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Introduction
Ongoing spatially-resolved sequencing technologies offer 
unprecedented possibilities to study cellular functional-
ity and organisation. The necessity to understand healthy 
and diseased tissues in its entirety becomes even more 
evident for the human brain, the most complex organ 
of the body. The brain’s cellular architecture and corre-
sponding functions are tightly regulated. However, in the 
presence of central nervous system (CNS) pathologies, 
such as brain tumours, this intercellular network is dis-
rupted. More importantly, brain cancer cells form a part 
of this network and build unique microenvironmental 
interconnections [1, 2]. H3 K27-altered diffuse midline 
Gliomas (DMGs), are a family of aggressive paediatric 
brain cancers with no curative treatment options and 
are most commonly found in the pontine region of the 
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Abstract
Previous studies have highlighted the capacity of brain cancer cells to functionally interact with the tumour 
microenvironment (TME). This TME-cancer crosstalk crucially contributes to tumour cell invasion and disease 
progression. In this study, we performed spatial transcriptomic sequencing analysis of a complete annotated 
tumour-infiltrated brainstem from a single diffuse intrinsic pontine glioma (DIPG) patient. Gene signatures from ten 
sequential tumour regions were analysed to assess mechanisms of disease progression and oncogenic interactions 
with the TME. We identified four distinct tumour subpopulations and assessed respective ligand-receptor pairs that 
actively promote DIPG tumour progression via crosstalk with endothelial, neuronal and immune cell communities. 
Our analysis found potential targetable mediators of tumour-to-TME communication, including members of the 
complement component system and the neuropeptide/GPCR ligand-receptor pair ADCYAP1-ADCYAP1R1. These 
interactions could influence DIPG tumour progression and represent novel therapeutic targets.
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brainstem, where they are termed diffuse intrinsic pon-
tine glioma (DIPG). These tumours affect children at an 
approximate median age of 6 to 7 years, with the major-
ity succumbing to disease within one year [3, 4]. Major 
disease obstacles include intratumoural genetic and cel-
lular heterogeneity as well as a highly invasive phenotype. 
The development of promising targeted therapies for 
DIPG has long been hindered due to the lack of tumour 
tissue for laboratory research. Major efforts initiated by 
Monje and colleagues, established the first DIPG cell line 
and PDX animal model from patient autopsy tissue [5]. 
This success together with an increase of routinely per-
formed stereotactic biopsies led to broad access to DIPG 
biopsy and autopsy specimens, which formed the basis 
of global research efforts that continue to grow today [5]. 
Major findings in the field include the identification of 
loss of histone H3 trimethylation, as well as subtype-spe-
cific amplifications and mutations [6–12]. These findings 
led to vital information that transformed DIPG treat-
ment and classification [13]. Beyond the DIPG tumour 
mutational landscape, Filbin and colleagues shed light 
onto tumour cell-intrinsic properties and developmen-
tal programs of H3 K27-altered gliomas. Comprehensive 
sequencing analyses at the single cell level revealed that 
DMG tumours are largely comprised of oligodendrocyte 
precursor (OPC-like) cells that give rise to more differen-
tiated astrocyte (AC-like)/mesenchymal (MES-like) and 
oligodendrocyte (OC-like) cell populations. Extended 
work by Liu et al. has shown that OPC-like populations 
can be further divided into more immature (OPC-like 2 
and 3) and more committed OPC-like 1 states [14, 15]. 
Additionally, this study examined the architecture of 
these tumours at the single-cell spatial level, suggesting 
the presence of functionally distinct tumour niches.

Other studies investigated how glioma cells, includ-
ing DIPG, take advantage of intercellular communica-
tion and actively integrate into TME networks. In the 
context of adult glioblastoma (GBM), Winkler and col-
leagues unravelled the complexity of these networks, 
demonstrating that intercellular communication is cell 
type-specific and that different glioma subpopulations 
functionally connect with each other in different ways 
[2]. Collectively, these discoveries emphasise the intri-
cacy of intratumoural heterogeneity and the importance 
of understanding how glioma cells interact with the TME 
to promote pathogenesis.

The current study, in collaboration with the 
Queensland Children’s Tumour Bank (QCTB) in Bris-
bane, collected fresh tumour tissue from a single mapped 
DIPG patient at autopsy, spanning the entire tumour-
infiltrated brainstem from midbrain down to the spinal 
cord. Whilst numerous genetic studies on DIPG tumours 
from spatially distinct locations have been reported, anal-
ysis on wholly intact tissue remains sparse. To address 

this unmet need, we performed 10x Visium spatial tran-
scriptomic sequencing on the ten sequential DIPG brain-
stem regions. We identified four different tumour cell 
populations in our dataset and performed ligand-recep-
tor (LR) prediction analysis to assess how DIPG tumour 
communities interact with the TME. Our findings high-
lighted the importance of the vascular niche and the 
contribution of neuronal and myeloid cells to DIPG dis-
ease progression. Amongst others, our results suggest a 
role for the complement system as well as for the LR pair 
ADCYAP1-ADCYAP1R1 in DIPG disease progression.

