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ARTICLE INFO ABSTRACT

Keywords: Chemotherapy, a primary treatment for osteosarcoma (OS), has limited knowledge regarding its
Osteosarcoma impact on tumor immune microenvironment (TIME). Here, tissues from 6 chemotherapy-naive
Chemotherapy

OS patients underwent single-cell RNA sequencing (scRNA-seq) and were analyzed alongside
public dataset (GSE152048) containing 7 post-chemotherapy OS tissues. CD45" (PTPRC+) cells
were used for cell clustering and annotation. Changes in immune cell composition pre- and post-
chemotherapy were characterized. Totally, 28,636 high-quality CD45" (PTPRC+) cells were
extracted. Following chemotherapy, the proportions of regulatory T cells (Tregs) and activated
CD8 T cells decreased, while CD8 effector T cells increased. GO analysis indicated that differ-
entially expressed genes (DEGs) in T cells were associated with cell activation, adaptive immune
response, and immune response to tumor cells. Furthermore, the proportions of plasma cells
increased, while naive B cells decreased. B cell surface receptors expression was upregulated, and
GO analysis revealed DEGs of B cells were mainly enriched in B cell-mediated immunity and B cell
activation. Moreover, M2 polarization of macrophages was suppressed post-chemotherapy.
Overall, this study elucidates chemotherapy remodels the OS TIME landscape, triggering im-
mune heterogeneity and enhancing anti-tumor properties.

Tumor immune microenvironment
Single-cell RNA sequencing
Heterogeneity

1. Introduction

Osteosarcoma (OS) is the most common primary malignant tumor of bone, and it occurs mainly in children and adolescents [1,2].

Abbreviations: OS, osteosarcoma; sScRNA-seq, single-cell RNA sequencing; TIME, tumor immune microenvironment; follicular helper T, Tfh; CD8
effector T, CD8 Tef; activated CD8 T, Act CD8 T; DEGs, differentially expressed genes; TILs, tumor-infiltrating lymphocytes; PCA, principal
component analysis; tSNE, t-distributed random neighbor embeddings; GSEA, gene set enrichment analysis; GO, gene ontology; BP, biological
process.
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Despite recent advances in treatment options for OS (surgical resection and chemotherapy), its prognosis remains poor [3]. Hence,
there is an urgent need to elucidate the underlying mechanisms involved in OS progression and to identify more effective therapeutic
targets to improve the prognosis of OS patients.

The immune components of intra-tumor, also known as the tumor immune microenvironment (TIME), including immune cell
types, extracellular immune factors and cell surface molecules, are closely relevant to tumor progression, recurrence and metastasis
[4]. Tumor tissues are characterized by extensive heterogeneity, regulated by the metabolic reprogramming of the TIME, which also
influences the therapeutic response in different patients [5,6]. Predictably, its characterization is essential to elucidate the therapeutic
response of OS patients and guide the treatment strategy option. Chemotherapy has been reported to have a double-edged immu-
nosuppressive and immunostimulatory response to the organism. Favorably for treatment, chemotherapy can remodel TIME and
promote immune-mediated tumor killing [7]. Most chemotherapeutic agents have been proven to exert immunostimulatory properties
through suppressing immunosuppressive cells or activating effector cells that dysregulate the immunosuppressive microenvironment,
thereby increasing immunogenicity and T-cell infiltration [8]. Ryul Kim et al. characterized the effects of standard chemotherapy on
gastric cancer (GC) TIME. Their results suggested that chemotherapy-induced M1 macrophage repolarization, NK cell infiltration and
effector T cell infiltration were increased among chemotherapy responders [9]. However, the effect of chemotherapy, an important
treatment for OS, on OS TIME has not been thoroughly characterized.

