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ABSTRACT
Osteosarcoma is a common malignant bone tumor in children and adolescents, characterized by high heterogeneity and poor 
prognosis. The role of intratumoral heterogeneity (ITH) in osteosarcoma progression remains poorly understood. To explore 
this, we collected paired tumor tissue samples from the central region (CR) and peripheral region (PR) of six osteosarcoma 
patients and performed single-cell RNA sequencing. Our findings reveal significant microenvironmental differences between 
these regions. The CR harbors a higher proportion of tumor cells, while the PR contains a higher proportion of endothelial cells, 
particularly the CLU+ subcluster. Functionally, the CR hosts a higher proportion of immune-activated myeloid cells and tumor-
infiltrating lymphocytes (TILs), whereas the tumor cells in the PR show increased activation of hypoxia-related pathways. In 
the PR, CLU+ endothelial cells (CLU+_ECs) promote tumor metastasis by interacting with tumor cells through various ligands, 
including collagen family members, via ITGB1. Furthermore, CLU+_ECs induce CD8+ T cell exhaustion via the Nectin2-TIGIT 
pathway, suppressing the anti-tumor immune response. Overall, our study highlights the substantial spatial heterogeneity in 
osteosarcoma and identifies CLU+_ECs in the peripheral region as promising therapeutic targets.
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1   |   Introduction

Osteosarcoma (OS) is the most common primary malignant 
bone tumor, primarily affecting children and young adults aged 
12 to 18. It typically occurs in the metaphysis of long bones, such 
as the distal femur and proximal tibia [1, 2]. The introduction of 
high-dose combination chemotherapy in the 1970s significantly 
advanced osteosarcoma treatment and increased the 5-year sur-
vival rate to approximately 60%–70%. However, some patients 
continue to experience recurrence or metastasis, which results 
in a poor prognosis [3, 4].

The genetic instability of osteosarcoma, often characterized by 
high heterogeneity, presents a significant challenge to effective 
treatments [5, 6]. Osteosarcoma typically develops insidiously, 
with tumors often exceeding 5 cm in size by the time of diagnosis 
[7]. This growth pattern results in the establishment of multiple 
tumor subpopulations and non-tumor cell populations within 
the spatial cellular architecture. Furthermore, the administra-
tion of neoadjuvant chemotherapy and the uneven distribution 
of nutrients and oxygen across tumor regions further exacerbate 
tumor heterogeneity [8–10].

With the advent of single-cell RNA sequencing (scRNA-seq), a 
powerful method for unraveling ITH at single-cell resolution, 
a series of studies have explored the landscape of osteosarcoma 
using this advanced technology. These investigations have re-
vealed robust resistant clone subpopulations and a spectrum 
of resistance mechanisms within osteosarcoma. Moreover, 
they have elucidated the dynamics of the transition from 
drug-resistant clone subpopulations to metastatic clone sub-
populations [11, 12]. Malignant subpopulations within tumors 
have been identified as direct contributors to T-cell exhaus-
tion, thereby facilitating immune suppression. Furthermore, 
scRNA-seq has elucidated the critical roles of diverse non-
tumor cell subpopulations in the tumor microenvironment 
(TME) during osteosarcoma metastasis. Specific subgroups of 
cancer-associated fibroblasts (CAFs) have been recognized as 
active participants, directly interacting with malignant cells 
and driving the metastatic cascade. Concurrently, subpopu-
lations of macrophages and CAFs indirectly promote tumor 
metastasis by enhancing angiogenesis [13, 14]. In contrast, 
within the tumor thrombus, a significant increase in M1-type 
macrophages, activation of the IFNγ pathway, and noticeable 
tumor immune activation suggest substantial disparities in 
cellular interactions across distinct regions and tumor micro-
environments [15]. However, these studies examined tissues 
from only a single region within the tumor, which do not ade-
quately capture the tumor's heterogeneity.