Materials and methods
Patient tissue sampling and ethical consideration
The DIPG tumour specimen used for this study was de-
identified and obtained through the QCTB with con-
sent of the patient’s legal representative. The donation 
was collected within hours of the patient’s death and 
spanned the entire brainstem, including midbrain, pons, 
medulla oblongata and upper spinal cord regions. Tissue 
pieces were collected from each region and subsequently 
formalin-fixed for the preparation of paraffin-embedded 
(FFPE) tissue blocks.

Immunohistochemistry (IHC)
FFPE tissue sections were deparaffinised, rehydrated and 
tissue epitopes masked during the FFPE process retrieved 
with a heat-induced method, using a pressure cooker 
and 10% [w/v] sodium citrate, pH 6.0. Tissues were 
stained, using the antihistone H3 (mutated K27M) anti-
body (abcam, ab240310) 1:200, anti-PACAP38 (abcam, 
ab216627) 1:50, anti-ADCYAP1R1 (LSBio, LS-B13181) 
1:50, anti-NeuN (Merck, MAB377) 1:50 and Hoechst 
nuclear stain 1:10,000. Images were processed on the 
Aperio FL Slide Scanner. H&E (hematoxylin and eosin) 
staining was performed by the QIMRB Histology Core 
Facility and processed on the Aperio AT Turbo Bright-
field Scanner.

RNA quality control of FFPE tissue blocks
The proportion of RNA fragments with a size of at least 
200 nucleotides (DV200) was determined for all tissue 
samples prior to sequencing. 2x cuts a 10 μm per sample 
were collected and total RNA extracted using the RNeasy 
FFPE kit (QIAGEN). RNA concentration was determined 
on the Nanodrop and 50ng/µl used for DV200 indexing 
employing the Agilent Tapestation.

Tissue preparation, probe design and library constructions
Spatial transcriptomic sequencing was performed with 
the 10x Visium CytAssist Spatial Gene Expression plat-
form for FFPE sections. Steps were followed according 
to the Visium CytAssist for FFPE sections User Guide. 
In brief, DIPG FFPE tissue blocks were rehydrated under 
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moist conditions in RNAse-free H20 for 1 h at 4 °C prior 
to sectioning. FFPE blocks were cut at a thickness of 5 μm 
on a microtome. Sections were allowed to fully flatten in 
a 42  °C water bath and transferred onto a microscope 
glass slide. Slides were placed on a 42 °C hot plate for 3 h 
and further dried overnight in a glass jar containing des-
iccator beads. Tissue slides were deparaffinised, stained 
(H&E) and imaged according to standard histology work-
flows on day two. Upon imaging and chemical decross-
linking, the slides were placed into a Visium CytAssist 
Tissue Slide Cassette with a 6.5 × 6.5 mm gasket and pre-
pared for probe hybridisation overnight. Probe ligation, 
release and extension were performed on the following 
day. A qPCR step was included to determine the PCR 
cycle number (Cq value) for sample indexing and cDNA 
amplification. Sample fragment size and sample quality 
were assessed accordingly for library constructions and 
sequencing.

Alignment and quality control (QC)
Raw FASTQ files were processed employing the Spac-
eRanger software and mapped to the human genome 
(hg38). Gene expression was quantified based on unique 
molecular identifier (UMI) counts. For QC adjustment, 
low quality spots with < 2,500 and > 75,000 gene counts 
were removed on each sample individually. The content 
of mitochondria genes was assessed, but not filtering 
applied.

Data analysis
All sequencing analyses were carried out using RStudio 
(v4.2.0) or Python (v3.8).

Data integration, spatially-informed clustering and cell 
type identification
The data of each sample was first merged and further 
integrated using the anchor-based data integration work-
flow (nfeatures = 3000, normalisation.method = SCTrans-
form) from the Seurat package (v4.3.0) before 
unsupervised cell type identification was performed. 
Based on Clustree (v0.5.0), a resolution of 0.3 was used 
for clustering. Marker genes for each cell community 
were determined with the FindAllMarkers (only.pos = T, 
p_val_adj < 0.05) function and cell types identified, using 
the web-based intuitive enrichment analysis tool EnrichR 
[16].

CNV estimation for the prediction of tumour content
To identify evidence of large-scale chromosomal copy 
number variations (CNVs), the InferCNV package 
(v1.14.1) was utilised. The gene expression data from 
three human dorsolateral pre-frontal cortex (DLPFC) 
Sects.  (151507, 151669, 151673), obtained from spatial-
LIBD [17] (​h​t​t​p​​s​:​/​​/​b​i​o​​c​o​​n​d​u​​c​t​o​​r​.​o​r​​g​/​​p​a​c​​k​a​g​​e​s​/​s​​p​a​​t​i​a​l​L​I​B​

D) were used as a normal reference. The data from the 
ten DIPG sections and the three normal references was 
integrated as described above to generate a SeuratObject. 
With this, a grouped annotation file was provided accord-
ing to normal or tumour sample (ref_group_names = sec-
tion). The human genecode hg38 from TrinityCTAT was 
chosen as a gene order file providing the chromosomal 
location for each gene. CNV predictions were performed 
using the six-state Hidden Markov Model (HMM = T) 
with a specified threshold of 0.2 (BayesMaxPNor-
mal = 0.2). The resulting metadata from the InferCNV 
object was added to the integrated spatialLIBD/DIPG 
SeuratObject for downstream analysis and plotting.

