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Abstract
Tumor-associated macrophages (TAMs) play an important role in tumor growth and metastasis. However, the involvement of 
TAMs infiltration in pulmonary osteosarcoma (OS) metastasis remains poorly understood. Therefore, the effect of OS cells 
on macrophages migration was investigated by in vivo and in vitro experiments to evaluate the infiltration and mechanism 
of TAMs in pulmonary OS metastases. The results showed that the zinc finger protein ZIM3 was upregulated in OS cells 
than in osteoblasts and activated the expression of CCL25, which subsequently promoted the migration of M2 macrophages. 
CCL25 or ZIM3 silencing in OS cells inhibited the infiltration of M2 macrophages and the formation of pulmonary metastatic 
nodules in a mouse model of pulmonary OS metastasis and prolonged the survival of the mice. Furthermore, bioinformatics 
analyses revealed that CCL25 and ZIM3 expressions are negatively correlated with the prognosis of OS patients. In conclu-
sion, this study found that a large number of M2 TAMs were recruited into pulmonary metastatic nodules of OS through 
the activation of the ZIM3-CCL25 axis in OS cells, thereby facilitating OS metastasis. Therefore, the suppression of ZIM3-
CCL25-induced recruitment of M2 TAMs to the metastatic sites might be considered as a therapeutic approach to inhibit 
the growth of pulmonary OS metastases.
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Introduction

As the most common primary malignant bone tumor in chil-
dren and adolescents, the incidence of osteosarcoma (OS) 
reaches 0.2–3/100,000 per year worldwide [1]. Approxi-
mately 10–20% of OS patients show metastases at the time 
of initial diagnosis, mainly to the lung (85–90%), occasion-
ally to the bone (8–10%), and rarely to the lymph nodes 
[2]. The current treatment strategy for osteosarcoma is neo-
adjuvant chemotherapy followed by resection. Under this 
treatment strategy, patients with metastasis or recurrence 
still have a poor prognosis, with a 5-year survival rate of less 
than 20% [3]. Metastasis is one of the major causes of poor 
prognosis in OS patients [4]. However, the colonization and 
survival of at the site of metastasis remains a mystery, and 
a study of the factors promoting OS metastasis is urgently 
needed in order to design targeted and effective treatment 
strategies.

The tumor microenvironment (TME) is a multi-cellular 
ecosystem composed of many cell types, such as fibroblasts, 
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tumor, immune, and epithelial cells [5–7]. Tumor-associ-
ated macrophages (TAMs) are among the most important 
immune cells, with functions such as migration and secre-
tion of cytokines and growth factors [8, 9]. Depending on 
the microenvironment they embed in, TAMs can polarize 
into two distinct subtypes, M1-like TAMs (abbreviated as 
M1) and M2-like TAMs (abbreviated as M2), which exert 
opposite effects through the direct contact with tumor 
cells or by secreting different cytokines. The interaction 
between TAMs and tumor cells influences the phenotype 
and function of macrophages, as well as tumor formation 
and progression [10–13]. Huang et al. reported a distinct 
pattern in the spatial distribution of TAMs in tumors. M1 
TAMs (CD68 + IRF8 + TAMs) are mainly present in the 
central region of a tumor mass, and this abundance is asso-
ciated with necrosis in this region, whereas M2 TAMs 
(CD68 + CD163 + CD206 + TAMs) are abundant in the 
peripheral region, and this localization pattern contributes 
to the metastatic invasion of tumors [14].

Multiple studies showed that the number of macrophages 
in tumors is correlated with poor prognosis in cancer 
patients, and most of these macrophages are in the M2 phe-
notype [15–17]. M2 TAMs act as cellular chaperones for 
tumor cells, promote angiogenesis and tumor growth, and 
facilitate the metastatic cascade. Numerous studies showed 
that TAMs-derived cytokines and chemokines, such as 
CCL5 [18, 19], CXCL1 [20, 21], IL-10 [22], transcrip-
tion factors [23], long non-coding RNA (lncRNAs) [24], 
and exosomes [25, 26], induce the epithelial–mesenchymal 
transition (EMT) of tumor cells and contribute to tumor 
metastasis and invasion. Similarly, tumor-derived cytokines 
and chemokines, such as CCL2 [27, 28], CCL5 [29], and 
CXCL12 [30], can recruit TAMs, establish the niches for 
metastasis, and promote the colonization and growth of 
metastatic tumor cells in the target organs. However, little is 
known on the involvement of OS cells in TAMs recruitment.

After the discovery of a massive increase of M2 TAMs in 
the lung of a pulmonary OS metastasis model, our in vivo 
and in vitro experiments revealed a putative mechanism con-
sisting of OS cells recruiting M2 TAMs, thereby providing 
a research platform to study the mechanism of pulmonary 
OS metastasis.

Methods

Cell culture, treatments, and lentiviral infection

The OS cell lines (U2OS, 143B, MG-63 and HOS) and 
hFOB1.19, THP-1, and HEK293T cells (American Type 
Culture Collection, ATCC) were cultured in Dulbec-
co’s modified Eagle medium (DMEM, Gibco) with 10% 
fetal bovine serum (FBS, Gibco) and incubated at 37 °C 

(hFOB1.19 cells at 33.5 °C) under 5% CO2. The culture 
supernatants of OS and hFOB1.19 cells were collected 
and centrifuged at 4000 rpm for 10 min, filtered through a 
0.22 μM filter (Merck Millipore) to remove dead-cell debris, 
and stored at − 80 °C to preserve their biological activity. 
THP-1 monocytes were treated with 100  ng/mL PMA 
(Abcam) for 48 h to convert them into inactivated mac-
rophages, which were then incubated with 20 ng/mL IL-4 
(Peprotech) for 48 h to obtain M2 macrophages. As regard 
the wound-healing assay and transwell migration assay, a 
CCL25-neutralizing antibody (ThermoFisher) or recombi-
nant human CCL25 protein (rCCL25, 500 nM, Peprotech) 
was added into OS culture supernatants, which were then 
used to treat M2 macrophages to investigate the effects of the 
antibody and rCCL25 on the migration of the macrophages.

