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S100A10 promotes cancer metastasis via recruitment of MDSCs within the lungs
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ABSTRACT
Tumor-derived exosomes bind to organ resident cells, activating S100 molecules during the remodeling 
of the local immune microenvironment. However, little is known regarding how organ resident cell 
S100A10 mediates cancer metastatic progression. Here, we provided evidence that S100A10 plays an 
important role in regulating the lung immune microenvironment and cancer metastasis. S100A10- 
deficient mice reduced cancer metastasis in the lung. Furthermore, the activation of S100A10 within 
lung fibroblasts via tumor-derived exosomes increased the expression of CXCL1 and CXCL8 chemokines, 
accompanied by the myeloid-derived suppressor cells (MDSCs) recruitment. S100A10 inhibitors such as 1- 
Substituted-4-Aroyl-3-hydroxy-5-Phenyl-1 H-5-pyrrol-2(5 H)-ones inhibit lung metastasis in vivo. Our find-
ings highlight the crucial role of S100A10 in driving MDSC recruitment in order to remodel the lung 
immune microenvironment and provide potential therapeutic targets to block cancer metastasis to the 
lung.
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Introduction

Cancer metastasis is the primary cause of death in cancer 
patients. Within this local microenvironment of distant organs, 
immune cells and fibroblasts are known to regulate immune 
suppression vital for primary cancer cell metastasis.1 Primary 
tumor-derived secreted molecular (TDSFs) and extracellular 
vesicles (EVs) induce bone marrow-derived cells (BMDCs) to 
accumulate in metastatic organs.2,3 These BMDCs interact 
with resident stromal cells and the extracellular matrix of 
distinct organs to promote the formation of an immunosup-
pressive microenvironment.4 The interaction mechanisms 
between primary tumors and distinct organs that initiate 
metastasis are still unclear and require more in-depth study.

Different BMDC types have demonstrated the ability to 
remodel metastatic organ environment. Studies have also 
shown that myeloid-derived suppressor cells (MDSCs) play 
an important role in cancer metastasis.5 MDSCs can be 
recruited into the local immune microenvironment by chemo-
kines, including CCL2, CXCL1, CXCL2, CXCL5, CXCL8 and 
CCL266. MDSCs affect the immune microenvironment and 
extracellular matrix (ECM) during cancer metastasis.5–7 

However, how host stromal cells in distinct organs trigger 
MDSCs recruitment to remodel the local immune microenvir-
onment are unclear. Fibroblasts are one of the most abundant 
stromal cell populations in distant tissue. In primary tumors, 
fibroblasts enhance tumor invasion via ECM remodeling, 

promoting cancer-associated inflammation and supporting 
immune cell activation.8,9 Additionally, whether fibroblasts 
could promote cancer metastasis by modifying the local 
immune microenvironment in distant organs still needs to be 
studied.

S100A10, a plasminogen receptor, activates the plasminogen 
pathway by binding to the cell surface receptor annexin 2.10 In 
cancer cells, upregulation of S100A10 has been found to increase 
plasmin, promote ECM degradation, and enhance cell growth 
and migration.11,12 Furthermore, S100A10 has been reported to 
affect the trafficking of membrane proteins, including the ser-
otonin 5-HT1B receptor,13 channel proteins TRPV5/TRPV614 

and sodium channel protein Nav1.8.15 S100A10-Annexin2 het-
erotetramer also mediates the stemness and chemoresistance of 
breast cancer. Paclitaxel increases the expression of S100A10, 
forming a complex with the histone demethylase KDM6A and 
the histone chaperone SPT6. This large complex is recruited to 
the OCT4 binding sites, facilitating the transcription of stem cell 
marker genes.16 Recent studies have shown that tumor-derived 
exosomes bind organ stromal cells and activate Src and S100 
molecules in distant tissue microenvironments.17 However, the 
effect of S100A10 in resident stromal cells on tumor progression 
remains unclear. Here, we focus on how resident stromal cell 
S100A10 contributes to cancer metastasis and the remodeling of 
the local immune microenvironment. In this study, we con-
structed conventional S100A10 knockout mice to study the
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effects of lung resident cell S100A10 on the remodeling of the 
local immune microenvironment and cancer metastasis in vivo. 
We found that S100A10 in lung fibroblasts activates chemokine 
expression and promotes MDSC recruitment within the lung 
immune microenvironment, thereby facilitating cancer 
metastasis.

Materials and methods

Mice models

Conventional C57BL/6 S100a10 knockout mice were obtained 
from the Saiye Model Animal Research Center. They were 
constructed using CRISPR/CAS9 techniques. The Genotyping 
Strategy is shown in Supplement Figure 1. All animal experi-
ments were carried out according to a protocol approved by the 
Ethics Committee and the Institutional Animal Care and Use 
Committee of Xi’an Jiaotong University. The animal ethical 
approval number is XJTU1AF2024LSK-2023-091. In our 
study, all mice were of the same sex and age (range between 6 
and 10 weeks).

