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ABSTRACT

Osteosarcoma (OS) is a rare pediatric cancer with poor outcomes due to metastases.
These outcomes are mirrored in the spontaneous canine disease, offering a comparative
opportunity to understand disease progression and tumor immunology. Studies have identified
overlaps in molecular features between species, bolstering the utility of the canine model. With
the introduction of cross-species-compatible spatial transcriptomics, there is unprecedented
opportunity to dissect the metastatic OS tumor microenvironment through comparative
oncology.

This study identified conserved cellular signals in metastatic OS through independent
and integrated analyses of canine (n=7) and human (n=5) GeoMx spatial transcriptomic
datasets. Macrophage (CD163+ or CD68+), T cell (CD3+), and negative (CD163-/CD3- or
CD68-/CD3-) tumor/stroma compartments were captured from intratumoral and peritumoral
regions. Data were analyzed independently using GeomxWorkflows and integratively with
Seurat, focusing on orthologous genes.

We identified spatially dependent differences in tumor-associated T cell and macrophage
infiltrates and conserved regional immune heterogeneity across canine and human metastatic
OS, further strengthening the translational capabilities of the canine model. Shared features

include upregulation of a JAG1-Notch signaling within macrophages, metabolic alterations in T
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cells, and increased MIF expression. These conserved pathways provide a foundation for
investigating mechanisms contributing to metastatic OS progression and intratumoral

immunosuppression.
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INTRODUCTION
Osteosarcoma (OS) is the most common primary malignant bone tumor in humans and
dogs [1,2]. Despite aggressive treatment, up to 40% of human and over 90% of canine patients

succumb to multi-drug-resistant metastatic disease, most commonly impacting the lungs [3-5].

OS is a rare pediatric cancer but has a greater than 10-fold increased incidence in canine
companion animals, permitting enhanced access to patient-derived samples, novel
opportunities for preclinical modeling, and accelerated drug development in a naturally

occurring, and immune intact disease context [2,6]. Prior foundational research has shown that

canine OS demonstrates remarkable similarities in clinical presentation, histopathological
appearance, and molecular aberrations to its human counterpart, positioning the dog as a
translationally relevant model to accelerate our understanding of conserved molecular features

and potential therapeutic target discovery for OS [1-3,7-9]. By leveraging both human and

veterinary OS patient cohorts and specimens, there is greater opportunity to comparatively
investigate conserved disease mechanisms, identify candidate therapeutic targets and/or
biomarkers, and evaluate therapeutic strategies which have relevance across both species.

The past few decades of OS research have been primarily focused on tumor cell-
intrinsic mechanisms of metastasis and drug resistance. However, despite discovery of intrinsic
molecular drivers of OS and promising studies demonstrating efficacy of immune checkpoint
and molecular targeted therapies in rodent models, this has not translated into clinical

effectiveness [2,7,10]. These observations highlight a disconnect between preclinical and

clinical efficacy, likely due in part to our lack of understanding of the complexity of the OS tumor
microenvironment (TME) and potential failure of current rodent models to recapitulate this
complexity. Together, this has shifted recent investigations towards understanding how non-

malignant cells of the TME promote OS progression.
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Significant advancements in spatially resolved multi-omic technologies have enabled

molecular profiling of the TME at unprecedented resolution [11-13]. However, few established

frameworks exist for spatial analyses in comparative oncology, in part, due to limited non-human
probe-based platforms and the requirement of fresh frozen specimens for species agnostic
methods, which can be technically challenging to perform on unfixed harder mineralized tissues
such as OS. However, the introduction of the probe-based Canine Cancer Atlas for utilization
with Bruker’s (formerly Nanostring) GeoMx Digital Spatial Profiler (DSP) has enabled spatially
resolved cell-type specific gene expression profiling of formalin-fixed paraffin embedded (FFPE)
tissue specimens. This technology was recently successfully employed to profile primary
appendicular canine OS tumor tissue, identifying conserved targetable pathways also described

in human OS [14].

In this study, we leverage the GeoMX DSP technology for evaluation of spatially
dependent changes in tumor-associated T cell and macrophage infiltrates in canine lung
metastatic OS samples, further validating the utility of this platform for spatial transcriptomic
profiling of canine cancers. Moreover, we demonstrate a method of cross-species GeoMx
spatial transcriptomic data integration which highlights conserved cell-type and location-specific
gene expression patterns, phenotypes, and pathways of immune suppression in canine and

human OS lung metastases.

MATERIALS & METHODS
Canine metastatic osteosarcoma tissue samples

Formalin-fixed paraffin embedded (FFPE) tissue specimens from canine patients with a
histologically confirmed diagnosis of metastatic pulmonary osteosarcoma between 2015-2022
were obtained from the Veterinary Diagnostic Laboratory tissue archive at Colorado State

University (CSU). All samples were obtained from routine diagnostic necropsy (generally
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performed within < 24 hours of death) or biopsy and archived with informed owner consent in
compliance with the Institutional Animal Care and Use Committee at CSU. Detailed patient
demographics are available in supplemental data S1. Confirmation of tumor and surrounding
non-malignant tissues were assessed with a single hematoxylin and eosin (H&E) stained slide
by two board certified veterinary pathologists. Specimens were excluded from the study if there
was poor cellularity, substantial necrosis, hemorrhage, tissue fragmentation and/or folding. A

total of 41 canine specimens were identified for additional processing.

RNA Isolation and canine 10 gene expression profiling

Canine samples were first assessed for their RNA-binding probe hybridization capacity
by nCounter using the Canine IO Panel (800 canine specific genes). Nucleic acids were isolated
using the AllPrep DNA/RNA FFPE Nucleic Acid Extraction kit (Qiagen) from either two 10 um
FFPE curls or ~3-5 unstained FFPE slides with macrodissection to ensure at least 80% of the
sample input was composed of tumor. RNA sample quality and concentration were measured by
RNA ScreenTape (Agilent) or Qubit RNA Broad Range assay (Invitrogen), respectfully. RNA
from all 41 samples was run on an nCounter Sprint Profiler with panel standards for batch
correction. Acquired RCC files were processed with the nSolver software (v4.0) via previously
published protocols for quality control assessment, background thresholding, and normalization

[15]. All samples demonstrated successful probe hybridization. Seven canine specimens of

excellent histologic quality were pursued for spatial transcriptomics.