In tumors, particularly those with larger volumes, significant 
differences exist in both the tumor cells and microenvironment 
between the CR and PR of the same tumor. For instance, pre-
vious studies preliminarily identified regional heterogeneity in 
osteosarcoma through whole-exome sequencing (WES) during 
tumor evolution [16]. Moreover, studies have demonstrated that 
scRNA-seq can uncover significant genetic variations and mi-
croenvironmental differences across multiple tumor regions 
in various cancer types, including kidney cancer, glioma, and 
liver cancer [17–19]. Therefore, it is crucial to conduct a com-
prehensive investigation of osteosarcoma's spatial heterogeneity, 

encompassing disparities in the spatial distribution of tumor 
cells, immune cells, and stromal cells, as well as variations 
in their interactions across distinct regions of the TME at the 
single-cell level, in order to advance our understanding of the 
heterogeneity of osteosarcoma.

In this study, we collected tumor samples from six osteosarcoma 
patients and performed scRNA-seq analysis. We validated differ-
ences in microenvironment components and cell functions be-
tween the CR and PR of the tumor after chemotherapy. Notably, 
the PR exhibited a more pronounced hypoxic and immunosup-
pressive microenvironment. We also identified a distinct vascu-
lar subtype that plays a key role in both tumor metastasis and 
immune suppression, exhibiting a unique spatial distribution. 
This comprehensive approach has not only uncovered the in-
tricate microenvironmental characteristics of osteosarcoma but 
also highlighted novel potential therapeutic targets.

2   |   Material and Methods

2.1   |   Human Patient Samples Collection

This study involved the collection of tumor samples from the 
central and peripheral regions of six osteosarcoma patients after 
chemotherapy at the Second Xiangya Hospital between 2021 and 
2023 for scRNA-seq analysis. In addition, paraffin-embedded 
samples from 32 osteosarcoma patients, collected from 2013 to 
2023, were utilized for IHC and mIHC validation. All patients 
had been diagnosed with osteosarcoma (OS) and underwent 
standard neoadjuvant chemotherapy, which included doxorubi-
cin, high-dose methotrexate, cisplatin, and ifosfamide, prior to 
surgical intervention, from which tumor samples were obtained. 
The clinical characteristics of the patients included in this study 
are summarized in Table S1.

2.2   |   Tissue Dissociation and Preparation

The fresh tissues were preserved in sCelLive Tissue Preservation 
Solution (Singleron) on ice within 30 min following surgery. The 
samples were washed three times with Hanks Balanced Salt 
Solution (HBSS), minced into small pieces, and then subjected 
to digestion with 3 mL of sCelLive Tissue Dissociation Solution 
(Singleron) using the Singleron PythoN Tissue Dissociation 
System at 37°C for 15 min. The resulting cell suspension was 
filtered through a 40-μm sterile strainer. Next, GEXSCOPE 
red blood cell lysis buffer (RCLB, Singleron) was added, and 
the mixture (cell: RCLB = 1:2, volume ratio) was incubated at 
room temperature for 5 to 8 min to eliminate red blood cells. 
Following centrifugation at 300 g for 5 min at 4°C to remove the 
supernatant, the pellet was gently resuspended in PBS. Finally, 
Trypan Blue staining was performed, and cell viability was eval-
uated using microscopy.

2.3   |   RT and Amplification and Library 
Construction

Single-cell suspensions (2 × 105 cells/mL) in PBS (HyClone) were 
loaded onto a microwell chip using the Singleron Matrix Single 
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Cell Processing System. Barcoding beads were then collected 
from the microwell chip, followed by reverse transcription of the 
mRNA captured by the beads to obtain cDNA, which was then 
amplified by PCR. The amplified cDNA was fragmented and li-
gated with sequencing adapters. The scRNA-seq libraries were 
constructed according to the protocol of the GEXSCOPE Single 
Cell RNA Library Kits (Singleron). Individual libraries were di-
luted to 4 nM, pooled, and sequenced on the Illumina NovaSeq 
6000 platform with 150 bp paired-end reads.

