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Graphical Abstract

∙ Macrophages largely show immune-suppressive activities and contribute to
malignant pleural effusion (MPE) formation in osteosarcoma.
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∙ Higher CD8+ T cellular proportion was noticed in MPE than in primary
tumor samples; however, the CD8+ T cells show comparable cytotoxicity and
exhausting activities.

∙ LAMP3+ dendritic cells (DCs) could be transformed from CD1c+ and
CLEC9A+ DCs, which may modulate the anti-PD-L1 based immunotherapy
activities.
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Abstract
Purpose: Malignant pleural effusion (MPE) is an adverse prognostic factor in
patients with osteoblastic osteosarcoma; however, the cellular contexts of MPE
are largely unknown.
Experimental design:We performed single-cell RNA-sequencing (scRNA-seq)
on 27 260 cells from sevenMPE samples and 91 186 cells from eight osteosarcoma
tissues, including one recurrent, one lung metastasis and six primary tumour
(PT) samples, to characterize their tumour microenvironment.
Results: Thirteen main cell groups were identified in osteosarcoma tumour
and MPE samples. Immune cells dominate the cellular contexts in MPE with
more T/NK cells and less osteoclasts compared to PT samples. Of T/NK cells,
CD8+GNLY+, CD8+KLRC2+ T cells and FCGR3A+NK cells were enriched in
MPE but CD4+FOXP3+ Tregs were enriched in PT samples. Naïve IGHD+

B and immune regulatory IGHA1+ B cells were largely identified in MPE,
whereas bone metabolism-related CLEC11A+ B cells were significantly enriched
in osteosarcoma PT. M2-type TAMs, including CLEC11A_TAM, C1QC_TAM and
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Prolif_TAMs, among myeloid cells were enriched in PT, which may suppress
cytotoxicity activities of T cells through multiple ligand–receptor interactions.
Mature LAMP3+ DCs were transformed from CD1C+ DC and CLEC9A+ DC
sub-clusters when exposure to tumour alloantigens, which may improve T
cell cytotoxicity activities on tumour cells under anti-PD-L1 treatments. In
further, immune cells from MPE usually present up-regulated glycolysis and
down-regulated oxidative phosphorylation and riboflavin metabolism activities
compared to those in PT samples.
Conclusions: Our study provided a novel cellular atlas of MPE and PT in
patients with advanced osteosarcoma, which may provide potential therapeutic
targets in the future.

KEYWORDS
malignant pleural effusion, osteoblastic osteosarcoma, primary tumour, single-cell RNA
sequencing, tumour microenvironment

1 BACKGROUND

Osteosarcoma is the most common malignant bone
tumour with a 5-year survival rate of approximately 65%.1
Lung metastasis (LM) is the most common cause of
death among patients with osteosarcoma. About 15–20%
of patients have distinct metastases at primary diagno-
sis, and approximately 70–80% of patients have LM at
advanced stage.2 The 5-year survival rate of osteosarcoma
patients with metastatic disease is only approximately 20–
30%.3,4 Vascular endothelial growth factor-tyrosine kinase
inhibitors (VEGF-TKIs), such as sorafenib, regorafenib,
apatinib and cabozantinib, showed clinical benefits for
patients;5–8 however, no significant improvement in the 5-
year survival rates was observed in patients receiving such
treatments. Thus, uncovering the underlying molecular
mechanisms and optimizing themanagement of advanced
osteosarcoma patients should be performed to develop
novel therapeutic approaches.
Malignant pleural effusion (MPE), with frequent symp-

toms of dyspnoea, cough and chest pain, is a common com-
plication of various primary and secondary lung tumours.9
Under normal circumstances, a narrow lining of dynamic
fluid separates the parietal and visceral pleura and main-
tains balance through production and reabsorption by the
pleural space.10 In MPE, pleural membranes increased
fluid production and/or reduced fluid resorption, which
seriously affects the cardiopulmonary state of patients.11
MPE is associated with poor prognosis caused by pleu-
ral dissemination, but the corresponding biomarkers and
pathophysiological mechanisms of MPE formation in
patients with osteosarcoma remain unknown.12 A recent
study has revealed complex compositions and cell–cell

interactions in MPE samples using scRNA-seq methods.13
In the current study, we investigated and compared the cel-
lular heterogeneity and intercellular communications in
MPE and primary tumours (PTs) in osteosarcoma patients,
which may provide deeper insights into MPE formation
and the tumour microenvironment (TME) characteristics
of advanced osteosarcoma patients.

2 MATERIALS ANDMETHODS

2.1 Participants recruitment and
samples collection

A total of 15 patients who were diagnosed with osteoblas-
tic osteosarcoma were recruited at Shanghai Sixth Peo-
ple’s Hospital affiliated with Shanghai Jiaotong University
from October 2017 to November 2021. The collection of
eight samples, including six PT, one recurrent tumour
(RT) and one LM samples, was reported in our previous
study.14 These patients had received standardized first-line
adjuvant and neoadjuvant chemotherapy composed of a
cocktail of four drugs, including doxorubicin, cisplatin,
methotrexate and ifosfamide, before the surgery treatment.
For those patients with LM or RT, they received gemc-
itabine and docetaxel treatment before surgery. Another
seven osteosarcoma patients diagnosed with MPE were
recruited in the current study, and these patients had pleu-
ral metastasis confirmed by computed tomography and
pathological cytological examination of exfoliated cells in
the hydrothorax sample. Pleural fluid samples from indi-
vidual patients were collected in heparin-treated tubes
using standard thoracentesis techniques. Pleural fluid
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samples were placed on ice and centrifuged at 800×g
for 15 min, and the cells were subjected to scRNA-seq
analysis. All participants were diagnosed with osteoblas-
tic osteosarcoma according to the NCCN Clinical Prac-
tice Guidelines in Oncology (https://www.nccn.org/), and
each patient providedwritten informed consent. The study
was approved by the ethics committee of the Shanghai
Sixth People’s Hospital. Two more patients who had more
than 1000 ml of MPE sample agreed to donate dendritic
cells (DCs) and T cells to determine the efficacy of the cyto-
toxicity tests in vitro. Detailed clinical characteristics of the
participants are provided in Table S1.

2.2 Sample preparation and scRNA-seq
library preparation

Methods for the sample preparation and 3′ tag-based
scRNA-seq of eight tumour tissue samples have been pre-
viously reported.14 For scRNA-seq in seven MPE samples,
the cells were resuspended gently with 1 ml phosphate-
buffered saline (PBS), and the contaminated red blood
cells were further removed using RBC lysis buffer (Roche,
Cat. No. #11814389001). The cells were centrifuged and
washed twice with cold PBS. After staining with trypan
blue (Bio-RAD, Cat. No.#1450013), the cell cellular viabil-
ity was checked under a phase contrast light microscope
(Nikon, Japan). Single-cell suspension with a concentra-
tion of 800–1200 cells/μl (90–95% viability)was loaded onto
a 10× Chromium a Chip to capture a total of 8000–10 000
cells for each sample. After mixing with the barcoded gel
beads on a Chromium Controller (10×Genomics), 5′-tag-
based reverse transcription reaction was performed. After
the droplets broke, the barcoded-cDNAwas purified using
DynaBeads, followed by cDNA amplification for 14 cycles.
After partial cDNA fragmentation and splicing, mRNA
sequencing libraries of scRNA-seq suitable for the Illumina
sequencing platform were constructed. Part of the individ-
ual 5′-tag-based cDNA library product from MPE samples
was used as templates for the construction of T cell recep-
tor (TCR) joining (VDJ) sequencing library following the
manufacturer’s instructions (10×Genomics).

2.3 Library sequencing and data
processing

The individual sequencing library was evaluated on an
Agilent Bio analyser using the High Sensitivity DNA
Kit (Agilent Technologies), and the libraries were pooled
for DNA sequencing on the Illumina HiSeq X platform
with 150-bp paired-end reads. Raw base call files were
converted into FASTQ files using ‘mkfastq’ in the Cell

Ranger software tool kit (version 2.1.1). Then, the FASTQ
files were applied to generate a single-cell gene expres-
sion matrix using the GRCh38 Ensembl build 92 genome
sequences as the reference. Reads with the same cell bar-
code, unique molecule identifiers (UMIs) and genes were
grouped together to calculate the UMIs of each gene in
individual cells using the ‘count’ command. The TCR-VDJ
sequencing data produced from the Chromium Single Cell
5′-VDJ libraries were processed using ‘vdj’ command of the
Cell Ranger tool kit (version 4.1.0). After removing empty
droplets, the filtered gene expression matrices were used
for further analysis.

2.4 scRNA-seq data integration and
dimensionality reduction analysis

The filtered gene expression matrix generated by Cell
Ranger (version 2.1.1) was used as the input data for
the Seurat (version 4.1.1) analysis pipeline of R (version
4.1.3). The gene expression data of individual samples
were processed using the CreateSeuratObject() function
to create a Seurat object and the gene expression lev-
els of the cells were normalized by the log-normalization
algorithm. Cells with nUMI < 200 or the percentage of
the mitochondrial genes > 10% were dropped. Potential
doublets or higher-order multiplets were identified using
the DoubletFinder package (version 2.0.2) of R with an
expected doublet rate of .05 and dropped from further
analysis. The top 2000 highly variable genes of the normal-
ized expressionmatrix were identified, centred, scaled and
used for dimension reduction. Individual Seurat objects
were merged and potential batch effects were adjusted
using the Harmony package (version 1.0) with default
settings.15

2.5 Cellular sub-clustering and
annotation analysis

With the integrated joint embedding produced by Har-
mony, cellular sub-clusters were identified using the
Louvain algorithm after computing a shared nearest-
neighbour graph implemented in the ‘FindClusters’ func-
tion in Seurat. Cellular sub-clusters were visualized in a
two-dimensional space produced using the t-distributed
stochastic neighbour embedding (t-SNE) or uniformman-
ifold approximation and projection (UMAP) plot. Cell
sub-clusters were annotated based on the canonical
gene expression levels of well-known markers, including
tumour cells (PTH1R, CD24 and GPC1), cancer asso-
ciation fibroblasts (CAFs; ASPN, POSTN and ACTA2),
mesenchymal stem cells (MSCs; CXCL12 and SFRP2),

https://www.nccn.org/
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pericytes (PDGFRB and RGS5), osteocytes (COL1A1, CPE
and MEPE), T/NK (CD3D, CD8A and NKG7), myeloid
(CD74, CD14 and LYZ), osteoclasts (OCs; ACP5, MMP9
and CTSK), B and plasma B cells (CD79A, CD79B and
JCHAIN), endothelial cells (ECs; vWFandPECAM1),mast
cells (CPA3 and MS4A2) and red blood cells (HBB and
HBA1).
For sub-clustering analysis, we repeated the above-

mentioned steps, including normalization, batch effects
removal, dimensionality reduction and clustering to the
specific cluster derived from the overall analysis. To
annotate the sub-clusters, we identified the differentially
expressed genes (DEGs) for the indicated clusters com-
pared to the rest cells using the FindAllMarkers() function
with default settings. Cellular subgroups were annotated
based on well-known markers in literature or top-ranked
DEGs.16

2.6 Differentially over-expressed genes
identification and gene ontology
enrichment analysis

Significantly over-expressed genes in indicated sub-cluster
cells compared to the other cells were identified using
the Wilcoxon rank-sum test by FindAllMarkers() func-
tion of Seurat (only.pos = T, logfc.threshold = .1 and
min.pct = .1). We determined the cluster-specific over-
represented gene ontology (GO) biological processes using
the compareCluster function of clusterProfiler package
(version 3.14.3) of R. We performed gene sets enrich-
ment analysis (GSEA) with the 50 hallmark gene sets
in the MSigDB database (https://www.gsea-msigdb.org/
gsea/msigdb) of the DEGs between cellular groups. The
GSEA was performed with the modified competitive gene
set enrichment test by Cillo et al.,which was embedded in
SingleSeqGset (version 0.1.2) R package.17

2.7 Single-cell trajectory analysis

Trajectories for CD8+ T cells and DCs were generated
by the Monocle2 algorithm (v2.8.0) of R.18 Briefly, the
raw UMI counts were used to create a CellDataSet
object by the new CellDataSet() function with the
default parameter. Genes with a mean expression < .1
were filtered out from trajectory analysis, and DEGs
with q-value < .01 between cell groups were used for
dimension reduction by reduceDimension() function with
parameters set as reduction method = ‘DDR_Tree’ and
max_components = 2. Single cells were ordered and visu-
alized with the plot_cell_trajectory() and coloured by cell
groups or pseudo time as indicated. The branch expres-

sion analysis modelling algorithm was used to identify
genes with distinct gene expression between branches
using the branch expression analysis modelling (BEAM)
algorithm. Those DEGs with a q-value < 10−10 in BEAM
analysis were separated into clusters and visualized with
the plot_genes_branched_heatmap() function. GO biolog-
ical process enrichment analyses for genes in each cluster
were performed using the clusterProfiler (version 3.14.3)
package of R.15