Human case acquisition and quality assessment
Archived FFPE specimens from pediatric patients with metastatic pulmonary
osteosarcoma were obtained from the Department of Pathology at Children’s Hospital Los

Angeles under Institutional Review Board protocol CCI12-00224. Specimen clinical attributes
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can be found in supplemental data S1. Serial 5 ym sections from each block were collected.
One slide was stained with H&E to confirm tumor presence and assess sample integrity as
described above for canine specimens. To confirm samples could successfully hybridize with
RNA-binding probes, RNAscope was performed using the RNAscope 2.5 Assay (ACD Bio)
using probes against GAPDH (ACD Bio, #310321-C2) according to the manufacturer’s

protocol. A total of five samples were used for spatial profiling.

GeoMx Digital Spatial Profiling (DSP)

Canine FFPE samples (n = 7 metastases) were sectioned at 5 ym and macrodissected
on a water bath based on tumor-containing regions identified by two board-certified veterinary
anatomic pathologists (RLM, DPR) prior to placement on positively-charged slides. Up to 4
samples were placed on two slides for analysis. Canine samples were analyzed with GeoMx
DSP using the Canine Cancer Atlas panel (1,962 canine-specific genes) in collaboration with
the Technology Access Program at Nanostring, Seattle, WA. Human FFPE samples (n =5
metastases) were sectioned at 5 ym thickness onto APEX-treated slides to enhance tissue
adherence. Each slide, representative of one patient sample, was analyzed with GeoMx DSP
using the Human Whole Transcriptome Atlas (18,815 human-specific genes) in collaboration
with the Spatial Technologies Resource at the Research Technologies Branch (Bethesda, MD).

For the canine samples, morphology markers for segmentation included CD163, CD3,
and SYTO 83. With pathologist supervision, each sample had at least one intratumoral tumor
core region of interest (ROI) and one peritumoral tumor margin ROI collected. Three samples
had an additional peritumoral, non-tumor containing lung ROl acquired. For all ROls, three
areas of illumination (AOI) were acquired: CD3+ T cells, CD163+ macrophages, and CD3-
CD163- remaining “Negative” stromal tissue. For human samples, morphology markers for
segmentation included CD68, CD3, and SYTO 13. Representative ROIs were selected from

intratumoral and peritumoral regions in the human samples based on tissue morphology to



131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

collect regions with morphology-based masking. A total of 51 AOls were obtained from 18 ROls
for the canine samples and 137 AOls were obtained from 69 ROls in the human samples.

For GeoMx DSP, briefly, FFPE slides were baked overnight at 60°C, followed by
deparaffinization and antigen retrieval on a Leica BOND RX automated stainer. Antigen retrieval
was performed using HIER2 (EDTA-based antigen retrieval solution) for 20 min, followed by
proteinase K treatment (1 pg/mL) for 15 min at 37°C, according to NanoString
recommendations. Species appropriate probes were applied to the tissue sections and
hybridized for 20 h at 37°C. Following hybridization, slides were washed twice with stringent
wash solution (50% formamide in 2x SSC) for 25 min per wash, followed by two washes with 2x
SSC for 2 min each. Slides were blocked with W buffer for 30 min and incubated with
appropriate morphology antibodies (see supplemental S2) all prepared in W buffer. Slides were
then washed three times with 1x SSC for 5 min each. Slides were scanned using the GeoMx
DSP for visualization and selection of ROls. Within selected ROIls, oligonucleotide barcodes
were released by UV photocleavage, collected into 96-well plates, and processed for library
preparation and sequencing according to the NanoString GeoMx NGS protocol or prepared for
nCounter processing .

For NGS samples (human), libraries were pooled and quantified on the lllumina iSeq100
to confirm sample presence and pooling ratios. Final sequencing was performed on an lllumina
NovaSeq 6000 using a S4/XP-2 lane flow cell with 27 x 27-bp reads and 8 x 8-bp index reads.
Raw base-call files were demultiplexed into ROI-specific FASTQ files using BCL Convert
software. FASTQ files were subsequently processed using the NanoString GeoMx NGS
Pipeline (v2.3.3.10) to generate Digital Count Conversion (DCC) files for downstream analysis.

Acquired DCC files were processed and analyzed with GeomxTools (v3.10.0) in R.
Canine and human datasets were processed, filtered, and Q3 normalized in parallel with default
quality control parameters as recommended by the manufacturer (Supplemental Figures 1-4).

ROI which failed quality check due to technical dropout were excluded. In select samples, few
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QC warnings were attributed to low immune cell infiltrate rather than technical dropout due to
relevant immune cell transcripts demonstrated to be expressed above background, thus these

AOls were maintained in downstream analyses.

Deconvolution of cell subsets using custom scRNAseq annotations
To estimate the relative proportion of different cell types, the SpatialDecon package
(v1.16.0) in R was utilized [16]. Custom matrices were generated using annotations derived

from a publicly available integrated scRNAseq canine and human metastatic OS atlas [17].

Macrophage and T cell spatial datasets utilized subclustered macrophage and T cell specific
scRNAseq annotations, whereas “Negative” regions used broad major cell identity clustering
annotations (supplemental data S3-5). Bar plots of cell type abundance were plotted with
TIL_Barplot. Relative proportions were compared between intratumoral and peritumoral regions
and significance was evaluated by Welch'’s t-test with Holm-Sidak correction (GraphPad Prism

v11).

Independent GeoMx data analysis and statistical analysis

To compare GeoMx experiments across species, Q3 normalized human data were
indexed to only include orthologous genes between the canine and human panels prior to
differential gene expression analysis. Canine gene loci which were undefined at the time of
panel development were cross-referenced with NCBI RefSeq and manually updated into a locus
dictionary (supplemental data S6). Panel overlap is represented in Figure 1b and full gene lists
for each panel are available in supplemental data S7-8.

In both datasets, differentially expressed genes (DEGs) from intratumoral and
peritumoral ROIs were evaluated based on Q3 normalized expression values from each AOI.