2.4   |   Primary Analysis of Raw Read Data 
(scRNA-Seq)

Raw reads were processed to generate gene expression profiles 
using CeleScope version 1.5.2, version 1.9.0, and version 1.10.0 
(Singleron Biotechnologies) with default parameters. Briefly, 
barcodes and UMIs were extracted and corrected from the R1 
reads. Adapter sequences and poly-A tails were trimmed from 
the R2 reads, and the trimmed R2 reads were aligned against 
the GRCh38 (hg38) transcriptome using STAR (version 2.6.1b). 
Uniquely mapped reads were then assigned to exons with 
FeatureCounts (version 2.0.1). Successfully assigned reads with 
the same cell barcode, UMI, and gene were grouped together to 
generate the gene expression matrix for further analysis.

2.5   |   ScRNA-Seq Analysis

The output datasets were analyzed in R (version 4.0.5) using 
the Seurat package (version 4.0.0) [20]. To ensure data qual-
ity, cells with fewer than 300 expressed genes or with more 
than 10% mitochondrial genes relative to the total expressed 
genes were excluded. Doublets identified by DoubletFinder 
(version 2.0.4) were also removed [21]. To mitigate batch ef-
fects, we integrated the samples using the default parameters 
of the “FindIntegrationAnchors” and “IntegrateData” func-
tions in Seurat. The expression matrix was normalized with 
the “NormalizeData” function. Highly variable genes (HVGs) 
were identified using the “FindVariableFeatures” function. 
Dimensionality reduction and clustering of the expression ma-
trix were performed by scaling the data with “ScaleData” and 
analyzing it with “RunPCA”. The first 25 principal components 
were clustered using “FindClusters,” and the resulting clus-
ters were visualized using two-dimensional Uniform Manifold 
Approximation and Projection (UMAP) or t-distributed sto-
chastic neighbor embedding (t-SNE) techniques. Cell groups 
were classified based on differentially expressed genes (DEGs) 
and established cellular markers from the literature. A compre-
hensive list of these cellular biomarkers is provided in Table S2. 
Differential expression analysis of overrepresented genes within 
individual clusters, compared to other clusters, was conducted 
using the Wilcoxon Rank-Sum Test via the “FindMarkers” 
function in Seurat. To identify malignant cell populations, we 
employed the scCancer (version 2.0.1) R package [22], which 
integrates the inferCNV algorithm to infer large-scale chromo-
somal copy number variations (CNVs) from single-cell RNA 
sequencing (scRNA-seq) data. Subsequently, overrepresented 
Gene Ontology (GO) biological processes specific to each clus-
ter were identified using the “compareCluster” function within 
the “clusterProfiler” R package (version 4.8.2) [23]. Finally, 

cell–cell interactions between populations were analyzed using 
the ‘CellPhoneDB’ package (version 4.0.0) [24].

2.6   |   Survival Analysis

The Gene Expression Profiling Interactive Analysis (GEPIA) 
database (http://​gepia.​cance​r-​pku.​cn) is an online platform that 
employs standardized processing techniques to analyze RNA 
sequencing expression data from the TCGA projects. Using 
GEPIA's ‘Survival’ module, we examined the relationship be-
tween CD36 expression and cancer prognosis [25].

2.7   |   Immunohistochemistry (IHC) and Multiplex 
Immunohistochemistry (mIHC)

Commercially available primary antibodies against ACKR1 
(ab137044, Abcam), HIF1A (ab92498, Abcam), NECTIN2 
(ab233384, Abcam), TIGIT (ab243903, Abcam), CD31 (66065-
2-Ig, PROTEINTECH), CD36 (18836-1-Ig, PROTEINTECH), 
ITGB1 (12594-1-Ig, PROTEINTECH) and pFAK (83933-1-RR, 
PROTEINTECH) were used for IHC and mIHC. Tumor samples 
were subjected to fixation in 4% paraformaldehyde for 48 h post-
surgical resection, followed by embedding in paraffin and slicing 
into 4 μm-thick sections. All sections were deparaffinized, rehy-
drated, and washed thoroughly. The paraffin sections were then 
baked at 65°C for 2 h, dewaxed, and hydrated with xylene and 
gradient alcohol. Antigen retrieval was performed using EDTA 
buffer (pH 9.0) or sodium citrate buffer (pH 6.0). Preincubation 
with antibody diluent was followed by sequential incubation 
with primary and secondary antibodies according to the exper-
imental protocol. Multi-IHC staining was conducted using an 
OPAL 6-PLEX MANUAL DETECTION kit (NEL811001KT, 
AKOYA BIOSCIENCES), following the manufacturer's in-
structions. After primary antibody incubation, the slides were 
incubated with secondary antibodies, and tyrosine signal am-
plification was carried out. Subsequently, sections underwent 
microwave heat repair followed by the next round of staining. 
Upon completion of all stainings, 4′,6-diamidino-2-phenylindole 
was used to stain the nuclei.

