Visium data, this gene contributed as a top-scoring gene in 3 programs (m9_Vascular_remodelling, m41_Excitatory_synapses, m87_NPC_proliferation), none of which were TME programs. The three programs affected comprise many other top-scoring genes without misalignment, and their annotation through pathway analyses was not affected by Gm42418, as this is a non-coding rRNA gene. Finally, a visual check of the spatial gene expression for Gm42418 shows it is localized in the D3-D4 regions (in the tumor), in line with the human data as the source of the signal (Additional file 2: Fig. S9i). Thus, human-to-mouse misalignment is not expected to alter our results and the conclusions that can be derived.

Altogether, based on these assessments, we conclude that (i) alignment specificity is high for both species, (ii) a very small number of genes have reproducible ambiguous mapping, and (iii) a program-centric analysis is robust to outlier genes with either mouse-to-human or human-to-mouse misalignments, limiting impact on downstream analyses. 

II. Validation of human-mouse admixture

Our analyses use the human-mouse species admixture ratio derived from the sequencing data to determine the relative abundance of mouse and human cells in the tissue (i.e. as shown in Figure 1c). To further demonstrate that this ratio captures the expected distribution of cells from each species, we performed IHC staining for human nucleolin in additional tissue slices from each sample. This validation was possible since each sample was initially split in two (through cutting adjacent to the injection site), flash freezing the posterior half of the tumor for Visium, and preserving the anterior half in FFPE for IHC staining. Slices taken for Visium or IHC were closest to the initial cut made at the injection site, and therefore represent proximal regions of the tumor. Nucleolin staining thus provides an orthogonal measurement of the density and location of human cells within each sample, and serves as a ground truth for evaluation of the sequencing-derived species admixture. We observed high concordance between the nucleolin-based and sequencing-based admixture of human and mouse cells. A few examples that illustrate this concordance are included in Additional file 2: Fig. S10. 

III. Benchmarking the 90 mouse cNMF programs against the ground-truth of mouse brain anatomy

One goal in this work was to show the extent to which the cNMF solution we selected for the mouse data (i.e. 90 programs) reflected the composition of the mouse brain and the glioblastoma TME. The examples we selected to showcase (endothelial cells/pericytes, the subventricular zone, and cortical layers) enable us to benchmark annotated programs and their usages against very well-known biology. This assessment is critical because one of the main user-specified parameters in cNMF is the number of programs (ranks) to solve for. So, when solving for 2 programs in the mouse brain data (rank=2), cNMF identifies the two most transcriptionally distinct regions - the cortical and subcortical regions.  As the number of programs increases, cNMF begins to divide the cortex into the different cortical layers, then eventually finds vasculature, subtypes of neurons, etc. Although there are >300 major cell types in the brain, defined at the single-cell gene expression level33,34 together comprising 100’s of tissue structures (43 isocortical areas, 329 subcortical areas, 8 ventricle structures, and 81 fiber tracts)37, we did not set out to exhaustively identify all of these. Rather, we sought a cNMF solution that could provide sufficient resolution to reveal important components of the tumor microenvironment. We found that between ranks 80-90, the mouse TME programs remained stable (i.e. not becoming further subdivided), so we selected rank 90 for program annotation. This was an important practical consideration, as annotation is a time consuming step that requires significant domain expertise - going to higher ranks would require more extensive annotation without gaining more insight into the TME. Our program benchmarking (described below) was therefore meant to determine the types of cells, activities, and structures discoverable at the selected resolution of 90 programs.

Our approach to program annotation was systematic, utilizing multiple resources to define whether programs represented cell types, activities, or structures (described in Methods). These include single cell references of normal brain and of the glioma TME, and a spatial transcriptome dataset of the normal mouse brain profiled with STARmap PLUS - a technology platform that profiles 1,022 genes in tissue slices at ~200nm resolution73. This richly annotated dataset represents a high resolution molecular spatial atlas of the normal mouse brain, where each position has been computationally registered to the Allen Brain Atlas (ABA) Common Coordinate Framework v3 (CCFv3)37. The CCFv3 is a definitive resource for brain anatomy/structure, and provides (within the ABA) a compendium of in situ hybridization (ISH) data spanning many genes, including those that distinguish (i.e. are markers for) anatomic regions. We note that directly registering our xenograft data to the CCFv3 was not feasible, as in many tissue sections the brain tumor creates a mass-effect that alters the expected morphology of brain structures. 

Together with the single-cell resources included (Methods), the STARmap data and the ABA CCFv3 provide a ground truth for the diversity and relative abundance of cell types within the brain, and for the relative positioning and cellular composition of structures. We incorporate these resources to showcase sensitivity and specificity of the cNMF programs, through the selected examples below. Briefly, we show correspondence between the cNMF structure-specific programs and the anatomic structures defined in the CCFv3 (manually conducted by a neuropathologist, author JAC), and validate that the spatial distribution of CCFv3 ISH-based marker genes match that of the highly scoring genes in corresponding cNMF programs. We perform a similar analysis using molecularly defined anatomic regions in the STARmap data, using their region-specific and cell type-specific marker genes to show concordance to the identity and usage level of selected cNMF programs. 

i. Cortical and subcortical structures

At a resolution of 90 cNMF programs, we expected to identify a subset of cNMF programs corresponding to anatomic structures rather than single cell types or activities. Such programs represent the transcriptional output of cell types often found together, and whose signals contribute together to the same Visium spots. The ability to tease apart the transcriptomes of the individual cell types would require that (i) they are individually profiled in at least a subset of the spots, and that (ii) the cNMF resolution is high enough that this distinction can be made among all the other programs (some of which will be more obviously distinct, or have more data to support delineation at any given rank). At k=90, we identified 42 programs that we could label as structures based on (i) lack of strong matches to individual cell types from single cell atlases, and (ii) concordance with anatomic structures annotated in the CCFv3. This concordance was assessed as described in the Methods, taking into account both the histology of each sample (hematoxylin and eosin [H&E] staining, which can be used to locate major anatomic landmarks such as various of the 81 fiber tracts), and the location of the cNMF program in question across all 23 samples. Examples of visual concordance of program spatial usage (in one sample) with several CCFv3 cortical structures are included in the Additional file 2: Fig. S11. We direct the reader to the Dryad repository for spatial usage maps of each program in all 23 samples. 