DEGs were evaluated using a linear mixed-effects model with a random slope using the
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mixedModelDE function in the GeomxTools package (v3.10.0) with Benjamin-Hochberg (BH)
correction for multiple comparisons as recommended by the manufacturer. Significant DEGs

were defined as p value < 0.05 and fold change of + 1.5 (equivalent to log2 fold change + 0.58).

Canine and human GeoMx data integration and statistical analysis

To create a combined dataset, both canine and human datasets were first indexed to
only include overlapping genes after independent normalization. GeoMx datasets were then
converted into Seurat objects with GeomxTools (v3.10.0). Seurat objects were first evaluated as
a merged dataset with JoinLayers. Results were then integrated using the IntegrateLayers
function and anchor-based RPCA and CCA integration strategies with k.weight = 29.
Unsupervised clusters from each integration method were evaluated by dimensionality
reduction.

To compare integrated DEG evaluation to independent DEG analyses, intratumoral and
peritumoral ROIs were evaluated using the FindMarkers function in Seurat (v5.3.0) using default
parameters (non-parametric Wilcoxon rank sum with BH correction for multiple comparisons).
Significant DEGs were defined as p value < 0.05 and fold change of + 1.5. GSEA on the
integrated dataset was performed with fgsea (v1.32.4) using all Gene Ontology (GO),
Reactome, and WikiPathways gene sets.

To compare shared gene trends between species, DEG datasets were merged based on
gene identifiers and restricted to matching AOI cell phenotype segments (e.g. canine CD3+ T
cell segments and corresponding human CD3+ T cell segments). Results were filtered to
demonstrate genes with significant p-values and overlapping DEGs were visualized with
UpSetR (v1.4.0) in R. Gene set enrichment analysis (GSEA) was performed on each dataset
using genes ranked by model coefficient estimate and filtered to only retain those with a nominal
p-value < 0.05. The resulting pre-ranked gene lists were used as input for fgsea (v1.32.4) using

GO, Reactome, and WikiPathways gene sets and subcollections.
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RESULTS
Experimental and analytical overview is represented in Figure 1a.
Species integration of GeoMx data with Seurat preserves distinct cell phenotypes and
enhances T cell characterization

In order to understand both conserved and species-specific differences in how
microanatomical location within the metastatic OS TME influences T cell and macrophage
phenotype, we first sought to integrate our canine and human GeoMx datasets for combined
differential gene and pathway enrichment analysis. To do this, we utilized Seurat V5 due its
previously reported ability to handle spatial data and ease of GeoMx to SeuratObject conversion

[18]. After datasets were indexed on overlapping orthologs and converted into Seurat objects,

initial merging of datasets via Seurat demonstrated strong clustering driven by species (Figure
2a). We hypothesized this clustering was, in part, associated with batch effect. Therefore,
integrative analysis was performed on the datasets using two inbuilt anchor-based methods
(CCA and RPCA), which are widely used for transcriptomic dataset integration, including in

cross-species applications [19,20]. Seurat V5 RPCA integration demonstrated excellent

interspecies integration of spatial datasets while maintaining meaningful biologic preservation of
major cell identities (Figure 2b).

Unsupervised RPCA clustering of the integrated data identified 8 distinct clusters (Figure
2c). Relative cell proportions for each RPCA cluster are demonstrated in Figures 2d and 2e
based on Cell Type and tumor ROI proportions, respectively. Cluster 0 was mostly comprised of
CD163+ or CD68+ macrophage AOls. Clusters 1, 4 & 6 were predominantly CD3+ AOls from
both species. Clusters 2, 3, 5 and 7 all represented predominantly “Negative” regions. Cluster 3
represented predominantly peritumoral “Negative” regions, most consistent with surrounding

pulmonary parenchyma whereas clusters 2, 5 & 7 were predominantly intratumoral, suggesting

10
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greater composition of tumor cells and associated stroma. Of note, cluster 5 was almost entirely
derived from a single case and formed a cluster most separate from the others. Interestingly,
this sample was the only fibroblastic OS histological subtype included in our dataset, suggesting
this subtype has distinct transcriptional differences from osteoblastic or chondroblastic
subtypes. In line with this observation, this case was previously published in a Visium dataset

and also demonstrated divergent transcriptional profiles [21].

Unsupervised clustering demonstrated three distinct clusters of T cells (clusters 1, 4 &
6). Cluster 1 was characterized by expression of markers associated with cytotoxic effector cells
including CD8A, NKG7, GZMK, FALG and KLRK1 (NKG2D). This cluster had the highest
proportion of intratumoral T cells compared to other T cell clusters. The predominance of
intratumoral T cells in this cluster was histologically confirmed to be driven by the singular
fibroblastic subtype sample. To account for this, region proportions were calculated solely with
the remaining T cells in this cluster and were subsequently identified to be primarily enriched in
the peritumoral compartment (Supplemental Figure 5). These findings align with region
proportions from the other T cell predominating clusters 4 and 6 and other studies which have

demonstrated that OS metastases often exhibit intratumoral T cell exclusion [22,23].

Cluster 6 lymphocytes demonstrated relatively increased expression of costimulatory or
regulatory checkpoint molecule expression consistent with T cell activation including CTLA4,
ICOS (CD278), CD276 (B7-H3), CD5 and CD6. These cells were also preferentially enriched in
the peritumoral location. Cluster 4 was also associated with our CD3+ AOIs and was defined by
expression of canonical T helper cell associated genes such as IL17RB, TRAT1, and IL2.
Interestingly, this cluster also expressed myeloid associated genes including TNFSF13B (BAFF)
and /L27, potentially reflective of cellular overlap not appreciated on morphology marker
imaging and region selection or close cell-cell contact such as immune synapse formation

between T cells and neighboring professional antigen-presenting cells, given the MHC I

11
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restriction of CD4 helper T cells. This lymphocyte cluster also had the highest proportion of
peritumoral representation.

