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Background: Osteosarcoma is a highly aggressive bone malignancy with a complex immune microenvironment. Chronic inflamma-
tion and immune cell dysregulation are known to contribute to tumor progression, yet the causal relationships remain largely unclear.
Methods: This study integrated Mendelian Randomization (MR), single-cell RNA sequencing (scRNA-seq), bulk transcriptomic
analysis, and functional experiments to explore the role of inflammatory cytokines and immune cells in osteosarcoma. MR analyses
were performed to identify cytokines and immune cell traits causally related to osteosarcoma risk, followed by scRNA-seq to profile
CCLS5 expression across cell types. Immune cell infiltration and its association with CCLS expression were analyzed using the
TARGET dataset. Functional assays including qPCR, CCK-8, EdU, and colony formation validated the biological effects of CCLS5.
Results: MR identified CCL5 as a pro-tumorigenic cytokine with a significant causal association with osteosarcoma (OR > 15).
scRNA-seq revealed that monocytes/macrophages and fibroblasts were major CCL5-producing cells. Four immune traits were causally
linked to osteosarcoma, including CD86 expression on monocytes and CD127 expression on CD4+ T cells (risk factors), and CD8dim
T cell and terminally differentiated CD4+ T cell counts (protective factors). CCL5 expression positively correlated with infiltration of
CD8+ T cells, Tregs, and M1 macrophages, and was associated with advanced tumor stage. Co-culture assays confirmed that tumor-
associated macrophages with high CCL5 expression enhanced osteosarcoma cell proliferation and colony formation.

Conclusion: CCL5 plays a central role in shaping the immune landscape of osteosarcoma and promoting tumor progression. Its
spatial association with immune markers such as CD127 and CDS86 further supports its regulatory role. These findings provide
mechanistic insights and highlight CCLS as a promising biomarker and immunotherapeutic target in osteosarcoma.
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Introduction
Osteosarcoma is the most common primary malignant bone tumor, characterized by its aggressive nature and high
propensity for metastasis." Despite advances in surgical techniques and chemotherapy, the overall prognosis remains
poor, with a five-year survival rate of approximately 60-70%.> The complex pathogenesis of osteosarcoma involves
genetic mutations, epigenetic alterations, and interactions with the tumor microenvironment, which play crucial roles in
tumor initiation, progression, and immune evasion.*"*

Inflammation has emerged as a key driver of cancer development and progression, with a growing body of evidence
suggesting that chronic inflammation creates a favorable environment for tumor growth and metastasis.”*® In the context
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of osteosarcoma, the immune microenvironment is particularly complex, involving interactions between tumor cells,
immune cells, and stromal components. These interactions can either promote or inhibit tumor growth, depending on the
balance of pro- and anti-inflammatory signals.”®

Previous studies have identified various cytokines and immune cell subsets that are dysregulated in osteosarcoma, but
the causal relationships and mechanisms underlying these interactions remain unclear.” Mendelian randomization (MR) is
a powerful epidemiological method that leverages genetic variants as instrumental variables to infer causal relationships
between risk factors and outcomes.'®!!

In this study, we first conducted MR analysis on 41 inflammatory factors to identify potential causal relationships
with osteosarcoma. We then used scRNA-seq data to explore the expression patterns of these factors in various immune
cell types. Subsequently, we performed MR analysis on immune cell characteristics to identify causal relationships with
osteosarcoma. Furthermore, immune cell infiltration in osteosarcoma transcriptomic data was assessed, and the relation-
ship between immune cell infiltration and CCL5 expression was explored. Finally, qPCR, cell proliferation, colony
formation assays, and EdU assays were conducted to validate the proliferative capacity of osteosarcoma cells. These
comprehensive analyses provide new insights into the genetic mechanisms linking osteosarcoma, immune cells, and
cytokines.

