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Modulating tumor-associated macrophage
polarization by anti-maRCO mAb exerts anti-
osteosarcoma effects through regulating
osteosarcoma cell proliferation, migration
and apoptosis

Lei Ding'", Ling Wu?", Yuting Cao®", Hao Wang?, Defang Li', Weibin Chen', Ping Huang? and Zengxin Jiang®

Abstract

Purpose Osteosarcoma is a primary bone tumor lacking optimal clinical treatment options. Tumor-associated
macrophages in the tumor microenvironment are closely associated with tumor development and metastasis. Studies
have identified the macrophage receptor with collagenous structure (MARCO) as a specific receptor expressed

in macrophages. This study aimed to investigate whether anti-MARCO mAb treatment can induce macrophage
polarization in the tumor microenvironment and elicit anti-tumor effects.

Methods THP-1 cells were treated with 20 ng/mL phorbol 12-myristate 13-acetate and 80 ng/mL interleukin-4 for

48 h to induce macrophage polarization to alternatively activated macrophages (M2). Enzyme-linked immunosorbent
assay, real-time quantitative polymerase chain reaction, flow cytometry, and bioinformatic analyses were performed
to evaluate macrophage polarization. The co-culture groups included a blank group, an M2 macrophage and U20S
co-culture group, and an anti-MARCO mAb-treated M2 macrophage group. Cell viability assays, cell scratch tests,
apoptosis, and cell cycle analyses were performed to determine the effects of anti-MARCO mAb-treated macrophages
on osteosarcoma cells.

Results It was demonstrated that anti-MARCO mAb can drive macrophages toward classically activated macrophage
(M1) polarization. Anti-MARCO mAb promoted the secretion of pro-inflammatory factors by macrophages, including
tumor necrosis factor-alpha (TNF-a), interleukin-1beta, interleukin-6 and interleukin-23. Studies on in vitro co-culture
models have revealed that macrophages treated with anti-MARCO mAb can suppress the growth and migration

of osteosarcoma cells, induce cell apoptosis, and inhibit cell cycle progression of osteosarcoma cells through M1
polarization of macrophages in vitro.
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Conclusion Anti-MARCO mAb treatment exerts anti-osteosarcoma effects by affecting macrophage polarization
toward M1 macrophages, offering a potential new therapeutic approach for treating osteosarcoma.

Keywords Macrophage, MARCO, Osteosarcoma, Co-culture, Polarization

Introduction

Osteosarcoma is the most common invasive bone tumor,
accounting for approximately 20% of all bone tumors [1,
2], and occurs mostly in adolescents and adults older
than 60 years [3]. It predominantly develops in the
epiphysis of the long bones [4]. Despite the introduc-
tion of chemotherapy for osteosarcoma treatment in the
1970s, the 5-year event-free survival rate for patients
with non-metastatic osteosarcoma has reached 60%.
However, 60—70% of patients with osteosarcoma experi-
ence lung metastasis, leading to a 5-year event-free sur-
vival rate of less than 40%. Especially in patients with
early lung metastasis, the 5-year event-free survival drops
below 20% [5-7]. Consequently, new research on treat-
ment methods has become a prominent subject in basic
and clinical research [8]. Immune checkpoint therapy,
an emerging clinical approach, has proven effective in
treating numerous malignancies [9]. However, approved
immune checkpoint therapies, including programmed
cell death ligand 1 (PD-L1), show poor efficacy in osteo-
sarcoma patients [10]". Therefore, novel therapeutic tar-
gets need to be identified.

The tumor microenvironment (TME), a specialized,
complex, and highly dynamic mixture comprising diverse
immune cells, is believed to contribute to the develop-
ment and metastasis of osteosarcoma [11]. Consequently,
further understanding of the TME may facilitate elu-
cidation of the mechanisms underlying osteosarcoma
metastasis and identification of new treatment targets.
Currently, tumor-associated macrophages (TAMs) have
drawn researchers’ attention as macrophages recruited
to the TME, constituting 30-50% of inflammatory cells
in the TME and closely correlating with tumor cell prolif-
eration, invasion, and metastasis [12, 13]. TAMs primar-
ily exist in two polarized phenotypes, classically activated
macrophages (M1) and alternatively activated macro-
phages (M2), which have different functions in immune
defense and surveillance and can be interconverted [14].
TAMs are more polarized toward M2 macrophages,
which are believed to promote tumor occurrence and
metastasis [15, 16]. M1 macrophages have anti-tumor
effects in various ways, including releasing tumor-killing
molecules to kill tumor cells [17], maintaining an inflam-
matory state, and enabling the immune system to detect
and engulf tumor cells [18]. Therefore, promoting the
polarization of macrophages toward M1 macrophages
and inhibiting M2 macrophages is considered a feasible
anti-tumor strategy.