While both peritumoral and intratumoral macrophages were represented in cluster 0,
peritumoral macrophages were predominant. This cluster was characterized by common
macrophage surface receptor expression like CD163, MSR1, MRC1 (CD206), and FCER1G.
Cells from this cluster also expressed CTSS (cathepsin S), noted to be involved in ECM

remodeling and fibrosis [24]. Interestingly, this cluster demonstrated residual species effect, with

slight sub clustering of canine and human samples. This may be related to the limitations of
available pan-macrophage antibodies for dogs, reflecting differences in AOI collection obtained
from CD163+ cells versus CD68+ cells. Additionally, a subset of macrophage AOQOIs clustered
within either T cell or “Negative” dominant clusters (Figure 2b) which may indicate areas with
increased macrophage cell-cell interactions and thus, diminished cell segmentation, highlighting
some technical limitations of the GeoMx assay.

Clusters 2 and 7 predominantly represented “Negative” intratumoral ROls and were
characterized by abundant ECM-associated genes. Interestingly, fibroblast-associated markers
such as FGFR1, NOTCH3, and WNT5A were predominant in cluster 2 whereas cluster 7 had a
broader array of cancer associated genes including MYC, CD276 (B7-H3), and PDGFA. Cluster
3 predominantly represented “Negative” peritumoral ROls, and the transcriptional signatures
support mixed pulmonary parenchyma including epithelial markers like AXIN2, EPCAM, and
LAMAS, Type Il pneumocyte marker LAMP3, and canonical endothelial marker CDHS.

Overall, integration of canine and human spatial datasets demonstrates strong cell-type
specific unsupervised clustering and may be considered a useful mechanism to explore

conserved cellular pathways across species.
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Cell deconvolution demonstrates regionally distinct and highly heterogenous cell
populations shared between canine and human metastatic OS

Deconvolution utilizing macrophage annotations derived from a multi-species metastatic
OS RNASeq atlas exhibits intratumoral enrichment for fibrogenic and osteoclast-like TAMs
(Figure 3a). Interestingly, these osteoclast-like TAMs were previously identified to exist in
discrete intratumoral pockets, and we similarly identify their intratumoral localization [17]. Their
relative proportion was most prominent in human samples, which may be associated with
species-specific differences in our macrophage marker selection. Peritumoral macrophages had
higher proportions of alveolar macrophages, which is most prominently highlighted in the human
dataset, likely due to CD68 serving as a broader pan-macrophage marker compared to CD163
in our canine samples. Similar analyses conducted with T cell populations demonstrate
intratumoral enrichment for proliferating T cells and peritumoral enrichment for CD8+ effector T
cells (Figure 3b). These data suggest there are distinct regional differences associated with T
cell transcriptional profiles within OS metastases. Although an infrequently observed population,
Tregs were largely confined to the peritumoral environment when detected. Remaining relevant
annotations within the multi-species metastatic OS RNASeq atlas were applied to the “Negative”
dataset. In our canine “Negative” dataset, there is intratumoral enrichment for Metabolically
Primed (MP) Progenitor tumor cells, which constitute most of the intratumoral cell population
and are characterized by their metabolic reprogramming and stem-like state. In our human
dataset, “MP Progenitor” tumor cells are also the most abundant tumor population; however, our
data demonstrate that when looking at all cell populations within the intratumoral “Negative”
regions, cancer associated fibroblasts (CAFs) are the most abundant cell population overall
(Figure 3c). This finding may be related to the inclusion of a fibroblastic histotype in human
dataset, but a spatially distinct difference in TME composition between species cannot be
entirely excluded. For both canine and human samples, CAFs contributed to the greatest

proportion of peritumoral “Negative” cells. This is an interesting finding when coupled with the
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intratumoral enrichment for fibrogenic TAMs, suggesting an intratumoral environment

characterized by robust extracellular matrix programs.

Intratumoral macrophages are enriched for pro-tumorigenic JAG1 in both canine and
human metastatic OS

Integrated analyses demonstrate that intratumoral macrophages are enriched for
pathways related to ossification and extracellular matrix (ECM) organization driven by high
expression of SPP1 (osteopontin), YAP1, SPARC, and BMP4 (Figures 4a-c). Interestingly, the
genes driving these pathways are also overwhelmingly associated with pro-fibrotic and/or
immunosuppressive macrophage subtypes observed in other lung metastatic TMEs and

idiopathic pulmonary fibrosis [25-30]. Notably, both SPARC and BMP4 are demonstrated to be
upregulated or implicated in osteosarcoma progression [31,32].

Comparing integrated analyses with independent DEG analyses of human (Figures 4d-
e) and canine (Figures 4f-g) samples, four conserved significant DEGs in intratumoral
macrophages are identified across all analyses: JAG1, CDH11, FGFR1, and MMP14 (Figure 4h
and 4i). Collectively, these four genes corroborate the integrated pathway enrichment analysis
for intratumoral macrophages and converge around a central theme of a stromal interacting and
pro-angiogenic TAM population involved in active tissue/ECM remodeling. Interestingly, JAG1, a
canonical Notch pathway ligand with known oncogenic properties in many different cancers,
including osteosarcoma, was also recently associated with macrophage mediated
chemoresistance [33—35]. Though only appearing in the integrated dataset, CSF1R also arises
as a DEG in intratumoral macrophages. CSF1R targeted therapy to reprogram intratumoral
macrophages is currently being explored in sarcomas, and this finding suggests this may be a

conserved target in both canine and human metastatic OS [36].
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Peritumoral macrophages in our dataset exhibit robust inflammatory pathway
enrichments, including “defense response” and “immune response” characterized by
upregulation of MARCO, IRF5, MYD88, and LYZ. This phenotype is most consistent with a
tissue resident but tumor-activated alveolar macrophage. The “defense response” pathway has
been specifically described in human metastatic pulmonary OS lesions supporting an

immunologic response similar to that of a foreign body injury [21]. Our data further supports this

finding by demonstrating conserved pathway enrichment across both canine and human

pulmonary metastases.