CCL25 (Accession Number: NM_001201359.2) and 
ZIM3 (Accession Number: NM_052882.1) mRNA levels 
were reduced using RNAi by infecting cells with lentivi-
ruses expressing short hairpin RNAs (shRNAs) against 
CCL25 and ZIM3, respectively, according to the transfection 
procedure previously described [31]. Briefly, the targeting 
shRNA or a negative control shRNA (shNC) with a scram-
bled sequence was inserted into the pLKO.1 puro plasmid 
(Sigma). HEK293T cells were co-transfected with the con-
structed plasmid and the packaging and envelope plasmids 
(Sigma) using the Lipofectamine 2000 transfection reagent 
(ThermoFisher) to generate the lentiviruses expressing 
shCCL25 and shZIM3. OS cells infected by these viruses 
were seeded into 6-well plates (1 × 106 cells per well). The 
infected OS cells were selected using puromycin to obtain an 
OS cell population with stable expression. CCL25 and ZIM3 
silencing in this population was verified using RT–qPCR. 
The shRNA target sequences in CCL25 (shCCL25) and 
ZIM3 (shZIM3) mRNAs were the following: shCCL25, 
forward oligo: 5ʹ-CCG​GGG​ATG​CTC​GAA​ATA​AGG​TTC​
TCG​AGA​ACC​TTA​TTT​CGA​GCA​TCC​TTT​TTG​-3ʹ, reverse 
oligo: 5ʹ-AAT​TCA​AAA​AGG​ATG​CTC​GAA​ATA​AGG​TTC​
TCG​AGA​ACC​TTA​TTT​CGA​GCA​TCC​-3ʹ; shZIM3, forward 
oligo: 5ʹ-CCG​GGC​AGA​GGA​AAG​GCC​CTA​TAA​ACT​CGA​
GTT​TAT​AGG​GCC​TTT​CCT​CTG​CTT​TTTG-3ʹ, reverse 
oligo: 5ʹ-AAT​TCA​AAA​AGC​AGA​GGA​AAG​GCC​CTA​TAA​
ACT​CGA​GTT​TAT​AGG​GCC​TTT​CCT​CTGC-3ʹ.

Animal ethics statement and metastatic model

Four-week-old nude BALB/c mice were obtained from the 
Laboratory Animal Center of Xi’an Jiaotong University 
and housed under specific pathogen-free conditions (ven-
tilated room, 25 ± 1 °C, 60 ± 5% humidity, 12-h light/12-
h dark cycle) with free access to food and water. All the 
procedures were conducted in accordance with the National 
Institutes of Health’s Guide for the Care and Use of Labora-
tory Animals and approved by the Laboratory Animal Care 
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Committee of Xi’an Jiaotong University (Protocol number: 
XJTULAC2018-535). Different types of cancer cells (1 × 106 
cells) were injected into the tail vein of nude mice (half 
female and half male), and then, the mice in the clodronate 
group were treated with an intranasal administration of 60 
μL clodronate liposome (clodronateliposomes.org) twice 
a week for 2 weeks to eliminate pulmonary macrophages 
before injection. The survival of tumor-bearing mice was 
analyzed, and their pulmonary metastases were extracted 
(Figs. 1A, 4A, and B). Each collected lung was divided into 

two parts for subsequent tests. Mouse TAMs were isolated 
from pulmonary metastases by a magnetic-activated cell 
sorting using F4/80 microbeads (Miltenyi Biotec GmbH) 
for subsequent RT-qPCR and western blot assay.

Flow cytometry analysis of pulmonary OS 
metastases

The fresh pulmonary metastatic nodules were removed from 
the nude BALB/c mice of various groups. The tissues were 

Fig. 1   M2 macrophages are recruited to pulmonary OS metastases. 
A Schematic illustration of the creation of the pulmonary OS metas-
tasis and control groups in nude mice. 143B cells were injected into 
the tail vein and the group was called 143B group. hFOB1.19 cells 
were injected into the tail vein and the group was called hFOB group. 
B Photos of the lung samples from hFOB and 143B groups. C HE 
staining of the lung samples from hFOB and 143B groups. D Immu-
nofluorescence staining of F4/80 (green) alongside Arginase-1 (red) 
or iNOS (red) in the lung samples from the hFOB and 143B groups. 
E mRNA expression of M1 and M2 macrophage markers in TAMs 

isolated from pulmonary metastases (n = 3). F) Representative immu-
noblots showing the expression of protein markers associated with 
M1 and M2 macrophages in TAMs isolated from pulmonary metas-
tases (n = 3). G Expression of M2 macrophage markers (CD163, 
CD209, CD14, FCER1A, MEC1, VSIG4, TGFβ, IRF4 and CCR2) in 
the normal tissues and OS lung metastasis from the GSE14359 data-
set. Two samples of normal tissue showed a light blue background 
and eight samples of OS lung metastasis showed a light red back-
ground. Results are expressed as mean ± SD. *p < 0.05 (scale bar: 
100 μm)
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minced and incubated in DMEM supplemented with 1 mg/
mL collagenase IV (Sigma) and 10 mg/mL DNase I (Sigma) 
for 1 h at 37 °C. Afterward, the samples were filtered through 
70 μm cell strainers to obtain single-cell suspensions. The 
cells in each suspension were counted, and their concen-
tration was adjusted to 107 cells/mL. Cells were incubated 
with a FITC-conjugated anti-F4/80 antibody (ThermoFisher) 
and PE-conjugated anti-CD206 antibody (ThermoFisher) to 
identify the cell phenotype. The fluorescence of the cells was 
analyzed by flow cytometry (Beckman Coulter Cytomics 
FC500) and the Flowjo software (version 10.6.2).