Orthotopic and tail-vein tumor models

Luciferase or GFP-labeled B16/F10 melanoma cells (5 × 105) 
were administered intradermally in the flank of the mice. At 10  
d, the tumor-bearing mice underwent surgical excision and 
continuous cultivation. Twenty-eight days after surgery, lung 
metastasis of the orthotopical tumor was monitored via biolu-
minescent imaging.

The B16/F10LUC/GFP (2 × 105) and E0771GFP (5 × 105) injec-
tions were resuspended in PBS and injected into the tail-vein of 
C57BL/6 mice. At 12 d, the mice were sacrificed under anaes-
thetic, and tumor metastatic nodules in the lungs were evalu-
ated via bioluminescent and fluorescent imaging, flow 
cytometry analysis and IHC/IF staining.

Adeno-associated virus 6 lung infection

Adeno-associated virus 6 encoding S100A10 (AAV6-S100A10) 
and AAV6-empty vector (AAV6-NC) were purchased from 
ViGene Biotech (Guangzhou, China). AAV6-S100A10 con-
tained the fibroblast-specific promoter FSP1 that specifically 
induced the expression of S100A10 in lung fibroblast. Then, 
under anesthesia, every mouse was infected with 40ul of AAV6 
(1011 genomic copies) by intratracheal instillation. Mice were 
rested for 3 weeks after infection in order to allow for rescue 
S100A10 expression in lung fibroblast of KO mice.

Depletion of MDSCs

Anti-Gr-1 Abs (BE0075, BioXcell) or isotype control 
(BE0090, BioXcell) was injected into the tail-vein of WT and 
KO mice at 200 µg/mouse the day before the B16/F10LUC were 
implanted. Subsequently, Gr-1 Abs or isotype control was 
injected every 3 d into tail vein of WT and KO mice until 
mice were euthanized.

Isolation and application of tumor exosomes

B16/F10 cells and E0771 cells were cultured using RPMI-1640 
or DMEM medium for 48 h, after which the medium was 
collected and centrifuged at 1500 rpm for 5 min. The super-
natant was collected and centrifuged at 3000 rpm for 20 min. 
Next, the cell debris was removed, and the supernatant was 
filtered using a 0.2 mm filter (Pall Corporation). The collected 
medium was ultracentrifuged at 100,000 g for 90 min at 4°C, 
and the supernatant was discarded. Pelleted exosomes were 
resuspended in PBS, and protein content was quantified via 
the BCA method. Then, we verified the concentration and 
particle size of exosomes via nanometer particle size meter 
(RuiXin, Nanocoulter I).

For in vivo induction of pre-metastatic microenvironment 
formation, 10 μg of exosomes in 50 μl of PBS were injected 
into the mice’s tail vein every 2 d. After 14 consecutive injec-
tions, the lungs were collected, and frozen sections were 
made. For in vivo exosome tracking experiments, purified 
exosomes were labeled with PKH26 red dye (Sigma). The 
labeled exosomes were washed, collected by ultracentrifuga-
tion, and resuspended in PBS. The labeled exosomes (10 μg) 
were then injected into the tail vein of the mice. One day after 
exosome injection, lung tissues were analyzed via 
immunofluorescence.

T-cell suppression assay

Isolation of Gr-1+Ly-6 G+ MDSCs, from the lung of WT and 
KO mice was performed. The MDSCs were isolated using a 
myeloid-derived suppressor cell isolation kit following the 
manufacturer’s standard protocol (Miltenyi Biotec, 130- 
094-538).

The CFSE-labeled T cells and MDSCs were co-cultured in a 
24-well plate. MDSCs and T cells were cultured at ratios of 1:4. 
The number of T cells was defined as 100,000 cells per well. T 
cells were then stimulated using 1 μg/ml anti-CD3 (BD 
Biosciences) and 2 μg/ml anti-CD28 (BD Biosciences) and 
incubated at 37°C for 72 h. Cell proliferation was measured 
using CFSE dilution and flow cytometry.

Flow cytometry

The single-cell lung suspensions were stained using antibodies 
targeting CD4+ and CD8+ T lymphocytes (CD3+CD4+ and 
CD3+CD8+), B cells (CD3+CD19+), macrophages 
(CD11b+F4/80+), dendritic cells (CD11c+MHCII+), MDSCs 
(CD11b+Gr-1+), M-MDSCs (CD11b+Ly6C+), PMN-MDSCs 
(CD11b+Ly6G+) and NK cells (CD3−NK1.1+). The analyses 
were performed using a CanoII flow cytometer (BD) or 
Novocyte flow cytometer (Agilent). The antibodies were pur-
chased from the BD Pharmingen TM or Bioleng.