2.8 TCR repertoire analysis of T cells

The filtered contig outputs of Cell Ranger (version 4.1.0)
vdj analysis pipeline, including the assembled nucleotide
sequences for TCR α and β chains, the coding potential
of the nucleotide sequences, CDR3 sequences, translated
amino acid sequence, as well as the estimated UMI value
of α or β chains for each cell, were used for the TCR anal-
ysis using scRepertoire (version 1.5.2).19 Only cells with
sequencing data for α and β chains were retained. For
any given cell barcode, only the most abundant TRA or
TRB clonal types were used for further analysis. The TCR
sequence of individual cells was defined by an in-frame
TCR α-β pair, and if a unique in-frame TCR α-β pair was
present in two or more cells, this clonal type was consid-
ered a clone. The R package STARTRAC (version 0.1.0)
developed by Ren and Zhang.20 was used to assess the
enrichment of TCR in the identified T cell sub-clusters.
The degree of clonal expansion, tissue migration and state
transition of T cell clusters upon TCR tracking were deter-
mined using STARTRAC algorithms (https://github.com/
Japrin/STARTRAC).20

2.9 Functional module score
calculation

To determine the cellular functions of an interested sub-
group, we calculated the functional score for this cell
sub-cluster using the AddModuleScore() function in Seu-
rat (version 4.1.1). Briefly, the average expression levels of
signature genes in the cluster of interest were subtracted
from the aggregated expression of randomly selected con-
trol feature sets. Gene sets applied for functional module
analysis, including monocytes, M1- and M2-tumour asso-
ciation macrophage (TAM) gene signature for the myeloid
cells, naïve, cytotoxicity and exhausted scores for T cells, as
well as migration, differentiation, apoptosis, antigen pre-
sentation and immune regulatory scores for DCs, were
derived from previous studies.21 The gene list applied in
the functional module score calculation is provided in
Table S2.

https://www.gsea-msigdb.org/gsea/msigdb
https://www.gsea-msigdb.org/gsea/msigdb
https://github.com/Japrin/STARTRAC
https://github.com/Japrin/STARTRAC


ZHANG et al. 5 of 23

2.10 Multiplex immunofluorescence
staining

Formalin-fixed, paraffin-embedded osteosarcoma tissues
were sectioned into 5 μm slides, and all sections were
deparaffinized, rehydrated and washed according to rou-
tine methods. After treatment with 3% hydrogen peroxide
for 10min to quench endogenous peroxidase, the slides
were subjected to water-bath heating for antigen retrieval
using sodium citrate antigen repair solution (BOSTERBio-
logical Technology, Wuhan, China). To evaluate the cor-
relation between LAMP3+ DCs and CD4_FOXP3+ Tregs,
multiplex immunofluorescence staining assays were per-
formed using the Opal™Polaris 7-Color Automation IHC
kit (NEL871001 PerkinElmer, USA) according to the man-
ufacturer’s instructions. The primary antibodies used
were anti-LAMP3 (1:50, #12632-1-AP, Proteintech), anti-
CD4 (1:100, #GTX44513, GeneTex) and anti-FOXP3 (1:100,
#GTX30696, GeneTex). Multispectral images were cap-
tured and viewed using the KFBIO scan system (Jiangfeng
Bioinformation, China).

2.11 Cellular cytotoxicity assay

Monocytes from the MPE samples were obtained by den-
sity gradient centrifugation using a lymphocyte separation
medium (Histopaque R©-1077,Merck, USA). Adherent cells
were cultured with AMI-V medium (0870112DK, Gibco,
USA), containing interleukin 4 (IL-4) (50 ng/ml, Cat#AF-
200-04-200, Peprotech, USA) and GM-CSF (50 ng/ml,
Cat#AF-300-03-200, Peprotech) for 7 days and detected
the DC markers by flow cytometry (FCM). The DCs were
treated with or without tumour alloantigens at a final con-
centration of 1μg/ml,whichwas the lysate of osteosarcoma
cell line 143B obtained by repetitive freeze-thaw for five
times and filtered using .45 μmpore size filters.22 The 143B
cells were inoculated at a density of 2 million/cm2 and
co-cultured with T cells derived from the MPE samples
in culture medium containing IL-2 (1000 U/ml, Cat 200–
02, Peprotech), anti-CD3 antibody (50 ng/ml, 05121–25,
Biogems, USA) and anti-PD-1 antibody (2.25 mg/ml, cam-
relizumab, Hengrui pharmaceuticals Co., Ltd, China).23,24
After co-culturing for 3 days, the cytotoxicity assaywas per-
formed in a 96-well flat-bottom plate at the effect/target
ratio of 5:1 and 10:1. Each group was assayed in triplicate.

2.12 Flowcytometry assay

MPE samples were collected as described above, and the
cells were first labelled using the LIVE/DEAD™ Fixable
Near-IR Dead Cell Stain Kit (#10119, ThermoFisher Scien-

tific) to detect cell viability. The cells were multi-stained
with the indicated antibodies at room temperature for
45 min. After washing with PBS solution, the stained
cells were analysed using FACS Aria III (BD Biosciences,
San Jose, CA, USA) and FlowJo software (Tree Star
Inc., Ashland, OR, USA). Antibodies used to determine
the DC properties included anti-CD86-APC (BioLegend;
#305220, 1:100), anti-CD80 (CD16)-PE/Cyanine7 (BioLe-
gend; #305421, 1:100), PD-L1-PE (BioLegend; #329705,
1:100) and anti-LAMP3(Abcam;ab111090,1:100) goat anti-
rabbit IgG-FITC (Absin;abs20004, 1:100). Only viable cells
were used for subsequent analysis.

2.13 Survival analysis of
TARGET-osteosarcoma database

TheRNA-seq data for the TARGET-osteosarcomadatabase
and the corresponding clinical data were downloaded
from the National Cancer Institute Genomic Data Com-
mons database using the TCGAbiolinks package (version
2.22.2) of R. A total of 85 patients with RNA-seq data and
following-up information were included in the analysis.
For the indicated cellular sub-cluster, we investigated the
prognostic effects of the mean expression level of cellular-
specific gene signatures in patients with osteosarcoma.
We applied the receiver-operating characteristic analy-
sis implemented in the FindAllMarkers() algorithm of R
using the parameters test.use = ‘roc’ and min.pct = .2 to
identify the cellular-specific expressed genes. Genes with
an area under the curve value > .7 and percent of expres-
sion (count > 0) in the assigned cell sub-cluster > 50% but
less than 1% in other cells were recognized as the cellular-
specific gene signature. Raw data from the TARGET-
osteosarcoma RNA-seq database were processed using the
DESeq2 package (version 1.36.0) for normalization and the
genes across the samples were scaled. According to the
average expression level of the cellular-specific gene sig-
nature, the osteosarcoma patients were divided into higher
or lower expression groups using the optimal cut-off point
derived from the maximally selected rank statistics, which
was associated with the most significant association with
overall survival (OS) or event-free survival (EFS) of the
patients using the R package survminer (version 0.4.9).
The Kaplan–Meier survival curve analysis was performed
by survival (version 3.2-10) and survminer packages in R,
which showed the prognostic results between the high and
low gene signature expression groups.25

2.14 Interactions between cell types

We determined the potential ligand–receptor (L-R) inter-
actions according to the expression of ligands in one cell
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type and their corresponding receptors in the other cell
types using the CellChat algorithm (version 0.0.2; https://
github.com/sqjin/CellChat).26,27 Significant L-R interac-
tions were identified from the permutation tests (p < .05).
Potential L-R communications between cell sub-clusters
were visualized using the bubble plot. We also compared
L-R interactions and the corresponding strengths between
cell populations, which were visualized using a heatmap
plot.

2.15 Genome-wide association
studies-related gene expression patterns

We searched the PubMed database to identify the genome-
wide association studies (GWASs) that aimed to identify
the susceptibility or prognosis of osteosarcoma patients,
which are listed in Table S3. We determined the gene
expression patterns of the loci host or nearest genes as
reported in the GWASs in cellular subgroups of scRNA-
seq data, and the z-scaled gene expression of the indicated
genes was represented as a dotplot.28

2.16 Statistical analysis

R software (version 4.1.2; www.r-project.org) was applied
to perform the statistical analysis in the current study.
Continuous data were presented as mean ± standard
deviation. The significance of the differences was deter-
mined using the unpaired Student’s t-test or Wilcoxon
test, as indicated. The two-sided p < .05 was considered
as statistically significant. To determine the enrichment
of specific cell types across sample types, we calculated
the observed and expected cell numbers of each cellu-
lar cluster in different sample types following the for-
mula Ro/e= (observed/expected) as previously reported,29
where the expected cell number of specific cell sub-cluster
was determined using the χ2 test. Ro/e > 1 indicates that
the cell sub-cluster was enriched in a specific sample type.

3 RESULTS

3.1 Landscape view of TME inMPE and
tumour tissues in advanced osteosarcoma
patients

Patient with MPE was associated with a poor quality of
life and increasedmorbidity andmortality risks in patients
with osteosarcoma. We collected seven MPE, six PT, one
RT and one LM samples during surgical resection or per-
fusion drainage treatments fromosteoblastic osteosarcoma

patients (including six males and nine females, 11–59 years
old; Table S1) to characterize their TME using scRNA-seq
methods (Figure 1A). We also determined the TCR-VDJ
sequences in five MPE samples to determine the T cell
clonal status in osteosarcoma patients. After quality con-
trol, we performed UMAP and t-SNE analysis (Figure 1B
and Figure S1A) at the transcriptomic level in 118 446
cells, including 27 260 cells from seven MPE and 91 186
cells from eight tumour tissues (including PT, RT and
LM samples). The cells were divided into 13 main clus-
ters, including malignant cells (n = 35 418), pericytes
(n = 3649), myeloid cells (n = 29 451), B cells (n = 1524),
plasma B cells (n = 445), CAFs (n = 6680), osteocytes
(n = 2524), OCs (n = 8530), ECs (ECs, n = 2742), MSCs
(n = 1035), T/NK cells (n = 19 897), mast cells (n = 16)
and red blood cells (RBCs, n = 519) based on expres-
sion levels of canonical biomarkers (Figure 1C). The total
identified cellular numbers and proportions from different
sample types (Figure 1D,E) and individual samples (Figure
S1B,C) are provided. OCs, CAFs, MSCs, ECs and pericytes
were mainly identified in tumour tissues (Figure 1D,E),
whereas immune cells were enriched in MPE samples
(Figure S1D). When comparing the CD45+ immune cell
contexture between PT and MPE samples (Figure S1E),
OCs were found to be enriched in PT samples, whereas
T/NK lymphocytes were significantly enriched in MPE
samples (Figure 1F). No significant differences in the rel-
ative proportions of B, plasma B and myeloid cells among
CD45+ immune cells were observed between the primary
tissue and MPE samples (Figure S1F).

3.2 Single-cell transcriptomics atlas of
T/NK lymphocytes in MPE and tumour
tissues

t-SNE and UMAP clustering analyses showed that T/NK
cells were subdivided into 15 subtypes, including eight
CD4+ cell groups, five CD8+ cell groups and two NK cell
groups (Figure 2A and Figure S2A). A total of eight CD4+
T cell clusters were identified (Figure 2A,B and Figure
S2A). Of them, CD4_C1_CCR7 and CD4_C8_IFIT2 highly
express naïve T cellmarkers (CCR7, LEF1, SELL andTCF7)
were recognized as naïve CD4+ T cells (Figure 2B,C); how-
ever, CD4_C8_IFIT2 highly express the IFIT1, IFIT2 and
IFIT3, indicating they were interferon-induced CD4+ T
naïve cells (Figure 2B);29 CD4_C2_BHLHE40 sub-cluster
highly expressed ANXA1, CD40LG, CXCR3 and CXCR6,
suggesting that they were CD4+ T residual memory
cells (CD4+ TRM; Figure 2B). CD4_C3_CXCL13 highly
express CXCL13, IFNG and immune checkpoint biomark-
ers, including BTLA, CTLA4 and PDCD1 (Figure 2B),
suggesting that these cells may be T helper 1 (TH1)

https://github.com/sqjin/CellChat
https://github.com/sqjin/CellChat
http://www.r-project.org
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F IGURE 1 Landscape of cell clusters in tumour and MPE samples of osteosarcoma patients delineated by scRNA-seq analysis. (A)
Workflow of our study design. Eight tumour tissues and seven MPE samples from individual patients were performed for the scRNA-seq
analysis, and two other MPE samples were collected for cellular cytotoxic and flow cytometry tests in the current study. (B) The UMAP plots
demonstrate the 13 mainly identified cell clusters in all OS patients or from different sample types. (C) Dotplot exhibits the expression levels of
canonical markers in each cell cluster. Cell number (D) and (E) proportion of assigned cell clusters in different sample types were
demonstrated. (F) The bar plot presented the relative proportion of OC and T/NK cells among immune cells (CD45+) between primary
tumour and MPE samples. A comparison of the cellular proportion between the groups was performed using the Wilcoxon test.
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F IGURE 2 Diverse T/NK sub-clusters in the osteosarcoma tumour microenvironment. (A) t-SNE plot showed the CD4, CD8 and NK
sub-clusters as indicated. (B) The heatmap demonstrating the signature genes expression levels of each cellular sub-cluster according to their
functional annotation. The cellular sub-clusters were labelled as in (A). (C) Cumulative distribution plots showed the distribution of naïve
(left), cytotoxicity (middle) and suppressive/exhaustion (right) state scores in CD4+ T (upper panel) and CD8+ T (lower panel) cell
sub-clusters. A rightward shift of the curve means an increase in state scores. (D) The branch trajectory plot of the CD8+ T cells inferred by
Monocle 2, colour from dark blue to light blue indicated the pseudotime of single cells (left panel). Each dot represents one single cell.
Expression of CCR7, KLRK1 and GZMB in each cell was displayed in an inlet plot from dark blue to yellow (right panel). (E) DEGs (in rows,