Macrophage migration assay

THP-1 cells were seeded in 24-well plates after the induction 
of M2 macrophage phenotype for the wound-healing assay. 
A straight wound was evenly scratched in the cell monolayer 
using a 200-μL sterile pipette tip, and the cell debris was 
washed away using phosphate-buffered saline (PBS). Then, 
the cells undergo different treatments for 24 h. The wound 
area was photographed using a light microscope (Leica 
Microsystems CMS GmbH) and measured using ImageJ 
software (version 1.53, NIH, USA). The relative migration 
ability was calculated as follows: relative migration = cell 
coverage area / original scratch area.

The migration ability of M2 macrophages was further 
quantified using a transwell system composed of a mem-
brane filter with 8 μm pore size (ChemoTx® Disposable 
Chemotaxis System, Neuro probe). THP-1-derived M2 
macrophages were seeded at a density of 5 × 104 cells per 
well onto a membrane filter with serum-free medium, and 
35 μL culture medium or various supernatants (with or with-
out rCCL25 or CCL25-neutralizing antibody) were added 
into the lower chamber. The membrane filter with M2 mac-
rophages was placed on the lower chamber and incubated 
for 12 h. The cells that not fully migrated from the upper 
chamber of the transwell filter were wiped off with a cotton 
swab, and the migrated cells were fixed with 4% paraform-
aldehyde and stained with Giemsa. The transwell membrane 
was photographed, and the cells on it were counted under a 
light microscope (Leica Microsystems CMS GmbH).

RT‑qPCR

Total RNA was isolated from cells using TRIzol reagent 
and subsequently reverse-transcribed into cDNA by a Pri-
meScripTM RT reagent kit according to the manufacturer's 
instructions (TaKaRa). cDNA amplification was performed 
using a SYBR green premix kit (TaKaRa) in an ABI 7900HT 
Fast Real-time PCR system. The 2−ΔΔCT method was used to 
calculate the relative mRNA expression, and GAPDH was 
used as the internal control. The sequences of the specific 
primers were the following: CCL25 (forward: 5ʹ-CCA​AGG​

TGC​CTT​TGA​AGA​CT-3ʹ and reverse: 5ʹ-TCC​TCC​AGC​
TGG​TGG​TTA​CT-3ʹ), ZIM3 (forward: 5ʹ-AAC​CAC​CAA​
ACC​CGA​TGT​GAT-3ʹ and reverse: 5ʹ-ACT​TCT​CTT​GCG​
AGA​CTC​TCTT-3ʹ), Arginase-1 (forward: 5ʹ-CTG​GGG​
ATT​GGC​AAG​GTG​AT-3ʹ and reverse: 5ʹ-CAG​CCC​GTC​
GAC​ATC​AAA​G-3ʹ), Ym1 (forward: 5ʹ- TTT​CTC​CAG​TGT​
AGC​CAT​CCTT-3ʹ and reverse: 5ʹ-AGG​AGC​AGG​AAT​CAT​
TGA​CG-3ʹ), IL-10 (forward: 5ʹ- AGA​CAC​CTT​GGT​CTT​
GGA​GC-3ʹ and reverse: 5ʹ- TTT​GAA​TTC​CCT​GGG​TGA​
GA-3ʹ), iNOS (forward: 5ʹ-AGC​TCG​GGT​TGA​AGT​GGT​
ATG-3ʹ and reverse: 5ʹ-CAC​AGC​CAC​ATT​GAT​CTC​CG-3ʹ), 
TNF-α (forward: 5ʹ- GGT​CTG​GGC​CAT​AGA​ACT​GA-3ʹ 
and reverse: 5ʹ-CAG​CCT​CTT​CTC​ATT​CCT​GC-3ʹ), and 
GAPDH (forward: 5ʹ-CCT​CGT​CCC​GTA​GAC​AAA​ATG-3ʹ 
and reverse: 5ʹ-TGA​GGT​CAA​TGA​AGG​GGT​CGT-3ʹ).

Western blot analysis

Cell and tissue samples were lysed using RIPA lysis buffer 
(Sigma), and the total protein concentration was quantified 
using a NanoDrop spectrophotometer. The proteins in the 
lysate were denatured by boiling and then resolved using 
sodium dodecyl sulfate–polyacrylamide gel electrophore-
sis (SDS-PAGE, BioRad Laboratories). The protein bands 
were transferred onto a polyvinylidene fluoride membrane 
(PVDF, BioRad Laboratories), which was subsequently 
blocked with 5% BSA, followed by incubation with primary 
antibodies at 4 °C overnight. Afterward, the membrane was 
washed and incubated with horseradish-peroxidase–con-
jugated secondary antibodies for 1 h at room temperature. 
The signals of the target proteins were developed using an 
enhanced chemiluminescence (ECL) plus reagent (Thermo 
Fisher). The antibodies (and the dilution factors) used in 
this study were the following: Arginase-1 (CST, 1:1000), 
CD206 (CST, 1:1000), iNOS (Abcam, 1:1000), CD86 (CST, 
1:1000), E-cadherin (Abcam, 1:3000), N-cadherin (Abcam, 
1:3000), Vimentin (Abcam, 1:1000), and GAPDH (Abcam, 
1:2000) used as loading control.