2.8   |   Statistical Analysis

Statistical analyses were performed using GraphPad Prism 
8.0 software. Differences between groups were assessed using 
Student's t-test, one-way analysis of variance (ANOVA), and the 
Wilcoxon Rank-Sum Test. A p < 0.05 was considered statistically 
significant.

3   |   Results

3.1   |   Single-Cell Expression Atlas and Cell Type 
Identification in CR and PR OS TME

After chemotherapy, OS specimens exhibit noticeable mac-
roscopic differences. The CR of OS displays significant ossi-
fication and necrosis, indicating a favorable chemotherapy 
response. In contrast, the PR often shows tumor tissues with 

http://gepia.cancer-pku.cn
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a white or pale yellow, soft texture (Figure  1A). To com-
prehensively investigate the heterogeneity of OS, we per-
formed scRNA-seq on paired CR and PR OS samples from 
six patients who underwent neoadjuvant chemotherapy with 
Methotrexate, Adriamycin, and Cisplatin (MAP) followed by 

surgical resection, and validated these findings through im-
munostaining (Figure 1A). After quality control and removal 
of batch effects between patients, we obtained 105,828 cells 
and identified 10 clusters using UMAP for dimensionality re-
duction and visualization (Figure 1B). Based on malignancy 

FIGURE 1    |    Preliminary clustering of osteosarcoma single-cell sequencing. (A) Experimental flowchart. (B) Preliminary clustering UMAP plot 
and malignancy score plot. (C, D) Expression bubble plots and Umap plots of classic markers across the clusters. (E) Proportion plot of cells in CR (C, 
red) and PR (P, blue) (left), and distribution proportion of each cluster in individual patients (right).
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score analysis, we labeled the clusters containing OS cells, 
while the remaining clusters were annotated using their ca-
nonical markers and gene expression features. Specifically, 
we identified myeloid cells (CD74, CD14), endothelial 
cells (PECAM1, VWF), pericytes (RGS5, ACTA2), cancer-
associated fibroblasts (CAFs) (LUM, COL1A1), osteoclasts 
(OCs) (ACP5, MMP9), tumor-infiltrating lymphocytes (TILs) 
(CD3D, IL7R), mast cells (KIT, FCER1A), mesenchymal stem 
cells (MSCs) (SFRP2, CXCL12), and myoblasts (MYLPF, 
MYL1) (Figure 1C,D).

Through a comparative analysis of cellular proportions between 
the CR and PR, we observed an increased proportion of certain 
cell clusters, such as OS cells and myeloid cells, in the CR, while 
endothelial cells were more prevalent in the PR (Figure 1E). This 
variation was consistent across individual samples, suggesting a 
pronounced difference in the microenvironment composition 
between the CR and PR of OS.

3.2   |   ITH Between CR and PR OS Cells

To investigate the heterogeneity of malignant cells between the 
two regions, we performed UMAP analysis of malignant OS 
cells, identifying 7 distinct malignant cell clusters (Figure 2A). 
The Chond_OS subcluster notably expresses higher levels of 
cartilage-related markers (SOX9, ACAN, COL2A1), while other 
subclusters show characteristics of osteogenic malignant cells, 
with higher expression of osteogenic markers (SPP1, COL1A1) 
(Figure S1A).