ZHANG et al. 9 of 23

like cells. CD4_C4_FOXP3 cells showed a high level of
FOXP3 and IL2RA, and they were recognized as CD4+
Tregs (Figure 2B). Interestingly, the CD4_C3_CXCL13
and CD4_C4_FOXP3 highly expressed immune check-
point inhibitor receptors (e.g. BTLA, CTLA4, PDCD1 and
TIGIT; Figure 2B), and they showed the highest immune
suppressive activities among CD4+ T cells (Figure 2C).
CD4_C5_KLRB1 highly express the GZMK, GZMB and
CXCR6, suggesting that these were effector memory CD4+
T cells (Figure 2B) and associated with high cell cyto-
toxicity activities among CD4+ T cells (Figure 2C).30
CD4_C6_XIST cells express GZMK were recognized as
the effector cells in osteosarcoma TME (Figure 2B). The
CD4_C7_CLEC11A highly express the central memory
biomarkers, including TIMP1, RGS1, ANXA1 and ANXA2,
but lowly express the CCR7 and TCF7 (Figure 2B),
indicating the transient status of these central memory
cells.29 Cellular distribution and proportion in patients
and sample types were provided (Figure S2B). Com-
pared to PT, cellular proportions of CD4_C4_FOXP3
and CD4_C7_CLEC11A cellular proportions among all
T/NK cells were reduced in MPE samples but not for
the other CD4+ T cell sub-clusters (Figure S2C,D). As
CD4_C3_CXCL13 and CD4_C4_FOXP3 highly expressed
immune checkpoint blockers, we compared the gene
expression patterns between cells derived from PT tis-
sue and MPE samples. Compared to the PT-derived cells,
both CD4_C3_CXCL13 and CD4_C4_FOXP3 cells in MPE
showed enhanced activities of PD-L1 expression and PD-1
checkpoint pathway, TCR signalling pathway and C-type
lectin receptor signalling pathway, suggesting that their
immune regulatory activities were augmented in MPE
samples (Figure 2D).
Further clustering of the CD8+ T cells identified

five sub-clusters (Figure 2A,B), including the naive
CD8_C1_CCR7 sub-cluster characterized with high levels
of naïve biomarker genes CCR7, LEF1, SELL and TCF7
(Figure 2B); recently activated effector memory or effec-
tor T (Temra) cells CD8_C2_GNLY characterized with
high expression of PRF1, FGFBP2, FCGR3A, GZMH and
GNLY (Figure 2B); two effector memory (Tem) clusters
CD8_C3_KLRC2 and CD8_C4_KLRK1 characterized with
high expression levels of granzyme genes (GZMA, GZMH
and GZMK) and PRF1 (Figure 2B). CD8_C4_KLRK1 also
highly express the immune inhibitors CTLA4, PDCD1 and

LAG3, indicating the pre-exhausting status of these cells
(Figure 2B); and the terminal exhausting CD8_C5_GZMB
cell sub-cluster was characterized with highly express the
inhibitory markers (PDCD1, HAVCR2, LAG3 and TIGIT;
Figure 2B) as well as the cytotoxic effectors (GZMK,
GZMA, NKG7, PRF1 and IFNG).29,30 Through evaluat-
ing the expression level of signature genes, we noticed
that CD8_C2_GNLY and CD8_C5_GZMB showed the
highest cellular cytotoxicity activities (Figure 2C), while
CD8_C4_KLRK1 and CD8_C5_GZMB showed relatively
higher levels of exhaustion activities compared to other
CD8+ T cells (Figure 2C). It was the CD8_C2_GNLY and
CD8_C3_KLRC2 rather than the other CD8+ T cell sub-
clusters that were significant enriched in MPE than PT
samples (Figure S2D). Using the Monocle2 algorithm, we
noticed a two-branched transition trajectory of CD8+ T
cells with CD8_C1_CCR7 as the root and two exhausted
CD8_C4_KLRK1 and CD8_C5_GZMB cell sub-clusters as
terminal status (Figure 2E,F). Along with the trajectory
to CD8_C5_GZMB branch (cell fate 1), T cell activa-
tion, leukocyte-mediated cytotoxicity, cell chemotaxis and
TNF-mediated signalling pathway were enhanced, while
signalling pathways related to the response to type 1
interferon, antigen processing and presentation, response
to IL-12 were enhanced along with the CD8_C4_KLRK1
branch (cell fate 2).
We performed scTCR-seq of T cells in five MPE sam-

ples and successfully sequenced the VDJ sequences of TCR
regions in 8282 out of 11 010 total T cells (Figure S3A).
Clonal cells were mostly identified in CD8+ T cells rather
than CD4+ T cells (Figure S3B), suggesting that the activa-
tion of CD8+ T cells plays vital roles in anti-tumour activi-
ties of osteosarcoma. Using the STARTRAC algorithm, we
determined the expansion and transition activities of the
T cells (Figure 2G,H). CD8_C2_GNLY, CD8_C4_KLRK1
and CD8_C5_GZMB showed relatively higher expansion
and transition index score (Figure 2G,H). Interestingly, the
terminal CD8+ T sub-clusters, including CD8_C4_KLRK1
and CD8_C5_GZMB, had the highest proportion of hyper-
expanded cells, suggesting that these cells contributed to
the tumor-responsible cytotoxicity activities by CD8+ T
cells (Figure S3C,D). Interestingly, when we compared
the cellular cytotoxicity and exhaustion activities of all
CD8+ T cells from MPE and PT, no significant differences
in the cytotoxicity or exhaustion activities were noticed,

q-value < 10−10) exhibited the development of CD8+ T cells from a naïve state into CD8_C5_GZMB (cell fate 1) and CD8_C4_KLRK1 (cell fate
2) clusters. GO terms of the DEGs in each cluster were provided. (F) The left KEGG analysis presented the functional difference in
CD4_C3_CXCL13 cells between MPE and PT samples. The right KEGG analysis presented the functional difference of CD4_C4_FOXP3 Tregs
between MPE and PT samples. (G) Box plots displayed the expansion index scores of all T cell sub-clusters as indicated. The x-axis presents
cellular sub-clusters and the y-axis presents the expansion index. (H) The box plots displayed the transition-index scores of all T cell
sub-clusters as indicated. The x-axis presents cellular sub-clusters and the y-axis presents the transition-index scores.
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indicating the similarity anti-tumour activities in CD8+
T in MPE and PT (Figure S3E). Compared the metabolic
activity score of each T cell sub-cluster between MPE
and PT, we found increased activities of phenylala-
nine metabolism, glycolysis and gluconeogenesis, tyrosine
metabolism and pentose and mannose metabolism in
MPE-derived T cells, while the riboflavin metabolism,
oxidative phosphorylation and glutathione metabolism
activities were decreased (Figure S3F).
Two NK cell sub-clusters, NK_C1_XCL1 and

NK_C2_FCGR3A, were identified (Figure 2A,B). Com-
pared to NK_C1_XCL1 cells, NK_C2_FCGR3A showed
stronger expression of genes related to nature killer-
mediated cytotoxicity, chemokine signalling pathway,
toll-like receptor signalling pathway, Th17 and Th1/2 cell
differentiation signalling pathways (Figure S2E). Further-
more, the cellular proportion of NK_C2_FCGR3A was
higher in MPE than in PT (Figure S2D), which indicated
the enhancement of NK cell-mediated cytotoxicity by NK
cells in MPE samples.

3.3 Diversity of B cells in patients with
advanced osteosarcoma patients

Sub-cluster analysis of 1,969 B cells identified four subsets,
including plasma_B, CLEC11A+ B (CLEC11A_B), IGHA1+
B (IGHA1_B) and IGHD+ B (IGHD_B) cells, using the
t-SNE and UMAP methods (Figure 3A, Figure S4A,B).
CLEC11A_B may be involved in bone metabolism as it
highly expresses SPP1, CLEC11A andMMP931 (Figure 3B).
IGHD_Bwas characterized by CD19+/IGHD+/CD27-cells,
which are recognized as naïve B cells (Figure 3B).32
IGHA1_B cells showed relatively higher expression of
immune regulation genes, including CD82, CD70, CD27,
CD79A, CD44, HLA-DPB1 and HLA-DPA1, which have
been suggested as regulatory B cells (Bregs; Figure 3B).33
KEGG enrichment analysis showed that CLEC11A_B cell
over-expressed genes were associated with extracellu-
lar matrix (ECM)–receptor interactions, protein digestion
and absorption, mineral absorption and oestrogen sig-
nalling pathways, which further indicated that they may
be involved in bone metabolism, osteoblastic tumour cell
turnover, proliferation and invasion (Figure 3C). Com-
pared to other B cells, IGHA1_B cells were associated
with enhanced activities of antigen processing and pre-
sentation, phagosomes, B cell receptors, NF-κB, C-type
lectin receptors and platelet activation signalling pathways
(Figure 3C). CLEC11A_B was exclusively enriched in PT
tissues, whereas the IGHD_B and IGHA1_B cells were
enriched in the MPE samples (Figure 3D and Figure S4C).
As metabolic properties may modulate immune cell activ-
ities, we compared the metabolic activities of B cells in

PT and MPE (Figure 3E). We found that phenylalanine
metabolism, glycolysis, pentose phosphate and tyrosine
metabolism were enhanced in MPE-derived B cell sub-
types, whereas oxidative phosphorylation, riboflavin, glu-
tathione, arginine and proline metabolism were reduced
(Figure 3E). These data suggested that targeting metabolic
signalling pathways may provide novel therapeutic targets
for osteosarcoma treatment.
Using the CellChat algorithm, we evaluated the poten-

tial ligand–receptor (L-R) interactions between the B and
T cell sub-clusters inMPE samples (Figure S4D).We found
that IGHA1_B plays a coordinated role in T cell recruit-
ment through the CD22-PTPRC/CD45 signalling axis
(Figure S4D). Through the CD70-CD27 and CD86-CD28
axes, IGHA1_B may induce cellular activities of cytotoxic
CD8+ T cells (Figure S4D). IGHA1_B cells also regulate
CD4+ T cells through the IL6-CD4 and CLEC2D/CLEC2C-
KLEB1 signalling axis (Figure S4D). IGHA_B1 cells may
induce CD4+ T cell exhaustion, as CD86-CTLA4 interac-
tions were observed between IGHA1_B, CD4_C3_CXCL13
and CD4_C4_FOXP3 cells (Figure S4D). These results may
underlie the mechanisms by which immune activation is
accompanied by immune suppression in T cells, as previ-
ously reported.26,34 In the TARGET-osteosarcoma dataset,
we noticed that patients with higher IGHA1_B gene sig-
nature score were associated with better EFS and OS,
suggesting tumour suppressive roles of IGHA1_B cells in
osteosarcoma patients. Patients with higher plasma_B cell
gene signature scores were associated with poorer EFS but
with better OS, indicating the diverse roles of plasma_B
cells in osteosarcoma patients (Figure S4E). We then com-
pared the cellular interactions between IGHA1_B and T
sub-clusters between PT andMPE. Enhanced CD86-CD28,
CD86-CTLA4 and CD70-CD27 L-R interactions with
CD4_C3_CXCL13 or CD4_C4_FOXP3 cell sub-clusters
were observed in MPE compared to PT. Enhancement
of CD99-CD99 and MIF-(CD74+CXCR4) L-R interactions
between IGHA1_B and CD8_C2_GNLY, CD8_C3_KLRC2
and CD8_C4_KLRK1 cell sub-clusters was also observed
inMPE compared to PT samples (Figure 3F). These results
suggested the augmented immune regulation activities by
Bregs on T cells in MPE samples in contrast to PT.