The cerebral cortex is a complex six-layered structure that reflects the laminar organization of different neuronal cell types. Layers are distinguished by the composition, cell density and connectivity of these cell types. At a rank of 90 we find several programs that correspond to the cortical lamina (Additional File 2: Fig. S1f), as mentioned in the main text. A highlight is layer 6b, which at 20-30μm in thickness can only partially contribute to any given Visium spot (55μm). For this and other layers, we compared marker genes with those in the corresponding STARmap-defined layers, as well as layer-specific markers in the ABA (based on ISH). We show examples of concordance between program usage and marker gene expression in our data, with the expression of layer-specific marker genes in the STARmap and ABA (Additional file 2: Fig. S12, Additional file1: Table S8). In general, many of the top-scoring genes in the cortical layer programs were also marker genes in the STARmap or ABA data, or both (Additional file 2: Fig. S13a). In all these resources, some marker genes were shared among neighbouring layers (e.g. Tbr1 in layers 5 and 6a; Krt12 in layers 2/3 and 4), and reflect the cellular composition of each layer. For example, layers 2/3 and 4 share several cell types, as do layers 5 and 6a (Additional file 2: Fig. S13b). As a result, expression of layer-specific marker genes is usually enriched within the corresponding layer, but to some extent also observed in neighbouring layers in many cases, and with high concordance between the Visium and STARmap data in this regard (Additional file 2: Fig. S13c). Consistent with this, we observed through clustering that program co-usage per spot across the cohort recapitulates the cortical and subcortical organization of the brain (Additional file 2: Fig. S14). 

ii. The blood brain barrier (BBB)

Endothelial cells and pericytes comprise key components of the blood-brain barrier along with astrocytic end-feet and vascular smooth muscle cells (VSMC). Together, these form intercellular tight junctions responsible for maintaining the integrity of the BBB and are dispersed throughout the brain without the larger-scale organization noted above for anatomic regions. Moreover, the vast majority of vessels in the mouse brain (~94%) are in the range of <10μm, posing a deconvolution challenge in the setting of a 55μm sampling resolution with the Visium platform. Despite general admixture of the BBB components, there was sufficient sampling of spots where each cell type was a major signal (e.g. since not all regions of a given vessel have pericytes, and some vessels in the brain have denser VSMC, along the midline for instance). At 90 ranks we were able to deconvolute four endothelial cell programs (m30_EndoHyp, m52_Endo1, m86_Endo2 and m59_EndoLV), one pericyte program (m48), and one VSMC program (m11). Both m52 and m59 had decreased prevalence in region of high tumor density, while m30 and m86 were enriched in the tumor. The pericyte and VSMC programs exhibited sparse but widespread use across both tumor and non-tumor regions. These programs had strong and specific matches to biological pathways and gene markers for endothelial cells, pericytes, and VSMC (Additional file1: Table S5b), and were consistent with markers identified in the STARmap data and the ABA ISH data (Additional file 2: Fig. S15a-c). 

In terms of spatial organization, we found a tight association of endothelial cells and pericytes in the Visium data that was closely aligned to BBB composition expectations from the literature (Obermeier B et al., Nat Med 2013) (Additional file 2: Fig. S15d), with that observed in the STARmap data (Additional file 2: Fig. S15e). Briefly, after correcting for the overall level of vasculature among samples (Additional file 2: Fig. S15f-g), we observed that endothelial cells were most abundant, followed by VSMC and pericytes – a trend with high reproducibility in the cohort. Association between these cell types showed followed the same theme, with high co-incidence of pericytes with endothelial cells and VSMC (Additional file 2: Fig. S15h). This co-incidence reflects the intact composition of the BBB, which is essential for maintaining a microenvironment that enables neuronal circuits to function properly. BBB integrity is compromised in the context of brain tumors, with multiple consequences including poorly regulated flow of large molecules and increased trafficking of immune cells. Evidence for the BBB breakdown includes disruption of the endothelial cell-pericyte association in regions of higher tumor density (Additional file 2: Fig. S15i), with a significant decrease of pericyte coverage in vessels observed in D4 versus D0 regions (Wilcoxon rank sum test p-value = 0.029). 

IV. Tumor program descriptions

Here we provide additional details regarding pathway annotations for individual programs observed in the human tumor cells. 

A first set of six programs represented Progenitor, Cell Cycle, and Metabolic themes. The two Progenitor programs (h5_progenitor, h13_DNArepair) were distinguished from each-other based on cell state and pathways, with high scores for progenitor and G2M tumor cell states in h13_DNArepair (Fig. 2b, Additional file 2: Fig. S2a), and significant enrichment of multiple DNA damage repair terms including base excision and mismatch repair (Fig. 2a, Additional file1: Table S3a). In contrast, the h5_progenitor program showed higher scores for G1S and neuronal progenitor terms (Fig. 2b, Additional file 2: Fig. S2a). Both programs were present at all timepoints and across density regions, with significantly higher abundance observed in D4, indicating that progenitor states were more prevalent at high tumor cell density (Fig. 3e, Additional file 2: Fig. S2c, Additional file1: Table S3f). Next, two Cell Cycle programs (h7_telomere, h8_epigenetic) were enriched in DNA replication terms. h7_telomere was the most prevalent of the two, involving terms for telomere maintenance, and protein localization and degradation; in contrast, major pathway themes in h8_epigenetic focused on chromatin biology (e.g. histone modifications via lysine acetylation) (Fig. 2a, Additional file1: Table S3a). Finally, we identified two activity programs with clear pathway themes relating to Metabolism – h1_metabolism was defined by cholesterol biosynthesis and nucleotide and RNA metabolism, while h15_mito terms converged on cellular respiration and mitochondrial translation (Fig. 2a, Additional file1: Table S3a). We observed a consistent association of the Progenitor, Cell Cycle, and Metabolic programs with the vascular/astrocytic niche in D4, where these programs had the highest prevalence (Fig. 2e, Additional file1: Table S3e). A particularly high overlap of h7_telomere and h8_epigenetic programs with the Progenitor programs and m30_endoHyp – indicated that a subset of cycling progenitors was highly concentrated within an aberrant vascular niche in regions of hypoxia (Additional file1: Table S3e), in line with previous evidence for this stem cell niche53,54. 

A second set of programs represented OC-like, AC-like, and Invasion themes. Two programs (h12_OC1, h14_OC2) had strong matches to OC-like cell states (Fig 2b, Additional file 2: Fig. S2a), and were enriched in terms for regulation of oligodendrocyte differentiation (Fig. 2a, Additional file1: Table S3a). Assessment of genetic heterogeneity in the stRNAseq data revealed that h14_OC2 was a genetic subclone present in the BT143x cell line (Additional file 2: Fig. S2d-h), explaining its high similarity to h12_OC1, and its nested spatial localization (Fig. 3c). Both were most abundant in D4 where they occupied the vascular/astrocyte niche (Fig. 2e, Additional file 2: Fig. S2c, Additional file1: Table S3e,f). Next, two AC-like programs (h2_AC, h9_hypoxia) matched well to AC-like GBM states (Fig. 2b, Additional file 2: Fig. S2a), had pathway terms involving hypoxia response/regulation of angiogenesis (h9_hypoxia), the GBM developmental state (h2_AC), and moderate matches to the leading edge (LE_IvyGAP40; both h2 and h9) (Fig. 2a, Additional file1: Table S3a). The h11_invasion program scored highly for LE_IvyGAP, comprised a majority of D1-D2 spots at early and late timepoints, and was the only tumor program with significant over-representation in D1 regions within individual patients (Fig 2e,g, Additional file1: Table S3g). Together, this trio of programs revealed a gradient of outward expansion, with h9_hypoxia most centrally located, h2_AC in the surrounding regions, and h11_invason in the most outlying parts of the tumor (Fig. 2e-g). 