Conserved expression of immunosuppressive NSTE (CD73) and LGALS1 (Gal-1)
in intratumoral T cells

Immune-matrix interactions are enriched in our integrated intratumoral T cell dataset,
including enrichment for “extracellular matrix binding”, “wound healing spreading of cells”, and
“collagen-containing extracellular matrix” pathways (Figures 5a-c). Key genes driving these
pathways include CD44, the primary hyaluronic acid receptor, and LGALS7 (Gal-1), an
autoimmune regulatory protein. Both genes were most striking in the human-derived samples,
notably driven by a single fibroblastic subtype patient (Figure 5i). Additional sampling would be
required to determine if these findings reflect true species or histological subtype-specific
differences. When this subtype is removed from analysis, CD44 becomes a peritumoral DEG
while LGALS1 remains as an intratumoral DEG (Supplemental Figure 5).

The canonical glycolysis pathways were also specifically upregulated in intratumoral T

cells and intratumoral tumor/stroma (Figure 5b). Metabolic reprogramming towards primary

glucose utilization is well-characterized for both T cell activation and tumor cell survival [37,38].

Though there is limited overlap of our integrated and independent DEG analyses in human

(Figures 5d-e) and canine (Figures 5f-g) samples, the immunosuppressive checkpoint NSTE
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(CD73) appears as an intratumoral T cell DEG in all datasets (Figure 5i). The
immunosuppressive properties of CD73 are associated with its regulation of adenosine
metabolism, effects which can be amplified by the generally hypoxic and glycolytically skewed

TME [39,40]. This marker is most frequently expressed on regulatory, memory, and effector T

cell populations [41-43]. However, deconvolution analysis (Figure 3b) demonstrated that
proliferating and/or CD8 T cells are the principal intratumoral T cell population in both canine
and human metastases, suggesting this marker is most likely associated with an effector
memory population of intratumoral CD8 T cells in our dataset. Interestingly, the profibrotic and
immunoregulatory cytokine TGFp, which is significantly enriched in lung metastases, has been
previously reported to induce expression of CD73 on CD8+ anti-tumor T cells as a mechanism
of resistance to agonistic co-stimulatory receptor [21,44,45]. Of note, in our integrated dataset,
the fold change (1.48) for NSTE expression is just below our threshold cutoff but meets this
cutoff in independent analyses of both species, demonstrating value in considering both
integrated and independent spatial dataset analyses in cross-species studies.

Peritumoral T cells were enriched for pathways associated with leukocyte migration and
chemotaxis, driven by genes like CCR6 and CCRA4, and likely consistent with recent

extravasation into the metastatic OS TME [46,47]. These results correlate with peritumoral

enrichment for the chemokine CCL20, the ligand for CCR6, in both macrophage and “Negative”
compartments in our dataset. CCR6 has been demonstrated to be integral for Th17 and Treg
recruitment, suggesting this axis may serve as an additional mechanism for immune evasion in
the metastatic pulmonary OS TME [46,47]. Similarly. CCR4+ T cells are often associated with
Th2, Th17 or Treg subsets [48]. Interaction with its ligands CCL17 and CCL22 can also
contribute to Treg-mediated immune evasion in cancers [49]. Interestingly, both CCL17 and

CCL22 were significantly enriched peritumorally in the “Negative” and CD3 compartments,

respectively.
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The intratumoral OS TME is uniquely enriched for the pro-inflammatory and pro-
tumorigenic cytokine MIF

Intratumoral “negative” regions, representing metastatic OS tumor cells, stroma,
vasculature, and CD3-/CD68- or CD3-/CD163- immune cells, are enriched for “endochondral

” W ”

ossification”, “osteopontin signaling”, “transcriptional regulation by RUNX2”, and “collagen
metabolic process pathway” among other ECM-related gene sets (Figures 6a-c). While these
pathways are consistent with key diagnostic features of OS, namely osteoid and ECM
production, they are also reflective of recently described hallmarks of OS tumor cell and
metastasis biology. RUNX2 has been recently reported to define a transcriptionally distinct
molecular subtype of human OS while SPP1 (osteopontin) signaling has been shown to be a
driver of metastasis across several different cancers [50-53]

Intratumoral “negative” regions demonstrated the most DEG overlap compared to T
cell/macrophage-enriched regions between integrated and independent analyses in human
(Figures 6d-e) and canine (Figures 6f-g) samples, with overlaps highlighted in Figure 6h. Of the
six total genes (AURKB, CDC20, GPI, MAD2L2, MCM5, MIF) demonstrated to be upregulated
intratumorally, macrophage migration inhibitory factor (MIF) stands out as another potential
immunological target for metastatic OS. This observed upregulation of MIF in our dataset is
consistent with a recent report demonstrating MIF upregulation at both the RNA and protein
level in the intratumoral compartment of human lung metastatic OS tissues and OS patient-
derived cell lines [21]. In addition to its tumor intrinsic effects of sustaining tumor cell survival
and proliferation through autocrine MIF driven activation of NFkB, MYC, PI3K/Akt, and ERK
signaling pathways, cancer cell secreted MIF has also been reported to shape the TME of

various solid tumors through mediating immune suppressive TAM polarization and myeloid-

derived suppressor cell recruitment [54-56]. These data suggest that MIF may represent an
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opportunity for dual tumor and TME compartment targeting in OS, and that canine OS may be a
valuable naturally occurring model for testing such a therapeutic approach.

In contrast, the peritumoral “negative” environment is enriched for immune-related
chemotactic signals and immune response pathways driven by genes like IL7R, LYZ
(lysozyme), and SELL (L-selectin). Though the IL7R is best characterized for T cell
development, it has also been described to play a role in B cell function and myeloid
homeostasis and can also be expressed on activated fibroblasts in inflammatory conditions,
potentially accounting for its upregulation within this “negative” AOI compartment and not the

CD3+ cell compartment [57-59]. Similarly, lysozyme is a key marker of resident alveolar

macrophages (AMs), and its upregulation in this “negative” compartment is likely reflective of

expression in a subset of CD163N*9\CD206N®9 AMs [60,61]. L-selectin is an integral cell

adhesion molecule broadly expressed across all leukocytes during migration into inflamed
tissues, likely accounting for its upregulation in this ‘negative’ AOIl compartment, and further
corroborating enrichment of inflammatory signaling localized to the peri-tumoral region of OS

lung metastases [62,63].