In vitro differentiation of MDSCs from murine bone 
marrow

Murine bone marrow cells were isolated and cultured for 4 d in 
RPMI-1640 medium with 10% FBS, 10 mM HEPES, 1 mM 
sodium pyruvate, 1 mM MEM non-essential amino acids,
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Figure 1. S100A10 deficiency prevents lung metastasis. a) Representative images of B16/F10 lung metastasis in S100A10-deficient or WT mice via luciferase 
bioluminescence in vivo. b) Representative images of B16/F10 and E0771 lung metastasis nodules in S100A10-deficient or WT mice. c) Quantitation of B16/F10 and 
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50 µM β-mercaptoethanol, 1% penicillin/streptomycin, 
40 ng/mL GM-CSF (PeproTech 315–03), and 40ng/mL IL-6 
(PeproTech 216–16).

Generation of murine bone marrow chimeras

The recipient mice were lethally irradiated to ablate their 
hematopoietic stem cells. Bone marrow (BM) cell suspensions 
were prepared from donor mice. 1 × 107 BM was transplanted 
into recipient mice. Recombinant mice were then treated with 
neomycin for 3 weeks to limit the risk of infection and were 
monitored regularly. After 3 weeks, flow cytometry was used to 
detect the bone marrow cell subtypes of the recombinant mice 
in order to evaluate the recombinant efficiency.

In vitro migration assay

We used a chemotaxis chamber (Corning 3422) to evaluate the 
effect of cell-conditioned media on the migration of MDSCs. A 
100 µl MDSCs cell suspension (5 × 105 cells) aliquot was seeded 
into the upper wells. In the lower wells, 50 ng/ml recombinant 
mouse S100A10 protein (ProsPec pro-2252) or NIH3T3 cell 
stimulated by tumor exosome conditioned media were placed. 
An 8 µm pore size polycarbonate filter separated the upper and 
lower wells. After incubation for 3 h at 37°C with 5% CO2, the 
number of MDSCs that migrated to the lower wells was 
counted.

Immunofluorescence

The frozen tissue section was fixed using 4% paraformaldehyde 
and permeabilized with 0.1% Triton-X100 for 10 min. The 
sections were incubated with primary antibodies targeted 
against S100A4 (Proteintech 16,105–1-AP), Fibronectin 
(Santa Cruz sc-8422 1:100), Gr-1 (CST#31462 1:200), and 
Flag (Sigma Aldrich F1804 1:100) overnight at 4°C. The sec-
ondary antibodies, labeled with Alexa Fluor 488 (Invitrogen) 
and Alexa Fluor 546 (Invitrogen) were photo-imaged using a 
fluorescent microscope (Leica TCS SP5 II, Germany).

Statistical analysis

Each experiment was repeated at least three times. Results are 
expressed as mean ± SD or SEM as indicated. Statistical analy-
sis was performed using GraphPad Prism 5 and presented in 
the following manners: *p < 0.05, **p < 0.01 and ***p < 0.001.

Results

S100A10 deficiency prevents lung metastasis

Recent studies have shown that tumor-derived exosomes bind 
to organ stromal cells and activate S100A10 in the lung 
microenvironment.17 In this study, we tail vein inoculated 
S100A10−/− mice with B16/F10LUC/GFP melanoma cells and 
E0771GFP breast cancer cells, then observed cancer metastasis 
in order to study the role of organ resident cell S100A10 during 
tumor progression. A detailed construction of the S100A10 
deficiency mice is shown in Supplemental Figure 1. Our results 
found that S100A10−/− (KO) mice revealed a significant reduc-
tion in lung metastasis compared to S100A10+/+ wild-type 
(WT) mice (Figure 1a,b). We observed that S100A10 
deficiency inhibited the number of metastatic nodules and 
thus decreased lung-metastasis tissue weight compared to 
WT mice (Figure 1c,d). In vitro observation of lung tissue 
showed that luciferase or GFP labeled B16/F10 cells from the 
lungs of KO mice are less than those of WT mice (Figure 1e). 
The immunofluorescence and flow cytometry results showed 
that B16/F10GFP and E0771GFP cells in WT mice were higher 
than in KO mice (Figure 1f,g).