Materials and Methods

Study Design

Our study first employed MR to investigate the relationship between immune cells, cytokines, and osteosarcoma. We
then validated the positively associated immune cells and cytokines identified by MR using transcriptomic and single-cell
analyses. Finally, we confirmed our findings through expression and functional experiments (Figure 1).

GWAS Data Acquisition for Osteosarcoma

The data for this study are from the FinnGen database, a large - scale Finnish population genomics project. It integrates
genetic and health records of Finnish people to provide rich resources for disease research. We obtained the data set
named “finngen_ R11_C3 _OSTEOSARCOMA_EXALLC” from it. This data set contains genetic information related to
osteosarcoma. '?

Immune Cell GWAS Data Acquisition

In this study, we obtained GWAS data for 731 immune cell types from the SardiNIA cohort study conducted on the
Italian island of Sardinia. This cohort comprises 3757 individuals, aged between 18 and 102 years, with a roughly
balanced gender distribution. Our analysis focused on 731 immune phenotypes, adjusting for covariates such as age and
gender. These phenotypes encompass a variety of immune cell subsets, including T cells, B cells, dendritic cells, and
monocytes. The dataset comprises absolute cell counts (n = 118), median fluorescence intensity levels of surface antigens
(n = 389), morphological parameters (n = 32), and relative cell counts (n = 192).'%'*

Cytokines GWAS Data Acquisition

In this study, we analyzed genetic associations with 41 inflammatory cytokines using data from 8293 Finnish participants
involved in the Finnish Youth Cardiovascular Risk Study and the FINRISK study. Our analysis involved genetic
adjustments for ten major components, including age, gender, and body mass index (BMI). Additionally, we employed
genomic control to account for population stratification and cryptic relatedness, ensuring the precision and reliability of
our findings. This comprehensive approach allowed us to delve into the genetic underpinnings of inflammatory cytokines
and their potential role in cardiovascular health.'>'®

Osteosarcoma Single-Cell Sequencing Data Acquisition
Single-cell Sequencing data were obtained from the TISCH database, which provides curated and preprocessed high-
quality datasets. Specifically, we analyzed the OS GSE162454 dataset. To ensure data quality and consistency, we
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Figure | Flow chart of the study design.

performed additional preprocessing, including normalization and the removal of low-quality cells and lowly expressed
17
genes.

Selection Criteria for Instrumental Variants

In this study, we implemented a stringent selection process for instrumental variants (IVs) to ensure they are strongly
associated with the exposure of interest and do not have a direct association with the outcome. We applied a significance
threshold of p < 5x10°® to filter for SNPs that exhibit a significant relationship with the exposure. Additionally, we
performed linkage disequilibrium (LD) pruning to ensure the independence of the selected IVs. Specifically, we set a r*
threshold of less than 0.001 and clumped within a 10,000 kb window to identify and exclude closely linked SNPs that
might confound the interpretation of results. By employing these methods, we aimed to select a set of genetic variants
that are both strongly related to the exposure and not directly associated with the outcome variable, thereby providing

a solid foundation for the MR analysis.'®'"

Mendelian Randomization Analysis

In the present study, we embarked on a comprehensive Mendelian Randomization analysis to delve into the causal
interplay between 731 distinct immune cell types and 41 distinct inflammatory factors. Our analytical arsenal included
a suite of methods: the inverse variance weighted (IVW) approach, MR-Egger regression, the weighted median, the
weighted mode (WM), the Constrained maximum likelihood (CML), and the Wald ratio method. Through the rigorous
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application of this diverse array of methods, we have been able to conduct a more nuanced and robust assessment of the
potential causal nexus between immune cells and inflammatory factors. For exposures with IVs of 1, we used CML as the
final judgment criterion, and for exposures with IVs greater than 1, we used IVW as the final judgment.*®

Sensitivity Analysis

In this study, we conducted a comprehensive sensitivity analysis to validate the robustness of our MR findings. The
analysis included heterogeneity testing, pleiotropy testing, directional testing, leave-one-out analysis, and funnel plot
analysis.”'