Bulk RNA transcriptome sequencing-based studies do not have sufficient resolution in identifying specific cell types and lack
resolution of the complex intra-tumor heterogeneity [3]. The availability of single-cell RNA sequencing (scRNA-seq) enables the study
of intra-tumor heterogeneity at the single-cell level, thereby revealing the distinct changes for each cell type [4]. Currently, scRNA-seq
has been widely used in studies of non-small cell lung cancer (NSCLC), clear cell renal cell carcinoma (ccRCC), and colorectal cancer
(CRQ), providing a wealth of new insights [10-12]. This study is the first to perform scRNA-seq data analysis on 6 pre-chemotherapy
OS tissues and 7 post-chemotherapy OS tissue samples to characterize the impact of chemotherapy on TIME of OS patients and
investigate the compositional changes of primary immune cell types and underlying mechanisms pre- and post-chemotherapy. Overall,
our present study provides more in-depth insight to explore the TIME characteristics of OS pre- and post-chemotherapy, which can
potentially help to develop future treatment strategies to expand the proportion of OS patients benefiting from chemotherapy.

2. Materials and methods
2.1. Acquisition of scRNA-seq data

Samples from 6 patients with osteosarcoma (OS) without chemotherapy were derived from our previous study [13]. All included
patients signed the informed consent form, and the study was approved by the Ethics Committee of the First Affiliated Hospital of
Guangxi Medical University. Further, we digested the OS tissues and completed sequencing according to our previously reported
method [13]. Specifically, the tissue was cut into pieces approximately 1 mma3 size and subsequently rinsed twice using 4 °C Dul-
becco’s phosphate-buffered saline (DPBS, Thermo Fisher Scientific, Inc.). The tissue was then digested using collagenase 2 (1 mg/mL)
at 45 °C and gently shaken for 37 min to prepare the single cell suspension. Further, the single cell suspension was filtered using a 100
mm cell filter, and the filtered suspension was centrifuged at 300 g for 5 min. The suspension was then lysed for 5 min using 1 x
erythrocyte lysate (BioLegend, Inc.) and then filtered through a 40 mm cell filter. Inmediately afterwards, the single cell suspension
was resuspended in DPBS containing 1 % fetal bovine serum (FBS). Cell viability was determined using Trypan Blue staining solution
(0.4 %, Thermo Fisher Scientific, Inc.) and cell suspensions with >80 % cell viability were used for the next sequencing procedure.
Subsequently, reverse transcription reactions for mRNA and ¢cDNA amplification were performed according to the manufacturer’s
instructions, and sequencing was further completed on an Illumina HiSeq X Ten instrument (Illuminia, Inc.). Upstream single-cell
analysis was carried out using cell Ranger (version 4.0.0), and the human genome sequencing reference library GRCh38 was used
for the comparison of single-cell sequencing data. The other dataset used in this study, GSE152048, was extracted from the published
study conducted by Yan Zhou et al. [3], which contained scRNA-seq data from 7 post-chemotherapy OS tissue samples.

2.2. ScRNA-seq data integration and quality control

ScRNA-seq data was first integrated using the “merge” function provided by the “Seurat” R package (version 4.3.0) [14]. Further,
we screened the cells with nFeature RNA >300, nFeature RNA <4500, and percent.mt < 10 as criteria to exclude low-quality cells.
Next, eligible CD45" (PTPRC+) cell data were extracted from the processed scRNA-seq data and normalized using the “Normal-
izeData” function (LogNormalize method) supplied with the “Seurat” R package. Then the “Harmony” R package was utilized to
remove the batch effect using the top 30 principal components (PCs) [15].

2.3. Dimensionality reduction and cell clustering of scRNA-seq data

First, the data is scaled using the default parameters of the “ScaleData” function Then, the “FindVariableFeatures” function in the
“Seurat” R package was used to identify the top 2000 variable genes for subsequent analysis. Specifically, selection.method = “vst” and
nfeatures = 2000 were set as the parameters. To reduce the data dimension, the top 30 principal components were obtained via
performing the principal component analysis (PCA) with the default settings of the “RunPCA” function. Next, the “FindNeighbors” and
“FindClusters” functions were employed to identify cell clusters, with the resolution set to 0.05, and the results were presented as t-
distributed random neighbor embeddings (tSNE).
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2.4. Cell annotation, immune cell extraction and subclustering