Notably, these subclusters exhibit significant spatial distribu-
tion differences. The Chond_OS cluster is more abundant in 
the CR, while the PR is enriched with the COL3A1+_OS clus-
ter. GO enrichment analysis reveals that both the Chond_OS 
and COL3A1+_OS clusters are primarily associated with func-
tions related to osteogenesis and vascular development regula-
tion (Figure  2B, Figure  S1B). These subclusters, representing 
chondrogenic and osteogenic malignant cells, are crucial to the 
malignancy of OS and are associated with circulatory metasta-
sis. The IGKC+_OS subcluster, predominantly found in the PR 
(Figure  2B), exhibits elevated expression of immune globulin-
related genes such as IGKC, IGHG1, and IGLC2, which are 
typically linked to enhanced tumor survival and metastatic po-
tential, as well as immune suppression [26, 27].

Further GO analysis of malignant cell functions in the CR and 
PR of OS showed significant enrichment in osteogenesis and 
matrix formation in the CR, consistent with more pronounced 
osteogenic features in the tumor center (Figure 2C). In contrast, 
the Chond_OS and COL3A1+_OS clusters in the PR were en-
riched in functions related to hypoxia and aging (Figure  2C), 
suggesting the presence of a hypoxic microenvironment in the 
PR, which is associated with worse prognosis [28]. IHC analy-
sis further confirmed that HIF1A expression exhibited signifi-
cant differences between the CR and PR, with these differences 
observed exclusively in the metastatic group (Figure 2D,E). In 
conclusion, substantial differences in both the composition and 
functionality of malignant OS subpopulations were identified 
between the CR and PR.

3.3   |   Characterization of Endothelial Cells in 
the CR and PR of Osteosarcoma

Hypoxia in the PR of the tumor often leads to increased pro-
liferation of tumor-associated vessels. Except for patient #2, a 
higher proportion of endothelial cells was observed in the PR 
compared to the CR in all other patients (Figure 1E). Vessels 
in the PR exhibited more irregular morphology and increased 
density compared to those in the center (Figure S2A). To fur-
ther investigate the differences in endothelial cells between 
the two regions, we performed UMAP clustering, identify-
ing 9 distinct subsets from a total of 22,755 endothelial cells 
(Figure 3A).

Analysis of cell proportions revealed that while most cell sub-
groups were distributed relatively evenly, the CLU+_ECs cluster 
showed a pronounced distribution difference, being significantly 
more prevalent in the PR than in the CR (Figure 3B). This clus-
ter exhibited high expression of MHC-II class molecule-related 
genes, suggesting their involvement in immune regulation, par-
ticularly in lymphocyte immunity and antigen presentation. 
GO enrichment analysis further confirmed that these cells are 
involved in the hypoxic response and epithelial cell migration 
(Figure  S2B). This suggests that CLU+_ECs may be distrib-
uted in hypoxic environments, contributing to tumor immune 
regulation and metastasis. Additionally, immune regulation 
functions were enriched in the PR for CLU+_ECs (Figure S2C). 
ACKR1, a membrane protein highly expressed in CLU+_ECs, 
demonstrated greater specificity than other endothelial subclus-
ters (Figure S2D). mIHC staining revealed significantly higher 
ACKR1 expression in vessels in the PR compared to the CR, 
with this difference particularly evident in metastatic patients 
(Figure 3C,D).

To evaluate the interaction between endothelial cells and ma-
lignant cells, we used CellPhoneDB. Our analysis showed that 
CLU+_ECs did not exhibit significant regional differences in 
regulating major malignant cell subgroups. However, distinct 
variations in how malignant cells regulate CLU+_ECs were 
observed. Specifically, tumor subgroups in the PR displayed 
significantly stronger regulation of CLU+_ECs while no signif-
icant difference in the VEGF pathway, which regulates vascu-
lar growth, was observed between the two regions. Tumor cells 
in the PR selectively activated specific interaction pathways 
with CLU+_ECs (e.g., matrix-related proteins like COL9A and 
COL6A-(ITGA2-ITGB1)), promoting tumor-associated vessel 
formation (Figure  3E). Consistently, mIHC confirmed a more 
pronounced activation of the ITGB1 pathway in the PR com-
pared to the CR (Figure S3).