We performed heterogeneity testing that assesses the consistency of the effect estimates across different genetic
instruments. We used the Cochran’s Q test and the I statistic to quantify the degree of heterogeneity among the genetic
variants.

To check for pleiotropy, where genetic variants might affect multiple traits, we analyzed the data. We used the Steiger
test, which is a method to detect pleiotropy by comparing the results of MR analysis with those obtained from
a pleiotropy-corrected approach.

Directional testing assesses whether the effect of the genetic variant on the exposure is in the expected direction.
A significant result from this test indicates that the genetic effect is consistent with the expected direction of causality.

Leave-One-Out analysis method involves iteratively removing one genetic variant at a time and recalculating the MR
estimate to assess the influence of each variant on the overall result. The stability of the results across these iterations
indicates the robustness of the MR findings.

Funnel plot analysis is used to detect publication bias or small-study effects in MR studies. We plotted the precision
(inverse of the standard error) against the effect size (log odds ratio) for each genetic variant. The symmetrical
distribution of points around the vertical line of no effect suggests that there is no significant publication bias.

These sensitivity analyses collectively provide a rigorous assessment of the robustness and reliability of our MR
findings, ensuring that our conclusions are not unduly influenced by outliers, pleiotropic effects, or publication bias.

Single-Cell Data Analysis

This study employs Uniform Manifold Approximation and Projection (UMAP) to reduce high - dimensional single - cell
data to a two - dimensional heatmap for in - depth exploration of cell characteristics and functions. As an efficient
nonlinear dimensionality reduction method, UMAP effectively retains data topology, enabling precise identification of
clusters and patterns in the dataset. Based on specific gene expression, cells are categorized into positive and negative
groups, and the proportion of different cell types in each group is calculated to assess the distribution differences of the
gene across cell types.?

Immunological Analysis

Osteosarcoma transcriptome sequencing and clinical data were retrieved from the TARGET database. After quality
control of the raw transcriptome data and preprocessing of the clinical data to extract relevant clinical features (age,
gender, pathological stage, etc), the CIBERSORT algorithm was applied to analyze immune infiltration,>* estimating the
relative proportions of 22 immune cell types. The resulting data were visualized via heatmaps and grouped boxplots
using the ggplot2 package. Additionally, Spearman rank correlation analysis was conducted to assess the relationship
between immune cell infiltration levels and CCL5 expression. We also analyzed a panel of common immune checkpoint
genes and generated radar plots. All analyses were performed in the R 4.2.2 environment, with statistical significance set
at P <0.05.

Cell Culture

The OS cell lines (K7M2 cell) was obtained from the American Type Culture Collection (ATCC). The cells were
maintained in Dulbecco’s modified Eagle’s medium (DMEM) at 37 °C in a humidified atmosphere of 5% CO,. Media
was supplemented with 10% fetal bovine serum (FBS), 100 IU/mL penicillin, and 100 mg/mL streptomycin.
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gPCR
Total RNA was extracted from cells or tissue samples using the RNA isolater (Vazyme, Jiangsu, China) and reverse
transcribed into cDNA with the HiFiScript cDNA Synthesis Kit (CWBIO, Beijing, China). CCL5 expression levels were
quantified by RT-qPCR using the UltraSYBR Mixture (CWBIO) on an ABI system (Thermo Fisher Scientific, MA,
USA) under the following conditions: 95°C for 10 min, followed by 40 cycles of 95°C for 15s and 60°C for 1 min. B-
actin served as the internal control for normalization. The primer sequences for CCL5 are as follows: CCLS-F:
TTTGCCTACCTCTCCCTCG, CCL5-R: CGACTGCAAGATTGGAGCACT.

Cell Proliferation and Colony Formation Assays

Cell viability was assessed using the Cell Counting Kit-8 (Beyotime, China). For colony formation assays, 800—1500
osteosarcoma cells were seeded into each well of a 6-well plate and cultured in medium containing 10% fetal bovine
serum (FBS) for 10-15 days. The colonies were then fixed with methanol and stained with 0.1% crystal violet. The
number of colonies was counted using an inverted microscope.