Based on this background, researchers have assessed
the clinical viability of various macrophage markers in
TAMs [19]. Macrophage receptors with collagenous
structure (MARCO), a pattern recognition receptor
belonging to the class A scavenger receptor family, are
overexpressed in the TME [20]. It has been identified
to define a subtype of inhibitory TAM and is associated
with clinical outcomes [21, 22]. Previous research has
discovered an anti-MARCO mAb and demonstrated its
anti-tumor effects in mouse breast cancer, colon can-
cer, and melanoma models [23]. However, its potential
role in osteosarcoma treatment remains unknown. Con-
sequently, we conducted this study to explore whether
anti-MARCO mAb could similarly induce polarization
in human macrophages in the TME of osteosarcoma,
thereby exerting anti-tumor effects in osteosarcoma.

Materials and methods

Cell culture

THP-1 (RRID: CVCL_0006) and U20S cells (RRID:
CVCL_0042) were purchased from the Cell Bank of the
Chinese Academy of Sciences (Shanghai, China). Differ-
entiation into macrophages was induced using 20 ng/mL
phorbol 12-myristate 13-acetate (PMA; Sigma-Aldrich,
MO, USA). Macrophage polarization to M2 macro-
phages was induced by treating THP-1 cells with 20 ng/
mL PMA and 80 ng/mL interleukin-4 (IL-4, Sigma-
Aldrich, USA) for 48 h. The cells were cultured in RPMI-
1640 medium (Gibco; Thermo Fisher Scientific Inc., MA,
USA) supplemented with 10% fetal bovine serum (Gibco;
Thermo Fisher Scientific Inc.) with 5% CO, at 37 °C. Cells
were plated in 6-well or 96-well plates for subsequent
experiments. For the co-culture experiments, the groups
included a blank group, M2 macrophages and U20S co-
culture group, and anti-MARCO mAb-treated M2 mac-
rophage group (anti-MARCO mADb 2 pg/mL). Transwells
(Corning, NY, USA) with a 0.4 um aperture were used for
co-culture experiments. Co-culture was initiated when
macrophages were treated with anti-MARCO mAb for
48 h. Macrophages were cultured in the upper cham-
ber, and U20S cells were cultured in the lower chamber.
After culturing for the indicated times, the cells were
harvested for subsequent assays.

Cell viability

Cell viability was assessed using the Cell Counting Kit-8
(CCK-8) assay kit (DOJINDO, Kumamoto, Japan). Cells
were seeded in 96-well plates (4000 cells/well) and treated
with anti-MARCO mAb (0.5, 1, 2, 5, 10, and 20 pg/mL;
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Cat No. MA1-40315, Thermo Fisher Scientific Inc.) for
24 and 48 h. U20S cells were seeded in 96-well plates
(4000 cells/well) and co-cultured with macrophages.
Cells were washed twice with phosphate-buffered saline
(PBS, Gibco) and then incubated with serum-free 1640
medium containing 10% CCK-8 at 37 °C for 2 h. The opti-
cal density of each well was measured at 450 nm using
a microplate reader (Epoch; BioTek Instruments, Inc.,
Winooski, VT, USA).

Real-time quantitative polymerase chain reaction
(RT-qPCR)

RT-qPCR analysis was performed to detect the mRNA
expression of inducible nitric oxide synthase (iNOS),
Arginase-1 (Arg-1) and cluster of differentiation 206
(CD206) after treatment with anti-MARCO mAb. Glyc-
eraldehyde-3-phosphate dehydrogenase (GAPDH) was
used as the internal reference. Total RNA was extracted
using a Universal RNA Purification Kit (EZBioscience,
MN, USA), followed by reverse transcription using 4x
EZscript Reverse Transcription Mix (EZBioscience).
Subsequently, cDNA was subjected to qPCR using 2x EZ
COLOR SYBR GREEN QPCR MASTER MIX (EZBiosci-
ence) on a LightCycler 480 II instrument. The reaction
mixture comprised 5 uL of 2x EZ COLOR SYBR GREEN
QPCR MASTER MIX, 0.4 pL of primer working solu-
tion, 0.2 pL of template DNA, and 4.4 pL of diethylpyro-
carbonate-treated water. The thermocycling conditions
were as follows: initial denaturation at 95 °C for 5 min,
followed by 40 cycles of denaturation at 95 °C for 10 s,
annealing/extension at 60 °C for 30 s, and final melting
curve collection at 95 °C for 15 s, 60 °C for 1 min, and
95 °C for 30 s. The data were normalized to GAPDH as an
internal reference, and the relative expression levels were
analyzed using the 2-AACt method. Primer sequences
are listed in Table 1.