In summary, CLU+_ECs exhibits enhanced proliferation under 
the regulation of malignant cells in the PR, contributing to me-
tastasis and immune modulation in OS.

3.4   |   CLU+_ECs Suppress T-Cell Immunity in 
the Periphery of Osteosarcoma

To explore the impact of CLU+_ECs on OS immunity, we an-
alyzed TILs, classifying them into seven distinct groups based 
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on molecular markers (Figure 4A). Two subsets of CD8+ Tc 
cells displayed elevated expression of cytotoxic genes such 
as GZMA and IFNG, while Treg cells showed increased ex-
pression of regulatory T cell markers like IL2RA and FOXP3 
(Figure  4B). CD8+ Tc cells were more abundant in the CR 

compared to the PR (Figure  4C). CD8+ Tc1 cells in the PR 
exhibited increased expression of exhaustion-related genes 
(TIGIT, CTLA4) and were functionally enriched in negative 
immune regulation (Figure S4A, Figure 4D), indicating pro-
nounced immune suppression in the PR TME. In contrast, 

FIGURE 2    |    Subcluster analysis of malignant cells. (A) UMAP plot of malignant cell subclusters. (B) Proportion differences of each subcluster be-
tween central and peripheral regions. (C) GO enrichment analysis comparing malignant subclusters in CR (C) and PR (P). (D) IHC images showing 
the expression of HIF1A in CR and PR of primary tumors from metastatic and non-metastatic patients. (E) Line bar graphs showing the differences 
in HIF1A positivity rates between CR and PR of tumors in metastatic and non-metastatic patients (**p < 0.01).
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CD8+ Tc1 cells in the CR were enriched in metal ion-related 
responses, likely due to higher chemotherapy drug concentra-
tions (Figure 4D).

CellPhoneDB analysis revealed APP-CD74 interactions between 
TILs and CLU+_ECs in both regions, suggesting that CLU+_
ECs may recruit immune cells through this pathway. In the PR, 
CLU+_ECs interact with Treg and Th cells via MHC-II, forming 
connections with CD4+ T cells, which may contribute to the dual 
recruitment of Treg and Th cells in the periphery. Notably, CLU+_
ECs exclusively interact with NECTIN2-TIGIT and CD8+ Tc1, 

Treg, and Th cells in the PR (Figure S4B), a pathway associated 
with tumor immune suppression [29]. We propose that CLU+_
ECs primarily suppress T-cell immunity at the tumor periphery.

To support this hypothesis, mIHC staining demonstrated that 
CLU+_ECs express NECTIN2 and are surrounded by TIGIT+ 
cells within a 50 μm radius, more prominently in tumors from 
patients with poor prognosis (Figure 4E,F). These findings sug-
gest that the tumor periphery of OS is in an immunosuppressed 
state compared to the center, with CLU+_ECs playing a pivotal 
role in this process.

FIGURE 3    |    Differential analysis of endothelial cells in CR and PR of osteosarcoma. (A) Umap plot displaying 10 subclusters of endothelial cell 
clusters. (B) Proportion plot showing the distribution differences of endothelial cell clusters between CR (C) and PR (P). (C) Multiplex immunofluo-
rescence images showing ACKR1-positive vessels (red arrow) in CR (C) and PR (P). (D) Line bar graphs comparing the proportion of ACKR1-positive 
vessels in CR and PR, divided into metastatic and non-metastatic groups (**p < 0.01). (E) Cell interaction diagram between malignant cell subgroups 
and CLU+_ECs in CR (C) and PR (P).
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FIGURE 4    |    Analysis of characteristics of TILs clusters in central and peripheral regions of osteosarcoma. (A) UMAP plot showing TILs divided 
into 7 subclusters. (B) Bubble plot displaying the expression of various classic markers across TIL subclusters. (C) Proportional distribution of TIL 
subclusters in the central and peripheral regions. (D) GO enrichment analysis revealing functional differences of CD8+ Tc1 between CR (C) and PR 
(P). (E) Multiplex immunofluorescence demonstrated the spatial relationship between the immune-exhausted phenotype TIGIT and CLU+ vessels 
(ACKR1+ and CD31+) in the survival and deceased groups. The blue dashed circles represent a 50 μm radius around the TIGIT+ cells. (F) Violin Plot 
Showing the Average Number of CLU+ Vessels Surrounding TIGIT+ Cells in Survival group and Deceased group.
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3.5   |   Myeloid Cells Contribute to an 
Anti-Tumor Immune Environment in the CR 
of Osteosarcoma