To further study the role of organ resident S100A10 during 
lung metastasis of in situ tumor, we inoculated the mice with 
B16/F10LUC via subcutaneous injection, allowing the cell to 
form a tumor. At 10 d, the tumor-bearing mice underwent 
surgical excision and continuous cultivation. Twenty-eight 
days after surgery, lung metastasis of the orthotopic tumor 
was monitored using bioluminescent imaging (Figure 1h). 
Compared to WT mice, KO mice had fewer metastases within 
the lung tissue (Figure 1i,j). The HE staining of whole lung 
tissue verified that S100A10 deficiency decreased the number 
of metastatic nodules (Figure 1k,l). Together, these observa-
tions suggest that host S100A10 contributes to lung metastasis 
of tumor.

S100A10 deficiency prevents the establishment of 
pre-metastatic microenvironment

The pre-metastatic microenvironment supports a favorable 
local microenvironment for the primary tumor metastasis. 
We used tumor-derived exosomes to induce pre-metastatic 
microenvironment formation within the lung of WT and KO 
mice (Figure 2a). We isolated exosomes from the B16/F10 
and E0771 cells. We verified exosomes via nanometer parti-
cle size analysis and demonstrated the expression of exosome 
surface markers (Fig. S2). TIMP, S100A8, S100A9, and fibro-
nectin play critical roles during pre-metastatic microenviron-
ment formation.18–21 We found that TIMP, S100A8, and

E0771 tumor cell focia within the lung tissue (n = 6 individual mice in each group, **p < 0.01). d) Quantitation of B16/F10 and E0771 metastasis lung weight (n = 6 
individual mice in each group, **p < 0.01, *p < 0.05). e) Representative images of B16/F10 lung metastasis tissue in WT or KO mice via luciferase bioluminescence and 
GFP-labeled fluorescence. f) Immunofluorescent analysis S100A10-deficient or WT mice lung sections after GFP-labeled B16/F10 and E0771 inoculation (blue-DAPI, 
green-GFP, Scale bar, 100 μm). g) The percentage of GFP-positive B16/F10 and E0771 cells in the lung tissue of WT or KO mice detected by flow cytometry (n = 5 
individual mice in each group, ***p < 0.001, **p < 0.01). h) Schematic diagram for the lung metastasis of the in situ tumor. i) Representative luciferase bioluminescence 
images of B16/F10 lung metastasis from in situ S100A10-deficient or WT mice. j) Representative images of B16/F10 lung metastasis tissue from in situ S100A10-deficient 
or WT mice via luciferase bioluminescence. k) H&E-stained lung sections of S100A10-deficient or WT mice after tail-vein inoculation of B16/F10 cell. l) H&E-stained lung 
sections of KO or WT mice after subcutaneous injection of B16/F10 cell.
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S100A9 expression in the lungs of S100A10 KO mice were 
significantly reduced compared to the lung of WT mice 
(Figure 2b,c). The IF and IHC results revealed that fibronec-
tin expression was down-regulated in the pre-metastatic 
microenvironment of S100A10 KO mice (Figure 2d,e). To 
further evaluate the effect of S100A10 deletion on pre-meta-
static microenvironment formation of the lungs, transcrip-
tome sequencing was performed on lung tissue from 

S100A10 KO and WT mice. We found that the biological 
function of the differentially expressed genes was focused on 
the immune response and the external stimulus (Figure 2f). 
The KEGG enrichment showed that S100A10 deficiency 
affected the ECM–receptor interaction, cytokine receptor 
interaction, and TGF-β or NF-κB signaling pathway (Figure 
2g). Thus, S100A10 deficiency suppresses pre-metastatic 
microenvironment establishment within the lungs.

Figure 2. S100A10 deficiency prevents lung pre-metastatic microenvironment formation. a) Schematic diagram for the tumor-derived exosome induced formation of 
the pre-metastatic microenvironment. 10 μg of B16/F10 and E0771-derived exosomes in 50 μl of PBS were intravenously injected into the tail vein of S100A10-deficient 
or WT mice every 2 d. Pre-metastatic microenvironment formation in the lungs of mice after 28 d. b and c) Pro-metastatic gene expression in the lungs of S100A10- 
deficient or WT mice after B16/F10-derived exosome b) and E0771-derived exosomes c) induction was quantified by qPCR. d and e) Immunofluorescent analysis of lung 
tissue sections d) and IHC stained lung tissue sections e) of the fibronectin expression of S100A10-deficient mice or WT mice. f) Top 10 biological processes with 
enrichment of different expression gene sets in S100A10-deficient or WT mice lungs by GO analysis (n = 3 individual mice in each group). g) Top 10 signaling pathways 
with enrichment of different expression gene sets in S100A10-deficient or WT mice lungs by KEGG analysis (n = 3 individual mice in each group).
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Figure 3. S100A10 deficiency inhibits MDSCs recruitment to the lung pre-metastatic microenvironment. a) The proportion of MDSCs in the lungs of KO or WT mice after 
B16/F10 or E0771-derived exosome inoculation was measured via flow cytometry (n = 6 individual mice in each group, *p < 0.05, **p < 0.01). b) The proportion of PMN- 
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S100A10 deficiency suppresses MDSCs recruitment to the 
lung metastatic microenvironment