Chromatin immunoprecipitation (ChIP) assay

OS cells (4 × 106) transfected with pcDNA3.1-Flag-ZIM3 
were seeded in 10 cm Petri dishes. When the cells reached 
approximately 90% confluence, they were cross-linked with 
1% formaldehyde at room temperature for 10 min, and the 
reaction was terminated by adding a glycine solution. The 
chromatin was broken down to 200–1000 bp fragments by 
ultrasonication. The ChIP assay was performed using a 
Pierce Magnetic ChIP Kit (Thermo Scientific) according to 
the manufacturer’s instructions. Briefly, the DNA fragments 
were incubated overnight with an anti-Flag antibody (Sigma) 
or normal rabbit IgG antibody at 4 °C. The protein–DNA 
complexes were pulled down using ChIP-Grade Protein 
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A/G Magnetic Beads. The relative enrichment efficiency per 
group of ChIP DNA was analyzed using RT-qPCR.

Dual‑luciferase reporter assay

The promoter region of the CCL25 gene from −2000 
to + 100 nt was amplified using PCR. Mutant CCL25 pro-
moter constructs (mut1 and mut2) were similarly gener-
ated using PCR. The PCR products containing the targeted 
sequence were digested and cloned into the pGL-3 Basic 
vector (Promega). 143B and MG-63 cells (1 × 104 cells/well) 
were seeded into 96-well plates and co-transfected with 
the CCL25 dual-luciferase reporter plasmid (pGL3-WT, 
pGL3-Mut1, or pGL3-Mut2) or an empty pGL-3 vector, and 
pcDNA-ZIM3 or an empty pcDNA vector, as well as with 
pRL Renilla luciferase reporter vector using Lipofectamine 
3000 transfection reagent (Thermofisher) according to the 
manufacturer’s instructions. The cells were lysed after 48 h, 
and the culture supernatants were collected. The firefly and 
Renilla luciferase activities were quantified using a Dual-
Luciferase Reporter Assay System (Promega). The levels of 
Renilla luciferase activity were used to normalize the levels 
of firefly luciferase activity.

Histological analysis

Lungs were collected and fixed with 4% paraformalde-
hyde (Sigma) for 48 h, embedded in paraffin, and cut into 
5 µm-thick sections. Hematoxylin and Eosin (HE) staining 
was performed according to a standard protocol. In short, 
sections were deparaffinized, then the nucleus and cytoplasm 
were stained with 10% hematoxylin and 1% eosin, respec-
tively (Solarbio Life Sciences). The stained tissues were 
observed using a light microscope (Leica Microsystems 
CMS GmbH). As regards the immunofluorescent staining, 
the lungs were embedded in the optimal cutting tempera-
ture (OCT) compound (Sakura) and cut into 20 μM-thick 
sections. OS cells transfected with pcDNA3.1-Flag-ZIM3 
on coverslips were fixed with 4% paraformaldehyde. The 
sections and OS cells were permeabilized with 0.3% Triton 
X-100 (Sigma) and blocked with 1% BSA (Sigma). After-
ward, the sections and OS cells were consecutively incu-
bated with primary and secondary antibodies, and the cell 
nuclei were stained with DAPI. The stained tissues and cells 
were observed using a conventional (Zeiss Axio Vert.A1) 
or confocal (Leica TCS SP8) fluorescence microscope. The 
antibodies (and the dilution factors) used were the follow-
ing: F4/80 (CST, 1:100), Arginase-1 (CST, 1:200), iNOS 
(Abcam, 1:500), anti-Flag antibody (Sigma, 10 μg/mL), 
Alexa Fluor 488 goat anti-rat IgG (Abcam, 1:500), and 
Alexa Fluor 555 donkey anti-rabbit IgG (Abcam, 1:500).

Bioinformatics analysis

The GSE14359 and GSE85537 datasets were downloaded 
from the Gene Expression Omnibus (GEO) database (https://​
www.​ncbi.​nlm.​nih.​gov/​gds/). The GSE14359 dataset was 
used to analyze the expression profiles of markers related to 
M2 macrophages in human normal osteoblasts versus pul-
monary OS metastases. The GSE85537 dataset was used 
to identify the differentially expressed genes between pri-
mary and metastatic tumors derived from a mouse model 
of OS. Based on the gene expression data of GSE85537, 
gene set enrichment analysis (GSEA) was performed using 
the GSEA software (version 4.1.0). The mRNA profiling 
data of OS patients were downloaded from the TARGET 
database (https://​ocg.​cancer.​gov/​progr​ams/​target), and the 
correlation among genes was visualized using the ggplot2 
R package. The Kaplan–Meier survival curves for overall 
and metastasis-free survival rates of the OS patients were 
plotted using the R2 database (http://​r2.​amc.​nl), which is 
a genomics analysis and visualization platform. The mixed 
osteosarcoma-Kuijjer-127-vst-ilmnhwg6v2, Tumor Osteo-
sarcoma-Buddingh-53-vst-ilmnhwg6v2, and Tumor Oste-
osarcoma-Kobayashi-27-MAS5.0-u133p2 datasets were 
selected for analysis. The JASPAR database (https://​jaspar.​
gener​eg.​net/) was used to predict the binding site(s) of the 
transcription factor ZIM3 in the CCL25 promoter.

Statistical analysis

Statistical analysis was performed using SPSS 22.0 soft-
ware and the results were presented as mean ± SD. Two-
group and multiple-group comparisons were performed 
using the Student’s t test and one-way analysis of variance 
(ANOVA), respectively. The Kaplan–Meier methodology 
and Chi-squared test were used to analyze the prognoses of 
OS patients or mouse models and the relationship of CCL25 
expression with ZIM3 expression, respectively. Spearman’s 
rank correlation analysis was applied to identify the dif-
ferentially expressed genes in OS patients versus healthy 
individuals. A value of p < 0.05 was considered statistically 
significant.