Myeloid cells, as key components of the tumor immune mi-
croenvironment, exhibit significant regional differences in 
their abundance between the CR and PR of osteosarcoma, 

underscoring the need for further exploration of their distinct bi-
ological roles. Our analysis identified 10 myeloid cell subgroups, 
including macrophages, dendritic cells, neutrophils, and others 
(Figure  5A). With the exception of APOE+_M2 and IBSP+_
Neutrophils, the majority of myeloid cell subgroups did not show 
significant regional variations in their proportions (Figure 5B, 
Figure  S5A). Specifically, APOE+_M2 cells were functionally 

FIGURE 5    |    Differential analysis of myeloid cells in central and peripheral regions. (A) Myeloid cells are divided into 10 subclusters on the UMAP 
plot. (B) Expression of molecular markers associated with various types of myeloid cells across the subclusters. (C) GO enrichment analysis based on 
differentially expressed genes between myeloid cell subclusters in the CR and PR. (D) Cell communication network between CLU+_ECs and myeloid 
cell subclusters.
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enriched in cholesterol metabolism and immune suppression 
(Figure S5A,B). The higher proportion of APOE+_M2 cells in 
the PR contributes to the establishment of an immunosuppres-
sive environment in the PR. In contrast, IBSP+_Neutrophils 
were predominantly found in the CR, where they were function-
ally associated with tumor ossification and matrix formation 
(Figure S5A,B).

Notably, when comparing the functional enrichment of myeloid 
cell subgroups in the CR and PR, consistent changes in differ-
entially expressed genes were observed. Myeloid subgroups in 
the CR showed upregulation of chemokine-related factors such 
as CCL2, CCL8, and CCL13, which were significantly enriched 
in immune response pathways, promoting the chemotaxis of 
neutrophils to the CR (Figure 5C). The enrichment of IBSP+_
Neutrophils in the CR may be linked to this phenomenon. In 
contrast, myeloid cells in the tumor periphery did not exhibit 
the same enrichment pattern as those in the CR. Regarding cell 
interactions, no significant differences were observed in the re-
ceptors and ligands between myeloid cells in the CR and PR. 
However, the CD36 receptor on CLU+_ECs was significantly 
more expressed in the CR (Figure 5D, Figure S5C,D), primarily 
regulated by THBS1, expressed by myeloid subclusters such as 
IBSP+, CCL20+, and RGS5+. Moreover, CD36 expression was 
positively correlated with sarcoma survival (Figure S5E). This 
pathway inhibits tumor vascular formation, leading to fewer 
vessels associated with CLU+_ECs in the CR compared to the 
PR [30–32].

In summary, myeloid cell subgroups in the CR of osteosarcoma 
contribute to an immune-activating tumor microenvironment, 
which promotes tumor immunity and cytotoxic responses while 
inhibiting vascular formation.

4   |   Discussion

Osteosarcoma is a heterogeneous tumor that contributes to poor 
prognosis and metastasis. Although spatial heterogeneity in 
osteosarcoma has been partially explored at the transcriptome 
level 16, validation at the single-cell level remains lacking, with 
single-cell sequencing providing a more detailed cellular analy-
sis. Most current studies focus on a single tumor region [11–13, 
15], missing spatial differences. To address this, we collected 
tumor samples from both the central (CR) and peripheral re-
gions (PR) of six patients for single-cell sequencing. Our analysis 
revealed significant regional differences in cellular composition, 
phenotypes, and interactions, particularly the higher abundance 
of CLU+ tumor vascular subtypes in the PR, which may contrib-
ute to metastasis and immune suppression (Figure 6).