Conditional autoregressive-based deconvolution (CARD)
CARD was used to delineate spots with higher tumour 
content from spots that primarily contain normal cell 
types, and further to determine the degree of DIPG cel-
lular states in the dataset. Single cell data from Filbin and 
colleagues, focussing on DMG cell states, was used as a 
reference (GSE184357) [15]. The CARD workflow was 
followed as described previously [18] and according to 
the GitHub tutorial, using the default settings.

Spatial trajectory interference, ligand-receptor (LR) and 
cell-cell interaction (CCI) analysis
Analysis of spatial trajectory interference, LR pairing 
and CCIs was conducted, using the Python-based soft-
ware stLearn (v.0.4.12) as described previously [19]. Tis-
sue sections from each region were analysed individually, 
filtered by parameters (min_genes = 3, min_cells = 100) 
and then normalised by library size. The processed data 
were analysed using the stLearn spatial trajectory infer-
ence algorithm, which reconstructs cellular trajectories 
within tissue sections by leveraging spatial distances, 
morphological features, and gene expression data. Com-
munity C6 was defined as the root, and the spatial dis-
tribution of communities C0, C1, C6 and C0 trajectories 
was thoroughly mapped to uncover cellular dynamics 
and interactions within the tissue context. LR co-expres-
sion profiling and equivalent expression levels (LRSCORE) 
between neighbouring spots and between two cell types 
were based on the repository CellPhoneDB [20]. P-values 
for each spot and LR pair (ps, LR) were used to calculate 
the CCILR matrices.

Data availability
The processed spatial transcriptomic sequencing data 
generated in this study is available through the GEO 
database, accession number GSE280990. All other files 
are available within the Supplementary Information pro-
vided with this paper.

https://bioconductor.org/packages/spatialLIBD
https://bioconductor.org/packages/spatialLIBD
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Results
Patient case report and tumour classification
A male, aged 7 years and 7 months, presented as part of 
a general clinical investigation for a unilateral coloboma, 
with an incidental finding of a T2 and FLAIR hyperin-
tense lesion (AP: 25 mm, TP: 22 mm, CC: 35 mm) involv-
ing the inferior pons and medulla dorsally (Fig.  1a.I). 
The patient displayed no specific signs of neurological 
deficit and remained well for a period of 6 years and 10 
months with no imaging changes or indication of disease 
progression. 7.5 years after the initial scan, he had a pre-
syncopal episode and reported new symptoms including 
headaches, increased slurring of speech and ataxia. MRI 
showed an infiltrative neoplastic lesion, demonstrating 
moderate interval progression of the pons and medulla 
with new involvement of the cerebellar peduncles 
(Fig. 1a.II). Histopathology and molecular profiling from 
stereotactic biopsy sampling diagnosed a diffuse midline 
glioma, H3 K27M mutant (H3F3A c83.A > T), MGMT 
unmethylated, with TP53, ATRX and PPM1D somatic 
point mutations and copy number variation loss of 
chromosome 5q, 15q and 18 (Table Fig. 1b). The patient 
received standard of care local field radiotherapy (RT) of 
50 Gy in 30 fractions using a VMAT technique, resulting 
in no clinical improvement. MR imaging 5 months post 
RT demonstrated concerning disease progression (lesion 
size 35 × 43 × 65  mm), involving all cerebellar peduncles 
as well as the anterior aspect of the right cerebellar hemi-
sphere extending further superiorly. There was additional 
interval increase in size of the lateral and third ventricles 
and cerebellar tonsillar descent below the foramen mag-
num (Fig.  1a.III). The patient remained on dexametha-
sone and received palliative care. He passed away 9 weeks 
after the last scan and the family generously donated his 
tumour via the QCTB.

Research autopsy was performed within hours of the 
patient’s death and tissue annotated and banked. The 
tumour-infiltrated brainstem was segmented into ten 
cross-sections, including midbrain, pons, medulla and 
spinal cord (Fig. 1c). Formalin-fixed and paraffin-embed-
ded (FFPE) tissue blocks were prepared for each of the 
ten samples and assessed for tumour burden. H&E stain-
ing demonstrated varying degrees of neoplastia, with 
high tumour observed in pontine regions and obvious 
signs of disease progression in the midbrain. The extent 
of DIPG tumour burden was confirmed via H3K27M 
immunohistochemistry (IHC) on matching FFPE tissue 
blocks (Fig. 1d and Supplementary Fig. S1c). RNA qual-
ity (DV200 values) was determined for all FFPE tissue 
blocks, confirming suitability of the samples for sequenc-
ing studies (Supplementary Fig. S1b).