3.4 Immunosuppressive
microenvironment created by myeloid cells
in osteosarcoma patients

Using t-SNE clustering analysis, 29 451 myeloid cells
were sub-clustered into 11 subsets, including neutrophils,
seven TAM sub-clusters and three DC groups (Figure 4A
and Figure S5A). As monocytes in the blood are induced
into TAMs in TME, and the macrophages were divided



ZHANG et al. 11 of 23

F IGURE 3 Characterization of B cells in osteosarcoma tumour tissues and MPE. (A) The t-SNE plot clustered B cells into four
sub-clusters as coloured. (B) The heatmap showed the differentially expressed genes between four B cell sub-clusters. (C) Bar plot indicated
the KEGG enrichment analysis of over-expressed genes in indicated B cell sub-clusters. (D) The box plot displayed the proportion of B
sub-clusters in osteosarcoma primary tumour (PT) or MPE samples. A comparison between the groups was performed using the Wilcoxon
test. (E) The heatmap presented the differences in metabolic pathway scores in B cell sub-clusters from MPE and primary tumour tissues
(MPE minus PT score). (F) Dotplot exhibited the comparison of ligand–receptor (L-R) interactions between the IGHA1_B cells and T cell
sub-clusters in MPE and PT. 1 indicated PT and 2 indicated MPE sample.
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F IGURE 4 Diversity of myeloid cells in the osteosarcoma tumour microenvironment. (A) t-SNE plot showed the 11 major sub-clusters of
myeloid cells. (B) Dot plot displayed monocyte, M1- and M2-type tumour-associated macrophage (TAM) gene signature scores in each
myeloid cell type. (C) Heatmap showed the enriched hallmark gene signatures in TAM sub-clusters. (D) Box plots presented the differences in
selected TAM proportions between MPE and primary tumour (PT) samples. (E) Dotplot showed the significant ligand–receptor interactions
of selected TAM sub-clusters with T/NK sub-clusters in PT tissues. (F) The Kaplan–Meier plot demonstrated event-free survival (EFS) and
overall survival (OS) curves of TARGET-osteosarcoma patients according to C1QC_TAM and Prolif_TAM gene signature scores. Comparisons
between groups were performed using the two-sided log-rank test.
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into M1- or M2-TAMs with anti-tumourigenic and
pro-tumourigenic properties, we determined the gene
expression signatures of monocytes and the M1- and M2-
type TAMs.35 We found that IL1B_TAM and FCN1_TAM
showed relatively higher levels of monocytes andM1-TAM
signatures (Figure 4B and Figure S5B), and these cells
showed higher activities of IL6_JAK_STAT3, IL2_STAT5,
inflammatory response and complement-related pro-
inflammatory signalling pathways compared to other
TAMs (Figure 4C), indicating that these cells were early-
stage M1-type like TAMs transformed from monocytes.
However, IL1B_TAM and FCN1_TAM cells also positively
expressed the M2-TAM signature genes, including MRC1,
CD206, MS4A4A and IL4I1, suggesting that they were
undergoing the transition into M2-TAM in osteosarcoma
TME. Prolif_TAM, CLEC11A_TAM, SPP1_TAM and
C1QC_TAM predominantly showed higher M2-TAM
signature (Figure 4B and Figure S5B), and were associated
with higher activities in bile acid metabolism, adipogene-
sis, fatty acid metabolism and oxidative phosphorylation
(Figure 4C).36 Prolif_TAM, CLEC11A_TAM, SPP1_TAM
and C1QC_TAM predominantly showed higher M2-
TAM signature levels (Figure 4B and Figure S5B), and
they were associated with higher activities in bile acid
metabolism, adipogenesis, fatty acid metabolism and
oxidative phosphorylation (Figure 4C). For M2-TAMs, we
noticed an enrichment of C1QC_TAM, CLEC11A_TAM
and Prolif_TAM among the CD45+ immune cells in
PT than in MPE samples (Figure 4D, Figure S5C,D),
indicating a stronger immunosuppressive TME created
by TAMs in PT tissues. LYVE1+ TAMs (LYVE1_TAMs)
were only identified in MPE samples and have been
recognized as LYVE1high/MHCIIlow monocyte-derived
resident tissue macrophages alongside blood vessels
which may restrain inflammation and fibrosis (Figure
S5A).37 To further evaluate the immunoregulatory activi-
ties of TAMs, we examined the L-R interactions between
M2-TAMs and T/NK sub-clusters in PT (Figure 4E).
We found that M2-TAMs recruit or activate T cells
through multiple signalling pathways, including CXCL16-
CXCR6, MIF-(CD74+CXCR4), MIF-(CD74+CD44) and
SPP1-CD44. These cells also recruited CD4_C4_FOXP3
through CD86-CTLA4, which may contribute to the
immune evasion of tumour cells in osteosarcoma TME
(Figure 4E). Interestingly, NECTIN2–TIGIT interaction
was enriched in proliferating TAMs andCD4_C3_CXCL13,
CD4_C3_FOXP3 and CD8_C2_GNLY cell sub-clusters,
indicating that Proli_TAM may lead to T cell exhaustion
in osteosarcoma PT tissues. In the TARGET-osteosarcoma
dataset, patients with a higher proportion of C1QC_TAM
were associated with a better prognosis; however, patients
with higher Proli_TAM proportions were associated with
poorer EFS and OS (Figure 4F).

3.5 LAMP3+ mature DCs bidirectionally
regulate the T cell activities

Heterogeneous sub-clusters were identified for DCs,
which were clustered into three main subsets, includ-
ing CD1C_DC, CLEC9A_DC and LAMP3_DC, according
to canonical biomarkers (Figure 5A and Figure S6A).
LAMP3_DC was recognized as the activated and mature
DC sub-cluster because of its relatively high expres-
sion of maturation (LAMP3, MARCKSL1, IDO1 and UBD)
and immune activation genes (CD80, CD83 and CD40;
Figure 5B).38,39 Compared to the other two DC clusters,
LAMP3_DC showed higher differentiation and apoptosis
activities, but lower antigen processing and presenta-
tion abilities (Figure S6B). Moreover, mature LAMP3_DC
also showed higher immunosuppressive activities as they
highly expressed CD274 (PD-L1), PDCD1LG2 (PD-L2),
CD200, IDO1, SOCS1, SOCS2 and SOCS3 (Figure 5B).
LAMP3_DCs also expressed higher levels of chemokine
ligands, including CCL17, CCL19 and CCL22 (Figure S6C),
which are known to recruit immune cells, such as T-regs,
T helper cells and B cells through their receptors CCR4
and CCR7.40 These results suggested that LAMP3_DC
has dual immunoregulatory activity in the osteosarcoma
TME. In the TARGET-osteosarcoma cohort, we observed
a strong correlation between the LAMP3_DC gene sig-
nature and the CD4_C6_FOXP3 and CD4_C5_CXCL13
cellular gene signatures (Figure 5C). Using multiplex flu-
orescence staining methods, we observed co-localization
of CD4+FOXP3+ Tregs and LAMP3+ DC in osteosar-
coma tissues (Figure S6D), which indicated the recruit-
ment of Tregs by LAMP3_DC as previous reports.41,42
Using unsupervised trajectory analysis (Figure 5D), we
identified a continuous transition of mature LMAP3_DC
from CD1C_DC and CLEC9A_DC sub-clusters, suggest-
ing that both cDC1 and cDC2 could develop into mature
LAMP3_DC in the osteosarcoma TME.
We further determined the L-R interactions between

DC_C3_LAMP3 and T cells in PT and MPE using
the CellChat algorithm (Figure 5E). We found that
LAMP3_DC might recruit T cells through the CXCL9-
CXCR3 and CXCL16-CXCR6 signalling pathways and trig-
gered the activation of CD4+ T and CD8+ T cells through
CD86-CD28 and CD70-CD27 interactions in MPE more
significantly than in PT (Figure 5E). However, higher
immune checkpoint inhibitor-mediated activities, such
as PDCD1LG2-PDCD1, CD247-PDCD1, NECTIN2-CD226,
CD86-CTLA4 and CD80-CTLA4, were also enhanced
between LAMP3_DC and distinct T cell subgroups in
MPE compared to PT (Figure 5E). These results sug-
gested that LAMP3_DC simultaneously triggered T cell
activation and exhaustion signalling. Compared to PT,
LAMP3_DC from MPE samples showed augmented
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F IGURE 5 Characterization of dendritic cell (DC) sub-clusters in osteosarcoma patients. (A) The t-SNE plot showed the three DC
sub-clusters in osteosarcoma patients as coloured. (B) The heatmap displayed the normalized mean expression of genes associated with
activation, migration, maturation, chemokines and immuno-suppressive activities in the three DC clusters. (C) Scatter plot presented the
correlation between LAMP3_DC and CD4_C4_FOXP3 Treg or CD4_C3_CXCL13 gene signature scores in TARGET-osteosarcoma patient
cohort (n = 85). (D) Trajectory analysis plots of DC cell functional state transition, coloured by pseudotime (left panel), cell sub-cluster
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antigen processing and presentation, TCR signalling path-
way,NF-κB, TNF-α, PD-L1 expression andPD-1 checkpoint
signalling pathway activities (Figure S6E). As metabolic
reprogramming impacts immune-editing procession, we
noticed the glycolysis and gluconeogenesis, phenylala-
nine metabolism, pentose phosphate pathway, fructose
andmannose metabolismwere increased, while riboflavin
metabolism activities were decreased in DC sub-clusters
derived from MPE compared to PT samples (Figure S6F).
To clarify the immune-regulating function of DCs, we

isolatedDCs fromMPEs of two patientswith osteosarcoma
and treated them with tumour alloantigens generated
from osteosarcoma cell line 143B.43 We noticed that the
proportion of LAMP3+/CD86+ mature DC was signifi-
cantly increased in the treated samples as determined by
FCM analysis, confirming that LAMP3_DC could be dif-
ferentiated from the other DC sub-clusters (Figure 5F).
Consistent with the scRNA-seq results, PD-L1 expression
in LAMP3+ DCs also increased, along with enhanced
CD80 and CD86 expression levels, compared to untreated
DCs (Figure 5F). When co-cultured with stimulated DCs
and CD3+ T cells from the MPE samples, the cytotoxicity
of T cellswas enhancedwhen tumour alloantigen and anti-
PD-L1 antibodies were incubated in the co-culture system
compared to unstimulated DCs (Figure 5G and Figure
S6G). We found the LAMP3_DC were enriched in PT
compared to MPE samples (Figure S6H). In the TARGET-
osteosarcoma dataset, patients with higher LAMP3_DC
gene signatures were associated with poorer OS and EFS
(Figure 5H), whereas patients with higher CD1C_DC or
CLEC9A_DC proportions were associated with better OS
or EFS (Figure S6I). These results indicated that tumour
antigen-stimulated LAMP3_DC may augment anti-PD-L1
immune therapy activities in osteosarcoma patients and
may serve as a potential biomarker to identify patients who
are sensitive to PD-L1 targeting treatments.

3.6 Dissection of the endothelial cell
sub-clusters in osteosarcoma TME

Based on t-SNE and UMAP analyses, 2742 ECs were
grouped into three subsets, including ACKR1_EC,

TYROBP_EC and KDR_EC (Figure 6A and Figure S7A,B)
based on classical endothelial cell markers. EC cell sub-
clusters were predominantly identified in PT samples
(Figure S7C,D). KEGG analysis showed that KDR_EC
was enriched in HIF-1, VEGF and platelet activation
signalling pathways (Figure 6B) as they highly expressed
the VEGF receptors FLT1 (VEGFR1) and KDR (VEGFR2)
and the neovascular development biomarkers PLVAP
and MCAM (Figure 6C),44 suggesting that these cells
are involved in angiogenesis of osteosarcoma TME.
ACKR1_EC sub-cluster cells showed high expression lev-
els of ACKR1, which is an atypical receptor for CXCL and
CCL subfamilies, including CCL2, CCL5, CCL7, CXCL5,
CXCL8 and MCP-1 (Figure 6C).45 In contrast to KDR_EC,
which promotes tumour progression, ACKR1_EC may
inhibit tumour cell proliferation and reduce angiogenesis
through ACKR1-mediated tumour suppressive signalling
pathways and by sequestering cytokines. Interestingly,
ACKR1_EC highly expressed MHC-II molecules, includ-
ing HLA-DRB1, HLA_DRA, HLA-DPA1 and HLA-DMA
(Figure 6C). KEGG and GO enrichment analysis showed
that ACKR1_EC showed increased activities of antigen
processing and presentation, cell adhesion molecules
and the intestinal immune network for IgA production
(Figure 6B and Figure S7E), indicating the immune
regulatory activities of ACKR1_EC cells. In the TARGET-
osteosarcoma cohort, patients with higher ACKR1_EC
gene signatures were associated with better OS and EFS
than those with lower signatures, whereas patients with
a higher KDR_EC signature were associated with poorer
EFS and OS (Figure 6D).