The identification of differentially expressed genes (DEGs) per cell cluster was conducted using the “FindAllMarkers” function
(adjusted p < 0.05 and |log2(FC)|>0.25 were regarded as criteria). Notely, the parameters of the “FindAllMarkers” function were set as
follows: min.pct = 0.25, logfc. threshold = 0.25. Moreover, major immune cell clusters were annotated by comparing the DEGs of each
cell cluster with previously reported markers [3,12,16,17], including B cells: CD79A, MZB1; tumor-infiltrating lymphocytes (TILs):
NKG7, CD3D; myeloid cells: LYZ and CST3. Thereafter, scRNA-seq data for major immune cell clusters were extracted and further
re-clustered into sub-clusters to detect heterogeneity that existed within each cell type. Then, immune cell subclusters were further
annotated according to the following cell markers: monocytes: CLQA; macrophages: FCN1; plasma cells: MZB1; naive B cells: IGHD; T
cells: CTLA4; NK cells: NKG7, GZMA; Tregs: FOXP3, IL-2RA,; follicular helper T cells (Tfh): CXCL13; NKT cells: NCAM1; CD8" effector
T cells (CD8" Tef): GZMA; activated CD8™ T cells (Act CD8" T): TRAC.

2.5. Chemotherapy-related functional analysis

The “clusterProfiler” R package was utilized to implement the biological process (BP) part of the gene ontology (GO) analysis (using
“c5.g0.bp.v7.4.symbols.gmt” as the reference gene set) for the identified significant DEGs (p < 0.05 and [log2(FC)|> 1). This allowed
us to explore the potential pathways involved in the chemotherapy of primary immune cells. Additionally, gene set enrichment
analysis (GSEA) was carried out to assess the relative pathway activity of macrophages pre- and post-chemotherapy. The list of genes
characteristic of M2-type macrophages was extracted from the study conducted by Eva M Garrido-Martin et al. [18].

2.6. Statistical analysis

Analysis and visualization of scRNA-seq data were performed using the “Seurat” and “Harmony” R packages. The “clusterProfiler”
R package was applied to analyze biological functions pre- and post-chemotherapy. Comparisons of the composition of various im-
mune cell types pre- and post-chemotherapy were performed by chi-square test. Unless otherwise stated, p < 0.05 was considered a
statistically significant difference.
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Fig. 1. | Overall single-cell atlas of OS tissues pre- and post-chemotherapy. (A) Elimination of batch effects. The “harmony” R package was
implemented to eliminate the batch effect of multiple-source data; (B) Expression of selected marker genes for the definition of 3 primary types of
immune cells, namely T cells, B cells and TILs; (C) Cell clustering and annotation as well as extraction of above 3 primary types of immune cells.
Different clusters and cell types were presented in different colors; (D) tSNE plot of the above 3 types of immune cells, grouped by pre- and post-
chemotherapy; (E) Bar plot, presenting the composition ratio of the above 3 types of immune cells in OS tissue pre- and post-chemotherapy; (F)
Difference in the composition ratio of 3 types of immune cells. Compared with OS tissue pre-chemotherapy, ***p < 0.001. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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3. Results
3.1. Chemotherapy led to remarkable heterogeneity in OS TIME