To further assess which S100A10 host cell has the effect of 
promoting cancer metastasis, we carried out the bone marrow 
(BM) adoptive transfer experiments (Fig. S3a). The first group 
of chimeras is the donor BM of CD45.2 subtype S100A10 KO 
or WT mice and recipient mice of CD45.1 subtype WT mice. 
The chimeras were subsequently subjected to tail vein injec-
tions with B16/F10 cells. Bright-field observation and HE 
staining of whole lung tissue showed that mice adoptive trans-
fer of KO mice BM had fewer metastatic nodules than those 
adoptive transfer of WT mice BM (Figure S3b-d). The second 
group of chimers is donor BM of CD45.1 subtype WT mice 
and recipient mice of CD45.2 subtype S100A10 KO or WT 
mice. The results showed that recipient mice S100A10 KO mice 
had significantly reduced metastatic nodules compared to reci-
pient mice S100A10 WT mice (Figure S3e-g). These results 
demonstrate that S100A10 deficiency in the host tissue or 
immune cells all altered lung metastatic in S100A10 KO mice. 
However, the absence of S100A10 in the host tissue has a more 
significant effect on cancer metastasis.

Next, we analyzed the number of immune cells in the pre- 
metastatic microenvironment of S100A10 KO and WT mice 
after tumor-derived inoculation. CD11b+Gr-1+ MDSCs in the 
pre-metastatic lungs of KO mice were significantly decreased 
compared to S100A10 WT (Figure 3a). We further found that 
the percentage of Ly6G+Ly6Clow PMN-MDSCs and 
Ly6G−Ly6Chigh M-MDSCs in the pre-metastatic lungs of KO 
mice is decreased compared to WT mice (Figure 3b). 
Furthermore, the number of CD3+CD4+ or CD3+CD8+ T 
cells in the pre-metastatic lungs of KO mice is increased 
(Figure 3c). The gating strategy for Figure 3b is shown in 
Supplemental Figure 4. The IF results showed that the number 
of MDSCs within the pre-metastatic lung of S100A10 KO mice 
was less than that of the WT mice (Figure 3d). CD11b+F4/80+ 

macrophage cells, CD11C+MHCII+ DC cells, and 
CD3−NK1.1+NK cells in the pre-metastatic lungs of S100A10 
KO mice revealed no difference compared to WT mice (Fig. 
S5a-c). However, S100A10 knockout did not affect CD11b+Gr- 
1+ MDSCs or other immune cell numbers in the lymph glands 
or bone marrow (Figure S5d-h).

MDSCs exert immunosuppressive effects by targeting T 
cells. To examine the direct impact of MDSCs from S100A10 
KO and WT mice lung metastatic microenvironment on effec-
tor T cells, we pre-treated T cells with anti-CD3 and anti-CD28 
prior to co-culturing with lung MDSCs of WT and KO mice 
(Figure 3e). Compared to the S100A10+/+ MDSCs, S100A10−/− 

MDSCs had increased capacity to inhibit T-cell proliferation 

(Figures 3f,g). The expression of immuno-suppressive genes of 
S100A10−/− MDSCs, including ARG1 and iNOS, was higher 
than that of S100A10+/+ MDSCs (Figure 3h). Furthermore, we 
determined whether down-regulated MDSCs infiltration is the 
main reason of the reduced tumor metastasis of S100A10 KO 
mice. We employed anti-Gr-1 neutralizing antibody to deplete 
MDSCs both in S100A10 KO and WT mice. We found that 
S100A10 WT and KO mice have the same of tumor metastasis 
burden in lung when deplete MDSCs (Figure 3i). These data 
suggest that S100A10 participates in MDSCs recruitment 
required for lung metastasis.

S100A10 deficiency of fibroblasts inhibits the activation of 
chemokines induced by exosomes and the migration of 
myeloid lineage