EdU Assay

An EdU assay kit (Beyotime, China) was used to evaluate cell proliferation. Briefly, 1000 osteosarcoma cells were
seeded into each well of a 12-well plate. After cell attachment, the medium was replaced with EdU-containing medium at
a final concentration of 10-50 uM and incubated for 4 hours. The cells were then washed twice with PBS, fixed with 4%
paraformaldehyde for 10—15 minutes, and permeabilized with 0.3% Triton X-100 for 10 minutes. Subsequently, the cells
were incubated with the EdU reaction solution in the dark for 30 minutes. Finally, cell nuclei were counterstained with
DAPI, and the cells were observed under a fluorescence microscope.

Result

Causal Relationship Between Cytokines and Osteosarcoma

We evaluated the causal relationship between the levels of 41 cytokines and osteosarcoma using MR and ultimately
screened for one positive result, CCL5. CCLS exposure was significantly associated with increased odds of disease using
both the CML (Odds Ratio [OR] = 17.601, 95% Confidence Interval [CI] = 2.141-144.685, p = 0.008) and WR (OR =
15.149, 95% CI = 2.857-80.325, p = 0.001) methods (Figure 2A). Since the IVs of CCLS5 are only 1 SNP, this avoids the
problem of heterogeneity and pleiotropy, meanwhile, the results of the steiger test showed a correct causal relationship
from CCLS5 to osteosarcoma (Table S1-4).

To further explore the cellular implications of CCLS5, we performed scRNA-seq and visualized the data using UMAP
(Figure 2B). The left panel displays distinct cell clusters, including CD8Tex, CD4Tconv, Plasmacytoid Dendritic Cells
(Plasmocytes), Malignant cells, Endothelial cells, Osteoblasts, Monocytes/Macrophages (Mono/Macro), and Fibroblasts.
The right panel highlights CCL5 expression across these cell types, with varying levels of expression indicated by color
intensity.

The bar chart shows the proportion of CCL5-positive and negative cells within each cell type. Mono/Macro cells had
the highest proportion of CCL5-positive cells at 34.3%, followed by Osteoblasts at 9.3% and Fibroblasts at 20.6%. In
contrast, CD8Tex cells had the lowest proportion of CCL5-positive cells at 0.4%. These findings suggest that CCL5
expression varies significantly across different cell types, with certain cell types such as Mono/Macro cells and
CD4Tconv potentially playing a more significant role in CCL5-mediated pathways (Figure 2C).

Causal Relationship Between Immune Cell Profile and Osteosarcoma

Although CCLS5 was identified above as a risk factor for osteosarcoma and it is predominantly found in cells such as CD8
Tex, CD4 Tconv, and mono, the relationship between these cells and osteosarcoma is unclear, so we analyzed the causal
associations between immune cells and osteosarcoma using 731 immune cell characteristics as exposure and osteosar-
coma as outcome. We focused on CD8dim T cell (CD8Tex), CD4 T cell and monocyte characteristics to explore immune
cell characteristics that are causally associated with osteosarcoma.
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Figure 2 Inflammatory factors CCL5 in osteosarcoma. (A) Summary of Mendelian randomization analysis results; (B) UMAP visualization of single-cell RNA data; (C)
Proportion of CCL5-positive and negative cells across different cell types.