3.7 Sub-cluster expression of genes
associated with osteosarcoma susceptibility
and prognosis

Several GWASs have identified novel genetic variants
associated with osteosarcoma susceptibility and prognosis
(Table S3).46 We evaluated the cellular-specific expression
of these genes in osteosarcoma tumour and the corre-
sponding TME cells (Figure 7A and Figure S8A). We
observed higher expression levels of susceptibility gene

(middle panel) or the expression levels of biomarker genes, including CD1C, CLEC9A, XCR1 and LAMP3 (right panel), respectively. (E)
Dotplot displayed the comparison of the ligand–receptor interaction of LAMP3_DC and with T/NK sub-clusters in MPE and primary tumour
tissues. 1 indicated primary tumour (PT) and 2 indicated MPE samples. (F) Flow cytometry plot exhibited LAMP3, CD80, CD86 and PD-L1
levels in DCs treated with tumour alloantigens in two MPE samples (MPE35 and MPE36). The upper panel shows the untreated control
group, and the lower panel shows DCs loaded with tumour alloantigens. (G) The cytotoxicity test showed a significant difference between the
control and treated groups. A comparison was performed using Student’s t-test. (H) The Kaplan–Meier plot demonstrated event-free survival
(EFS) and overall survival (OS) of TARGET-osteosarcoma patients (n = 85) categorized by the LAMP3_DC gene signature score. The x-axis
represents time (days) and the y-axis represents survival probability. Comparisons between curves were performed using log-rank tests.
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F IGURE 6 Dissection and clustering of endothelial cells (ECs) in osteosarcoma TME. (A) The t-SNE plot showed the EC sub-clusters in
osteosarcoma TME as coloured labelled. (B) The bar plots displayed the KEGG enrichment analysis results of genes over-expressed in
indicated DC sub-clusters compared to other sub-clusters. (C) Heatmap presented the normalized expression of differentially expressed genes
in each sub-cluster. (D) The Kaplan–Meier curves demonstrated event-free survival (EFS) and overall survival (OS) in the
TARGET-osteosarcoma patients cohort according to ACKR1_EC and KDR_EC gene signature. The x-axis represents time (days) and the
y-axis represents survival probability. Comparison between the curves was performed using the log-rank tests.

MTAP in osteocytes and relatively lower expression lev-
els in CAFs and several immune sub-clusters, including
mast cells, OCs, proliferating TAMs and CD4+ T cells
(Figure 7A); however,MTAPwas not associated with prog-
nosis of osteosarcoma patients (Figure 7B). STN1 (also
known as OBFC1), which modulates telomere length,47
was predominantly expressed in CD4+ T cell sub-clusters
(Figure 7A). Using the TARGET-osteosarcoma cohort,
we found that patients with higher STN1 were associ-
ated with poorer OS and EFS (Figure 7B). Lower NFIB
is significantly associated with increased osteosarcoma
cell migration, proliferation and colony formation.47 NFIB
was highly expressed in EC sub-clusters and MSCs but
weakly expressed in tumour cells. Lower NFIB levels

were marginally associated with shorter OS and EFS in
the TARGET-osteosarcoma cohort (Figure 7B). Expres-
sion quantitative trait loci rs55933544 was associated with
high IL33 level as well as better OS in patients.48 We
noticed that IL33 was exclusively expressed in ACKR1_EC
sub-clusters (Figure 7A), and osteosarcoma patients with
higher IL33 mRNA levels were associated with better OS
andEFS (Figure 7B). These results suggest thatACKR1_EC
infiltration may lead to a better prognosis through IL33
secretion.49 GLDC is also close to rs55933544 and posi-
tively expressed in tumour cells, CD4_C4_CXCL13 cells, B
cells and ECs (Figure S8A). In the TARGET-osteosarcoma
dataset, the GLDC mRNA level was negatively associ-
ated with the prognosis of patients with osteosarcoma
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F IGURE 7 Cellular sub-cluster-specific expression patterns of genes related to osteosarcoma susceptibility, prognosis and MPE
formation. (A) The dot plot displayed the expression of MTAP, STN1, NFIB and IL33 genes in cellular sub-clusters from primary tumour
tissues of osteosarcoma patients. (B) The Kaplan–Meier curves demonstrated event-free survival (EFS) and overall survival (OS) in
TARGET-osteosarcoma patients with different expression levels of MTAP, STN1, NFIB and IL33 mRNA. The x-axis represents time (days) and
the y-axis represents survival probability. (C) The heatmap presented the average expression levels of genes in each cell sub-cluster related to
MPE formation.

(Figure S8B), indicating that rs55933544 may influence
prognosis by regulating IL33 and/or GLDC.50 GRM4, a
susceptibility gene for osteosarcoma,51 is expressed in
osteocytes and neutrophil but not in tumour cells (Figure
S8A), and it was reported to selectively regulate IL23

and IL12 in myeloid cells, which promote osteosarcoma
in mouse models.52 Osteosarcoma patients with higher
GRM4 were associated with poorer EFS and OS (Figure
S8B). Taken together, the cellular-specific susceptibility
and prognostic gene expression indicate that these genetic
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factors might influence osteosarcoma development and
progression through modulating the TME.
Lymphocytes lead to vasoactive events in the pleu-

ral cavity, and MPE formation is induced by multiple
chemokines, cytokines and growth factors (Figure 7C).
We determined cellular-specific gene expression levels
in the MPE of patients with osteosarcoma. We found
that CD8_C5_GZMB stimulates the IFN-γ signalling path-
way, whereas chemokines, cytokines and growth factors
were predominantly secreted by macrophages in MPE
(Figure 7C), indicating that macrophage-targeting thera-
peutic methods may reduce MPE formation in the future.

4 DISCUSSION

Pulmonary metastasis of osteosarcoma results in pleural
thickening and calcification, often leading to MPE. Com-
bined with our previous studies,53 we comprehensively
characterized the TME in both PT and MPE at the single-
cell level. Our results showed that the cell types in MPE
were similar to those in tumour tissues; however, the cellu-
lar proportions, characteristics and functions were largely
different. Overall, a high proportion of tumour cells, stro-
mal cells and endothelial cells were enriched in PT, while
the immune cells were more abundant in MPE samples.
The proportion of T/NK cells, especially CD8_C2_GNLY,
CD8_C3_KLRC2 and FCGR3A+NK cells, with strong cyto-
toxic activities were significantly higher in MPE than in
PT samples. CD4+ Tregs and CD4+/CXCL13+ T cells were
predominantly identified in tumour tissues, demonstrat-
ing that malignant cells are the key elements that induced
immune-tolerance. Notably, we noticed a CD4+ T cell
sub-cluster CD4_ C5_KLRB1 cells presented strong cyto-
toxicity in osteosarcoma TME. Multiple CD8+ T cells were
identified in the osteosarcoma MPE and PT. Trajectory
analysis of CD8 cells showed that naïve CD8_C1_CCR7
could differentiate into two terminal cells with higher
expression levels of GZMB and KLRK1. Both sub-clusters
had high proliferation activity accompanied by exhaus-
tion, indicating that CD8+ T cells became exhausted when
activated.54 Tumour-infiltrating lymphocytes (TILs) have
been recognized as biomarkers and fascinating therapeu-
tic approaches for numerous types of tumours, including
osteosarcoma. CD8+ T cells play central roles in anti-
tumour immune surveillance owing to their specific cyto-
toxicity activities.55,56 Zhou et al. performed a combination
therapeutic method, including TILs and anti-PD1 ther-
apies, which improved the prognosis of patients with
chemotherapy-resistant metastatic osteosarcoma.57 When
compared the exhausting and activation activities of all
CD8+ T cell in MPE and PT, no significant differences
were observed. As MPE samples are easier to be obtained

than TILs in advanced osteosarcoma patients, MPE sam-
ples may be a potential source for adoptive CD8+ T cell
therapy in osteosarcoma patients; however, clinical stud-
ies are warranted to evaluate the anti-cancer activities of
CD8+ T cells derived from MPE samples.
B cells are critical adaptive immune response cells in

TME in cancers; however, the roles of B cells in osteosar-
coma are largely unknown. A pioneer scRNA-seq study
performed by Liu et al. in the treatment naïve osteosar-
coma patients identified three B high-quality sub-clusters,
including the naïve, memory and plasma B cells.58 Zhang
et al. reported that the cellular proportion of naïve B cells
was significantly lower in high immune score tissues as
determined using deconvolution algorithm.59 In the cur-
rent scRNA-seq study of advanced osteosarcoma tissues,
we noticed four main B cell sub-clusters, including the
conventional naïve B cells, regulatory B cells, plasma B
cells and a novel CLEC11A+ B cell sub-cluster. CLEC11A
(C-type lectin domain family 11 member A), also known
as osteolectin or stem cell growth factor-β, can promote
bone formation through stimulating the differentiation
of mesenchymal progenitor cells into osteoblasts60 and
maintain the adult skeleton age-related bone loss and frac-
ture repair.61 CLEC11A could recruit the endothelial cells
in lung cancer62 and neutralization of CLEC11A reduced
metastasis and viability of cancer stem cells in hepatocellu-
lar carcinoma.63 A recent study performed by Sun et al.64 in
the TNF-transgenic (TNF-Tg) rheumatoid arthritis mouse
model has purified the CD19+ B cells from bone marrow
(TNF-Tg BM) or subchondral bone marrow (TNF-Tg SBM)
and compared their transcriptome profiles between the
cell groups. In B cells from TNF-Tg SBM, genes related to
extracellular matrix remodelling, such as ECM1, COL3A1,
CTSK and LUM, were significantly increased, which were
also noticed in CLEC11A+ B cells in our current scRNA-
seq data. We also noticed a relatively higher expression of
inflammatory genes, including CXCL3, CCL4, CCL3 and
SPP1 (data not shown), as for B cells in TNF-Tg SBM in
CLEC11A+ B cellular sub-clusters compared to IGHA1+ or
IGHD+ B cells.64 Interestingly, B cells in TNF-Tg SBM also
show increased levels of C-type lectin domain family gene
CLEC4D and CLEC4E, suggesting that the CLEC11A+ B
cells in osteosarcoma may have similar biological func-
tions as the TNF-Tg SBM-derived B cells.64 Sun et al. found
that CCL3 and TNF secreted by TNF-Tg SBM B cells may
inhibit osteoblast differentiation, and B cell depletion ther-
apy increases the numbers of osteoblasts and reduces the
osteoclasts in TNF-Tg mice.64 We also noticed significant
L-R interactions of TNF-TNFRSF1B between CLEC11A_B
and the T cell sub-clusters (Figure S4D). These results
indicate that CLEC11A+ B cellsmay influence the osteosar-
coma progression through modulating the tumour cells,
osteoclasts or T cell sub-cluster activities in osteosarcoma,
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and CLEC11A_B cells may act as novel therapeutic targets
in the future.
Macrophages are major TME ingredients in multiple

cancers, which showed diverse biological functions.
In primary osteosarcoma tissues, we noticed six
macrophage subsets, while an additional LYVE1+ intersti-
tial macrophage subset was noticed in MPE samples.65,66
Among TAM subsets, IL1B_TAM and FCN1_TAM resem-
ble M1-like macrophages, and these TAMs showed
enhanced inflammatory signalling pathways, including
IL6/JAK/STAT3, IL2/STAT5, TNFα and interferon-γ, as
suggested by GSEA analysis. These inflammatory-related
TAMs may recruit and regulate immune cells during MPE
formation or tumour-associated inflammatory response
through secreting IL1B, CCL2, CCL20 and CXCL2.67 Other
TAM sub-clusters, including CLEC11A_TAM, SPP1_TAM
and C1QC_TAM, displayed M2-type TAM properties
with distinct enrichment of gene signalling pathways.
M2-type TAMs play crucial roles in the suppression of T
cell-mediated anti-tumour immunity.68 By L-R interaction
analysis, these M2-type macrophages may regulate T cell
activities through multiple signalling pathways, including
CD86-CTLA4, SPP1-CD44, CLEC2B-KLRB1 and LGALS9-
CD44, which may provide novel immune therapy targets
for osteosarcoma. Interestingly, we noticed a Prolif_TAM
sub-cluster, which is characterized with high proliferating
activities and M2-type TAM characteristics, and itwas
associated with poorer prognosis of osteosarcoma patients.
Proli_TAMs showed immunosuppressive activities on T
cells through NECTIN2-TIGIT and CD86-CTLA4, and it
may also regulate CD8_C2_GNLY proliferating through
ALCAM-CD6 axis.69 Proli_TAMs were noticed in mul-
tiple cancer types, including colorectal cancer, gastric
cancer, prostate cancer and ovarian cancer, which may be
generated from different ontogenies in different tissues.
Whether these proliferating cells act at a transient state
that may transform into other functional TAM subsets or
as precursors and/or functioning as precursors need to be
addressed with more studies.
Osteosarcoma has been classified as a cold tumour with

a relatively poor response to immune checkpoint-based
therapy.70–73 Several studies have proposed that enhanc-
ing antigen processing or presentation may improve
immunogenic T cell antigens to eradicate cancer.74–77
With the DC-based vaccine loaded with Hsp70-PCs,
allogeneic CTLs exhibited strong cytotoxic activities
against osteosarcoma cell lines.78 In the current study,
three DC subsets were identified, including CD1C+,
CLEC9A+ and LAMP3+ DCs, which is consistent with
previous findings.79–81 Using unsupervised trajectory
analysis, we noticed mature LAMP3+ DCs could be
transformed from CD1C+ and CLEC9A+ DCs, with high
expression of the classical markers CD80 and CD83,