After rigorous quality control and elimination of batch effects, a total of 28,636 high-quality CD45" (PTPRC+) cells (pre-
chemotherapy:18,385 cells, post-chemotherapy:10,251 cells) were derived from 13 samples, which were further dimensionally
reduced through implementing the PCA analysis. Cell clustering and annotation were also implemented and then visualized using the
t-distributed random neighborhood embedding (tSNE) method (Fig. 1A). This study further investigated 3 major types CD45"
(PTPRC+) immune cells, including TILs (cluster 1): NKG7, CD3D (n = 7988), B cells (cluster 4): CD79A, MZB1 (n = 758), and myeloid
cells (cluster 0): LYZ, CST3 (n = 19890) (Fig. 1B-C). Notably, clusters 2, 3, and 5 were excluded from the follow-up study due to lack of
specific expression of these markers. Our findings disclosed that the composition ratio of myeloid cells was significantly increased post-
chemotherapy, while the composition ratio of TILs and B cells was significantly decreased post-chemotherapy (Fig. 1D-F, p < 0.001).
According to reports, TIL (based on TILs) therapy plays an important role in treating various solid tumors, and the number and activity
of TILs are important factors affecting their anti-tumor ability [19,20]. Meanwhile, the role of B cells in anti-tumor immunity is also
indispensable [21]. Herein, the decreased composition of the above cells suggests that chemotherapy partly weakens the anti-tumor
effects, which may ultimately lead to unsatisfactory treatment outcomes. This reflects that chemotherapy may be detrimental to the
immune system to some extent. Still, it is worth noting that chemotherapy has a double-edged sword on the immune system. TILs
consist of two components, which play the role of immunoenhancement and immunosuppression factors in anti-tumor immunity,
respectively [22]. Thus, it is necessary to conduct an in-depth analysis of the subpopulation composition of primary immune cell types
(including TILs, B cell, myeloid cells) and further explore their effects on immunosuppressive factors, which will better elaborate the
effects of chemotherapy on the organism [7]. Generally, our findings imply that there was remarkable heterogeneity in OS patients’
TIME pre- and post-chemotherapy.

3.2. Chemotherapy reshaped the T-cell population and enhanced anti-tumor properties

To characterize the changes in TILs populations (including NK cells and T cells) pre- and post-chemotherapy, we conducted the
subcluster clustering analysis of TILs and acquired 4 cell clusters (Fig. 2A). Among them, clusters O and 2 were defined as natural killer
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Fig. 2. | Analysis of TILs cluster in OS tissues pre- and post-chemotherapy. (A, C) Re-clustering and subcluster annotation of TILs clusters. Clusters
0 and 2 were defined as NK cells, cluster 1 was defined as T cells, and the cell type of cluster 3 was unknown; (B) Expression of selected marker genes
for the definition of the cells, namely T cells, NK cells. (D) tSNE plot of the TILs, grouped by pre- and post-chemotherapy; (E) Bar plot, presenting the
composition ratio of the TILs in OS tissue pre- and post-chemotherapy; (F) Difference in the composition ratio of TILs. Compared with OS tissue pre-
chemotherapy, *p < 0.05; ns, not significant.
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(NK) cells (NKG7, GZMA; n = 6677), accounting for the most TILs. Cluster 1 was defined as T cells (n = CTLA4; n = 1242), and cluster 3
was defined as unknown cell type (n = 69) (Fig. 2B-C). The composition ratio of NK cells significantly decreased post-chemotherapy
compared to pre-chemotherapy (p < 0.05), while the composition ratio of the other 2 cell populations (including T cells) indicated a
consistent tendency to increase post-chemotherapy, despite there was no statistically significant difference (p > 0.05) (Fig. 2D-F). To
sum up, our present results suggest that the decrease towards the overall composition of the TILs population in OS TIME is primarily
attributable to the decrease in NK cells rather than in T cells, which have an integral role in anti-tumor immunity, further revealing the
remodeling effect of chemotherapy on the body’s immunity.