To understand the underlying mechanisms of impaired 
MDSCs recruitment in the pre-metastatic lungs of S100A10 
KO mice after tumor-derived exosome stimulus, we first traced 
the location of the tumor-derived exosomes in the lung. Next, 
the B16/F10-derived exosomes labeled with PKH26 were 
injected into the tail vein of WT mice. After 24 h, we used IF 
to assess the B16/F10-derived exosomes in the lungs of WT 
mice. Our results demonstrated that the B16/F10-derived exo-
somes were primarily taken up by S100A4+ fibroblasts (Figure 
4a). These observations suggest that lung fibroblasts might be 
involved in recruiting MDSCs required for pre-metastatic 
microenvironment formation. Furthermore, the in vitro 
experimental results revealed that the fibroblasts treated with 
the exosomes activated S100A10 expression (Figure 4b) and 
the expression of a series of chemokine genes, including CCL2, 
CXCL1, CXCL2, CXCL5 and CXCL8 (Figure 4c). The number 
of MDSCs that migrated in response to B16/F10 exosome- 
stimulated fibroblasts conditioned medium (FCM) was four 
times greater than with FCM alone (Figure 4d). These data 
suggest that fibroblasts, exposed to B16/F10-derived exosomes, 
activate chemokines expression in order to induce MDSCs 
migration.

To test which chemokines are regulated by S100A10, we 
knocked down S100A10 (Figure 4e) and measured chemokine 
expression. B16/F10-derived exosomes induced the expression 
of CXCL1 and CXCL8 but not in the fibroblasts of S100A10 
deficient (Figure 4f). Meanwhile, the B16/F10 exosome-stimu-
lated conditioned medium of S100A10 deficient fibroblasts 
reduced the ability to induce migration of MDSCs compared 
to WT FCM (Figure 4g). Furthermore, we collected fibroblasts 
treated with the recombinant protein S100A10 and measured

MDSCs and M-MDSCs in the lungs of KO or WT mice after B16/F10-derived exosome inoculation was measured via flow cytometry (n = 6 individual mice in each group, 
*p < 0.05, **p < 0.01). c) The proportion of CD3+CD4+ or CD3+CD8+ T cells in the lungs of KO or WT mice after B16/F10-derived exosome inoculation was measured by 
flow cytometry (n = 6 individual mice in each group, *p < 0.05, **p < 0.01). d) Immunofluorescent analysis of Gr-1+ cells in WT or KO mice lung sections after B16/F10- 
derived exosome inoculation (blue-DAPI, green-Gr-1, Scale bar, 25 μm). e) Model diagram of the co-culture system of the T cell, S100A10−/− MDSCs, and S100A10+/+ 

MDSCs. f) Representative images of CFSE-base proliferation assay of T cells co-cultured with S100A10−/− MDSCs and S100A10+/+ MDSCs by flow cytometry. g) 
Quantitative T cell proliferation analysis after co-cultured with S100A10−/− MDSCs and S100A10+/+ MDSCs. h) The ARG1, iNOS, and IDO expression of S100A10−/− and 
S100A10+/+ MDSCs in the lung pre-metastatic microenvironment were quantified by qPCR. i) Anti-Gr-1 Abs or isotype control was injected into the tail-vein of WT and 
KO mice at 200 µg/mouse the day before the B16/F10LUC were implanted. Subsequently, Gr-1 Abs or isotype control was injected every 3 d into tail veins of WT and KO 
mice. B16/F10 lung metastasis was monitored via luciferase bioluminescence in vivo.
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Figure 4. The S100A10 of lung fibroblasts activates CXCL1/CXCL8 expression and increases the migration of myeloid lineage via B16/F10-derived exosome induction. a) 
Immunofluorescent analysis of the location of S100A4+ fibroblast and PKH26 marked B16/F10-derived exosome in the lungs of WT mice. b) S100A10 expression in 
NIH3T3 fibroblast cells stimulated with B16/F10-derived exosomes was detected via immunoblot. c) Chemokine gene expression in NIH3T3 fibroblast cells after B16- 
derived exosome induction was quantified by qPCR (n = 6 individual cells in each group, *p < 0.05, **p < 0.01). d) Numbers of MDSCs migrating in response to B16/F10 
exosome-stimulated fibroblasts conditioned medium (FCM) (n = 6 individual cells in each group, **p < 0.01). e) S100A10 gene knockdown efficiency in NIH3T3 fibroblast 
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chemokine expression. The expression of CCL2, CXCL1, 
CXCL5, and CXCL8 was significantly activated after S100A10 
stimulation (Figure 4h), while FCM stimulated with the 
S100A10 recombinant protein increased induction of MDSCs 
migration (Figure 4i). These results suggest that the S100A10 of 
lung fibroblasts participated in MDSCs recruitment during the 
remodeling of the local immune microenvironment.