the migration marker CCR7, and the lymphocyte recir-
culation chemokines CCL19 and CCL22. LAMP3_DCs
in MPE samples presented high immunoregulatory
ability, especially with FOXP3+ Tregs and CXCL13+
T cells. Mature LAMP3_DC highly expressed CD80
and CD86, which may modulate CXCL13+/CD4+ and
FOXP3+/CD4+ Tregs activities by interacting with CD80-
CD28, CD80-CTLA4, CD86-CD28 and CD86-CTLA4.
Tumour cells induce DCs to secrete TGF-β and stim-
ulate FOXP3+/CD4+/CD25+ Tregs proliferation.82,83
Correlation between LAMP3_DCs and FOXP3+ Tregs
was observed in primary osteosarcoma tumour tissues,
suggesting that LAMP3_DC may contribute to immune
tolerance in osteosarcoma tumours through recruiting and
regulating FOXP3+ Tregs. Immunotherapies constitute
critical therapeutic approaches to overcome immune
evasion and enhance therapeutic efficacy.84 When DCs
derived fromMPE samples were treated with 143B tumour
alloantigen, an enhancement of cytotoxicity activities of T
cells co-cultured with anti-PD-L1 antibodies was noticed,
which indicates that targeting DCs may facilitate the T
cells-based immunotherapy treatments.85–87
Our study has several limitations that should be

acknowledged. First, the tumour tissues and two MPE
samples were subjected to the 3′-tagged scRNA-seq
method, whereas the other five MPE samples were sub-
jected to 5′-tagged scRNA-seq along with scTCR-VDJ
sequencing analysis. This may induce potential batch
effects in scRNA-seq data analysis. We applied the Har-
mony algorithm for batch effects adjustment, and a well
concordance of cell distribution in the dimension reduc-
tion plots was observed, indicating minimal batch effects
in the study. Second, the regulatory mechanisms underly-
ing the cellular transition between cell sub-clusters, such
as the CD8+ T cells and DCs, needed to be addressed.
Multi-omics methods, such as the scATAC-seq that identi-
fies the transposase accessible chromatin profiles in single
cells, may further uncover the underlying mechanisms of
cellular differentiation, polarization and activation of these
cells, which may provide novel therapeutic targets. Third,
only in vitro studies of DC-based immunotherapy have
been performed, in vivo studies are warranted to demon-
strate the therapeutic values of DCs for osteosarcoma. At
least but not last, the origins of immune cells, such as T
or macrophage cells in MPE, still need to be addressed.
T cells in MPE may be derived from multiple origins,
including the leaked blood cells and the lung metastasized
tumour samples. A recent study performed by Huang et al.
evaluated the composition and functional states of infil-
trating immune cells in MPE samples of non-small cell
lung cancer patients.13 They found a small fraction of TCR
clonotypes shared by MPE and matched blood samples,
indicating that T cells in MPE could partially be derived
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from the blood samples;13 however, this study did not com-
pare the TCR clonal types of T cells in PTs or the lung
metastasized tumours. Thus, the sources of the T cells in
MPE need to be addressed with more TCR clonal analysis
at the single-cell level inMPE samples togetherwith paired
blood samples, lung or pleural metastasized samples and
PT samples.

5 CONCLUSIONS

In summary, the current study described themulti-cellular
ecosystem of osteosarcoma tissues and MPE samples to
gain deeper biological insights into osteosarcoma devel-
opment and progression. Our data provided valuable
resources for potential MPE-based innate and adaptive
immune therapeutic strategies in the future.

ACKNOWLEDGEMENTS
This work was supported by the National Natural Sci-
ence Foundation of China (Nos. 8207101854, 82072967 and
82102866), National Key Research Project of Science &
TechnologyMinistry of China (No. 2021YFC2400600),Nat-
ural Science Foundation of Shanghai (No. 20ZR1434100),
Research Project of Science & Technology of Shanghai
(Nos. SHDC22017101 and SHDC12017 × 02) and Shanghai
Pujiang Program (No. 21PJD051), the Shanghai Shenkang
Three-Year Action grant (No. SHDC2022CRS031), Sci-
ence Foundation of Shanghai Sixth People’s Hospital (No.
ynqn202114).

CONFL ICT OF INTEREST
The authors declare that there is no conflict of interest.

ORCID
JiaFei https://orcid.org/0000-0002-6650-7870
PeizhanChen https://orcid.org/0000-0003-0279-4759
HaiyanHu https://orcid.org/0000-0002-3993-974X

REFERENCES
1. Hashimoto K, Nishimura S, Oka N, et al. Clinical features and

outcomes of primary bone and soft tissue sarcomas in ado-
lescents and young adults. Mol Clin Oncol. 2020;12(4):358-364.
https://doi.org/10.3892/mco.2020.1994

2. Ingley KM, Maleddu A, Grange FL, et al. Current approaches
to management of bone sarcoma in adolescent and young adult
patients. Pediatr Blood Cancer, 2022; 69(2):e29442. https://doi.
org/10.1002/pbc.29442

3. Gusho CA, Seder CW, Lopez-Hisijos N, et al. Pulmonary metas-
tasectomy in bone and soft tissue sarcomawithmetastasis to the
lung. Interact Card Thorac Surg, 2021;33(6):879-884. https://doi.
org/10.1093/icvts/ivab178

4. Predina JD, Puc MM, Bergey MR, et al. Improved sur-
vival after pulmonary metastasectomy for soft tissue sarcoma.

J Thorac Oncol, 2011;6(5):913-919. https://doi.org/10.1097/JTO.
0b013e3182106f5c

5. Grignani G, Palmerini E, Ferraresi V, et al. Sorafenib and
everolimus for patients with unresectable high-grade osteosar-
coma progressing after standard treatment: a non-randomised
phase 2 clinical trial. Lancet Oncol, 2015;16(1):98-107. https://doi.
org/10.1097/JTO.0b013e3182106f5c

6. Italiano A, Mir O, Mathoulin-Pelissier S, et al. Cabozan-
tinib in patients with advanced Ewing sarcoma or osteosar-
coma (CABONE): a multicentre, single-arm, phase 2 trial.
Lancet Oncol, 2020;21(3):446-455. https://doi.org/10.1016/S1470-
2045(19)30825-3

7. Heymann D. Metastatic osteosarcoma challenged by rego-
rafenib. Lancet Oncol, 2019;20(1):12-14. https://doi.org/10.1016/
s1470-2045(18)30821-0

8. Xie L, Xu J, Sun X, et al. Apatinib for advanced osteosarcoma
after failure of standard multimodal therapy: an open label
phase II clinical trial. Oncologist, 2019;24(7):e542-e550. https://
doi.org/10.1634/theoncologist.2018-0542

9. Molina S, Martinez-Zayas G, Sainz PV, et al. Breast and lung
effusion survival score models: improving survival prediction
in patients with malignant pleural effusion and metasta-
sis. Chest, 2021;160(3):1075-1094. https://doi.org/10.1016/j.chest.
2021.03.059

10. AbdullGaffar B. Osteosarcoma pleural effusion: a diagnos-
tic challenge with some cytologic hints. Diagn Cytopathol,
2021;49(1):E40-E44. https://doi.org/10.1002/dc.24569

11. Salaroglio IC, Kopecka J, Napoli F, et al. Potential diagnostic
and prognostic role of microenvironment in malignant pleural
mesothelioma. J Thorac Oncol, 2019;14(8):1458-1571. https://doi.
org/10.1016/j.jtho.2019.03.029

12. Psallidas I, Kanellakis NI, Gerry S, et al. Development and val-
idation of response markers to predict survival and pleurodesis
success in patients with malignant pleural effusion (PROMISE):
amulticohort analysis. Lancet Oncol, 2018;19(7):930-939. https://
doi.org/10.1016/s1470-2045(18)30294-8

13. Huang ZY, Shao MM, Zhang JC, et al. Single-cell analysis
of diverse immune phenotypes in malignant pleural effusion.
Nat Commun, 2021;12(1):6690. https://doi.org/10.1038/s41467-
021-27026-9

14. Korsunsky I, Millard N, Fan J, et al. Fast, sensitive and accu-
rate integration of single-cell data with Harmony. Nat Methods,
2019;16(12):1289-1296. https://doi.org/10.1038/s41592-019-0619-0

15. Yu G, Wang LG, Han Y, et al. clusterProfiler: an R package
for comparing biological themes among gene clusters. OMICS,
2012;16(5):284-287. https://doi.org/10.1089/omi.2011.0118

16. Liberzon A, Subramanian A, Pinchback R, et al. Molecular sig-
natures database (MSigDB) 3.0. Bioinformatics, 2011;27(12):1739-
1740. https://doi.org/10.1093/bioinformatics/btr260

17. Cillo AR, Kürten CHL, Tabib T, et al. Immune landscape of
viral- and carcinogen-driven head and neck cancer. Immunity,
2020;52(1):183-199. e9. https://doi.org/10.1016/j.immuni.2019.11.
014

18. Trapnell C, Cacchiarelli D, Grimsby J, et al. The dynamics and
regulators of cell fate decisions are revealed by pseudotemporal
ordering of single cells. Nat Biotechnol, 2014;32(4):381-386.

19. BorcherdingN, BormannNL, Kraus G. scRepertoire: an R-based
toolkit for single-cell immune receptor analysis. F1000Research,
2020;9(47), https://doi.org/10.12688/f1000research.22139.2

https://orcid.org/0000-0002-6650-7870
https://orcid.org/0000-0002-6650-7870
https://orcid.org/0000-0003-0279-4759
https://orcid.org/0000-0003-0279-4759
https://orcid.org/0000-0002-3993-974X
https://orcid.org/0000-0002-3993-974X
https://doi.org/10.3892/mco.2020.1994
https://doi.org/10.1002/pbc.29442
https://doi.org/10.1002/pbc.29442
https://doi.org/10.1093/icvts/ivab178
https://doi.org/10.1093/icvts/ivab178
https://doi.org/10.1097/JTO.0b013e3182106f5c
https://doi.org/10.1097/JTO.0b013e3182106f5c
https://doi.org/10.1097/JTO.0b013e3182106f5c
https://doi.org/10.1097/JTO.0b013e3182106f5c
https://doi.org/10.1016/S1470-2045(19)30825-3
https://doi.org/10.1016/S1470-2045(19)30825-3
https://doi.org/10.1016/s1470-2045(18)30821-0
https://doi.org/10.1016/s1470-2045(18)30821-0
https://doi.org/10.1634/theoncologist.2018-0542
https://doi.org/10.1634/theoncologist.2018-0542
https://doi.org/10.1016/j.chest.2021.03.059
https://doi.org/10.1016/j.chest.2021.03.059
https://doi.org/10.1002/dc.24569
https://doi.org/10.1016/j.jtho.2019.03.029
https://doi.org/10.1016/j.jtho.2019.03.029
https://doi.org/10.1016/s1470-2045(18)30294-8
https://doi.org/10.1016/s1470-2045(18)30294-8
https://doi.org/10.1038/s41467-021-27026-9
https://doi.org/10.1038/s41467-021-27026-9
https://doi.org/10.1038/s41592-019-0619-0
https://doi.org/10.1089/omi.2011.0118
https://doi.org/10.1093/bioinformatics/btr260
https://doi.org/10.1016/j.immuni.2019.11.014
https://doi.org/10.1016/j.immuni.2019.11.014
https://doi.org/10.12688/f1000research.22139.2


ZHANG et al. 21 of 23

20. Ren X, Zhang Z. Understanding tumor-infiltrating lymphocytes
by single cell RNA sequencing. Adv Immunol, 2019;144:217-245.
https://doi.org/10.1016/bs.ai.2019.08.004

21. Bron S, Henry L, Faes-Van’t Hull E, et al. TIE-2-expressing
monocytes are lymphangiogenic and associate specifically
with lymphatics of human breast cancer. Oncoimmunol-
ogy, 2016;5(2):e1073882. https://doi.org/10.1080/2162402X.2015.
1073882

22. El Ansary M, Mogawer S, Elhamid SA, et al. Immunotherapy
by autologous dendritic cell vaccine in patients with advanced
HCC. J Cancer Res Clin Oncol, 2013;139(1):39-48. https://doi.org/
10.1007/s00432-012-1298-8

23. Huang X,Williams JZ, Chang R, et al. DNA scaffolds enable effi-
cient and tunable functionalization of biomaterials for immune
cell modulation. Nat Nanotechnol, 2021;16(2):214-223. https://
doi.org/10.1038/s41565-020-00813-z

24. Andrews K, Hamers AAJ, Sun X, et al. Expansion and
CD2/CD3/CD28 stimulation enhance Th2 cytokine secretion of
human invariant NKT cells with retained anti-tumor cytotox-
icity. Cytotherapy, 2020;22(5):276-290. https://doi.org/10.1016/j.
jcyt.2020.01.011

25. Wang H, Gong P, Chen T, et al. Colorectal cancer stem cell
states uncovered by simultaneous single-cell analysis of tran-
scriptome and telomeres.Adv Sci, 2021;8(8):2004320. https://doi.
org/10.1002/advs.202004320