Additionally, the re-clustering analysis of T-cell clusters was carried out, thus characterizing their heterogeneity pre- and post-
chemotherapy. Here, we identified 2 CD4 T-cell clusters (CD4), 2 CD8 T-cell clusters (CD8A, CD8B) and 1 NKT (NCAM1) cell clus-
ter (Fig. 3A). Regarding CD4 T cell cluster, we defined two sub-cell clusters, including Tregs (FOXP3, IL-2RA) and follicular helper T
cells (Tfh) (CXCL13). Regarding CD8 T cell clusters, we also defined two sub-cell clusters, including CD8 effector T cell (CD8 Tef)
clusters (CD8A, GZMA) and activated CD8 T cell clusters (Act CD8 T) (TRAC) (Fig. 3B). As presented in Fig. 3C-E, chemotherapy
dramatically decreased the composition ratio of CD4 T cells, including Tregs and Tfh (p < 0.05 for both). Interestingly, the composition
ratio of CD8 Tef cells was significantly increased post-chemotherapy, while Act CD8 T cells presented the opposite trend (p < 0.001 for
both). Remarkably, the composition ratio of NKT cells presented a trend of increase after chemotherapy, although the difference was
not statistically significant. Activated T cells were first reported to undergo epigenetic remodeling, leading to effector functions [23].
Further, under the stimulation of autocrine or paracrine cytokines, activated T cells gradually differentiate into effector T cells or
memory T cells. According to our findings, chemotherapy-induced massive transformation of Act CD8 T cells into CD8 Tef cells may be
the major contributor of the trend in the composition ratio of the two types of cells, namely Act CD8 T cells and CD8 Tef cells. Similar to
our findings, the study conducted by Victor Sanchez-Margalet et al. also reported that neoadjuvant chemotherapy leads to a reduction
of NK cells, CD4 T cells (including Tregs cells) in peripheral blood of breast cancer (BRCA) patients, while CD8 T cells were decreased
only in a minority of patients, which was consistent with our results [24]. Other studies also indicate that chemotherapy exerts a
similar remodeling effect on T cell populations, thereby enhancing the ability to eliminate tumors [25-27]. Additionally, gene
ontology (GO) analysis revealed that DEGs of T cell clusters were primarily enriched in multiple aspects, such as cell activation,
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adaptive immune response, and immune response to tumor cells (Fig. 3F). Together, the study’s findings suggest that chemotherapy
remodels the T-cell population to provide it improved anti-tumor capabilities. Meanwhile, Yan Zhou et al.’s work has revealed the
suppressive status of the immune microenvironment in advanced OS [3]. Combined with our study, it can be seen that chemotherapy
partially reverses the immunosuppressive microenvironment. Currently, the application of immunotherapy in OS has received
increasing attention, and T cell infiltration plays an essential role in OS immunotherapy [28]. This study suggests that chemotherapy
may enhance OS immunotherapy’s efficacy by regulating T cells in the immune microenvironment. Thus, the combination of
chemotherapy and immunotherapy may bring promising clinical benefits for OS patients.

3.3. Strong enrichment of plasma cells post-chemotherapy

To further investigate the changes in the composition ratio of B cells, we performed subcluster analysis of B cells and identified 2
subclusters of B cells, including naive B cells (IGHD; n = 287) and plasma cells (MZB1; n = 471) (Fig. 4A-C). Compared to pre-
chemotherapy, the composition ratio of plasma cells increased significantly post-chemotherapy, whereas the percentage composi-
tion of naive B cells decreased (p < 0.05 for both) (Fig. 4D-F). Notably, the current study also revealed that the expression of most BCR
genes was significantly increased in B cells after chemotherapy, indicating the enhanced anti-tumor immune response. Moreover,
similar results were obtained for the analysis of plasma cells (Fig. 4G). Additionally, GO analysis suggested that DEGs of B cell clusters
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were mainly enriched in several aspects related to humoral immune activation, such as cell activation, B cell activation, B cell-
mediated immunity, and humoral immune response (Fig. 4H). Taken together, post-chemotherapy B cells mainly consisted of
plasma cells, suggesting that chemotherapy patients may experience a robust humoral immune response.