Spatially informed cell type clustering highlights 
heterogeneous cell community distribution
Quality control and filtering was performed on each 
region individually (Supplementary Fig. S2a). To fur-
ther compare the ten different brainstem regions and to 
identify conserved and shared features across all sam-
ples, the sequencing data from all samples was inferred 
via anchor-based data integration [21]. Visualisation of 
all the regions in Uniform Manifold Approximation and 
Projection (UMAP) confirmed successful data integra-
tion (Supplementary Fig. S2b). Unsupervised cell type 
clustering was performed on the integrated dataset, 
resulting in ten unique populations, herein referred to 
as cell communities (Fig.  2a and Supplementary Table 
S1). The ten communities represent all major brain cell 
types, including stem- and progenitor-like, glial, neuro-
nal, myeloid and endothelial cell populations. We quan-
tified the proportion of these further and showed that 
communities with an OPC/NPC (C0) and stem-like/
glial (C1) phenotype were the predominant cell popula-
tions within our dataset (Fig.  2b). Considering the low 
resolution of the 10x Visium platform, we also performed 
subclustering on an example from cell community C0 to 
demonstrate that a more specific cell type identification 
is feasible for communities of interest. Further delinea-
tion of C0 revealed that this population is dominated by 
OPC-like cells, mixed with cancer stem-like NPCs and 
tumour-associated myeloid cells (Supplementary Fig. S3 
and Supplementary Table S1). We next profiled the ten 
communities spatially, which showed a diffuse distri-
bution of the different populations in all tissue regions 
(Fig.  2c). Liu et al. have previously analysed the spatial 
architecture of four H3 K27M DMG patient samples, 
performing IF-based co-detection by indexing (CODEX) 
[15]. Consistent with the results from this group, we 
found that the ten cell communities show varied distribu-
tions and clustering tendencies in a cell type-dependent 
manner. For instance, the OPC/NPC (C0) and stem-like/
glial (C1) populations predominantly cluster with them-
selves, whereas other communities appeared to be more 
dispersed in the majority of the ten brainstem regions. 
This observation overall highlights the complex cellu-
lar heterogeneity present in this disease and suggests 
intercellular communication between the different cell 
populations.

Identification of tumour cell communities underlines 
co-existing DIPG subpopulations
Comprehensive sequencing studies from Suvà or Filbin 
and colleagues have identified the cellular origin and 
hierarchies underlying DMG tumourigenesis. Findings 
show that these tumours predominantly resemble cells 
of OPC and stem-like origin that give rise to more differ-
entiated oligo- or astroglial populations [14, 15]. Hence, 
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Fig. 1  Patient imaging and tumour characteristics. a MR images showing DIPG tumour progression over the course of disease. b Table summarising 
point mutations and chromosomal aberrations identified through tumour biopsy sampling and sequencing as part of the MNP2.0 (Germany) and PRISM 
(Sydney) trial. c Ten patient brainstem regions were collected at autopsy. d Different degrees of tumour burden were confirmed by H&E and H3K27M 
staining. Pontine regions showing areas of high cellularity, whereas the midbrain area shows clear patterns of tumour infiltration into normal brain tissue
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Fig. 2 (See legend on next page.)
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it was reasonable to hypothesise that cell communities 
with OPC, NPC and stem-like phenotypes, in our data-
set, represent DIPG cell populations. To assess this this 
computationally, we performed InferCNV, an established 
method to identify evidence for large-scale copy number 
variations (CNV) in single cell sequencing data [22]. The 
10x Visium data generated here lacks single cell resolu-
tion, which makes the identification of normal cell types 
and accurate intereference of cell type-specific CNVs 
challenging. However, for this analysis, we further incor-
porated three normal, human dorsolateral prefrontal 
cortex (DLPFC) 10x Genomics Visium spatial transcrip-
tomics datasets from spatialLIBD as a normal refer-
ence [23]. This approach was helpful to delineate ‘higher 
tumour content’ spots. Moreover, we incorporated sin-
gle cell data from Filbin and colleagues to further cor-
roborate our findings (discussed in more detail below). 
Amongst others, we found CNVs that were identified via 
biopsy sampling, including loss of chromosome (Chr) 5, 
15 and 18. Analysis also determined gain of Chr1q, which 
is highly characteristic for DMG tumours [24] (Fig. 2d). 
To next determine which cell populations in our dataset 
represent a high proportion of DIPG tumour cells, we 
assessed the expression of the identified CNVs (gain chr1, 
loss chr 5, 15, 18) in the ten cell communities. Results 
confirmed that predominantly populations with an OPC 
and stem- or progenitor-like phenotype are associated 
with these aberrations. These included the strongly rep-
resented OPC/NPC (C0) and stem-like/myeloid (C1) cell 
communities, as well as the populations of C6 and C8 
(Fig. 2e).