Ultimately, among the 16 kinds of CD8dim T cell characteristics, we identified one positive feature associated with
osteosarcoma in a causal manner (Figure 3A). Specifically, the percentage of CD8+ and CD8dim T cells within leukocytes
(CD8+ and CD8dim T cell %leukocyte) serves as a protective factor for osteosarcoma. The OR is 0.065 (95% confidence
interval: 0.009-0.481), with a P-value of 0.008. Among the 59 kinds of monocyte characteristics (Figure 3B), we found that
CD86 expression on monocytes has a positive causal relationship with osteosarcoma, indicating it as a risk factor. The
P-value is 0.038, and the OR (95% confidence interval) is 9.900 (1.131-86.670). In the analysis of 71 kinds of CD4 T cell
characteristics (Figure 3C), we discovered two positive cell characteristics associated with osteosarcoma in a causal way. The
absolute count of terminally differentiated CD4+ T cells act as a protective factor, with a P-value of 0.017 and an OR (95%
confidence interval) of 0.159 (0.035-0.724). In contrast, CD127 expression on CD28+ CD4+ T cells is a risk factor for
osteosarcoma, with a P-value of 0.039 and an OR (95% confidence interval) of 3.374 (1.060-10.735) (Table 1).
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Figure 3 MR analysis of CD8dim T cells, CD4 T cells and monocyte characteristics to osteosarcoma. (A) MR analysis of CD8dim T cells characteristics to osteosarcoma;
(B) MR analysis of CD4 T cells characteristics to osteosarcoma; (C) MR analysis of monocyte characteristics to osteosarcoma.

Since there is only one SNP as IV for CD86 on monocyte, there is no heterogeneity and pleiotropy in its results, and
the steriger test indicates that its causal direction with osteosarcoma found in this study is correct. For CD8+ and
CD8dim T cell %leukocyte, Terminally Differentiated CD4+ T cell Absolute Count and CD127 on CD28+ CD4+ T cell,
we performed a sensitivity analysis, and the results showed that none of them were heterogeneous, pleiotropic and the
causal direction is correct (Table S4-8). The balance of IVs used in this paper is also further illustrated by the funnel plot

and scatter plot, and the conclusions are robust (Figure 4).

Relationship Between CCL5 and Immune Cells
In the analysis of CCL5 expression in relation to CD127 expression within the CD127+ CD4 Tconv population, UMAP

visualizations were utilized to explore the distribution and correlation of these markers. Notably, cells expressing higher
levels of CD127 (green to red) are predominantly clustered in specific regions of the UMAP space, suggesting a potential

Table | MR Analysis of Immune Cells Characteristics to Osteosarcoma

Exposure ID Method | nSNP | Pvalue | OR (95% CI)
CD8+ and CD8dim T cell %leukocyte GCST90001614 | IVW 2 0.008 0.065 (0.009-0.481)
CD86 on monocyte GCST90001905 | CML [ 0.038 9.900 (1.131-86.670)
Terminally Differentiated CD4+ T cell Absolute Count | GCST90001545 | IVW 2 0.017 0.159 (0.035-0.724)
CDI127 on CD28+ CD4+ T cell GCST90001924 | IVW 0.039 3.374 (1.060-10.735)

Abbreviations: SNP, Single Nucleotide Polymorphism; OR, odds ratio.
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Figure 4 Sensitivity test of immune cells characteristics to osteosarcoma. (A—C) The funnel plot; (D—F) The scatter plot.

spatial correlation with CCLS expression. This visualization reveals a distinct pattern where cells with high CCLS
expression (red) are spatially associated with regions of high CD127 expression (green to red), indicating a positive
correlation between these two markers within the CD127+ CD4 Tconv subset (Figure 5A).

Similarly, the relationship between CCL5 and CD86 expression was examined within the CD86+ mono/macrophage
population. Cells expressing higher levels of CD86 (green to red) are clustered in specific regions, suggesting a potential
spatial correlation with CCL5 expression. Cells with high CCL5 expression (red) are spatially associated with regions of
high CD86 expression, indicating a positive correlation between these two markers within the CD86+ mono/macrophage
subset.

In summary, the UMAP analyses demonstrate a significant spatial correlation between CCLS and both CD127 and
CD86 expression within their respective cell populations, suggesting potential functional interactions or regulatory
mechanisms linking these markers (Figure 5B).