Results

M2 macrophages are recruited to and enriched 
at pulmonary OS metastases

The mouse model of pulmonary OS metastasis was con-
structed by a tail-vein injection of 143B cells (143B group), 
and the control model was constructed by an injection of 
hFOB1.19 osteoblasts (hFOB group) (Fig. 1A). The human 
osteoblast cell line hFOB1.19 is often used as a model of 

https://www.ncbi.nlm.nih.gov/gds/
https://www.ncbi.nlm.nih.gov/gds/
https://ocg.cancer.gov/programs/target
http://r2.amc.nl
https://jaspar.genereg.net/
https://jaspar.genereg.net/


908	 Cancer Immunology, Immunotherapy (2023) 72:903–916

1 3

normal human osteoblast cells [32–34]. There was A signifi-
cant pulmonary metastatic nodule formation was found in 
the 143B group, but not in the hFOB group (Fig. 1B and C). 
Immunofluorescence staining was performed to evaluate the 
infiltration of macrophages in pulmonary metastatic nodules. 
Many macrophages co-expressing Arg-1 and F4/80 around 
the pulmonary metastatic nodules were observed in the 143B 
group than in the hFOB group, and both groups had less 
iNOS and F4/80 double-positive macrophages than Arg-1 
and F4/80 double-positive macrophages (Fig. 1D). TAMs 
were isolated from the lung in both groups, and the expres-
sion of the markers of M1 or M2 TAMs was measured using 
RT-qPCR and western blot. The mRNA and protein expres-
sion of the M2-related markers was significantly higher in 
the 143B group than in the hFOB group, whereas no signifi-
cant difference in the expression of the M1-related mark-
ers was observed between the two groups (Fig. 1E and F). 
Likewise, the M2-related markers (such as CD163, CD209, 
CD14, FCER1A, MEC1, VSIG4, TGFβ, IRF4, and CCR2) 
were highly expressed in human pulmonary OS metastases 

in the GSE14359 dataset (Fig. 1G). The above results con-
firmed a significant enrichment of M2 macrophages in the 
pulmonary metastatic tissue of OS, while no significant 
increase in M1 macrophages was found.

OS cell derived CCL25 promotes the migration of M2 
macrophages

The culture supernatants of 143B, MG-63, and hFOB1.19 
cells were collected to treat THP-1–induced M2 mac-
rophages to investigate whether and how OS cells promote 
the infiltration of M2 macrophages, and the culture medium 
of OS cells was used as control (CTL group). The results of 
the wound-healing and transwell migration assay showed 
that 143B and MG-63 supernatants significantly promoted 
the migration of M2 macrophages in vitro, compared with 
CTL and hFOB supernatants (Fig. 2A).

The keywords "osteosarcoma, primary tumor, and lung 
metastases" were used for searching the GEO database 
(https://​www.​ncbi.​nlm.​nih.​gov/) to clarify the mechanism 

Fig. 2   OS-derived CCL25 promotes the migration of M2 mac-
rophages in vitro. A Wound healing (scale bar: 200 μm) and transwell 
(scale bar: 100 μm) assays on M2 macrophages treated with various 
cell culture supernatants. B CCL25 mRNA expression relative to 
GAPDH mRNA expression in various human OS cell lines (n = 3). C) 
143B cells were transfected with a negative-control shRNA (shNC) 
or a targeting CCL25 shRNA (shCCL25), and the supernatants were 
collected. The wound-healing and transwell assays were performed 

on M2 macrophages treated with 143B-cell supernatant supple-
mented with a CCL25-neutralizing antibody or recombinant CCL25 
protein. D) MG-63 cells were transfected with shNC or shCCL25, 
and the supernatants were collected. The wound healing and tran-
swell assays were performed on M2 macrophages treated with 
MG-63–cell supernatant supplemented with a CCL25-neutralizing 
antibody or recombinant CCL25 protein. Results are expressed as 
mean ± SD. *p < 0.05

https://www.ncbi.nlm.nih.gov/
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used by OS cells to promote M2 macrophage migration 
and 21 datasets were consequently collected. Among these 
datasets, our attention was mainly focused on GSE85537, 
which contains gene expression data from mouse pulmo-
nary OS metastases and bone primary OS tumors. Subse-
quently, GSE85537 was analyzed to screen the differentially 
expressed genes associated with pulmonary metastasis in the 
OS model. The gene expression in the primary and pulmo-
nary metastatic tumors was compared using the volcano plot, 
and the most significantly up- or downregulated genes were 
presented by a cluster heat map (Fig. S1A and B). Gene set 
enrichment analysis (GSEA) based on the gene expression 
data of GSE85537 indicated that the CCL25 high expres-
sion group was associated with cadherin-mediated cell adhe-
sion (Fig. S1C). The expression of CCL25 was significantly 
higher in the pulmonary OS metastases than in the primary 
tumors (Fig. S1D). Then, RT-qPCR was performed to exam-
ine CCL25 expression in hFOB1.19 cells and various OS 
cell lines, and the results showed that OS cells, especially 
143B and MG-63 cells, had a higher and significant expres-
sion of CCL25 than hFOB1.19 cells (normal osteoblasts) 
(Fig. 2B). Our hypothesis was that CCL25 played an impor-
tant role in the promotion of M2 macrophage migration 
induced by OS cells. Indeed, shRNA-induced silencing of 
CCL25 expression or the addition of a CCL25-neutralizing 
antibody inhibited the ability of the OS cell-culture super-
natant to promote M2 macrophage migration. However, the 
addition of rCCL25 into the shCCL25 supernatant rescued 
the migration ability of M2 macrophages (Fig. 2C–D). The 
above results suggested that OS cells promoted M2 mac-
rophage migration through CCL25.