While the eleven programs described above were observed in nearly all lines from multiple patients, a final set of four programs was enriched in specific patients (Fig. 3e). h4_autophagy (BT161) was enriched in pathways involving senescence, autophagy, mitophagy, aggrephagy, and apoptosis (Fig. 2a, Additional file1: Table S3a). Additional (lower) matches to mesenchymal and PAN (Fig 2b) linked these states to autophagy. In BT238x, we observed high usage of h6_synaptic (Fig. 2d), with major pathway themes around synapse formation, and cell signaling and adhesion (Fig. 2a, Additional file1: Table S3a). Finally, we identified two programs that relate to angiogenesis (BT134). h3_vascular had strong matches to microvascular proliferation (Fig. 2b), and enrichment in pathways for vascular development, cell migration, and ECM-receptor interactions (Fig 2a, Additional file1: Table S3a). h10_IFN had weaker matches to PAN and mesenchymal states (Fig 2b), enrichment of angiogenesis terms, and of interferon signaling terms (Fig 2a, Additional file1: Table S3a). The observation that these programs were prevalent within individual patients suggested that specific tumor genotypes could be linked to unique repertoires of tumor cell programs, and that larger xenograft cohorts may therefore reveal additional insights. In our cohort we noted high program stability even when including an additional sample, and re-running program identification. The additional sample (BT238z) was a slow-growing and highly diffuse BTIC line established from the invasive front (z) of patient BT238. In this case, we observed nearly identical factorization results for both broadly-used (e.g. h11_invasion) and genotype-enriched programs (e.g. h6_synaptic specific to BT238) (data not shown). 

V. Microenvironment program descriptions

Here we provide additional details regarding pathway annotations for individual programs observed in cells of the tumor microenvironment. 

Astrocytic programs included both cell types (m74_Astro1, m44_AstroHY) and activities (m43_AstroReac, m49_AstroRNA). m74_Astro1 was widespread throughout the normal mouse brain, prevalent in the invasive tumor front and excluded from dense tumor regions (Fig. 4f,h, Additional file 2: Fig. S5d, Additional file1: Table S5e), and enriched in pathways characteristic of mature astrocytes including metabolic processes (glycolysis, nucleotide metabolism, cellular respiration), regulation of synapse structures and activities, and cellular response to hypoxia and reactive oxygen species (ROS) (Fig. 4d, Additional file1: Table S5a). Similarly, m49_AstroRNA showed broad usage across normal brain with exclusion from dense tumor (Fig. 4f,h, Additional file 2: Fig. S5d, Additional file1: Table S5e), likely representing normal astrocytic activities (RNA processing, proliferation, glutamatergic synapses) (Fig. 4d, Additional file1: Table S5a). In contrast, m44_AstroHY localized both to regions of tumor and normal brain (hypothalamus), suggesting it represents a regional astrocyte subtype that can be rapidly recruited to sites of injury, or alternatively, that it is a cell state which astrocytes in the TME can rapidly adopt (Fig. 4h, Additional file 2: Fig. S5d, Additional file1: Table S5e). Significant enrichment of terms relating to regulation of precursor cell proliferation highlighted a role for this otherwise normal program in the context of the GBM TME (Fig. 4d, Additional file1: Table S5a). Next, the m43_AstroReac program was the only one enacted across the full spectrum of tumor density, sustained at all timepoints of disease progression, and highly specific to regions of tumor (Fig. 2f,h,  Additional file 2: Fig. S5d, Additional file1: Table S5e). Co-localization of m43_AstroReac with m74_Astro1 indicated that this was an activity enacted by normal astrocytes in the context of the TME (Additional file 2: Fig. S5c), a conclusion further supported by enrichment of terms relating to proliferation, inflammatory response, and ECM organization, and a strong match to a reactive astrocyte signature48 (Fig. 4d, Additional file 2: Fig. S5e, Additional file1: Table S5a). 

We annotated four endothelial programs, including m52_Endo1, m86_Endo2, m30_EndoHyp, and m59_EndoLV (Fig. 4a,c, Additional file 2: Fig. S1e,5a, Additional file1: Table S2b). Of these, m52_Endo1 best matched normal endothelial cells in reference datasets, had mature endothelial markers (Gkn3, Sema3g, Alpl, Pecam1; Additional file 2: Fig. S5a,b), and was widespread in the normal brain (Additional file 2: Fig. S1e,5d, Additional file1: Table S5e). m52_Endo1 had decreased prevalence within regions of high tumor density, where a second endothelial program (m86_Endo2) was the major vascular component (Fig. 2f, Additional file 2: Fig. S1e,5d, Additional file1: Table S5e). This tumor-enriched program (m86_Endo2) was distinguished by pathways relating to endothelial cell migration and proliferation, tight junction organization and assembly, leukocyte activation and cell-cell adhesion, and regulation of coagulation and hemostasis (Additional file 2: Fig. S4c, Additional file1: Table S5a). Together, these terms encompassed aspects of tumor vasculature and blood-brain-barrier remodeling positively associated with increasing tumor density. Another tumor-enriched program (m30_EndoHyp) was distinguished by pathways relating to cell proliferation and DNA replication, regulation of cell migration involved in sprouting angiogenesis, collagen fibril organization, and response to hypoxia  (Additional file 2: Fig. S4c, Additional file1: Table S5a). This is an activity program sparsely present throughout the brain, but significantly enriched in denser tumor regions with low oxygen availability (Fig. 2f, Additional file 2: Fig. S1e,5d, Additional file1: Table S5e). Finally, we identified m59_EndoLV as highly scoring for lymph vessel morphogenesis, suggesting the possibility that lymphatic and vascular vessels in GBM are distinguishable with this deconvolution approach. m59_EndoLV showed a sparse pattern of usage throughout the brain largely corresponding to known locations of lymphatic vasculature49 (meninges) and was also present across timepoints and tumor densities (Fig. 2f, Additional file 2: Fig. S1e,5d, Additional file1: Table S5e). In support of this program’s lymphatic identity, we observed high program scores for lymphangiogenic regulators including Lyve1, Clec14a, Ptpn14, Vwf, and others49 (Additional file 2: Fig. S5f). Of these, Vwf (the second highest-scoring gene in m59_EndoLV; Additional file1: Table S2d) has a central role in vascular inflammation 50, regulation of vessel permeability, and immune cell recruitment50.

Multiple immune cell types were evident in our data (Fig. 4a,b, Additional file 2: Fig. S5a, Additional file1: Table S2b). Microglial programs (m7_MG1 and m77_MG2) were present diffusely throughout the normal brain (Fig. 4h), had an early response to sites of injury (injection tract, Fig 4h) and persisted long-term within lower density tumor areas (D2-D3) (Fig. 4f, Additional file 2: Fig. S5d, Additional file1: Table S5e). MG programs showed differential spatial abundance and distinct pathway enrichments, with m7_MG1 more abundant overall (Fig. 4f), and scoring strongly for IL-1, IL-1b, IL-2 production, for cell migration and response to injury, astrocyte activation, and antigen processing and presentation (Fig. 4b, Additional file1: Table S5a). In contrast, m77_MG2 was enriched for apoptotic cell clearance, and represented a higher percent of all microglia in dense regions (Fig. 4f). Two monocyte derived macrophage (MDM) programs (m40_MDM1, m84_MDM2), were absent from the normal brain but rapidly recruited to early lesions (Fig. 4h). These had distinct pathways, with m40_MDM1 enriched in terms relating to wound and injury response, cell-matrix adhesion, chemotaxis and migration, and m84_MDM2 scoring highly for macrophage proliferation, positive regulation of phagocytosis, engulfment, and membrane invagination (Fig. 4b, Additional file1: Table S5a). Finally, three monocyte programs (m12_Mo1, m55_Mo2, m78_Mo3) were characterized by interferon signaling (Ifit1, Ifit3, Ifit3b, Ifitm3, Ifit2, Ifitm6) (Fig. 4b, Additional file 2: Fig. S5a, Additional file1: Table S5a), were spatially co-localized to tumor borders, and did not associate strongly with the early wound response (Fig. 4h). They increased in abundance with time, particularly m78_Mo3 (Fig. 4h), which stood out as a proliferating monocyte program also enriched in TNF and IL-1 production, thereby linking monocyte inflammatory signaling with the IL-1 response observed in m59_EndoLV (Fig. 4b,d, Additional file1: Table S5a).