High Expression of CCLS5 is Associated with Tumor Immune Microenvironment
Variation and Clinical Grades

Tumor progression in osteosarcoma is closely related to multiple cells and molecules in the immune microenvironment,
such as tumor - infiltrating lymphocytes, CD4 + T cells, and CD8 + T cell expression levels. Immunotherapy targeting the
immune microenvironment has become a hot topic in osteosarcoma treatment. Immune checkpoint inhibitors can block
immunosuppressive signals and boost anti - tumor immunity. Analyzing the correlation between immune checkpoints and
immune cell infiltration can help explore the potential of such a model to guide immunotherapy, predict radio resistance,

and assess prognosis.
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Figure 5 Relationship of CCL5 to CD127+ CD4Tconv and CD86+ mono/macro. (A) Relationship of CCL5 to the CDI27 expression in CD127+ CD4Tconv; (B)
Relationship of CCL5 to the CD86 expression in CD86+ mono/macro.

In our study, patients were divided into high - and low - CCL5 expression groups based on CCL5 expression in
different samples. Immune cell infiltration analysis showed that CCLS5 expression was linked to CD8 + T cells (p < 0.01),
Treg cells (p < 0.01), M1 macrophages (p < 0.001), activated dendritic cells (p < 0.05), and MO macrophages (p < 0.01)
(Figure 6A and B). CCL5 expression was positively correlated with CD8 + T cells (R = 0.441) (Figure 6C), Treg cells (R
= 0.346) (Figure 6D), and M1 macrophages (R = 0.425) (Figure 6E), but negatively correlated with MO macrophages (R
= —0.440) (Figure 6F) and activated dendritic cells (R = —0.243) (Figure 6G). This indicates a close connection between
CCLS expression and immune system activation. Also, using the Spearman test, we found that CCL5 expression was
related to CD226 (R =0.402, p <0.001) (Figure S1A and B). Furthermore, CCL5 expression was associated with clinical
features of osteosarcoma, and its high expression was positively correlated with tumor malignancy. Thus, CCL5 can be
an important molecular marker for predicting patient condition (Figure S1C).

Demonstration of High CCL5 Expression in Tumor-Associated Macrophages and

Their Promotion of Osteosarcoma Progression

In this study, we conducted co-culture experiments with macrophages and osteosarcoma cells. We found that CCL5
protein was highly expressed in tumor-associated macrophages (Figure 7A and B) through the co-culture process, which
is consistent with the results of our previous bioinformatics analysis. Subsequently, we performed CCK-8 and EdU
assays to assess the activity of osteosarcoma cells in different groups. The results showed that K7M2 cells co-cultured
with tumor-associated macrophages exhibited significantly higher viability (Figure 7C and D). Moreover, colony
formation assays demonstrated that K7M2 cells co-cultured with tumor-associated macrophages exhibited more rapid
growth and higher malignancy (Figure 7E and F). These findings confirm our hypothesis that high expression of CCLS5 in
tumor-associated macrophages promotes the progression of osteosarcoma cells.

Discussion

Our study demonstrates that CCLS5 plays a crucial role in the progression of osteosarcoma and in the immune
microenvironment. MR analysis revealed a significant causal relationship between CCL5 exposure and increased risk
of osteosarcoma, with varying expression levels across different cell types, particularly in monocytes/macrophages. Our
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Figure 6 Correlation of CCL5 with Tumor-Associated Macrophages in Osteosarcoma and Its Prognostic Implications. (A) Box plots of immune cell infiltration analysis in
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Figure 7 High Expression of CCL5 in Tumor-Associated Macrophages and Its Role in Osteosarcoma Progression. (A) Schematic diagram of the cell co-culture model. (B)
High expression of CCL5 in tumor-associated macrophages co-cultured with K7M2 cells. (C) CCK-8 assay showing increased viability of K7M2 cells co-cultured with tumor-
associated macrophages. (D) EdU assay showing increased viability of K7M2 cells co-cultured with tumor-associated macrophages. (E and F) Colony formation assays
demonstrating increased viability of K7M2 cells co-cultured with tumor-associated macrophages. *, P < 0.05, **, p < 0.01, **, p < 0.001.