Collectively, these findings suggest that the intratumoral environment of lung metastatic
OS is one of immune suppression driven by gene and pathway signatures suggestive of pro-
fibrosis/ECM remodeling, myeloid cell chemoattraction, TAM and Treg enrichment and effector T
cell suppression. In contrast, the peritumoral pulmonary microenvironment demonstrates robust
upregulation of genes and pathways associated with chronic inflammatory signaling reflective of
an attempted anti-tumor immune response to OS and consistent with previously reported

multiplex IHC spatial analyses of metastatic OS [21,22]

DISCUSSION
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Though considered a relatively rare cancer in humans, osteosarcoma occurs with at

least a 10 times greater frequency in companion dogs [1,2]. The conserved molecular, clinical,

and histopathologic features between canine and human OS have positioned the dog as a

translationally relevant model to understand OS pathogenesis and treatment susceptibilities [9].

In both species, clinical challenges can exist for obtaining adequate fresh tumor tissue from
metastatic sites such as the lung sufficient in amount for deep molecular profiling with advanced
multi-omic techniques. While metastasectomies are part of standard-of care for human OS,
these surgeries are not routinely performed in veterinary oncology patient care. Thus,
technologies which can utilize archived FFPE tissues allow for greater access and multi-use
flexibility for patient sample profiling, particularly for rare diseases like osteosarcoma. As such,
we performed GeoMX spatial transcriptomic analysis on canine and human FFPE OS lung
metastases in order to demonstrate the validity of this platform for cross-species dataset
integration, analysis and investigation of mechanisms of OS metastatic progression. Notably,
there are few studies which have evaluated cross-species integration of spatial datasets, and
most have focused on its utility in brain atlas development and/or cross-platform integration

rather than within comparative oncology [64,65]

Using this approach, we demonstrate there is regionally distinct immune cell
heterogeneity that is conserved between canine and human OS lung metastases. We also
specifically identify upregulation of a JAG1-Notch signaling pathway within intratumoral
macrophages, metabolic alteration of intratumoral T cells, and intratumoral upregulation of the
pleiotropic pro-metastatic cytokine MIF. Importantly, these pathways may demonstrate cross-
species conserved, coordinated mechanisms of metastatic progression and
immunosuppression in OS and may represent targetable pathways for reversing these tumor

promoting properties of the metastatic OS TME.
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JAG1-NOTCH signaling within the TME has been demonstrated to exhibit pro-
tumorigenic properties including inhibiting apoptosis, enhancing angiogenesis, and promoting
differentiation of CD4+ T cells towards more pro-tumorigenic subsets including Th2, Th17, and

especially Tregs [33,66]. While macrophage-derived JAG1 expression has not been previously

reported in OS, the robust intratumoral macrophage expression of JAG1 with concurrent
NOTCHZ2 and NOTCH3 expression in our integrated datasets may suggest an
immunomodulatory mechanism of metastatic OS TAM-mediated suppression of anti-tumor T cell
responses through paracrine Notch signaling which should be explored at the protein level in
future studies.

Our data demonstrate that while intratumoral T cells exist in lower abundance compared
to peritumoral regions, those that are present intratumorally exhibit a proliferative transcriptional
profile. These findings suggest intratumoral T cells are receiving some degree of T cell
activation signaling and perhaps reflects the presence of tumor-antigen specific T cells. To this
end, we identify intratumoral T cells are enriched for CD44, a key surface protein which is
upregulated with T cell activation [67]. Interestingly, this is observed alongside concurrent SPP1
expression in macrophages. The SPP1-CD44 axis is suggested to drive immune escape, T cell

exhaustion, and subsequent immunotherapeutic resistance in a variety of carcinomas [68-70].

We also identify intratumoral enrichment for galectin-1 signaling, which plays a critical role in
cellular adhesion to the ECM. Autocrine signaling through T cell secreted galectin-1 can
promote induction of immune tolerance, exhaustion, apoptosis or skewing of T cell
differentiation towards pro-tumorigenic Th2 and Treg phenotypes [71]. Overall, these findings
identify cell-cell interactions and soluble mediators within the metastatic OS environment that
may be driving suppression of effector T cell responses.

In parallel, we also identify metabolic mechanisms which may be reinforcing T cell

dysfunction within the TME. CD73 is a known metabolic checkpoint expressed by Treg cells and
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has been demonstrated to play an immunosuppressive role through its impacts on adenosine

metabolism [72-74]. Our data further demonstrate intratumoral upregulation of PKM and TPI1,
supporting an actively proliferating TME with reliance on glycolysis [75,76]. While intratumoral

competition for glucose consumption has a known impact on T cell function, there is emerging
evidence that the interplay between adenosine regulation and glycolysis also facilitates immune

escape within the TME and can contribute to tumor progression [40,77]. We demonstrate this

metabolically competitive landscape is conserved between species and may indicate a
mechanism by which metastatic OS diminishes activated T cell efficacy. More work is warranted
to validate if targeting adenosinergic or glycolytic signaling could enhance immunotherapeutic
efficacy in metastatic OS.

MIF is a pleotropic immunoregulatory cytokine that has been previously demonstrated to
be upregulated in OS and is associated with disease progression and poor patient outcomes

[21,78,79]. Though normally produced by immune cells to enhance pro-inflammatory signals,

elevated levels of MIF produced by tumor cells can inhibit T cell activation directly and indirectly
through effects on macrophages and myeloid-derived suppressor cells [80—82]. Notably, in a
syngeneic OS mouse model, concurrent MIF targeting potentiated the impact of PD-1
immunotherapy and increased pro-inflammatory tumor infiltrating macrophages and effector T
cells [79]. MIF targeting also demonstrates direct anti-tumor effects, as evidenced by
significantly reduced OS PDX tumor cell viability in vitro and reduced proliferation and
metastasis of OS cells in xenograft mouse models [21,83]. Collectively, these studies and our
findings support MIF as a compelling dual-compartment target for direct tumor targeting and
disrupting the metastatic TME which drives therapeutic resistance.