Four remaining programs represented immune cell activities (m20_MDM-ROS, m54_ECM-AP, m16_Chemokine, and m57_Cytotoxic) (Fig. 4a,b,i Additional file 2: Fig. S5a, Additional file1: Table S2b). The most prevalent of these (m20_MDM-ROS) had a poor cell type match to MGs/MDMs based on marker genes (Fig.5i, Additional file 2: Fig. S5a, Additional file1: Table S5b), however, spatial localization, pathway activities and TF profiles (Fig. 4b, Additional file 2: Fig. S5c, Additional file1: Table S5a-d), indicated this was an MDM activity primarily distinguished by a cellular response to oxidative stress and hypoxia, and regulation of apoptosis and autophagic cell death. m16_Chemokine was characterized by immunosuppressive Ccl3 and Ccl4 chemokines(involved in suppression of T/NK cells and in recruitment of Tregs) (Additional file 2: Fig. S5a). m54_ECM-AP was Lyz2 and CD74 high (denoting macrophage activation) and enriched in terms for ECM organization, antigen processing, and transmembrane transport (Fig. 4b, Additional file 2: Fig. S5a, Additional file1: Table S5a). Interestingly, m16_Chemokine and m54_ECM-AP both co-occurred with MG/MDM programs, but not with each-other, suggesting they are mutually exclusive immune cell activities (Fig. 5i, Additional file 2: Fig. S5c). Finally, m57_Cytotoxic was significantly enriched in pathways relating to cell killing, cytokine production and defense response, and found at all timepoints and across tumor densities (Fig. 4b,f,i, Additional file1: Table S5a). Relative to other immune cell activities, m57_Cytotoxic had the highest prevalence in D4, indicating that cytotoxicity plays a central role in dense regions (Fig. 4f,i, Additional file 2: Fig. S5d, Additional file1: Table S5e).

i. Additional supplementary methods related to sections IV and V

To investigate program stability, we re-factorized the primary cohort of 23 samples by including an additional xenograft established from a BT238z cell line. Raw data from BT238z was processed with a similar pipeline, where Illumina sequencing base call data (BCL) was converted to FASTQ files and mapped to hybrid genome refence sequence (GRCh38—mm10-2020-A) using SpaceRanger v1.3.1 (default parameters) followed by aggregation with samples from the primary cohort using SpaceRanger Aggr. The resulting matrix of human and mouse genes from a total of 24 samples were processed with the R package Seurat (v4.0.0) by removing genes with expression in less than 3 spots and spots with low number of detected genes (< 200) followed by normalization the LogNormalize() function. Next, over-dispersed human and mouse genes were selected using the restrictCorpus() function from the R package STDeconvolve(v1.7.0). The cNMF pipeline was then re-run separately for mouse and human gene expression data with steps, parameters and processing of resulting program usage matrices described previously (“Methods”).  To speculate concordance between tumor programs identified in the primary cohort (cNMF1) and those with the additional BT238z sample (cNMF2), we inferred short-range spatial overlap (“Methods”) between programs in cNMF1 and cNMF2. At rank 15 in cNMF2, we find 98-100% concordance with programs from cNMF1. Further, we also find a one-to-one correlation in gene-scores between rank 15 in cNMF1 and cNMF2, thus indicating that identification of programs is robust to inclusion of additional samples. 
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Fig. S1.  Genome admixture characteristics
(a) Distribution of human-mouse admixture ratio per line and time-point (biological replicates merged). Sample nomenclature includes [Patient ID][Mouse number]_[Time point] as in Main Figure 1f. Violins are colored based on time-point and ordered by the mean admixture values. (b) Spatial plots overlayed with tumor cell density groups (D0-D4) based on human-mouse admixture ranges; D0: (0.0, 0.05], D1: (0.05, 0.2], D2: (0.2 – 0.5], D3: (0.5 – 0.8], D4: (0.8 – 1.0].  (c) Density plots of the number of tumor, TME, brain, and total (human and mouse) programs used per spot across tumor cell density groups, D0-D4. A usage threshold of 0.1 was set to define tumor programs and 0.05 for TME and other brain programs observed in each spot. (d) Violin plots indicate the range of usage values in tumor (n=15), TME(n=19) or other programs (n=81). (e-f) Spatial plots of program usage in (e) vascular, and (f) cortical layer programs.
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Fig. S2. Tumor programs
(a) Heatmap of marker-gene enrichment scores of tumor programs (columns) calculated with gene sets of GBM cell-states (rows) in external cohorts enumerated in Additional file1: Table S2a. (b) A hierarchically clustered heatmap of 10 genes in each program, based on rank ordered cNMF-derived  gene scores. (c) Chi-square test results indicating the enrichment each tumor program, across tumor density groups D1-D4. Barplots depict the number of expected and observed spots with usage > 0.01 in a given program, and chi-squared residuals and associated p-values indicating the significance of difference between observed and expected numbers. (d) inferCNV output plot predicting copy number variation (CNV) profiles per spot (row) in BT143x samples, with clonal CNVs marked in black outline and labelled (bottom panel). CNV profiles of D0 cells were used as the reference set (top panel). (e) Smoothed inferCNV signal for the 4 clones in panel d, with regions of clonal copy number divergence highlighted in blue and labelled above the plot. Divergence is relative to the baseline clone 1, and above/below the score thresholds of 1.5 and 0.5. (f) Heatmap of spatial overlap i.e., concordance between CNV clones and tumor programs prevalent in BT143x3 and BT143x4 samples. (g) Spatial plots of h14 program usage (left) and clone2 spots (right) in BT143x3. (h) Barplot depicting the proportion of spots from BT143x samples (replicates merged) in each clone identified using inferCNV. (i) Prevalence (blue stacked barplots) and correlation (grey bars) to programs identified in external cohorts. Barplots show the maximum correlation obtained between each tumor program in the xenograft cohort programs derived from cNMF across a series of ranks in external cohorts. A vertical line is drawn at r=0.4 as a visual reference. Prevalence barplots represent the proportion of patients in the external dataset that have usage of the program with maximum correlation above a specific threshold.
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[bookmark: _Toc175573347]Fig. S3. STRINGdb-based protein-protein interaction networks of tumor programs
(a) Network plot of top-scoring genes (yellow nodes) for the 15 tumor programs, with hub genes in orange, and labelled with gene name. Node size is proportional to the correlation between a gene’s usage in a program to its expression, and edges represent the functional associations. The network is plotted with a fruchterman.reingold layout using the R package iGraph (v1.4.2) and hub genes are defined as nodes with a PageRank score in the 95th percentile.
[image: ] 
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Fig. S4.  Baseline and distribution of single-cell derived GBM cellular states 
(a) Boxplot showing the proportion of spots in each GBM cell-state with increasing tumor density, D1 to D4. Significant differences across the four groups in each GBM cell-state are marked (wilcoxon rank-sum test ; ns: p > 0.05; *: p <=0.05; **: p <= 0.01). (b) Spatial plots of tumor admixture (left) and module scores for NPC, OPC, AC and MES-like states (right) calculated using AddModuleScore() from the R package Seurat. (c) Heatmaps depicting the proportion of spatial concordance between tumor programs (rows) and GBM cellular states (NPC, OPC, AC and MES; columns) in each sample stratified by tumor density (D1-D4). Tumor baseline states (labelled) correspond to the most abundant GBM cellular state across all samples from each tumor. (d) Barplots indicating cell-state transitions away from the baseline states (AC, OPC, AC-OPC) for tumor programs, stratified by tumor stage and density. Cell-state transition is calculated as the proportion of spots with each non-baseline state relative to spots with the baseline state. Spots are assigned to a tumor program if usage > 0.1. 
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Fig. S5. TME programs: Annotation scores and prevalence in external cohorts
(a) Heatmaps indicating the inverse of ranks (1/rank) of the top 20 genes selected based on rank ordered cNMF-derived gene scores of TME programs. (b) Heatmaps of marker gene enrichment scores for each TME program (columns) calculated using gene sets of brain-resident and TME associated cell-types (rows) identified in external cohorts referenced in the figures’ scale legend and enumerated in Additional file1: Table S2a. (c) Spatial concordance among TME programs, calculated as the proportion of spots in one program (rows) that also have usage of another (columns). Spots with a minimum usage of 0.05 in a given program were selected for this analysis. (d) Barplots of chi-squared test residuals, where p-values specified indicate the significance of difference between observed and expected numbers of spots with usage > 0.01 in a TME program. The test was performed across individual tumor density ranges (D1-D4), all tumor regions together (Tum), and non-tumor regions (D0; Brain) (x-axis). (e) Row-scaled heatmaps indicating the inverse of ranks (1/rank) of pan-reactive astrocyte markers across the four astrocyte programs. (f) Prevalence (blue stacked barplots) and correlation (grey bars) to programs identified in external cohorts. Barplots show the maximum correlation obtained between each TME program in the xenograft cohort programs derived from cNMF across a series of ranks in external cohorts. A vertical line is drawn at r=0.4 as a visual reference. Prevalence barplots represent the proportion of samples in the external dataset that have usage of the program with maximum correlation above a specific threshold. 
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Fig. S6. Ligand-receptor signaling communication across tumor density groups
(a) Stacked barplot indicating the number of significant LR interactions per pathway. LR interactions are categorized and colored based on the species of the ligand and receptor involved, resulting in 4 interaction categories (ligand__receptor): TME__TME, TME__Tumor, Tumor__TME, and Tumor__Tumor. (b) Scaled expression levels (z-scores) of ligand and receptor genes for selected pathway, stratified by tumor density (D1-D4). (c) Chord diagrams show receptor (bottom) and ligand (top) interactions for selected pathways. Interactions are analyzed between all possible pairs of tumor-density groups which make up the sources (outer, lower semi-circle) and targets (upper semi-circle), with links representing the signaling strength of interactions between them (i.e. communication probability). (d) Scaled expression levels of ligand and receptor genes for selected pathways, stratified by tumor timepoint (early, mid, late). (e) Spatial plots of expression of selected genes (right panels) with tumor admixture for reference (left panels).
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Fig. S7. Enrichment of mouse brain structures and signaling pathways within GBM invasion routes
(a) Chi-square test results indicating enrichment of D1 white-matter spots (left panels) and D1 caudoputamen spots (right panels) per time-point, calculated across individual tumor density ranges (D1-D4), all tumor regions together (Tum), and non-tumor regions (D0; Brain) (x-axis). Barplots depict the number of expected and observed spots with usage > 0.01 of selected programs, and chi-squared residuals and associated p-values indicate the significance of difference between observed and expected numbers. (b) UpSet plot indicating the overlap between spots assigned to the different invasion routes comprising white-matter (WM), parenchyma (Par) and peri-vasculature (m30, m52, m59, m86). (c) Stacked barplot of significant LR interactions per pathway obtained from CellChat analysis of D1 spots. (d-e). Barplots of the number of pathways and interactions within each D1 spots of each invasion route. (f) Barplot indicating the number of genes that overlap between top-scoring (left panel) or hub genes (right panel) of each tumor program and the differentially expressed genes that are high in Parenchyma.