Tumour subpopulations reflect different DIPG cellular 
states
The identification of four distinct tumour cell communi-
ties suggested the presence of different DIPG subpopula-
tions in our dataset [25, 26]. As aforementioned, previous 
work discovered that DIPG is comprised of numerous 
genetically and functionally distinct subclones that co-
exist [14, 15, 26]. Following studies provided further 
evidence that these populations interact co-operatively 
to maintain tumourigenesis and promote DIPG devel-
opment and progression in a spatiotemporal context 
[26–29]. We therefore sought to delineate patterns of 
heterogeneous tumour subpopulations in our dataset. 
For this approach, we integrated single cell data from a 

larger DMG cohort as a reference, looking at tumour cel-
lular states and associated cell types [15]. We then per-
formed conditional autoregressive-based deconvolution 
(CARD) to highlight malignant motives in our dataset 
[18]. Results clearly demonstrated a high presence of the 
AC-like phenotype across the specimens in all ten brain-
stem regions. This was followed by immune cells and 
cells with MES-like characteristics (Fig.  3a and Supple-
mentary Fig. S4). Next, we focussed specifically on the 
four previously identified tumour communities, C0, C1, 
C6, C8, and assessed expression levels of selected marker 
genes associated with DIPG developmental programs in 
these populations. Results indicated that the four malig-
nant populations indeed reflect distinct tumour clones. 
For instance, population C0 was associated with well-
known DIPG marker genes, such as NTRK2, EGFR, 
or OLIG2 (Fig.  3b). Specific profiling of DIPG cellular 
states confirmed that this population is correlated to the 
more committed OPC-like 1 and AC-like cellular state 
(Fig. 3c). Community C1, in turn, showed elevated stem 
cell and regulatory genes like JUNB and FOS, which 
assign to the more immature OPC-like 3 state [15]. This 
population also demonstrated a strong association with a 
MES-like phenotype. C8, which is represented to minor 
extent, correlated to both immature and more committed 
DIPG tumour cells, but harboured additional DNA dam-
age response genes, such as DDIT4. Consistent with this 
observation, this population was most highly associated 
with the transitional OPC-like 2 state. Tumour popula-
tion C6 was predominantly characterised by develop-
mental and cell cycle genes, including MKI67 or CDC20 
among others. However, in our analysis, no particular cell 
state was found to be correlated with this community. 
To explore the relationships between these tumour sub-
populations further, we next performed spatial trajectory 
analysis. Supporting our hypothesis, results highlighted a 
trajectory tree from immature to more committed DIPG 
cells, proposing a transition from C6 to C1 to C8 to C0 
(Fig. 3d and Supplementary Fig. S5). Hence, our findings 
strongly support previous data, describing the develop-
ment from immature to more committed DIPG tumour 
cell populations and importantly, the presence of func-
tionally distinct tumour niches in a spatiotemporal con-
text. The overarching question therefore was whether 
such niches favour the occurrence of heterogeneous 
DIPG cell populations. To address this, we next examined 

(See figure on previous page.)
Fig. 2  Identification of DIPG cell communities. a UMAP plotting demonstrating unsupervised clustering and identification of ten distinct cell communi-
ties. b Quantification of all ten cell communities in all ten DIPG brainstem regions highlighting community C0 and C1 as the dominating populations. c 
Spatial visualisation of the ten cell communities in the brainstem regions showing heterogeneous distribution of the respective populations, including 
patterns of immune cell infiltration and highly compartmentalised OPC or stem-like populations. All major brain cell types are represented in the dataset. 
d InferCNV analysis was performed to identify chromosomal aberrations in the ten DIPG-infiltrated brainstem regions. 3 normal brain samples from Spa-
tialLIBD were used as a control reference. Results demonstrated gain of chromosome 1, as well as losses of the chromosomes 5, 15 and 18 present in the 
spatial DIPG object. Loss of the chromosomes 5, 15, and 18 were previously identified via tumour biopsy sequencing (Fig. 1b). e Expression analysis of gain 
chr 1 and losses of chr 5, 15, 18 identified four communities with high levels of the chromosomal aberrations, including C0, C1, C6 and C8
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Fig. 3 (See legend on next page.)
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cellular interactions between the four different tumour 
populations and the TME.

DIPG tumour cells actively receive cues from endothelial, 
neuronal and myeloid cell populations
Gene expression profiling in the spatial context offers a sig-
nificant opportunity to uncover important cell-cell or cell 
community interactions (CCIs). Information about known 
ligand-receptor (LR) pairs can be utilised to predict inter-
cellular communication, based on the coordinated expres-
sion of genes in particular regions. We used stLearn to 
assess spatial neighbourhoods of LR co-expressions to com-
pute corresponding LR scores in our dataset. We were then 
able to make inferences about cell community interactions. 
CCI scores were calculated for all ten cell communities 
and all ten brainstem regions respectively. (Supplementary 
Fig. S6a and Table S2). Interestingly, we observed clear dif-
ferences between sender (ligand-expressing) and receiver 
(receptor-expressing) populations. For instance, the endo-
thelial population was identified as the strongest interacting 
sender community. This was followed by two non-tumour 
communities, the neuronal and myeloid populations. Con-
versely, the tumour cell communities C1 and C0 were the 
most important receiver populations (Fig. 4a). These find-
ings indicate that DIPG tumour cells actively receive cues 
from the TME and underline the importance of cellular 
communication, particularly between tumour, endothelial, 
neuronal and myeloid cell types.