study also identified causal associations between immune cell characteristics, such as CD8dim T cells and CD86
expression on monocytes, and osteosarcoma. High CCLS5 expression was linked to immune cell infiltration and tumor
malignancy. Furthermore, co-culture experiments confirmed that high CCLS5 expression in tumor-associated macrophages
promotes osteosarcoma progression by enhancing cell viability and colony formation. These findings suggest that CCL5
could serve as an important molecular marker for predicting patient prognosis and guiding immunotherapy strategies in
osteosarcoma treatment.

The discovery of four causal relationships involving immune cell characteristics (CD86 on monocytes, CD127 on
CD28+ CD4+ T cells, CD8+ and CD8dim T cell percentages, and terminally differentiated CD4+ T cell counts) provides
a detailed understanding of the immune microenvironment in osteosarcoma. These findings suggest that targeting specific

immune cell markers could be a promising strategy for treating osteosarcoma. The spatial correlation between CCL5 and
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CD127/CD86 in their respective cell populations, as revealed by scRNA-seq data, underscores the importance of spatial
context in understanding the interactions between inflammatory factors and immune cells. This spatial analysis provides
a more nuanced view of the immune microenvironment.**

CDS86 is a key co-stimulatory molecule expressed on antigen-presenting cells (APCs) such as monocytes.”> =’ It
interacts with CD28 on T cells to provide a co-stimulatory signal essential for T cell activation. In the context of
osteosarcoma, elevated CD86 expression on monocytes may enhance T cell activation, potentially promoting tumor
progression.”® However, CD86 also plays a role in regulatory T cell (Treg) homeostasis, suggesting a complex interplay
between pro- and anti-tumor immune responses.>’ CD127 is the receptor for interleukin-7 (IL-7),>* which is critical for
T cell survival and proliferation. CD28+ CD4+ T cells are effector T cells that play a crucial role in immune responses.3]
The combination of CD127 and CD28 on CD4+ T cells suggest a subset of T cells that are highly responsive to IL-7 and
co-stimulatory signals, which may contribute to the immunomodulatory environment in osteosarcoma.’*

Our study still has some shortcomings. Clinical validation across disease stages and metastatic statuses, as well as
integrative analyses correlating CCLS5-related interactions with patient prognosis and immune infiltration profiles
remain to be addressed. The sample sizes used for our MR analyses and scRNA-seq study may limit the general-
izability of our findings. In particular, the MR component draws predominantly on European-ancestry cohorts, and the
resulting inferences may not fully extrapolate to other populations. Replication in larger cohorts is necessary to
validate identified causal relationships and ensure robustness of results. Although our study provides strong evidence
for the involvement of CCL5 and immune cell characteristics in osteosarcoma, the underlying mechanisms require
further investigation, as co-expression and spatial proximity do not establish direct regulation of CD127/CD86 by
CCLS5. We did not perform perturbational or in-vivo validation and lacked a longitudinal cohort with standardized
treatment-response endpoints; thus, causality and predictive value remain unresolved. The exploratory clinical-stage
analysis in the Supplementary Materials is constrained by sparse, heterogencous staging data and requires external
validation. Future studies should focus on functional assays and in vivo modeling to validate causality and explore
molecular mechanisms. The immune microenvironment of osteosarcoma is highly heterogeneous. Future studies
should explore the role of other immune cell types and signaling pathways for a more comprehensive understanding
of the immune microenvironment.

Conclusion

Our study highlights the importance of the immune microenvironment in osteosarcoma and identifies CCL5 and specific
immune cell characteristics as potential therapeutic targets. The integration of multiple analytical techniques provides
a robust framework for future research. However, further validation and mechanistic studies are needed to fully
understand the implications of these findings for clinical practice.
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