           [image: ]


Fig. S8. Alignment of publicly available healthy mouse brain data (10x Visium) to the hybrid genome
(a,b) Barplots indicating the percentage of GRCh38 and mm10 UMIs quantified in (a) sample 1 – Visium_V1_Adult_Mouse_Brain and (b) sample 2 -  Visium_Fresh_Frozen_Adult_Mouse_Brain. (c,d) Barplots depicting the top 20 human genes expressed in (c) sample1 and (d) sample 2 and their mouse orthologs (x-axis) as identified using BLAST, and the percentage of UMI contributed by a gene within an orthologous pair (y-axis). (e,f) Barplots depicting the top 20 human genes expressed in (c) sample1 and (d) sample2, and their mouse orthologs (x-axis) and UMI counts of the genes (y-axis). (g,h) Barplot of total UMI quantified in the top 20 human genes expressed in (g) sample1 and (h) sample2. (i) Spatial gene expression of Rbfox1 (mouse) and RBFOX1 (human) in BT143x_late sample. Spatial plot human:mouse admixture is provided as reference on the left. 
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Fig. S9. Alignment of publicly available human GBM data (10x 3’ scRNA-seq) to the hybrid genome
(a,b) Barplots indicating the percentage of GRCh38 and mm10 UMIs quantified in (a) sample1 – scRNA_Brain_Tumor_3p and (b) sample2 -  scRNA_Parent_SC3v3_Human_Glioblastoma. (c,d) Barplots depicting the top 20 mouse genes expressed in (c) sample1 and (d) sample2 and their human orthologs (x-axis) as identified using BLAST, and the percentage of UMI contributed by a gene within an orthologous pair (y-axis). (e,f) Barplots depicting the top 20 mouse genes expressed in (c) sample1 and (d) sample2, and their human orthologs (x-axis) and UMI counts of the genes (y-axis). (g,h) Barplot of total UMI quantified in the top 20 mouse genes expressed in (g) sample1 and (h) sample2. (i) Spatial gene expression of Gm42418 (mouse) and RALGPS2 (human) in BT143x_late sample. Spatial plot human:mouse admixture is provided as reference on the left. 
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Fig. S10. Human nucleolin IHC staining in xenograft tissue sections
This figure includes spatial plots of human:mouse admixture ratio as quantified from the Visium sequencing data, for a subset of late time-point samples. Human nucleolin IHC staining in proximal FFPE tissue sections demonstrates the distribution of human cells (brown nuclei). IHC nucleolin staining is presented at low (2X) and high (20X) resolutions, in the contralateral and injection sides, and within the corpus callosum and stratum when possible.  