Recent spatial profiling of pulmonary OS metastases in human cases shows unique

activation of gene expression patterns contributing to the metastatic niche [21,22,84]. These

studies have demonstrated increases in pro-fibrotic pathways associated with wound healing
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and peripheralized immunologic activation which co-localized within increased density of pro-
inflammatory tissue-resident macrophages in the peri-tumoral stroma, bearing striking
similarities to those observed with a foreign body response. Here, we identify conservation of
these pro-inflammatory tissue-resident macrophages enriched within the peritumoral
microenvironment of canine OS lung metastases. These findings are particularly relevant, as
several myeloid-directed therapeutics which have demonstrated success in canine preclinical
trials have moved into the human setting [85—-87]. Our data provide additional evidence of
conserved molecular features within the myeloid compartment of canine OS pulmonary
metastases, further supporting the utility of naturally occurring canine OS as a translationally
relevant model to study the OS metastatic TME.

All intratumoral compartments were enriched for MMP14, PDGFRA, PRRX1, and TGFBI
which are involved in a variety of ECM pathways and/or are key markers of cancer associated

fibroblasts [88-91]. Notably, MMP14 is an important collagenase for bone matrix formation and
osteogenic differentiation and its upregulation has been demonstrated in OS [92,93]. Both
PDGFRA and PRRX1 have been associated with pulmonary metastases in OS [94,95]. Lastly,

TGFBI derived from OS cells has also been associated with cellular migration and invasion,
providing cellular advantages in the metastatic environment [96]. Furthermore, TGFBI
expression in macrophages and stroma within the pulmonary environment has been associated
with reduced effector immune cell infiltration in cancer and inflammatory disease [97]. These
findings may emphasize necessary immune-matrix interactions important for infiltration and
mechano-responsiveness of immune cells within the TME [98,99]. Though many of these
pathways are not necessarily immune cell specific despite being expressed within our

intratumoral immune cell AOls, these findings may highlight a challenge in deconvoluting spatial

data from matrix-dense tumors or cells with complex cytoplasmic morphology (e.g. macrophage,
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fibroblast), whereby the GeoMx technology captures a 2D AOI from a 3D specimen, thus
capturing matrix and/or cellular components from underlying z-planes.
Recent work has demonstrated that OS tumor and myeloid cells in the metastatic

pulmonary environment perpetuate ECM remodeling for colonization [84]. Our work

demonstrates these pro-fibrotic pathways are conserved between species and provides
additional evidence that therapeutic targeting of fibrosis or CAFs may represent a viable
strategy to treat metastasis and/or reverse immune suppression within the OS TME. We also
demonstrate that effector immune cells which successfully infiltrate intratumorally may rely upon
upregulation of matrix adhesion molecules. There is growing evidence mechanical factors of the

ECM, such as stiffness, can profoundly impact immune cell function [99,100]. More research is

warranted to better understand metastatic OS ECM composition and its influence on immune
cell behavior.

There are a few important limitations to our study design which should be noted. First,
there are currently no commercially available probe-based platforms for spatial whole
transcriptome analysis in FFPE tissues of non-traditional species such as dogs. Compared to
the human assay, the GeoMx probe-based panel for canine FFPE tissues is limited in coverage
and heavily biased towards oncologic and immunologic targets in its design, which ultimately
imparts skewing in differential gene and pathway analyses. Additionally, the cellular morphology
markers used for AOI selection in this study were not perfectly matched across species, with the
more pan-macrophage marker CD68 used in our human specimens and CD163 used in our
canine tissues due to a lack of a species compatible CD68 antibody for canine FFPE samples.
Although CD163 is also commonly used to identify macrophages in human tissue, the existing
human specimens had already been profiled when the cross-species analysis was conceived.
Despite this difference, both markers provided a means of identifying macrophage-enriched

regions for subsequent analysis, and harmonization of antibodies could be a consideration for
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future spatial profiling studies. Technical and probe-based limitations with the GeoMx platform
were briefly discussed above and this likely contributed to limited cell type resolution from
scRNASeq data. Another important limitation of this study is the use of Seurat for cross-species
integration, which relies on a different statistical framework than the limma-based methods used
in our independent analyses. Therefore, we cautiously interpreted integrated results and
focused on contextualizing these findings alongside our independent analyses. Since sample
AOI collections were not entirely balanced between canine and human cases, we recognize this
may impart skewing of results towards certain individual specimens. This was briefly addressed
in our interpretation of intratumoral T cell results and cell deconvolution findings. Future studies
with more balanced sampling methods between canine and human groups would likely improve
the robustness of these observations. Lastly, we show that spatial deconvolution using
scRNAseqg-derived annotations demonstrates distinct enrichment for select cell populations and
complete absence of others. Interestingly, this enrichment was maintained in both species and
irrespective of evaluable transcriptome size (i.e. whole transcriptome vs. canine ortholog-
limited). This discrepancy may highlight distinct technologic differences in capturing cell-specific
transcriptional resolution and challenges in integrating these technologies. Indeed, our findings
suggest that both datasets require careful, complementary interpretation in relation to biologic
relevance.

In conclusion, we successfully evaluated spatially dependent changes in tumor-
associated T cell and macrophage infiltrates in canine lung metastatic OS samples using the
GeoMx DSP platform. Moreover, we demonstrate a method of cross-species GeoMx spatial
transcriptomic data integration which highlights regionally distinct immune cell heterogeneity
that is conserved between canine and human metastatic OS, further strengthening the
translational capabilities of the canine model. To this end, we specifically identify shared
upregulation of a JAG1-Notch signaling pathway within intratumoral macrophages, metabolic

alteration of intratumoral T cells, and intratumoral upregulation of MIF which warrant further
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studies to evaluate their potential contribution towards metastatic OS progression and

intratumoral immunosuppression.
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a) Formalin-fixed, paraffin embedded (FFPE) canine (n =7) or human (n = 5) pulmonary OS
metastases were identified for GeoMx spatial transcriptomics and subsequent analysis
using GeoMxWorkflows or integration with Seurat. b) Table with comparisons between
canine and human panels and sample collection. c) Representative hematoxylin & eosin
(H&E) sections of metastatic OS from canine and human samples utilized in this study.
Intratumoral sections demonstrate diagnostic deposition of eosinophilic osteoid produced
by pleomorphic spindle cells. Leading edge regions demonstrate compression of adjacent
lung parenchyma and a variable peritumoral response including encapsulation and
inflammation composed of lymphocytes, plasma cells, and macrophages. d) Geometric
regions of interest (ROIs) were collected representing intratumoral and peritumoral
locations. Segments collected (termed Areas of Illumination [AOI]) from each ROl included
T cells (CD3+), macrophages (canine CD163+ or human CD68+), and remaining non-T-cell-

non-macrophage ”"Negative" tissues.
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Figure 2: Species integration of GeoMx data with Seurat preserves distinct cell

phenotypes and enhances T cell characterization

a) UMAP dimensionality reduction of concatenated canine and human GeoMx datasets

demonstrates strong batch effect. Within each batch, there is sub clustering by AOI Cell