26. Zemmour D, Charbonnier LM, Leon J, et al. Single-cell analysis
of FOXP3 deficiencies in humans and mice unmasks intrin-
sic and extrinsic CD4(+) T cell perturbations. Nat Immunol,
2021;22(5):607-619. https://doi.org/10.1038/s41590-021-00910-8

27. Lim SA, Wei J, Nguyen TM, et al. Lipid signalling enforces
functional specialization of T(reg) cells in tumours. Nature,
2021;591(7849):306-311. https://doi.org/10.1038/s41586-021-
03235-6

28. Watanabe K, Umićević Mirkov M, Leeuw de CA, et al. Genetic
mapping of cell type specificity for complex traits.Nat Commun,
2019;10(1):3222. https://doi.org/10.1038/s41467-019-11181-1

29. ZhangC, Li J, ChengY, et al. Single-cell RNA sequencing reveals
intrahepatic and peripheral immune characteristics related to
disease phases in HBV-infected patients. Gut, 2022;gutjnl-2021-
325915. https://doi.org/10.1136/gutjnl-2021-325915

30. Zhang L, Yu X, Zheng L, et al. Lineage tracking reveals
dynamic relationships of T cells in colorectal cancer. Nature,
2018;564(7735):268-272. https://doi.org/10.1038/s41586-018-
0694-x

31. Zhang J, Cohen A, Shen B, et al. The effect of parathyroid hor-
mone on osteogenesis is mediated partly by osteolectin. Proc
Natl Acad Sci USA, 2021;118(25). https://doi.org/10.1073/pnas.
2026176118

32. Gidoni M, Snir O, Peres A, et al. Mosaic deletion patterns of
the human antibody heavy chain gene locus shown by Bayesian
haplotyping. Nat Commun, 2019;10(1):628. https://doi.org/10.
1038/s41467-019-08489-3

33. Kato Y, Abbott RK, Freeman BL, et al. Multifaceted effects of
antigen valency on B cell response composition and differenti-
ation in vivo. Immunity, 2020;53(3):548-563. e8. https://doi.org/
10.1016/j.immuni.2020.08.001

34. Tekguc M, Wing JB, Osaki M, et al. Treg-expressed CTLA-4
depletes CD80/CD86 by trogocytosis, releasing free PD-L1 on
antigen-presenting cells. Proc Natl Acad Sci USA, 2021;118(30):
e2023739118. https://doi.org/10.1073/pnas.2023739118

35. Arora S, Singh P, Ahmad S, et al. Comprehensive integrative
analysis reveals the association of KLF4 with macrophage infil-
tration and polarization in lung cancermicroenvironment.Cells,
2021;10(8):2091. https://doi.org/10.3390/cells10082091

36. Chakarov S, Lim HY, Tan L, et al. Two distinct interstitial
macrophage populations coexist across tissues in specific subtis-
sular niches. Science, 2019;363(6432):eaau0964. https://doi.org/
10.1126/science.aau0964

37. Mitrofanova I, Zavyalova M, Riabov V, et al. The effect
of neoadjuvant chemotherapy on the correlation of tumor-
associated macrophages with CD31 and LYVE-1. Immunobiol-
ogy, 2018;223(6-7):449-459. https://doi.org/10.1016/j.imbio.2017.
10.050

38. Nakamizo S, Dutertre CA, Khalilnezhad A, et al. Single-cell
analysis of human skin identifies CD14+ type 3 dendritic
cells co-producing IL1B and IL23A in psoriasis. J Exp Med,
2021;218(9):e20202345. https://doi.org/10.1084/jem.20202345

39. Shen YC, Hsu CL, Jeng YM, et al. Reliability of a single-region
sample to evaluate tumor immune microenvironment in hepa-
tocellular carcinoma. J Hepatol, 2020;72(3):489-497. https://doi.
org/10.1016/j.jhep.2019.09.032

40. Kanao H, Enomoto T, Kimura T, et al. Overexpression of
LAMP3/TSC403/DC-LAMP promotes metastasis in uterine cer-
vical cancer. Cancer Res, 2005;65(19):8640-8645. https://doi.org/
10.1158/0008-5472.Can-04-4112

41. Hansson M, Sundquist M, Hering S, et al. DC-LAMP+ dendritic
cells are recruited to gastric lymphoid follicles in Helicobacter
pylori-infected individuals. Infect Immun, 2013;81(10):3684-3692.
https://doi.org/10.1128/iai.00801-13

42. Wu Z. Antigen specific immunotherapy generates CD27(+)
CD35(+) tolerogenic dendritic cells. Cell Immunol, 2013;283(1-
2):75-80https://doi.org/10.1016/j.cellimm.2013.06.014

43. Cao DY, Yang JY, Yue SQ, et al. Comparative analysis of
DC fused with allogeneic hepatocellular carcinoma cell line
HepG2 and autologous tumor cells as potential cancer vaccines
against hepatocellular carcinoma. Cell Immunol, 2009;259(1):13-
20. https://doi.org/10.1016/j.cellimm.2009.05.007

44. Jahan B, McCloskey KE. Differentiation and expansion of
endothelial cells requires pre-optimization of KDR+ expression
kinetics. Stem Cell Res. 2020;42:101685. https://doi.org/10.1016/j.
scr.2019.101685

45. Sharma A, Seow JJW, Dutertre CA, et al. Onco-fetal repro-
gramming of endothelial cells drives immunosuppressive
macrophages in hepatocellular carcinoma. Cell, 2020;183(2):
377-394. e21. https://doi.org/10.1016/j.cell.2020.08.040

46. Zhang C, Hansen HM, Semmes EC, et al. Common genetic vari-
ation and risk of osteosarcoma in a multi-ethnic pediatric and
adolescent population. Bone, 2020;130:115070. https://doi.org/
10.1016/j.bone.2019.115070

47. Han P, Dang Z, Shen Z, et al. Association of SNPs in the OBFC1
gene and laryngeal carcinoma in Chinese Hanmale population.
Int J Clin Oncol, 2019;24(9):1042-1048. https://doi.org/10.1007/
s10147-019-01442-w

48. Mirabello L, Koster R, Moriarity BS, et al. A genome-wide scan
identifies variants inNFIB associatedwithmetastasis in patients
with osteosarcoma.Cancer Discov, 2015;5(9):920-931. https://doi.
org/10.1158/2159-8290.Cd-15-0125

49. Lin Q, Han J, Sun Q, et al. Functional variant of IL33 is asso-
ciated with survival of osteosarcoma patients. J Bone Oncol,
2019;20:100270. https://doi.org/10.1016/j.jbo.2019.100270

https://doi.org/10.1016/bs.ai.2019.08.004
https://doi.org/10.1080/2162402X.2015.1073882
https://doi.org/10.1080/2162402X.2015.1073882
https://doi.org/10.1007/s00432-012-1298-8
https://doi.org/10.1007/s00432-012-1298-8
https://doi.org/10.1038/s41565-020-00813-z
https://doi.org/10.1038/s41565-020-00813-z
https://doi.org/10.1016/j.jcyt.2020.01.011
https://doi.org/10.1016/j.jcyt.2020.01.011
https://doi.org/10.1002/advs.202004320
https://doi.org/10.1002/advs.202004320
https://doi.org/10.1038/s41590-021-00910-8
https://doi.org/10.1038/s41586-021-03235-6
https://doi.org/10.1038/s41586-021-03235-6
https://doi.org/10.1038/s41467-019-11181-1
https://doi.org/10.1136/gutjnl-2021-325915
https://doi.org/10.1038/s41586-018-0694-x
https://doi.org/10.1038/s41586-018-0694-x
https://doi.org/10.1073/pnas.2026176118
https://doi.org/10.1073/pnas.2026176118
https://doi.org/10.1038/s41467-019-08489-3
https://doi.org/10.1038/s41467-019-08489-3
https://doi.org/10.1016/j.immuni.2020.08.001
https://doi.org/10.1016/j.immuni.2020.08.001
https://doi.org/10.1073/pnas.2023739118
https://doi.org/10.3390/cells10082091
https://doi.org/10.1126/science.aau0964
https://doi.org/10.1126/science.aau0964
https://doi.org/10.1016/j.imbio.2017.10.050
https://doi.org/10.1016/j.imbio.2017.10.050
https://doi.org/10.1084/jem.20202345
https://doi.org/10.1016/j.jhep.2019.09.032
https://doi.org/10.1016/j.jhep.2019.09.032
https://doi.org/10.1158/0008-5472.Can-04-4112
https://doi.org/10.1158/0008-5472.Can-04-4112
https://doi.org/10.1128/iai.00801-13
https://doi.org/10.1016/j.cellimm.2013.06.014
https://doi.org/10.1016/j.cellimm.2009.05.007
https://doi.org/10.1016/j.scr.2019.101685
https://doi.org/10.1016/j.scr.2019.101685
https://doi.org/10.1016/j.cell.2020.08.040
https://doi.org/10.1016/j.bone.2019.115070
https://doi.org/10.1016/j.bone.2019.115070
https://doi.org/10.1007/s10147-019-01442-w
https://doi.org/10.1007/s10147-019-01442-w
https://doi.org/10.1158/2159-8290.Cd-15-0125
https://doi.org/10.1158/2159-8290.Cd-15-0125
https://doi.org/10.1016/j.jbo.2019.100270


22 of 23 ZHANG et al.

50. Koster R, Panagiotou OA, Wheeler WA, et al. Genome-
wide association study identifies the GLDC/IL33 locus asso-
ciated with survival of osteosarcoma patients. Int J Cancer,
2018;142(8):1594-1601. https://doi.org/10.1002/ijc.31195

51. Wang K, Zhao J, He M, et al. Association of GRM4 gene
polymorphisms with susceptibility and clinicopathological
characteristics of osteosarcoma in Guangxi Chinese popula-
tion. Tumour Biol, 2016;37(1):1105-1112. https://doi.org/10.1007/
s13277-015-3904-2

52. Kansara M, Thomson K, Pang P, et al. Infiltrating myeloid cells
drive osteosarcoma progression via GRM4 regulation of IL23.
Cancer Discov, 2019;9(11):1511-1519. https://doi.org/10.1158/2159-
8290.Cd-19-0154

53. Zhou Y, Yang D, Yang Q, et al. Single-cell RNA land-
scape of intratumoral heterogeneity and immunosuppressive
microenvironment in advanced osteosarcoma. Nat Commun,
2020;11(1):6322. https://doi.org/10.1038/s41467-020-20059-6

54. Situ B, Ye X, Zhao Q, et al. Identification and single-cell analysis
of viable circulating tumor cells by amitochondrion-specificAIE
Bioprobe. Adv Sci, 2020;7(4):1902760. https://doi.org/10.1002/
advs.201902760

55. Bassez A, Vos H, Van Dyck L, et al. A single-cell map of intra-
tumoral changes during anti-PD1 treatment of patients with
breast cancer. Nat Med, 2021;27(5):820-832. https://doi.org/10.
1038/s41591-021-01323-8

56. Santos-Zas I, Lemarié J, Zlatanova I, et al. Cytotoxic CD8(+) T
cells promote granzymeB-dependent adverse post-ischemic car-
diac remodeling. Nat Commun, 2021;12(1):1483. https://doi.org/
10.1038/s41467-021-21737-9

57. Zhou X, Wu J, Duan C, et al. Retrospective analysis of
adoptive TIL therapy plus anti-PD1 therapy in patients with
chemotherapy-resistant metastatic osteosarcoma. J Immunol
Res, 2020;2020:7890985. https://doi.org/10.1155/2020/7890985

58. Liu Y, Feng W, Dai Y, et al. Single-cell transcriptomics reveals
the complexity of the tumor microenvironment of treatment-
naive osteosarcoma.FrontOncol, 2021;11:709210. https://doi.org/
10.3389/fonc.2021.709210

59. Zhang C, Zheng JH, Lin ZH, et al. Profiles of immune cell
infiltration and immune-related genes in the tumor microenvi-
ronment of osteosarcoma. Aging, 2020;12(4):3486-3501. https://
doi.org/10.18632/aging.102824

60. Yue R, Shen B, Morrison SJ. Clec11a/osteolectin is an osteogenic
growth factor that promotes the maintenance of the adult
skeleton. eLife, 2016;5:e18782. https://doi.org/10.7554/eLife.18782

61. Wang M, Guo J, Zhang L, et al. Molecular structure, expression,
and functional role of Clec11a in skeletal biology and cancers. J
Cell Physiol, 2020;235(10):6357-6365. https://doi.org/10.1002/jcp.
29600

62. Barbosa-Silva A, Magalhães M, Da Silva GF, et al. A data sci-
ence approach for the identification of molecular signatures of
aggressive cancers. Cancers, 2022;14(9):2325. https://doi.org/10.
3390/cancers14092325