[image: A screenshot of a medical scan
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Fig. S11. Mouse brain structures in cNMF programs and CCFv3 registered sections from ABA 
Spatial usage of selected structural programs identified using cNMF in our study and the corresponding anatomic structure in a corresponding CCFv3 coronal mouse brain section from the Allen Mouse Brain Atlas (region of interest highlighted in purple).
[image: ]


Fig. S12. Marker gene expression in cortical layers of the mouse brain 
For each cortical layer (rows), the corresponding cNMF program usage in BT238x_early xenograft sample (column 1), expression of a layer-specific marker gene in BT238x_early sample profiled with Visium (column 2), coronal sample well3_5 profiled with STARmap (column 3) and as detected by ISH in a CCFv3 coronal tissue slice in the Allen Mouse Brain atlas. The genes selected are established markers of cortical layers in either the STARmap PLUS data or by ISH in the Allen Mouse Brain atlas.
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Fig. S13. Concordance in gene expression patterns of mouse brain cortical layers between xenograft cNMF programs and reference STARmap data
(a) Heatmap indicating the inverse of ranks (1/rank) of a selected set of genes (column) in the six cortical layer programs (rows) identified in our analysis. The genes selected are established markers of cortical layers (annotation track - Layer) in either the STARmap PLUS data or ISH from Allen Mouse Brain Atlas, or both (annotation track – Data). (b) Heatmap showing z-scores of molecular cell-type percentage composition across tissue regions (column) within cortical layers (Annotation Track “Layer”) in the STARmap PLUS cohort. The cell-type compositions were obtained from available source data in the reference study, and subset to cell-types comprising tissue regions of interest. CTX, Cortex; MNG, Meninges; AC, Astrocytes; PVM, Perivascular macrophages; VLM, Vascular and leptomeningeal cells; PER, Pericytes; NGNBL, Non-glutamergic neuroblasts; TEGLU, Telencephalon projecting excitatory neurons; TEINH, Telencephelon inhibitory neurons; VEN, Vascular endothelial cells; MGL, Microglia. (c) Line plots indicating the proportion of cells (orange; from STARmap PLUS well3_5) or spots (green; from D0 of xenograft samples) expressing STARmap-derived cortical gene markers across the six layers (x-axis). Correlation between STARmap and PDX profiles are specified for each gene within the figure. Each row represents the set gene markers of individual layers (Meninges, L23, L4, L5, L6a or L6b). For each layer, analysis is restricted to cells from corresponding tissue regions (as shown in b) from the STARmap data. Among the xenograft programs, spots with usage > 0.01 in m4_Meninges, m70_L23, m56_L4, m63_L5, m36_L6a and m26_Lb were selected. 
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Fig. S14. Spot-level co-usage of programs
A hierarchically clustered binary heatmap (0 – NO, 1 – YES) indicating spots (columns) that exhibit usage of at least three human or mouse programs (rows). Column and row annotation tracks specify tumor density groups or program type (Tumor, TME, other) respectively. 
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Fig. S15. Spatial organization of BBB components
(a) Spatial plots of endothelial (m30, m52, m59), VSMC (m11) and pericyte (m48) program usage in BT134_early sample. (b,c) Spatial gene expression of (b) endothelial cell markers Ly6c1 (left) and Rgs5 (right) and (c) pericyte marker Kcnj8 (left) and Vtn (right). For each gene in (b) and (c), expression in BT134_early profiled with 10x Visium and coronal well3_5 profiled with STARmap PLUS are provided. In addition, ISH data for Rgs5 and Vtn in a CCFv3 coronal tissue slice from the Allen Mouse Brain atlas are included. (d) UpSet plot indicating the overlap in spots with usage > 0.01 of programs of cell-types that comprise the BBB. Specifically, we consider m30_EndoHyp, m52_Endo1, m59_EndoLV, m86_Endo2, m48__Pericytes, m11_VSMC, m74_Astro, m44_AstroHY, m49_AstroRNA, and m43_AstroReac programs. In case of multiple programs per cell-type as observed for endothelial cells and astrocytes, the union of spots with usage > 0.01 of the cell-type specific programs were considered. (e) A violin plot indicating the distribution of the number of endothelial cells or pericytes observed around one another within a Euclidean distance <= 1000 calculated using the X-Y cartesian coordinates in the CCFV3 registered coronal well3_5 STARmap PLUS sample. (f) Barplots indicating the number of spots with endothelial, VSMC or pericyte program usage within D0 spots (genome admixture: 0.02-0.05) per sample in our xenograft Visium cohort. Spots with usage > 0.01 of corresponding cell-type programs in (a) are considered. In case of endothelial, we consider the union of spots with usage > 0.01 from the four programs. (g) Barplots indicating the proportion of endothelial, VSMC or pericyte spots in D0 region per sample. Spots are selected as described in (e). (h) For each pair of vascular cell-types (ENDO-PERI, ENDO-VSMC or VSMC-PERI), the barplots indicate the percentage of spots (y-axis) with one cell-type, that also includes the other in a pair. ENDO, Endothelial; PERI, Pericytes; VSMC, Vascular smooth muscle cells. (i) Grouped barplot showing the proportion of spots (y-axis) in each endothelial program that overlap with spots exhibiting usage of the pericyte program m48, stratified by tumor density groups. The significant difference between D0 and D4, in the number of observed spots with colocalization of endothelial and pericyte programs is marked. Wilcoxon rank-sum test was used to obtain the p-value. In e-h, a usage threshold of 0.01 was used to selected spots corresponding to a program.

image2.png
7]
Y

il

|
i

i

o
ig ﬁs?",

m

el B

e\

o
E
i

e
sﬁ{%g%
[N

il
L

enbsa. prl =0

I

|
§§
Toe

iig

A
i

/
i

o

L O pral= 1780211 chvsa. pusl = 1786211

f.-.rll ‘E

h2

A

o
chhaq. pal

i

o

3
ks pral = 1.436170, chbag.pual = 1430170

enbsa pragg0

i
it

12

e [
'.LI.-‘ |l'-"-ll

i
i

P

o

htt

MLl

i

hi4
crbsq =0 ) i pral=0)

LL.‘EZ l.'-rll

58838 58383

20

883

40

cewerz | Mo 122, chisa prae 2040-122
et
(R

883
:

Reloreces o)

==

InferCNV Score

\

AL

T 2 3 456 7 8910 12 115 17 18
S 11 1416 19
Chromosome
§ BT143 3
P fopee Q.
- hi4 0s _ clone2
s
v .
w2
] e 13
s -
s
123

inferCNV clone

TFRI_xeno

TFRI_BTIC

TFRI_tumor
Coicyde h7_telomere |
GCotCyca  he_epigenetic | [ N
Metaboiam  hi_metabolism
Metabolsm h15_mito e
Vet 3. voscuor |
Vascular  h10_IFN |
Autopragy D4_sutophagy
Syneptc h6_synaptic
e h2AC

|
LE ho_hyporia
LE hiLinvasion
Progentor  hs_progentor

Cione

o

2

3

Moo
2022

© oo prsent Erarard

‘Sampls (opicates merged)

W ez eTares
B oo Womons

5

Heiland

Progentor  h13_DNAvepair

OCike h12_oC1
ke h1a_0C2

o
o
5
o

Prop.of patients  maxCorr
threshold () <03 B (03-04 B (04,05 M >-05

— T— ) | — ) e i
= — [ | L
= 1 - R |
— | | — —
— = | — P |
— 1 [ = T |
— — [ | e —
— = T
- E—— ]| — :
] H
— [ | — |
— e
Pop.olpaons maCon  Popolpaonts  mwCom  Popolpaiens  mwCom  Popoipatents  maxCor




image3.emf

image4.png
proportion (spots)

a. b. o L —

i: :

d. = e e —
T E YR
Il"l"i“lli ”l 1 égl.ulnllli
éé.-illﬂl-lllé |£ el i
i) ..'.I-II.”-E | g- |||Il|i
SN ET T
N ERNEE dowabatotl
(N " ETIYE N
§§§|II||I||I|||E’§ Ll ,|§i£-l-lullli o
llllllll“ll iéﬁi.nnui =
R FINCE [EREYEREY
Wil 1 e ewairnil] #
Doldaalan [ 5 na b0 I[ Ea il
G IT] PPU SR PRy
GITYY P TTT O P U I R
: BN Tl |
T s T