Novel ligand-receptor candidates contributing to DIPG 
progression
To evaluate LR pairs involved in the above described CCIs, 
we first determined interacting partners involved in com-
munication with all tumour cell communities combined, 
focussing on the three most significant interacting part-
ners: endothelial-to-tumour, neuronal-to-tumour and 
myeloid-to-tumour. This was to identify those LR pairs that 
likely play a substantial role for the interaction between 
DIPG tumour cells and the TME globally (Fig. 4b and Sup-
plementary Table S3). Endothelial-to-tumour interactions, 
identified ENG-BMP2 (endoglin and bone morphogenic 
protein 2) as one significant, most frequently recurring LR 
pair. BMP2 belongs to the transforming growth factor-beta 

(TGF-β) family and has previously been associated with a 
glioma quiescent stem cell populations [30]. This is consis-
tent with the vascular niche reflecting a known repository 
for glioma stem cells [31]. Gliomas further utilise the vas-
cular niche to migrate along blood vessels and most recent 
studies on BMP2 suggest that signalling through this cell 
surface receptor promotes DIPG invasion [32]. Interaction 
profiling of neuronal-to-tumour communities highlighted 
ADCYAP1-ADCYAP1R1 and LGI1-ADAM23 as the most 
significant LR pairs. Previous work showed that Leucine-
rich glioma inactivated 1 (LGI1) binding to the metallo-
proteinase ADAM23 regulates neuronal connectivity and 
morphology [33]. ADCYAP1-ADCYAP1R1 encode for 
pituitary adenylate cyclase-activating polypeptide PACAP 
and the corresponding receptor PAC1. Notably, PACAP-
PAC1-mediated cAMP/PKA was shown to regulate an 
invasive phenotype in adult GBM [34]. Lastly, we profiled 
immune-to-tumour interactions and found complement 
component C3 to be greatly involved in such communica-
tion, suggesting a possibly important role of this molecule 
to DIPG pathophysiology. Indeed, C3 has been demon-
strated to alter a broad range of mitogenic signalling path-
ways in physiology and pathophysiology, including 
sustained oncogenesis, invasion and migration, angiogen-
esis or decreased apoptosis [35–39]. Crosstalk between 
myeloid cells and glioma cells via C3 were reported previ-
ously and a very recent study found that C3a-C3aR pairing 
between tumour-associated macrophages and glioma stem 
cells (GSCs) maintains the malignant phenotype of this 
population [40]. Additionally, we performed prediction 
analysis for selected LR pairs (ENG-BMP2, ADCYAP1-
ADCYAP1R1 and C3-C3AR1). Spatial profiling suggested 
that ENG-BMP2 and C3-C3AR1 interactions are strongly 
associated with the immature tumour community of C1, 
whereas ADCYAP1-ADCYAP1R1 crosstalk was found in 
areas that are dominated by the more commited cell popu-
lation C0 (Supplementary Fig. S6b).

Community-specific LR analysis suggests tumour 
population-specific mechanisms contributing to disease 
progression
Next, we specifically assessed the interaction profile 
for each tumour cell community respectively. Since the 

(See figure on previous page.)
Fig. 3  Characterisation of DIPG tumour cell communities. a DIPG cellular states and tumour-associated cell types according to Liu et al. were assessed 
across the patient tissue at the spot-wise level. Reference-based deconvolution demonstrated a high degree of the AC-like phenotype in almost all 
communities. b The levels of selected marker genes associated with different DIPG cellular states were quantitated in the four tumour cell communities, 
demonstrating that C0 expresses known DIPG markers like NTRK2 or OLIG2, whilst genes expressed in C1 are correlated with more immature populations 
such as JUNB. C8 appears to be a mix of C0 and C1, with additional DNA damage markers including DDIT4. Community C6 represents a rather unique 
population, expressing proliferation and cell cycle markers like MKI67 and CDC20. c Signatures of DIPG cellular states were profiled more specifically across 
the four tumour cell communities, supporting the notion that these populations reflect different states of DIPG lineage differentiation. Community C1 
shows characteristics of a more immature and MES-like state. C8 is associated with OPC-like 2 signatures whereas community C0 harbours characteristics 
of the more committed OPC-like 1 and AC-like cell state. d Spatial trajectory analysis was performed additionally to predict the trajectory path of the four 
tumour cell communities. Community C6, which is characterised by cell cycle markers such as MKI67 was determined as the initiating cell population. 
Analysis confirmed previous results revealing that community C1 instigates the development of community C8 and C0
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Fig. 4 (See legend on next page.)
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endothelial population was identified as the most signifi-
cant sender community, we first focussed on interactions 
with this population. Members of the collagen and integrin 
family were consistently found to be the most important 
LR pairs across all four tumour populations. The con-
tribution of cell-matrix interactions to glioma motility, 
stemness, survival and angiogenesis, including integrin-
binding to collagens is established [41–43]. We further 
determined those populations that interact with each of 
the four tumour communities second most. Intriguingly, 
the interacting TME partners were different for each of 
the four tumour subpopulations. C6 interacted mostly 
with the myeloid population, C1 with glial cells, C8 with 
the tumour communities C1/C0, and C0 was found to 
communicate most strongly with the neuronal commu-
nity (Fig.  4c and Supplementary Table S3). TNC-EGFR 
(tenascin-C and epidermal growth factor receptor), was 
found between myeloid cells and community C6. Nota-
bly, previous work demonstrated that tenascin-C levels 
influence immune response and microglial surveillance 
during cerebral ischemia [44]. Assessment of crosstalk 
between glial cells and the immature tumour community 
C1 identified TF-TFRC (transferrin and transferrin recep-
tor) interactions. Iron uptake has been linked to tumour-
initiating cells and maintenance of cancer stem cells and, 
encouraging our findings, transferrin has been shown to 
be expressed by mature oligodendrocytes whilst TF recep-
tors are expressed on OPCs [45, 46]. Interaction profiling 
between tumour populations C8, C1 and C0 determined 
the LR pair adrenomedullin (ADM) and calcitonin recep-
tors (CALCRL) to be highly involved in such communi-
cation. ADM binding to calcitonin receptors has been 
demonstrated to determine cell fate in neural stem cells 
[47]. Hence, not only the TME, but also different sub-
populations of DIPG tumour cells regulate each other and 
drive lineage differentiation and development. Lastly, we 
again found ADCYAP1-ADCYAP1R1 and LGI1-ADAM23 
interactions to be most highly involved in neuronal signal-
ling towards the more committed population of C0. Our 
analysis therefore indicates that these communication axes 
play a considerable role for DIPG invasion. Shioda and 
colleagues demonstrated that PACAP-PAC1 interactions 