Type captured. b) UMAP dimensionality reduction of RPCA integrated GeoMx datasets

removes batch effects and demonstrates strong clustering by AOI Cell Type captured.

Interestingly, there is remnant species clustering within the CD163/CD68 cluster, likely

related to differences in the morphology markers utilized between species (CD68 for

human and CD163 for canine samples). c) Unsupervised RPCA clustering of the integrated
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data demonstrated 8 distinct clusters which segregated strongly with cell identity. d)
Relative proportion of Cell Type AOIs contributing to each unsupervised RPCA cluster
identified e) Relative proportion of Region sampled contributing to each unsupervised

RPCA cluster identified
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Figure 3: Cell deconvolution demonstrates regionally distinct and highly heterogenous
cell populations shared between canine and human metastatic OS

a) Deconvoluted macrophage peritumoral and intratumoral populations in canine and
human OS metastases derived from scRNAseq whereby each bar represents a canine
CD163+ AOl or human CD68+ AOI. Colors represent the relative proportions of cells
derived from macrophage subcluster annotations from a multi-species OS scRNAseq
atlas. Select relevant relative proportion changes are highlighted in adjacent bar graphs to
emphasize regional differences and demonstrate statistical significance. b) Deconvoluted
T cell peritumoral and intratumoral populations in canine and human OS metastases,
whereby each bar represents a canine CD3+ AOI or human CD3+ AOI. Colors represent the
relative proportions of cells derived from T cell subcluster annotations from a multi-
species OS scRNAseq atlas. Select relevant relative proportion changes are highlighted in
adjacent bar graphs to emphasize regional differences and demonstrate statistical
significance. c) Deconvoluted “Negative” peritumoral and intratumoral populations in
canine and human OS metastases, whereby each bar represents a canine CD163-CD3-
AOI or human CD68-CD3- AOI. Colors represent the relative proportions of cell relevant
annotations derived from a multi-species OS scRNAseq atlas. Select relevant relative
proportion changes are highlighted in adjacent bar graphs to emphasize regional

differences and demonstrate statistical significance.
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Figure 4: Independent and integrated analyses of macrophage AOIs in canine and
human OS metastases demonstrates intratumoral macrophages are enriched for pro-
tumorigenic JAG1 and trend towards more pro-fibrotic, immunosuppressive
phenotypes

a) Volcano plot demonstrating 309 total DEGs in integrated dataset (n = 11 intratumoral and
33 peritumoral AOls) b) Select significant GSEA pathways in integrated dataset c) Driving
genes of select GSEA pathways in integrated dataset d) Volcano plot demonstrating 109
total DEGs in human dataset (n = 4 intratumoral and 23 peritumoral AOls) e) Heatmap of
the top and bottom 15 DEGs in the human dataset f) Volcano plot demonstrating 125 total
DEGs in canine dataset (n = 7 intratumoral and 10 peritumoral AOls) g) Heatmap of the top
and bottom 15 DEGs in the canine dataset h) Upset plot demonstrating overlap between
species integrating and independent DEG analyses. Genes which were identified as
significant in both integrated and independent analyses are highlighted as text, with
enrichment direction indicated by color. i) Violin plots demonstrating JAG1 expression

separated by region and species
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Figure 5: Independent and integrated analyses of T cell AOls in canine and human OS
metastases demonstrate conserved expression of immunosuppressive NT5E (CD73)
and metabolic reprogramming pathways

a) Volcano plot demonstrating 515 total DEGs in integrated dataset (n = 29 intratumoral and
37 peritumoral AOls) b) Biologically relevant, significant GSEA pathways in integrated
dataset c) Driving genes of select GSEA pathways in integrated dataset d) Volcano plot
demonstrating 103 total DEGs in human dataset (n = 22 intratumoral and 27 peritumoral
AQOIs) e) Heatmap of the top and bottom 15 DEGs in the human dataset f) Volcano plot
demonstrating 59 total DEGs in canine dataset (n = 7 intratumoral and 10 peritumoral AOls)
g) Heatmap of the top and bottom 15 DEGs in the canine dataset h) Upset plot
demonstrating overlap between species integrating and independent DEG analyses. Genes
which were identified as significant in both integrated and independent analyses are
highlighted as text, with enrichment direction indicated by color. i) Violin plots

demonstrating LGALS1 and NT5E expression separated by region and species
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Figure 6: Independent and integrated analyses of Negative AOls in canine and human
OS metastases demonstrate enrichment for pro-inflammatory and pro-tumorigenic
MIF and the absence of leukocytic chemotactic signhaling

a) Volcano plot demonstrating 768 total DEGs in integrated dataset (n = 34 intratumoral and
37 peritumoral AOls) b) Select significant GSEA pathways in integrated dataset c) Driving
genes of select GSEA pathways in integrated dataset d) Volcano plot demonstrating 124
total DEGs in human dataset (n = 27 intratumoral and 27 peritumoral AOls) €) Heatmap of
the top and bottom 15 DEGs in the human dataset f) Volcano plot demonstrating 360 total
DEGs in canine dataset (n = 7 intratumoral and 10 peritumoral AOls) g) Heatmap of the top
and bottom 15 DEGs in the canine dataset h) Upset plot demonstrating overlap between
species integrating and independent DEG analyses. Genes which were identified as
significant in both integrated and independent analyses are highlighted as text, with

enrichment direction indicated by color.
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