O R

Al o1 D2 03 D4
00251 o002 0205 0508 081
Legend
"

BT143_1_28d_i_Oum

BT143_x2_48d_i_oum
m
s

ac

orc

ec

BT143.53_76d_i_oum
3
ng

g

i il
-

K]

3 i & i 5
il NG TR R HEE) GRS SRR

974

1 ke

1642 5pois

1031 spois 258 spois

B
I

2498 sposs

:
H

i
i
e

322 50005

ioum BTI34.mS_332d i 0um BT134_m3_213d i Oum BT143y3.126d_i.0um  BT143.y1 36d_i0um BT143 24 105d_c Oum  BT143 2 105d_i Oum  BT143 21 76d_i_0um

A Nt

1654_i_0um  BTI61mS_150

727 spots

BT238 x5_428d_i_Oum  BT238.x2.

ey




image5.png
a. Microglia and Macrophages Monocytes

mss
miz
m78

I

)

L] =

—
— +
—
Monocytes MG /MDM Immune activity Vasculature —=
m2 m7 mi6 m52 —
RPN TTIE =
: I"L e l'f ,'t:m‘ Bl | —
—
i n._,l.'..-ll :rhll. I-l. l.l.r FU PP o
s "l o Pomzosese r | ey 7 paoearr r | peissos r — | —
H st més — —
g |I II"'I N l_ l.l. 2 I. I I_ T — —
3 0 10| — | —
3 33|I ! - I: Sl e o ) ,ml' :?3.,,.. ,,‘;l"-rr'-|| — ‘=_
S . = :_
i, I. - |_ N TRREEE = =
" IIII s :',;'m" r S oty E— | [—

veshod (1 <03 8 03-00 B 04051 W 05




image6.png
. o
¢ e Tumor
H B e
g |I I I I I I I i
:\
ik ot ecacsatblbbachabsatibebetittelns d diooahs ..

SEISESR o%«?ﬁ;n«%m "GO (ygy@é@ wfé‘f«‘wﬁw}f&yf O 8«%33%» SOEESH

b LR1-CSF LR2-SPP1 LR4 - VEGF LR6 - APELIN LR7 - BMP LR8 - CALCR LR3-APP

|0 @0 Ez,  comren . B,

EEEE EXTES
LR3 - Collagen LR3 - Tenascin

EXEES EXTrs EETES TS

LR3 - MK LR3-MIF LR3-PSAP

d. oo s





image7.emf

image8.png
=39650004)
908

Visium_Fresh_Frozen_Adult_Mouse_Brain

(total counts

o_Brain

It_Mouse

=85565848)
5008

Visium_V1_Adul

(total counts.
a- 100

& e— | o020 5 3
S I oL WJ 2WEO—ZNIVO 8
mJ . N © o | vt 3
 — |1 S | 00 < g
£ — e o r— & B
S e— e § Lo IO H g
g — i ] oumas--orxas ] B =
3 3 g 2 2
§  — oo 8 XINXAN < ® &
N D e—oa-na S Zpuoy—2aNON g B £
2 3 — o0 5 ] g 8 5 2
E S8 — oo 2, o021z 8 w 3 e
N £5 ¢ m— oo § S 2ais-—zous a8 H 3
&2 % = £6 8
<2 S8 e— 0007 :m.,w 2%nO—-10N3 g g =
82 3O — oo 55 101070 €8 g o«
oy F— oo £ G dwo—dino g8 B
H - 2o
s PR (oo €8 e z g
2 8 & o 28 Sz 3§ boRk-iX0saY 5 B
Y e
(51n09 |12 0) uBosed 3% ol |20 imdnoz—9ia1ez 8
: =B | oo Pr— =
g o | cv—z00 eaz—zo 2
© — 120014 3
«8 2 3 & ©° Qo
R T wnoweng £
H . 3
85E s —— o
im & — oo 3 =
& e—
H ML—-VEHL EWRO—ENTVO g 3
 — v g
 — | oo s o B
F— | ] azwo—gNID 2| —
& e— 2102 0NO 2ose0—2asvI0 3
 e— | 0u1--0M1 ZpoN—2aNON £ g
s m]s ] 5 8 soun—iom 8§ 8 3
< o ]
& S — | 0 —-2OVLS 5 @ Ma3--917Xa4 3 8] <
o g e— oo 8 2hus--zoms - § C
2 gg ¢ - §
E § 8 — uo-on 8 ] oo 28 g B
8 P LN 2osio-10n3 3 §
e B - it _ ! i
2 38— cocro— 11z 2 O 1| vt oy -2 §
3 S » 5a s& §
s o 2 e— oo 28 | oz 1z1zzow 78 B
315 a2 P wansz—oieiez 5 & g3 | dwo—amo 3% g
28 S — ooy £ g mm indnoz—sigisz e ¥ .
EEC e — 28 Fp—ooom 33 . 231 poau—ixoseu e -
b R (22202 © wmm Eg oo s
[t | EORSY 13 {0z %
3 e— | 2555 —0%O! g | oeBuBi--voHO! 5 ki
T 25 | svesos—oxer &
g r 5 2 5 . F 8 &8 & °

wns™unoo

C.
H
3
H
:
e.
150000
100000
s0000

(wns) wn




image9.png
Plots/scRNA_Parent_SC3v3_Human_Glioblastoma

(total counts = 102835415)

b.

p
8
28
58
<8
g8
M
52
g%
Ww
E
e

a.

85

9.

100

99,79

100!

2
8
8
&

8
g
&

[

021

015

GRCh38 mm10

mm10

GRCh38

specios

6 96 207

|

200-L--200-1u
XPESWL-—XpasuL

Top 20 mm10 genes
“]
SCRNA_Parent_SC3v3_Human_Giioblastoma

mJ
..m. ml
8 mJ
EPE .
m S —
:
<
g
8

2
1N jousoiey

10
7
o

i

d

(NI

scRNA_Brain_Tumor_3p
Top 20 mm10 genes
P

i

i
o
J-.;

|

o

10

7;]
0
5

2

nn

weoiad

9d1v-Ly w
£00-LN——00-1w
LLd1--hdL

1 ldy—eldy

Vel ldu—ealidy
LSdu—15dy
nva--ney
vSdy—esdy
v2Sdu--vzsdy
0d1dy--0didy
915915y

2 1du—e2idy
02Sd--0z5du
Yeo—zs
S5H30— 1001
LU~ LeE
104210y

25D VH—81v2IID

18CVANENH— 1 GZeduiuH
02818702997
ZYHMA=—ZUmA
823an-—azean
1198d4Z——Heediz
5xaa--9xpa
9Z1LIN—-9ZHON
LINTVD
-dBAY-—daky

]
EONH--EBWH
1OUNL--gIo1L
aevHL—azes
SAEXLS—LL06YWD
8z 16197
S3HAIV-—IHOINOE00EEE
NY-—eoguL
LVOdND~— 3B
MHo--zsie

25D VH—8152IID

dll

L ET LAt

il

Top 20 mm10 genes

PR

ey

60405
40405
20405
06400 {112

(wns) 1w

.«w.’i‘"ﬁ*x.j;}lwfjmj]i

-

Top 20 mm10 genes
E

SCRNA _Brain_Tumor_3p

|

40000
30000,

000.
10000-

201

(wns)

e.