lead to increased calcium (Ca2+) concentrations in rat neu-
roepithelial cells and downstream activation of the PLC/
PKC (phospholipase C/protein kinase C) cascade [48]. 
The importance of Ca2+ signalling to modulate synaptic 
strength in DIPG is well established [49–51]. Hence, it 
is tempting to speculate that PACAP-PAC1 interactions 
contribute to neuron-to-glioma-mediated cell invasion in 
DIPG and that blocking this signalling pathway could pro-
vide a strategy to block synaptic communication. Intrigu-
ingly, the PACAP-mediated pathway has been implicated 
to play a notable role in chronic migraine and a phase II 
clinical trial (NCT04976309) targeting this neuropep-
tide is currently under investigation [52–54]. This finding 
is consistent with the body of evidence that neuron-to-
glioma interactions crucially mediate glioma progression 
[55–59]. We therefore sought to investigate the expression 
of this pair further. Confirming our LR analysis, profil-
ing of both genes in the ten cell communities respectively 
confirmed that ligand ADCYAP1 is exclusive to the neu-
ronal population. Expression of receptor ADCYAP1R1 
was found on the neuronal and myeloid communities 
to a certain extent, however it was most strongly associ-
ated with the more mature tumour cell communities C0 
and C8 (Fig.  4d). To further substantiate our findings, 
we confirmed these observations at the protein level and 
performed immunohistochemistry (IHC) staining on the 
same FFPE tissue blocks. Dual staining for PACAP38, the 
corresponding protein for ADCYAP1, together with the 
neuronal marker NeuN confirmed expression of the ligand 
on neurons (Fig.  4e). Similarly, co-staining for PAC1, the 
corresponding protein for ADCYAP1R1, together with the 
DMG marker H3K27M demonstrated PAC1 expression 
on H3K27M positive cells. Lastly, we explicitly determined 
where interactions between this pair occur in the spatio-
temporal context. Results suggest stronger communica-
tion in more distally located tumour regions, including 
Midbrain, Pons B and Medulla C. Spatially resolved assess-
ment further demonstrated that such interactions largely 
appear to be locally restricted (Fig. 5a). Encouragingly, IHC 
staining for PACAP together with PAC1 supported our 
analysis, demonstrating PAC1-expressing cells surrounded 
by PACAP-positive cells, which were predominantly 

(See figure on previous page.)
Fig. 4  Identification of CCIs and LR pairs. a Cell-cell interaction (CCI) scores were evaluated for each of the ten brainstem regions and between all ten 
cell communities. Sankey plotting highlighting the endothelial population as the top sender (ligand-expressing) community, followed by the two non-
tumour populations of C3 (neuronal) and C5 (myeloid). The two most interacting receiver populations (receptor-expressing) identified by CCI profiling 
were the tumour communities C1 and C0. b The most significant ligand-receptor (LR) pairs involved in the crosstalk between the TME interaction partners 
identified in 5a (endothelial, neuronal and myeloid) and the four tumour communities combined were determined. c All four tumour populations were 
profiled to determine tumour subpopulation-specific LR pairs. Collagen and integrin pairs were identified as predominant endothelial-to-tumour interac-
tions. Assessment of CCIs for each tumour population respectively revealed distinct results. C6 interacts mostly with myeloid cells, C1 with glial cells, C8 
with the two tumour communities C0 and C1 and the more mature tumour sub-population of C0 interacts most strongly with neurons. d Assessment 
of ADCYAP1 and ADCYAP1R1 in the ten DIPG cell communities confirmed that expression of the ligand ADCYAP1 is exclusive to the neuronal population, 
whereas ADCYAP1R1 expression is most highly associated with the tumour cell communities of C0 and C8. e Immunohistochemistry staining of the 
corresponding proteins, PACAP38 and PAC1, on the same FFPE tissue blocks (Midbrain) confirmed this observation, showing co-expression of PACAP38 
together with the neuronal marker NeuN and PAC1 expression predominantly on H3K27M positive DIPG cells
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Fig. 5  ADCYAP1-ADCYAP1R1 expression profiling. a Prediction analysis of interactions between the LR pair ADCYAP1-ADCYAP1R1 demonstrating crosstalk 
between the pair more strongly correlated to the midbrain and distal pons/medulla regions. Spatial transcriptomic profiling showed that interactions be-
tween this LR pair are fairly restricted. b Dual IHC staining for the corresponding proteins, PACAP38 together with PAC1, further highlighted that PACAP38 
expressing cells surround PAC1 positive cells. c These were predominantly found in areas that appear to show patterns of tumour cell infiltration
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observed in regions that appear to show patterns of DIPG 
tumour cell infiltration on matching H&E sections (Fig. 5b 
and c).