Further clustering identified nine malignant cell subtypes, with 
the chondrogenic subtype (chond group) more prevalent in the 
CR. These cells are resistant to chemotherapy and linked to poor 
prognosis [12]. The CR's richer blood supply may explain the 
higher proportion of chemotherapy-resistant cells. In response 
to chemotherapy, most tumor subtypes in the CR upregulated 

FIGURE 6    |    Diagram of the peripheral tumor microenvironment in osteosarcoma.
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osteogenesis and matrix-related genes, leading to ossification 
that hinders drug distribution and promotes hypoxia, which in 
turn enhances tumor growth and metastasis [33]. We confirmed 
this with high expression of hypoxia-related pathways in the ma-
lignant subtypes, and immunohistochemistry revealed higher 
HIF1A expression in the PR.

We also found a higher proportion of IGKC+_OS cells in the PR, 
which express immune evasion and metastasis-related genes 
[26, 27, 34]. However, no significant differences were found in 
bulk RNA sequencing related to prognosis, likely due to low cell 
representation. Further experiments are needed to elucidate 
their specific role in tumor biology.

Hypoxia is a well-known trigger for tumor angiogenesis [35], and 
studies have shown that CLU+ vasculature exhibits enhanced 
proliferative and migratory capacities [36]. CD31 staining re-
vealed irregular blood vessels in the hypoxic PR, and clustering 
of endothelial cells showed a higher proportion of CLU+_ECs 
in the PR. While VEGFA-associated angiogenesis did not show 
spatial differences, other pathways, including ITGA and ITGB1 
[37, 38], were more active in the PR, suggesting angiogenesis 
occurs independently of VEGFA. Additionally, CD36, typically 
anti-angiogenic [32], was expressed at lower levels in the PR, 
facilitating CLU+_EC proliferation. These cells also exhibited 
higher expression of MHC-II molecules and related immune 
functions, especially in the PR, suggesting a role in tumor immu-
nity. While MHC-II is usually associated with immune activation 
[39, 40], our findings suggest that TILs in the PR express higher 
exhaustion markers (TIGIT) and have fewer CD8+ T cells, po-
tentially interacting with CLU+ vessels via NECTIN2 and TIGIT 
to promote immune evasion. However, literature typically associ-
ates MHC-II expression with immune activation [41, 42], so fur-
ther validation of this role in osteosarcoma is needed.

Despite being a “cold tumor” with limited lymphocyte infiltration 
after chemotherapy, osteosarcoma shows a higher proportion of 
myeloid cells, with more myeloid lineage cells in the CR. Further 
clustering revealed a predominance of M1-type macrophages and 
neutrophils in the CR, suggesting immune activation, while M2-
type macrophages, which are immune-suppressive, predominated 
in the PR, pointing to an immune-suppressive environment in 
the PR. Similar patterns have been observed in lung cancer, with 
myeloid-derived macrophages showing spatial distribution differ-
ences. In osteosarcoma, hypoxia-driven accumulation of M2-type 
macrophages at the PR correlates with poor prognosis [43]. We also 
observed upregulation of chemotaxis-related genes (e.g., CCL2, 
CCL8, CCL13) in CR myeloid cells, which exhibited functions re-
lated to immune activation, neutrophil chemotaxis, and cytotoxic-
ity. Similar differences between CR and PR in myeloid cells have 
been observed in breast cancer metastasis [44]. However, further 
studies are needed to clarify the role of these regional phenotypic 
differences in osteosarcoma progression.

In conclusion, our study demonstrates significant spatial differ-
ences in cellular composition and function between the central 
and peripheral regions of osteosarcoma. These differences in-
clude a hypoxic and immunosuppressive microenvironment in 
the PR, with potential implications for metastasis and treatment 
resistance. Our findings also suggest that CLU+_ECs may play 
a crucial role in osteosarcoma metastasis and immune evasion 

through ITGB1-related pathways and the Nectin2-TIGIT inter-
action, making it a potential target for osteosarcoma treatment.
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