Upregulation of lung fibroblasts S100A10 promotes 
cancer metastasis in vivo

To examine the role of lung fibroblasts S100A10 in cancer 
metastasis in mice models, we intratracheally delivered 
adeno-associated virus serotype AAV6-NC or specifically over-
expressed S100A10 virus serotype AAV6-S100A10 in lung 
fibroblasts to WT and KO mice (Figure 5a). At 3 weeks after 
AAV6 delivery, we harvested lung tissues for analysis and 
found that S100A10 in lung fibroblasts of AAV6-S100A10 
group were significantly higher than those in lung tissue of 
the AAV6-NC group (Figure 5b-e). At 4 weeks after AAV6 
delivery, we injected B16/F10LUC into the tail-vein of AAV6- 
NC group and AAV6-S100A10 group. Compared to AAV6- 
NC group of KO mice, AAV6-S100A10 group of KO mice 
increased the cancer metastasis as assessed by bioluminescent 
(Figure 5f). Furthermore, upregulation of S100A10 in lung 
fibroblasts promoted the MDSCs recruitment to the lung tissue 
(Figure 5g,h). Together, these results suggest that upregulation 
of S100A10 in lung fibroblasts promoted the MDSC recruit-
ment and cancer metastasis in vivo.

S100A10 inhibitor prevents cancer metastasis

Our results indicated that S100A10 plays an important role in 
cancer metastasis. To test whether the S100A10 inhibitor 
reduced cancer metastasis, an S100A10 inhibitor was intraper-
itoneally injected into mice treated with B16/F10 cells. 1-sub-
stituted 4-aroyl-3-hydroxy-5-phenyl-1 H-pyrrol-2(5 H)-ones, 
an effective blocker of S100A10 and AnxA2 binding inhibited 
the function of S100A10.22 The Figure 6a shows the chemical 
structures of the S100A10 inhibitor. We found that treatment 
with 30 mg/kg/d of the S100A10 inhibitor reduced the number 
of metastatic nodules (Figure 6b) as well as the weight of the 
lung tissue (Figure 6c). The HE staining of the whole lung 
tissue revealed that the cancer metastasis in the inhibitor- 
treated mice is less than that of the control mice (Figure 6d). 
The S100A10 inhibitor, 1-Substituted 4-Aroyl-3-hydroxy-5- 
phenyl-1 H-pyrrol-2(5 H)-one, inhibits lung metastasis. Our 
findings may aid in the design of new therapeutic targets for 
cancer metastasis.

In summary, we show that the activation of S100A10 in lung 
fibroblasts via tumor-derived exosomes initiates MDSCs recruit-
ment and remodels the local immune microenvironment during 

cancer metastasis (Figure 6e). Therefore, S100A10 of host inter-
stitial cells is a potent inducing factor during lung metastasis.

Discussion

Previous studies on cancer metastasis have suggested com-
plex interactions facilitated by cancer, BMDCs, and immune 
cells. Moreover, recent studies have highlighted the pleio-
tropic functions of MDSCs by promoting distant metastasis 
via inflammation and immunosuppression. MDSCs through 
the secretion of inflammatory cytokines and growth factors 
remodel the local microenvironment, resulting in the colo-
nization and growth of cancer cells. Experimental evidence 
suggests that MDSCs are abundant in the pre-metastatic 
lung and are related to the burden of subsequent metastatic 
breast cancer.23 MDSCs, mobilized with G-CSF in distant 
organs before the arrival of in situ tumor cells, produces the 
Bv8 protein in order to stimulate the migration of breast 
cancer cells.24 Furthermore, MDSCs facilitate metastatic 
growth via the induction of vascular leakage and the remo-
deling of ECM, as well as systemic effects on the immune 
system.5,6,24 Interestingly, in our study, we found that 
S100A10 deficiency reduced MDSCs accumulation during 
the remodeling of the local immune microenvironment of 
the lungs. Our results suggest that S100A10 deficiency 
affects MDSCs recruitment and cancer metastasis. Previous 
studies on the function of S100A10 on the recruitment of 
immune cells into the primary tumor microenvironment 
have revealed that S100A10 regulates the migration of 
macrophages to the tumor sites.25,26 The function of the 
S100A10 plasminogen receptor could partially explain this. 
S100A10 binding to plasminogen results in the conversion 
of plasminogen to plasmin via the activation of plasminogen 
activators-tissue-type plasminogen activator (t-PA) and 
urokinase-type-plasminogen activator (uPA).26,27 The plas-
minogen activation process is integral to macrophage migra-
tion under inflammatory stimulation.28–30 In the S100A10 
deficient mice lung immune microenvironment, the macro-
phage cells did not reveal any differences compared to WT 
mice. This may illustrate the different roles of S100A10 
during the formation of the primary tumor microenviron-
ment and cancer metastasis.