CCL25 expression in OS cells is activated by ZIM3

Among the genes upregulated in the pulmonary metastatic 
tumor group of the GSE85537 dataset, a protein-coding 
gene, ZIM3, also known as ZNF264 or ZNF657, was iden-
tified. ZIM3 was significantly increased in OS cells (Fig. 
S1D), and RT-qPCR confirmed this result (Fig. 3A). The 
Spearman correlation analysis showed that the expression 
of CCL25 and ZIM3 was positively correlated in the tissues 
of the OS patients in the TARGET database (Fig. 3B). Our 
speculation was that ZIM3 might be involved in the tran-
scriptional regulation of CCL25 in OS cells. Two potential 
binding sites (P1 and P2) for ZIM3 in the CCL25 promoter 
were predicted using an online bioinformatics tool (http://​
jaspar.​gener​eg.​net) (Fig. 3C). The immunofluorescence 
assay showed that ZIM3 was localized in the nuclei of 
143B and MG-63 cells, and confirmed that ZIM3 expres-
sion was lower in hFOB1.19 cells than in 143B or MG-63 
cells (Fig. 3D). shRNA-induced knockdown of ZIM3 also 
downregulated CCL25 in 143B and MG-63 cells (Fig. 3E 
and D). The ChIP assay and dual-luciferase reporter assay 

were performed to investigate whether ZIM3 transcription-
ally regulated CCL25. The ChIP assay results suggested that 
ZIM3 directly bound to the CCL25 promoter in the human 
OS cell lines (Fig. 3F). The CCL25 promoter region (WT) 
and two mutant sequences (Mut1 and Mut2) were cloned 
into the luciferase reporter plasmid (Fig. 3G). The luciferase 
activity of the WT and Mut1 luciferase reporter plasmids 
were significantly induced by ZIM3 in 143B and MG-63 
cells, unlike that of the Mut2 luciferase reporter plasmid 
in OS cells. This result revealed that ZIM3 bound to the 
P2 region located 125 nt upstream of CCL25. Furthermore, 
shRNA-induced knockdown of ZIM3 in OS cells signifi-
cantly inhibited the pro-migratory effect of the culture super-
natant of OS cells on M2 macrophages (Fig. 3H). The above 
results confirmed that the increased expression of ZIM3 in 
the nucleus of OS cells activated the transcriptional regula-
tion of CCL25 and that the CCL25-ZIM3 axis promoted the 
migration of M2 macrophages in vitro.

OS‑derived CCL25 recruits M2 macrophages to form 
a pulmonary metastatic environment for OS in vivo

In vivo pulmonary metastatic tumor models were con-
structed by injecting various 143B cells with or without 
clodronate liposomes into nude mice (Fig. 4A and B) to 
verify the role of CCL25 and ZIM3 in the recruitment of M2 
macrophages to pulmonary OS metastases. the survival of 
the 6 mice in each group was monitored for 8 weeks, and the 
results showed that the shCCL25 group, shZIM3 group, and 
the Clodronate group significantly prolonged the survival of 
the mice compared with that in the shNC group (Fig. 4A). 
Furthermore, lung samples from another set of 6 mice were 
collected at 4 weeks post-injection (Fig. 4B). Pulmonary 
metastases in the shNC group possessed the largest volume 
and were more numerous than those in other groups (Fig. 4B 
and C). shCCL25 and shZIM3 groups had significantly less 
Arg-1–positive M2 macrophages infiltrated in the pulmo-
nary metastases than the shNC group (Fig. 4D). Clodronate 
liposomes were used to eliminate alveolar macrophages and 
the clodronate-liposome treatment significantly reduced the 
number of macrophages in the mouse lung tissues and inhib-
ited the formation of pulmonary OS metastases (Fig. 4C and 
D). This result was confirmed by isolating cells from the 
pulmonary metastases. Flow cytometry analysis showed 
a significantly higher proportion of CD206-positive cells 
among the F4/80-positive cells in the shNC group compared 
with shCCL25 and shZIM3 groups, and clodronate liposome 
significantly eliminated the F4/80-positive macrophages in 
the lung (Fig. 4E). Our results from western blot analysis 
showed that the pulmonary expression of the mesenchy-
mal markers such as N-cadherin and vimentin was signifi-
cantly higher in the shNC group than in the other groups, 
whereas the pulmonary expression of the epithelial marker 
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E-cadherin was downregulated in the shNC group compared 
with the expression in the other groups (Fig. 4F). The above 
results confirmed that ZIM3 and CCL25 promoted the infil-
tration of M2 macrophages to pulmonary OS metastases, 
and infiltrated M2 macrophages created an environment 
conducive to metastasis through the stimulation of the EMT.

CCL25 and ZIM3 expression is negatively correlated 
with the prognosis of OS patients

Correlation analysis between the expression of CCL25, 
ZIM3, and the M2 macrophage marker Arginase-1 in human 
OS patients was performed, and the results showed that both 
CCL25 and ZIM3 were positively correlated with Argin-
ase-1 in the TARGET database (Fig. 5A). In addition, the R2 
database was used to analyze the effects of CCL25 and ZIM3 
expression on the prognosis of OS patients. Kaplan–Meier 
survival curves showed that OS patients with high CCL25 or 
ZIM3 expression had significantly lower overall and metas-
tasis-free survival rates (Fig. 5B). The box plot showed that 
the expression of CCL25 and ZIM3 was slightly higher in 
patients with OS metastases than in non-metastatic patients, 
based on the R2 database (Fig. 5C). The above bioinformat-
ics results showed that the high expression of CCL25 or 
ZIM3 was associated with a high number of infiltrated M2 
macrophages and poor prognosis in OS patients.