3.4. M2 polarization of macrophages was remarkably suppressed post-chemotherapy

We detected a total of 19,890 myeloid cells, representing the vast majority of the total cells. To estimate the heterogeneity of
myeloid cells pre- and post-chemotherapy, all myeloid cells were re-clustered into 4 subclusters. Further, cluster 1 was defined as
monocytes: C1QA (n = 3889), and cluster 0, 2, and 3 was defined as macrophages: FCN1 (n = 16001) (Fig. 5A-C). Nevertheless, the
composition ratios of the two types of cells mentioned above represented no significant difference (p > 0.05, Fig. 5D-F). Interestingly,
it has already been reported that neoadjuvant chemotherapy does not alter the monocyte composition of BRCA patients, which was
similar to the current findings [24]. Furthermore, the role of macrophages as highly plastic cells with different functions in tumor
development has received extensive attention. Briefly, M1 polarization exerts an anti-tumor effect, whereas M2 polarization exerts the
opposite pro-tumor effect [29,30]. In our present study, although no remarkable alteration in the composition ratio of macrophages
was detected (p > 0.05), the functional status still deserves in-depth investigation. Thus, we further extracted the crucial M2 marker
genes and specific M2 gene sets described in previous reports [18]. Notably, the expression levels of M2 marker genes were decreased
in OS after chemotherapy (Fig. 5G). As expected, GSEA analysis also disclosed that M2 polarization of macrophages was dramatically
inhibited in post-chemotherapy samples (p = 0.02, Fig. 5H). It is worth highlighting that our study achieved consistent results with
previous reports [9,18], proving the reliability of our conclusions. Overall, the above findings suggest that chemotherapy may suppress
macrophage M2 polarization and thus enhance its anti-tumor effects.

4. Discussion

As a complex system with high heterogeneity, the tumor immune microenvironment (TIME) of osteosarcoma (OS) is closely
associated with tumor malignant progression [31]. Previous studies have mainly focused on osteoblasts and osteoclasts, and few
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studies have evaluated the whole TIME in OS. Remarkably, studies have reported that the TIME of OS correlates with chemotherapy
response [32,33]. However, studies that reported chemotherapy’s effect on OS TIME are still lacking. Hence, this study investigated OS
TIME before and after chemotherapy using single-cell RNA sequencing (scRNA-seq) analysis. We characterized the landscape of major
immune cell types, revealing potential mechanisms of TIME regulation.

T cell-mediated immunity is an essential component of the host’s immune response to defend against tumors [34]. Five distinct
types of T cells were characterized using the scRNA-seq data analysis, including 2 types of CD4 T cells (Tregs and Tth), 2 types of CD8 T
cells (CD8 Tef and Act CD8 T), and NKT cells. The current findings suggest that the composition ratio of CD4 T cells, including Tregs
and Tfh, was dramatically decreased post-chemotherapy, the composition ratio of CD8 Tef cells was dramatically increased
post-chemotherapy, while the opposite trend was observed for Act CD8 T cells. Notably, a study has revealed that neoadjuvant
chemotherapy mainly resulted in decreased CD4 T cells (including Tregs) in the peripheral blood of BRCA patients, rather than CD8 T
cells [24]. This suggests that our current findings are consistent with previous reports. Meanwhile, Treg cells, a type of immuno-
suppressive cell, were widely reported to exert a suppressive effect in anti-tumor immunity through suppressing the induction and
proliferation of effector T cells, thereby inhibiting the function of effector T cells [35-37]. Conversely, activated effector T cells can
secrete IL-2, thereby promoting Treg cell expansion [38]. Specifically, Treg cells exert a crucial part in the suppression of T
cell-mediated anti-tumor immunity, which is attributed to their suppression of autologous CD4 " helper T cells and CD8 Tef [39]. It is
well known that CD8 Tef cells are involved in tumor-associated antigen (TAA)-specific immunity, thereby serving an integral part in
anti-tumor effect [40]. According to the present findings, we speculated that chemotherapy resulted in a decrease in the composition
ratio of Tregs, which would weaken their suppressive effect towards CD8 Tef cells, thus favoring the activation of anti-tumor im-
munity. As expected, chemotherapy dramatically increased the composition ratio of CD8 Tef cells, suggesting that chemotherapy could
activate CD8 Tef cells’ capacity to mediate anti-tumor immunity by decreasing the infiltration of suppressive cells—Treg cells in OS
TIME. Additionally, GO analysis revealed that the DEGs of T cell cluster were mostly enriched in a variety of aspects, including cell
activation and immunological response to tumor cells, which supported the claim that chemotherapy enhanced T cell-mediated
anti-tumor immunity.