63. Jiang J, Ye F, Yang X, et al. Peri-tumor associated fibroblasts
promote intrahepatic metastasis of hepatocellular carcinoma by
recruiting cancer stem cells. Cancer Lett, 2017;404:19-28. https://
doi.org/10.1016/j.canlet.2017.07.006

64. Sun W, Meednu N, Rosenberg A, et al. B cells inhibit bone
formation in rheumatoid arthritis by suppressing osteoblast
differentiation. Nat Commun, 2018;9(1):5127. https://doi.org/10.
1038/s41467-018-07626-8

65. Dick SA, Wong A, Hamidzada H, et al. Three tissue resident
macrophage subsets coexist across organs with conserved ori-
gins and life cycles. Sci Immunol, 2022;7(67):eabf7777. https://
doi.org/10.1126/sciimmunol.abf7777

66. Ma RY, Black A, Qian BZ. Macrophage diversity in can-
cer revisited in the era of single-cell omics. Trends Immunol,
2022;43(7):546-563. https://doi.org/10.1016/j.it.2022.04.008

67. Stathopoulos GT, Kalomenidis I. Malignant pleural effusion:
tumor–host interactions unleashed. Am J Respir Crit Care
Med, 2012;186(6):487-492. https://doi.org/10.1164/rccm.201203-
0465PP

68. Cheng S, Li Z, Gao R, et al. A pan-cancer single-cell tran-
scriptional atlas of tumor infiltrating myeloid cells. Cell,
2021;184(3):792-809. e23. https://doi.org/10.1016/j.cell.2021.01.
010

69. Zimmerman AW, Joosten B, Torensma R, et al. Long-term
engagement of CD6 and ALCAM is essential for T-cell prolif-
eration induced by dendritic cells. Blood, 2006;107(8):3212-3220.
https://doi.org/10.1182/blood-2005-09-3881

70. Fritzsching B, Fellenberg J, Moskovszky L, et al.
CD8(+)/FOXP3(+)-ratio in osteosarcoma microenvironment
separates survivors from non-survivors: a multicenter vali-
dated retrospective study. Oncoimmunology, 2015;4(3):e990800.
https://doi.org/10.4161/2162402x.2014.990800

71. Casanova JM, Almeida JS, Reith JD, et al. Tumor-infiltrating
lymphocytes and cancer markers in osteosarcoma: influence
on patient survival.Cancers, 2021;13(23):6075. https://doi.org/10.
3390/cancers13236075

72. Sands RW, Verbeke CS, Ouhara K, et al. Tuning cytokines
enriches dendritic cells and regulatory T cells in the peri-
odontium. J Periodontol, 2020;91(11):1475-1485. https://doi.org/
10.1002/jper.19-0411

73. Tawbi HA, Burgess M, Bolejack V, et al. Pembrolizumab in
advanced soft-tissue sarcoma and bone sarcoma (SARC028):
a multicentre, two-cohort, single-arm, open-label, phase 2
trial. Lancet Oncol, 2017;18(11):1493-1501. https://doi.org/10.1016/
s1470-2045(17)30624-1

74. Gill J, Gorlick R. Advancing therapy for osteosarcoma. Nat Rev
Clin Oncol, 2021;18(10):609-624. https://doi.org/10.1038/s41571-
021-00519-8

75. Zvi Y, Ugur E, Batko B, et al. Prognostic and therapeutic
utility of variably expressed cell surface receptors in osteosar-
coma. Sarcoma, 2021;2021:8324348. https://doi.org/10.1155/2021/
8324348

76. Kendsersky NM, Lindsay J, Kolb EA, et al. The B7-H3-targeting
antibody-drug conjugate m276-SL-PBD is potently effective
against pediatric cancer preclinical solid tumor models. Clin
Cancer Res, 2021;27(10):2938-2946. https://doi.org/10.1158/1078-
0432.Ccr-20-4221

77. Chu Y, Nayyar G, Jiang S, et al. Combinatorial immunother-
apy of N-803 (IL-15 superagonist) and dinutuximab with ex
vivo expanded natural killer cells significantly enhances in
vitro cytotoxicity against GD2(+) pediatric solid tumors and
in vivo survival of xenografted immunodeficient NSG mice. J
Immunother Cancer, 2021;9(7):e002267. https://doi.org/10.1136/
jitc-2020-002267

78. Li Y, Wang D, Fang X. In vitro generation of anti-osteosarcoma
cytotoxic activity using dendritic cells loaded with heat shock
protein 70-peptide complexes. Fetal Pediat Pathol, 2019;38(5):
387-398. https://doi.org/10.1080/15513815.2019.1600624

https://doi.org/10.1002/ijc.31195
https://doi.org/10.1007/s13277-015-3904-2
https://doi.org/10.1007/s13277-015-3904-2
https://doi.org/10.1158/2159-8290.Cd-19-0154
https://doi.org/10.1158/2159-8290.Cd-19-0154
https://doi.org/10.1038/s41467-020-20059-6
https://doi.org/10.1002/advs.201902760
https://doi.org/10.1002/advs.201902760
https://doi.org/10.1038/s41591-021-01323-8
https://doi.org/10.1038/s41591-021-01323-8
https://doi.org/10.1038/s41467-021-21737-9
https://doi.org/10.1038/s41467-021-21737-9
https://doi.org/10.1155/2020/7890985
https://doi.org/10.3389/fonc.2021.709210
https://doi.org/10.3389/fonc.2021.709210
https://doi.org/10.18632/aging.102824
https://doi.org/10.18632/aging.102824
https://doi.org/10.7554/eLife.18782
https://doi.org/10.1002/jcp.29600
https://doi.org/10.1002/jcp.29600
https://doi.org/10.3390/cancers14092325
https://doi.org/10.3390/cancers14092325
https://doi.org/10.1016/j.canlet.2017.07.006
https://doi.org/10.1016/j.canlet.2017.07.006
https://doi.org/10.1038/s41467-018-07626-8
https://doi.org/10.1038/s41467-018-07626-8
https://doi.org/10.1126/sciimmunol.abf7777
https://doi.org/10.1126/sciimmunol.abf7777
https://doi.org/10.1016/j.it.2022.04.008
https://doi.org/10.1164/rccm.201203-0465PP
https://doi.org/10.1164/rccm.201203-0465PP
https://doi.org/10.1016/j.cell.2021.01.010
https://doi.org/10.1016/j.cell.2021.01.010
https://doi.org/10.1182/blood-2005-09-3881
https://doi.org/10.4161/2162402x.2014.990800
https://doi.org/10.3390/cancers13236075
https://doi.org/10.3390/cancers13236075
https://doi.org/10.1002/jper.19-0411
https://doi.org/10.1002/jper.19-0411
https://doi.org/10.1016/s1470-2045(17)30624-1
https://doi.org/10.1016/s1470-2045(17)30624-1
https://doi.org/10.1038/s41571-021-00519-8
https://doi.org/10.1038/s41571-021-00519-8
https://doi.org/10.1155/2021/8324348
https://doi.org/10.1155/2021/8324348
https://doi.org/10.1158/1078-0432.Ccr-20-4221
https://doi.org/10.1158/1078-0432.Ccr-20-4221
https://doi.org/10.1136/jitc-2020-002267
https://doi.org/10.1136/jitc-2020-002267
https://doi.org/10.1080/15513815.2019.1600624


ZHANG et al. 23 of 23

79. Keller CW, Kotur MB, Mundt S, et al. CYBB/NOX2 in conven-
tional DCs controls T cell encephalitogenicity during neuroin-
flammation. Autophagy, 2021;17(5):1244-1258. https://doi.org/10.
1080/15548627.2020.1756678

80. Flores-Langarica A, Marshall JL, Hitchcock J, et al. Systemic
flagellin immunization stimulates mucosal CD103+ dendritic
cells and drives Foxp3+ regulatory T cell and IgA responses in
the mesenteric lymph node. J Immunol, 2012;189(12):5745-5754.
https://doi.org/10.4049/jimmunol.1202283

81. Chen Z, Zhou L, Liu L, et al. Single-cell RNA sequencing high-
lights the role of inflammatory cancer-associated fibroblasts
in bladder urothelial carcinoma. Nat Commun, 2020;11(1):5077.
https://doi.org/10.1038/s41467-020-18916-5

82. Chang L, Wang Z, Li S, et al. Type 2 inflammation suppres-
sion by T-regulatory cells attenuates the eosinophil recruitment
in mucosa of chronic sinusitis. Clin Sci, 2020;134(2):123-138.
https://doi.org/10.1042/cs20190388

83. Abdellrazeq GS, Fry LM, Elnaggar MM, et al. Simultaneous
cognate epitope recognition by bovine CD4 and CD8 T cells
is essential for primary expansion of antigen-specific cyto-
toxic T-cells following ex vivo stimulation with a candidate
Mycobacterium avium subsp. paratuberculosis peptide vaccine.
Vaccine, 2020;38(8):2016-2025. https://doi.org/10.1016/j.vaccine.
2019.12.052

84. Zhang HM, Zhang LW, Liu WC, et al. Comparative analysis
of DC fused with tumor cells or transfected with tumor total
RNA as potential cancer vaccines against hepatocellular car-
cinoma.Cytotherapy, 2006;8(6):580-588. https://doi.org/10.1080/
14653240600991353

85. Kokhaei P, Choudhury A, Mahdian R, et al. Apoptotic tumor
cells are superior to tumor cell lysate, and tumor cell RNA in
induction of autologous T cell response in B-CLL. Leukemia,
2004;18(11):1810-1815. https://doi.org/10.1038/sj.leu.2403517

86. Stift A, Friedl J, Dubsky P, et al. In vivo induction of dendritic
cell-mediated cytotoxicity against allogeneic pancreatic carci-
noma cells. Int J Oncol, 2003;22(3):651-656. https://doi.org/10.
3892/ijo.22.3.651

87. Deng J, Zhang Y, Feng J, et al. Dendritic cells loaded with
ultrasound-ablated tumour induce in vivo specific antitumour
immune responses. Ultrasound Med Biol, 2010;36(3):441-448.
https://doi.org/10.1016/j.ultrasmedbio.2009.12.004

SUPPORT ING INFORMATION
Additional supporting information can be found online
in the Supporting Information section at the end of this
article.

How to cite this article: Zhang Z, Ji W, Huang J,
et al. Characterization of the tumour
microenvironment phenotypes in malignant tissues
and pleural effusion from advanced osteoblastic
osteosarcoma patients. Clin Transl Med.
2022;12:e1072. https://doi.org/10.1002/ctm2.1072

https://doi.org/10.1080/15548627.2020.1756678
https://doi.org/10.1080/15548627.2020.1756678
https://doi.org/10.4049/jimmunol.1202283
https://doi.org/10.1038/s41467-020-18916-5
https://doi.org/10.1042/cs20190388
https://doi.org/10.1016/j.vaccine.2019.12.052
https://doi.org/10.1016/j.vaccine.2019.12.052
https://doi.org/10.1080/14653240600991353
https://doi.org/10.1080/14653240600991353
https://doi.org/10.1038/sj.leu.2403517
https://doi.org/10.3892/ijo.22.3.651
https://doi.org/10.3892/ijo.22.3.651
https://doi.org/10.1016/j.ultrasmedbio.2009.12.004
https://doi.org/10.1002/ctm2.1072

	Characterization of the tumour microenvironment phenotypes in malignant tissues and pleural effusion from advanced osteoblastic osteosarcoma patients
	Abstract
	1 | BACKGROUND
	2 | MATERIALS AND METHODS
	2.1 | Participants recruitment and samples collection
	2.2 | Sample preparation and scRNA-seq library preparation
	2.3 | Library sequencing and data processing
	2.4 | scRNA-seq data integration and dimensionality reduction analysis
	2.5 | Cellular sub-clustering and annotation analysis
	2.6 | Differentially over-expressed genes identification and gene ontology enrichment analysis
	2.7 | Single-cell trajectory analysis
	2.8 | TCR repertoire analysis of T cells
	2.9 | Functional module score calculation
	2.10 | Multiplex immunofluorescence staining
	2.11 | Cellular cytotoxicity assay
	2.12 | Flowcytometry assay
	2.13 | Survival analysis of TARGET-osteosarcoma database
	2.14 | Interactions between cell types
	2.15 | Genome-wide association studies-related gene expression patterns
	2.16 | Statistical analysis

	3 | RESULTS
	3.1 | Landscape view of TME in MPE and tumour tissues in advanced osteosarcoma patients
	3.2 | Single-cell transcriptomics atlas of T/NK lymphocytes in MPE and tumour tissues
	3.3 | Diversity of B cells in patients with advanced osteosarcoma patients
	3.4 | Immunosuppressive microenvironment created by myeloid cells in osteosarcoma patients
	3.5 | LAMP3+ mature DCs bidirectionally regulate the T cell activities
	3.6 | Dissection of the endothelial cell sub-clusters in osteosarcoma TME
	3.7 | Sub-cluster expression of genes associated with osteosarcoma susceptibility and prognosis

	4 | DISCUSSION
	5 | CONCLUSIONS
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST
	ORCID
	REFERENCES
	SUPPORTING INFORMATION