Discussion

M2 TAMs play important roles in the metastasis of malig-
nant tumors [11]. They secrete various proteolytic enzymes 
that degrade the extracellular matrix (ECM) around 
tumor cells [35], regenerate the tumor vascular system by 
upregulating pro-angiogenic molecules [36], and promote 

tumor-cell extravasation [37], thereby establishing a suit-
able environment for tumor cell colonization at distant sites. 
In our study, the nude mice deprived of macrophages by 
clodronate liposome injection showed almost no pulmonary 
metastasis, suggesting that TAMs played a very important 
role in promoting pulmonary OS metastasis. Our results also 
showed a significantly increased IL-10 expression in TAMs 
isolated from pulmonary metastases, and this cytokine has 
been reported to promote tumor cell metastasis. Accord-
ingly, our speculation was that the formation of pulmonary 
metastases in the 143B group was related to IL-10 secretion 
by TAMs [38, 39]. Lee et al. similarly showed that mac-
rophages depletion by clodronate liposome significantly sup-
presses both primary tumor growth and pulmonary metasta-
sis [40]. However, only few studies on how OS cells recruit 
M2 macrophages to metastatic sites are available.

The infiltration of non-malignant cells in primary and 
metastatic tumors is mainly induced by chemokines. The 
chemokine secretion pattern of tumor cells determines the 
distribution of immune cells in the TME. CC chemokines 
released from breast cancer, pancreatic cancer, sarcoma, and 
glioma induce the infiltration of macrophages and lympho-
cytes [41]. Geng et al. found that the auto-amplification of 
the Notch signaling in pancreatic cancer cells activates IL-8 
and CCL2, promoting the recruitment and activation of M2 
macrophages [28]. Qian et al. found that CCL2 synthesized 
by the tumor and stroma in breast cancer recruits CCR2-
expressing inflammatory monocytes and the inhibition of 
the CCL2-CCR2 signaling inhibits breast cancer metas-
tasis in vivo and prolongs the survival of tumor-bearing 
mice [42]. Walens et al. showed that CCL5, which is highly 
expressed in residual breast cancer, promotes collagen 
deposition in residual tumors and also tumor recurrence by 
recruiting CCR5-expressing macrophages. Recurrence of 
breast cancer can be effectively prevented by blocking the 
CCL5-macrophage axis [29]. Our findings showed that OS 
cells promoted the infiltration of many M2 macrophages in 
both the mouse models and patients with OS pulmonary 
metastases. The in vitro tests also confirmed the ability of 
OS cell supernatant to promote M2 macrophage migra-
tion. Our attention was focused on CCL25, which is highly 
expressed in OS cells, due to the important role chemokines 
play in macrophage recruitment. CCL25, also called thy-
mus expressed chemokine (TECK), has chemotactic effects 
on dendritic cells, thymocytes, and activated macrophages. 
CCL25 is significantly expressed in the epithelial cells of 
the small and large intestine and is one of the main fac-
tors that predispose different type of cancers, such as mela-
noma and ovarian cancer, to metastasize the intestine [43]. 
Our results showed that exogenous rCCL25 promoted M2 
macrophage migration, and the pro-migratory effect of the 
culture supernatants of OS cells was blocked by a CCL25-
neutralizing antibody. Furthermore, shRNA-mediated 

Fig. 3   ZIM3 binds to the CCL25 promoter and activates the tran-
scription of CCL25. A Relative ZIM3 mRNA expression normal-
ized to GAPDH mRNA expression in human OS cell lines (n = 3). 
B Spearman correlation analysis of the expression of CCL25 and 
ZIM3 in the TARGET database. C Two transcriptional binding sites 
of ZIM3 were predicted through an online bioinformatics tool (http://​
jaspar.​gener​eg.​net) for the CCL25 promoter. D The subcellular locali-
zation of ZIM3 (Red) was observed using a confocal microscope 
(Scale bar: 25  μm). shRNA-induced knockdown of ZIM3 in 143B 
cells was called shZIM3 group. E) Expression of ZIM3 in 143B and 
MG-63 cells transfected with shNC or shZIM3 (n = 3). F 143B and 
MG-63 cells were subjected to the ChIP assay to assess the ZIM3 
binding to CCL25 promoter. IgG and input fractions were used as 
controls (n = 3). G Relative luciferase activities of the OS cells (143B 
and MG-63 cells) with a luciferase reporter plasmid containing the 
wild type or mutant CCL25 promoter (n = 3). H Wound healing 
(Scale bar: 200 μm) and transwell (Scale bar: 100 μm) assays on M2 
macrophages treated with the culture supernatant of OS cells trans-
fected with shNC or shZIM3. Results are expressed as mean ± SD. 
*p < 0.05
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CCL25 knockdown in OS cells inhibited the pro-migratory 
effect of the supernatant from OS cell culture on M2 mac-
rophages in vitro, as well as M2 macrophage infiltration and 

metastatic tumor formation in vivo. The in vitro experiments 
by Spinnen et al. also confirmed that exogenous CCL25 pro-
motes macrophage migration in a dose-dependent manner 