Overall, our LR pair prediction analysis uncovers tar-
getable candidates involved in these malignant processes 
and further highlights the importance of the vascular 
niche and the contribution of neuronal and myeloid cells 
to DIPG disease progression. Some of the LR pairs we 
identified are well known to promote pathophysiology in 
other disease settings and hence, interrupting these com-
munication networks could prove useful to slow DIPG 
progression.

Discussion
Many sequencing studies of DIPG tumours have been 
conducted at the single cell and spatiotemporal level. 
However, complete profiling of an intact tumour-infil-
trated brainstem from a DIPG patient has yet to be 
reported.

Our analysis uncovered four genetically diverse tumour 
cell populations that represent varying states of stem-
ness and maturity, likely reflecting distinct tumour sub-
clones [26, 28, 60]. Spatially-resolved studies from Ren 
as well as Filbin and colleagues suggested the presence 
of region-specific tumour niches that favour modes 
of tumour cell differentiation and the development of 
distinct tumour subclones [15, 61]. Spatial trajectory 
analysis in our dataset supported this notion. Thus, our 
findings and previous studies lend themselves to further 
investigation unravelling which molecular mechanisms 
directly promote such phenotype switches. Our spatially-
resolved sequencing dataset offered such an opportunity 
and allowed us to study cellular communication between 
the heterogeneous cell populations, therefore speculating 
whether particular interactions between tumour cells and 
the TME promote the development of distinct subpopu-
lations. Our CCI analysis highlighted tumour cells as the 
dominant receiver populations, clearly demonstrating 
that cancer cells extensively receive cues from neigh-
bouring populations, rather than releasing such cues 
themselves. Not surprisingly, the vascular niche appears 
centrally involved in tumour-to-TME interactions, 
underscoring the importance of the tumour vascular 
bed for glioma growth and treatment resistance [62]. We 
also found that neuronal and myeloid cells strongly sig-
nal to tumour communities. Interestingly, neurons seem 
to interact more with tumour cells that are defined by 
known DIPG markers such as NTRK2, EGFR or OLIG2, 
whereas endothelial and myeloid populations seem to 
connect more to stem cell-like populations, marked by 
genes like FOS or JUNB. More importantly however, this 
analysis enabled us to identify specific ligand-receptor 
(LR) pairs that are involved in such cellular communi-
cation. PACAP-PAC1 is of particular note. This LR pair 

was most highly involved in neuron-to-tumour interac-
tions in our dataset, but more interestingly, phase II clini-
cal trials against both PACAP (NCT04976309) and PAC1 
(NCT03238781) are under investigation for migraine 
prevention [53, 63]. This likely indicates that the respec-
tive compounds, both humanised monoclonal antibodies, 
demonstrate sufficient BBB penetration with low CNS 
toxicity. Hence, these drugs are readily available, paving 
the way for future functional in vitro and in vivo efficacy 
studies to explore whether disrupting this signalling axis 
could prove useful to reduce DIPG tumour spread.

In conclusion, spatially-resolved characterisation of 
DIPG holds significant potential to better understand 
underlying disease biology and to ultimately improve 
patient outcomes in this intractable disease setting. Our 
study suggested novel disease contributors that could 
be addressed therapeutically in future efforts to impede 
DIPG tumour progression. Although the 10x Visium 
approach lacks single cell resolution and additional mul-
timodal studies should be conducted to further confirm 
our findings, this study provides useful and relevant 
information about DIPG in its entirety and our novel spa-
tial dataset will hopefully inform future DIPG discovery 
and translational efforts.
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tions are represented only to a certain degree. b Spatial visualisation of the 
corresponding subclusters in the ten DIPG patient tissue samples confirm-
ing OPC-like populations and correlated immune cells are present across 
all tissue sections, whilst NPC-like cells are found in selected regions, 
including Pons B, Pons D and Spinal Cord B.

Supplementary Material 4: Cell state and cell type deconvolution in ten 
brainstem regions. Single cell data from Filbin and colleagues was used 
for conditional autoregressive-based deconvolution (CARD) and the 
expression of all phenotypes evaluated in the ten DIPG brainstem regions. 
Spatially-resolved visualisation highlighting the AC-like phenotype as the 
predominant population across all samples, followed by immune cells and 
MES-like characteristics. AC-like-high regions appear to correlate more 
strongly with cell community C0, whilst MES-like features seem to mostly 
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