Furthermore, as observed by Xin Huang et al. [17], myeloid cells (including monocytes, macrophages, etc.) were the most prevalent
cell population in OS TIME. Of these, macrophages accounted for a large proportion of myeloid cells. Tumor-associated macrophages
(TAM) were commonly considered mainly derived from circulating monocytes [41]. Macrophages were perceived to be immune cells
with intrinsic plasticity, and in general, TAM could be classified into M1-like and M2-like phenotypes [4]. M1-like macrophages exert
pro-inflammatory and anti-tumor properties, while M2-like macrophages exert the opposite role [18]. M2-like macrophage infiltration
was predominant in most solid tumors (including OS) and was associated with poor prognosis [42-48]. Here, no significant hetero-
geneity in the composition ratio of macrophages was detected pre- and post-chemotherapy, but large differences in their functional
status were observed, with chemotherapy modulating the M2 polarization of macrophages. Specifically, the expression levels of M2
marker genes were downregulated in post-chemotherapy OS compared to pre-chemotherapy. The results of the GSEA analysis also
indicated that M2 polarization of macrophages was markedly suppressed in post-chemotherapy samples. It has been reported that in
mice models of breast cancer and melanoma, paclitaxel reprogrammed the M2 phenotype of TAM to the M1 phenotype with the
TLR4-dependent manner, leading to the suppression of tumor growth [49]. In OS, curcumin inhibited M2-polarized macrophages to
increase cisplatin (CDDP) sensitivity in OS cells [46]. Combining the current findings with previous reports, we speculate that
chemotherapy itself may also inhibit macrophage M2 polarization, thus exerting similar anti-tumor effects, but this needs to be verified
by further in vitro and in vivo experiments.

Additionally, we observed significant heterogeneity in the composition of NK and B cells pre- and post-chemotherapy. Specifically,
our findings reveal that chemotherapy decreased the composition ratio of NK and B cells. The above findings were also supported in the
study of BRCA chemotherapy [24]. NK cells, a type of intrinsic innate cytolytic effector cell that recognizes and kills tumor cells, have a
critical role in innate and adaptive immune responses and tumor immunosurveillance [50,51]. Studies have shown that NK cell
infiltration was associated with a good prognosis [52]. Therefore, as the critical component in immunosurveillance, the decreased
proportion of NK cells might be a harmful aspect induced by chemotherapy, and hindering this process might be a promising strategy
for chemotherapy potentiation; thus, changes in their effector functions warrant further exploration. In this study, the results of
subcluster clustering of B-cell populations showed an increase in the percentage of plasma cell composition and a decrease in naive
B-cell composition in OS TIME post-chemotherapy. It is generally accepted that plasma cells capable of producing autoantibodies are
differentiated from naive B cells [53,54]. Most B cells after chemotherapy are plasma cells, indicating that most naive B cells
differentiate into plasma cells. Besides, GO analysis suggested that chemotherapy might be involved in humoral immune activation
through multiple pathways, including B-cell activation, B-cell-mediated immunity, and humoral immune response. All of these results
suggest that chemotherapy activates a strong humoral immune response.

Currently, it appears that chemotherapy reshapes OS TIME and strengthens the anti-tumor properties of TIME. Although our study
provides new insights to explore the effect of chemotherapy on OS TIME, some limitations of the present study must be noted. Firstly,
the samples included in this study were limited and unpaired, and the heterogeneity between data from different sources could not be
completely eliminated. A larger number of paired samples should be used to validate the results. Secondly, no long-term follow-up data
was obtained for the patient. Thirdly, some confounding factors, such as vaccination and infection status, may affect the reliability of
conclusions. Additionally, if further in vivo and vitro experiments, such as multiplex immunofluorescence and immunohistochemical
analysis, are implemented to determine the underlying mechanisms, it will better explain the effect of chemotherapy on OS TIME.
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5. Conclusion

In conclusion, this study reveals the dramatic heterogeneity of TIME in OS tissues pre- and post-chemotherapy, characterizes the
landscape of primary immune cells, and preliminarily explores the mechanisms. This study provides the first preliminary map of the
immune landscape in OS patients post-chemotherapy, which may contribute to the future discovery of precise therapeutic targets to
improve OS treatment.
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