Fig. 4   CCL25 recruits M2 TAMs in  vivo and promotes the pulmo-
nary metastasis of OS. A Kaplan–Meier analysis of the survival of 
mice after the injection of 143B cells transfected with shRNA with 
or without clodronate liposomes (n = 6). The experiment finished at 
8th week after cell injection. shNC group (black), shCCL25 group 
(green), shZIM3 group (blue), Clodronate group (red). B Schema of 
the animal experiment and images of the lung samples from differ-
ent groups. 143B cells (1 × 10.6 cells) were injected into the tail vein 
of nude mice, and the lung was harvested after 4  weeks. The nude 
mice in the clodronate group were treated with an intranasal adminis-
tration of 60 μL clodronate liposomes twice a week for 2 weeks prior 

to 143B cell injection. C HE staining of lung samples from shNC, 
shCCL25, shZIM3, and Clodronate group (Scale bar: 200  μm). D 
Immunofluorescence staining of F4/80 (green) and Arginase-1 (red) 
in lung samples from shNC, shCCL25, shZIM3, and Clodronate 
group (Scale bar: 100  μm). E Flow cytometry analysis was used to 
detect CD206 and F4/80 expression in cells of pulmonary metastatic 
nodules (n = 3). F Representative immunoblots display the mark-
ers of epithelial-mesenchymal transition in the lung samples from 
shNC, shCCL25, shZIM3, and Clodronate group (n = 3). Results are 
expressed as mean ± SD. *p < 0.05
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[44]. Several studies confirmed that chemokine receptor 9 
(CCR9) and its exclusive ligand CCL25 are overexpressed 
in a variety of malignancies and are strongly associated with 
tumor proliferation, apoptosis, invasion, migration, and drug 
resistance [45, 46]. The CCL25/CCR9 axis promotes mac-
rophage recruitment and fibrogenesis in a mouse model of 
nonalcoholic steatohepatitis [47]. In addition, CCL25/CCR9 
interaction modulates the inflammatory immune response 

in the colonic mucosa by balancing different dendritic 
cell subpopulations and remodels macrophages to mature 
osteoclasts in rheumatoid arthritis [48, 49]. Therefore, our 
hypothesis was that OS cell-derived CCL25 might recruit 
macrophages through the CCR9 receptor. Similarly, Jacque-
lot et al. showed that pulmonary metastasis of melanoma is 
also due to the CCR9-CCL25 axis [50].

Fig. 5   Bioinformatics analysis of CCL25 and ZIM3 expression in OS 
patients. A Spearman correlation analysis between the Arginase-1 
and CCL25 or ZIM3 expression reported in the TARGET database. 
B Kaplan–Meier analysis of the overall and metastasis-free survival 
rates of OS patients was performed based on the R2 database. The 
OS patients were divided into CCL25 and ZIM3 high-expression 
(blue) and low-expression (red) groups for comparison. C Expres-

sion of CCL25 and ZIM3 in patients with metastatic (green) or non-
metastatic (red) OS. The expression data selected in this study were 
obtained from three datasets in the R2 database (the Mixed osteosar-
coma-Kuijjer-127-vst-ilmnhwg6v2 dataset, Tumor Osteosarcoma-
Buddingh-53-vst-ilmnhwg6v2 dataset, and Tumor Osteosarcoma-
Kobayashi-27-MAS5.0-u133p2 dataset)
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However, the mechanism that upregulates CCL25 in 
OS cells remains unclear. Previous studies showed that the 
transcription of CC chemokine ligands is regulated by zinc 
finger (ZNF) proteins [51–53]. ZNF proteins are a class of 
transcription factors with finger-like structural domains and 
play important roles in the regulation of gene expression. 
They influence tumor progression by regulating the tran-
scription of genes involved in tumor proliferation, apoptosis, 
or invasion [54, 55]. Our study found that the expression of 
ZIM3 was significantly increased in OS cells and was posi-
tively correlated with CCL25 expression. ZIM3, also known 
as ZNF264 and ZNF657, is a rarely expressed zinc finger 
protein, which is related to nucleic acid binding and DNA-
binding transcription factor activity [56]. The results of our 
ChIP assay and dual-luciferase reporter assay confirmed 
that ZIM3 directly bound to the promoter of CCL25 and 
activated the expression of this gene in OS cells. This result 
was corroborated by the result showing that CCL25 was 
downregulated after ZIM3 knockdown. In addition, ZIM3 
knock down inhibited the pro-migratory effect of OS cells 
on M2 macrophages in vitro and in vivo, and the formation 
of pulmonary metastases was significantly inhibited in the 
shZIM3 group.

Primary tumors accumulate cells derived from the mar-
row of distant bones, thereby increasing the efficiency of 
metastasis [57, 58]. Helm et al. showed that M2 TAMs 
downregulate E-cadherin in hepatocellular carcinoma, gas-
tric cancer, and pancreatic ductal carcinoma, and induce 
the EMT of tumor cells [59]. Our analyses on the protein 
expression similarly showed that shCCL25 and shZIM3 
significantly reduced the activation of the EMT pathway in 
pulmonary metastases. The survival curves of the pulmo-
nary metastasis models in our study showed that the nude 
mice in the shCCL25 and shZIM3 groups survived signifi-
cantly longer than those in the shNC group. Similarly, the 

bioinformatics analysis showed that OS patients with high 
expression of CCL25 or ZIM3 had a poor prognosis. Lee 
et al. showed that increased CCL25/CCR9 expression in 
pancreatic cancer patients was associated with poor prog-
nosis [60]. However, our analysis on the survival prognosis 
derived only from published data without our own clinical 
data, which represents a limitation of this study.

In this study, ZIM3, which is overexpressed in OS cells, 
was found to act as a transcriptional activator of CCL25. 
Since OS cells colonize metastatic sites, OS-derived 
CCL25 recruits M2 macrophages, which facilitates mul-
tiple metastasis processes (Fig. 6). Consequently, the inhi-
bition of the ZIM3-CCL25-macrophage axis reduced the 
enrichment of M2 macrophages at the metastatic sites and 
inhibited the growth of pulmonary OS metastases. Our 
study findings demonstrate that the blockage of ZIM3 or 
CCL25 might be a promising approach in the treatment of 
pulmonary OS metastases.
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