Lung fibroblasts have functional plasticity during promoting 
local immune microenvironment formation.31 The COX-2+ 

lung fibroblasts improve lung-resident myeloid cells’ immune- 
suppressive function and drive dysfunctional dendritic cells, 
resulting in increased immunosuppression and lung metastasis 
in breast cancer models.32 TDFS acts on the lung fibroblasts that 
are activated by the p38α kinase/type I interferon signaling/ 
fibroblast activation protein axis, resulting in the remodeling of 
the ECM in the lungs.33 In our WT mice model, lung fibroblast 
cells primarily take up exosomes derived from B16/F10 cells.

cells was detected via immunoblot. f) Chemokine gene expression in S100A10 knockdown NIH3T3 fibroblast cells after B16-derived exosome induction was quantified 
via qPCR (n = 6 individual cells in each group, *p < 0.05, **p < 0.01). g) Numbers of MDSCs migrating in response to B16/F10 exosome-stimulated S100A10 knockdown 
NIH3T3 fibroblasts conditioned medium (n = 6 individual cells in each group, **p < 0.01). h) Chemokine gene expression in NIH3T3 fibroblast cells after S100A10 
recombinant protein induction was quantified via qPCR (n = 6 individual cells in each group, *p < 0.05, **p < 0.01). i) Numbers of MDSCs migrating in response to the 
recombinant protein S100A10 stimulated NIH3T3 fibroblasts conditioned medium (n = 6 individual cells in each group, ***p < 0.001).
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Figure 5. Upregulation of S100A10 expression in lung fibroblasts promotes lung metastasis of tumor in KO mice. a) The schematic diagram for AAV6-NC or AAV6- 
S100A10 infection in the lungs of WT and KO mice. Six-week-old WT and KO mice were intratracheally injected with AAV6-NC and AAV6-S100A10. Four weeks after AAV 
administration, the B16/F10LUC cells were injected into the tail-vein of WT and KO mice. Two weeks after the B16/F10LUC cells were injected, tumor metastasis was 
assessed via luciferase bioluminescence in vivo. b) qRCR analysis of S100A10 mRNA expression in the lungs of mice from the AAV6-NC and AAV6-S100A10 groups (n = 6 
individual cells in each group, ***p < 0.001). c) Western blot analysis of S100A10 expression in the lungs of mice from the AAV6-NC and AAV6-S100A10 groups (n = 3 per 
group). d) Immunofluorescence staining with S100A4+ fibroblasts and Flag-marked fibroblast-specific AAV6-S100A10 in the lungs of WT mice. e) Statistical analysis of 
the percent of AAV6-S100A10 transduction in S100A4+ fibroblasts (n = 3 mice, five fields assessed per mouse). f) Representative luciferase bioluminescence images of 
B16/F10 lung metastasis in WT or KO mice via AAV6-NC and AAV6-S100A10 infection. g and h) The proportion of MDSCs in the lungs of KO or WT mice after AAV6-NC 
and AAV6-S100A10 infection was measured via flow cytometry (n = 6 individual mice in each group, *p < 0.05, **p < 0.01).
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Subsequently, the expression of S100A10 and the important 
chemokines CCL2, CXCL1, CXCL2, CXCL5, and CXCL8 were 
significantly activated in lung fibroblasts. However, B16/F10- 
derived exosomes cannot induce the expression of CXCL1 and 
CXCL8 in the S100A10 deficient fibroblasts. Increased expres-
sion of CXCL1 and CXCL8 is commonly seen in many tumors,-
34–37 The up-regulated CXCL1 and CXCL8 reflect high tumor 
burden, poor tumor differentiation, and poor prognosis.38,39 The 
function of the CXCL1 and CXCL8 is chemotactic for MDSCs, 
neutrophils, and monocytes and remodels the immune micro-
environment of the tumor. In co-implantation experiments, the 
growth of xenograft tumors was increased with MDSCs from 
CXCL8 transgenic mice as compared to MDSCs from WT mice.-
40 Tumor-derived CXCL8 showed increased mobilization of 
MDSCs into the tumor site.40,41 In CXCR2−/− mice, CXCL1/2/ 
5-CXCR2 signaling led to the recruitment of MDSCs into the 
liver.42 These results indicate that CXCL1 and CXCL8 are 
important chemokines that cause immune cells infiltration into 

the local immune microenvironment. We found that S100A10 
deficiency of lung fibroblasts inhibited the activation of CXCL1 
and CXCL8. Meanwhile, tumor-derived exosomes induced 
migration of myeloid lineage was decreased. In particular, we 
found that the S100A10 recombinant protein significantly acti-
vated fibroblast CXCL1 and CXCL8 expression of and induced 
the migration of the myeloid lineage. We propose that S100A10 
contributes to the promotion of MDSCs recruitment and pre- 
metastatic microenvironment formation by inducing the activa-
tion of CXCL1 and CXCL8 in lung fibroblasts. This study high-
lighted the vital role of S100A10 in driving MDSCs recruitment 
into the lungs as an early step of primary cancer metastasis.
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