200-L--200-1w
XPESWL-XpaswL
Sd1v-LH—-odiv-iw
£00-LN-—-g00-1

£ 1dH—eHdy
VeI Idu—egldy
L5du—15%y
nvi--nes
VSdy—esdy
2Sdu—vzsdy
0d1db—0ddy
91Sdt—9isdy
S21dy—gedy
02Sdu—0z50y
eo—zsiel
S5H30—100- W
LU e
104421y
25D VH—81vZPWD

Human_Glioblastoma

SCRNA_Parent_SC3v3_t

15000 {14488 Top 20 mm10 genes

wns unoo

feaLaz—0zaiaz
PVHMA-~ZeUMA
38N--429an

198d:7—
aa—-spa

$1LLIN--9ZHON

[ INTVO—-LuieD

BAH—daky

t4z3—eica

tGONH-—EBWH

OHNL—-glouL

oV L--azei.

dEXLS—LL069WD

Z1LLIN— 162017

34 ATV--HOINOE00ESE

1AV-—B0 WML

vadND—1abwH

Ho—zse]

SADTVH—815ZPWD

4z

ScRNA_Brain_Tumor_3p
Top 20 mm10 genes

2131

40000
30000
20000

10000
000

wns unco

200" et Secd 1§ T g002 004 o7,

o047

10000

1293530 220200 161 76 71 67 60 50 42 41 41 40 97 32 %2 28 2

RALGPS2 (human)

Gm42418 (mouse)

10

BT143x





image10.emf

image11.png
Supplementary Material Figure 4

m21_Str_HYP_PVH_PV_MPO

07

00
m24_Str_IG

ane:

m46_Str_isim

ma2_Str_LSc

61161 m1 409 1 oum et

m18_Str_LSr_LSv

Iu
00

CCFv3 PVH

CCFv3I1G

CCFv3Isim

CCFv3 LSc

m22_Str_ MTN

(7

.

m80_NDB_MA_MS

03
81134 m1 64| oum

00
m71_strﬁma|or_WMJra§1ﬁs

mé1_Str_ACB_CP

51134 m_64d L oum_ctn

Hoo

m13_str_CP_vemrolaleza‘l

00

m1_Str_CP_dorsomedial

CCFv3 PAL

CCFv3 MTN

CCFv3 WM

CCFv3ACB

CCFv3 CP




image12.png
L6a - Arhgap25 L5 - Tox L4 - Kenab3 L2/3 - Stard8 Meninges - Igf2

L6b - Cplx3

¢NMF Program

57238 x2_1650 1 oum ctri

06

Marker gene (Visium)

87238 x2_1654 1 0um _ctrl

0.0

0.4

0.0

T

57236 x2 1654 | oum ctr

57238 x2_165 1 0um_ctrl

0.0

03

=

67238 x2 16541 0um ctrl.

e

57238 x2 1650 | Oum ctrl

-

0.0

04

0.0

57238 x2 1650 i Oum ctl

Marker gene (STARmap)

Marker gene (ISH)





image13.emf

image14.png
Supplementary Material Figure 7

He & Mmprograms

Ju

5
E
B BT Yy
I |
‘l I | ‘ {ll \‘l
I
im | l ‘ l' 'J| I \'lu
Mok o D, W
\l |\ \I\ll\ “llllm!‘ll | Ih ‘I R| | |\” ! |/\|
|| I I ||||I\| \ I Hl’
‘II | | ! ‘ \ul‘”":h \:\ f
|||II v I ! r" I I]I [

F ||I | P! " ! ! ‘ | f 1 I‘l " "‘ &?f,‘»g#ﬁmn,mmuw,m:au
sk L | I\ " : I | pi ‘ | gD senre.reons
6 r I ‘I\' ' | | I \‘ n ‘f 1 ! ,

. [ I | I ‘
| I I
|
I I v l ! ! m13_Immune_GEP13

: i I WSRO Y -

g ‘| |II \ | ‘| I‘H ' JHI{ ' H: P | V\ ’II” 1| |', i m” mxﬁs?ﬁ;n;;umngm%mdmmmwmm- roen
iy u; w R | r”
n 3

‘” J \‘ ‘: s o | f I\ :MIWI I “”ﬁ M‘ o .
ul ‘ Hlll \‘ |I I HHI I'\I: \"‘uf | ‘, 'Mhb “"”'w %,m.}éﬁ?m”

g

3

£

8 program_usage density

g L} DO

a 0 o1

D2

program_type i D3
M Other Mo
B ™™E

W Tumor




image15.png
a

o

Lyée (Endo)

o

Kenj8 (Peri)

m30 (Endo) m52 (Endo) m59 (Endo)

m86 (Endo) m11 (VSMC) m48 (Peri)

7136 5 32201 oum it 005 s34 s 3324 oum e 02 smisems 3320, oum

Visium STARmap Visium STARmap

Rgs5 (Endo)

Visium STARmap

—
Vin (Peri)

Intersection

| Endo H
ws ] vsme E
ml I Peri g

f H
gml

bk \

T bbb bl
HiTTi]
HIEEIEEE

g i
ke
1
g8
&

ABAISH e STARmap

Number of cells*

ABAISH A
0

EaE EaP PaE PaP

E_aE: Endo cells around Endo cells
E_aP: Endo cells around Peri cells
P_aE: Peri cells around Endo cells
P_aP: Peri cells around Peri cells

“cells = STARmap bin

[P ——
[ [etmr——

il .l ill.

EXET

B socortaErc s wer v
5 porcent o VSMC spots i Endo

i il il i

[FPE——
[ttt

s

Endo - endotnetal ol programs
(52,30, ms2, moe)

Per-periyt program (i)

VSMC = vascular smooth musclo
collpogram (m11)

eras x 1654 o i
eras <. e84 um i

008

o,

2

000

008

00




image1.png
BT143x
a., e b _
N .
=z
: ]
BT143x

%
i,
.
L. e ]
| »

BT134_m5 3320
BT134_m3_2134

B1z30 x5 4250 | @
=
e
=
—
—
— 1
.f £

BT143 x4_760
BT161_mS_1500
BT143.0_764
BT143.24 105
BT143 y3_1280
87143 x2_480
87143 21_760
BT143.y1_360
BT143 x1_280
87208 32165
BT161.m1_400
BT134_m1_64d

C. 2 Tumor Programs / spot

-

TR DOO [
S D@ |+

z 0 0 D20@
TME Programs / spot D3@
Tomor densty
o0 (0005)
2 —o1 00502
5 (02051
\ ~——03 (0508]

| L 04 (08.1]
o ——

2 T s

Brain Programs / spot

Toal Programs / spot

03

02
ot \ e m30 m52 m86 m59 m48
o0 AN g (vascular) (vascular) (vascular) (vascular) (pericytes)

Qo
BT143x

Category
Tumor
™E
Other

Maximum admixture ratio
g g 3
§ —————
BT161 BT238x

Tomor _TVE
Category

m70 ms6 ma2 m36 m63 P m26
(Cortical lyer 2/3) (Cortcallayer L2) (PIR Pyramidal layer)  (Cortcallayer 5/6)  (Corticallayer 5%8)  gndopirform nucleus) _(Corical yer 68)