Flow cytometric analysis

The cells were washed twice with PBS and then added
to 100 uL. CD86 solution diluted in NCM universal anti-
body diluent (NCM Biotech Co., Ltd. Suzhou, China;
1:100). The mixture was then incubated on ice for 15 min,

Table 1 Primers'sequences used in the real-time PCR (5'—3)

Gene Forward (5’-3") Reverse (5’-3')
iNOS TCCGAGGCAAACAGCACATTCA GGGTTGGGGGT
GTGGTGATGT
Arg-1 TGGACAGACTAGGAATTGGCA CCAGTCCGTCAA
CATCAAAACT
CD206 TACAAAAGTGACATGCCTCAGTT TGTGTAGAGTATA
GAGGGGCAGA
GAPDH ACAACTTTGGTATCGTGGAAGG GCCATCACGCCA
CAGTTTC

iNOS, inducible nitric oxide synthase; Arg-1, Arginase-1; CD206, cluster of
differentiation 206; GAPDH, glyceraldehyde-3-phosphate dehydrogenase
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followed by washing. The True-Nuclear™ Transcription
Factor Buffer Set (BioLegend, San Diego, CA, USA) was
employed for cell membrane permeabilization. First,
1 mL of True-Nuclear Fix buffer (1x; BioLegend) was
added and incubated in the dark at room temperature
for 45 min. Then, 2 mL of True-Nuclear Perm Buffer (1x;
BioLegend) was added, centrifuged, and the supernatant
was discarded. Subsequently, 2 mL of True-Nuclear Perm
Buffer with a 1:100 dilution of CD206 antibody (RRID:
AB_2573182) and a 1:200 dilution of CD86 antibody
(RRID: AB_10372961) were added, followed by incuba-
tion on ice for 15 min. After centrifugation, the super-
natant was discarded, and the cells were resuspended in
PBS. Flow cytometry (CytoFLEXLX; Beckman Coulter,
Inc., CA, USA) was used for detection.

Bioinformatics analysis

After treating the cells with 2 pg/mL anti-MARCO mAb
for 48 h, total RNA was extracted from macrophages
using TRIzol reagent (Invitrogen, Carlsbad, CA, USA).
Transcriptome sequencing were performed by Oebio-
tech (Shanghai, China). Sequencing was performed using
an I[llumina HiSeq 2500 platform. Differential expressed
genes (DEGs) analysis was conducted using the DEseq2
package (1.34.0). Genes with a p-value<0.05 and |log2
(foldchange)| > 0.58 were considered DEGs. Gene ontol-
ogy (GO) and Kyoto encyclopedia of genes and genomes
(KEGG) analyses were performed for DEGs using the
DAVID tool ((http://david.abcc.ncifcrf.gov/). Results
with p<0.05 were retained. Gene set enrichment analysis
(GSEA) was performed using GSEA software v3.0 (Broad
Institute, MIT, USA). Significance was set at a false dis-
covery rate (q value) <0.25 and p-value <0.05.

Enzyme-linked immunosorbent assay (ELISA)

ELISA kits (NeoBioscience Technology Co., Ltd., Shen-
zhen, China) were used to measure the secretion of
tumor necrosis factor-alpha (TNF-a), IL-1f, IL-6, and
IL-23 from cells. First, the supernatant was collected,
samples or standards (100 uL) were added to each well,
and the plate was sealed and incubated at 37 °C in the
dark for 90 min. The plate was washed, a biotinylated
antibody working solution (100 puL) was added, and the
plate was sealed and incubated at 37 °C in the dark for
60 min. Then again, the plate was washed, enzyme con-
jugate working solution (100 pL) was added, and incu-
bated at 37 °C in the dark for 30 min. Again, the plate was
washed, 100 pL color substrate was added and incubated
at 37 °C in the dark for 15 min, and 100 pL stop solution
was added. The optical density was measured at 450 nm
using a microplate reader (Epoch; BioTek Instruments,
Inc.), and the concentrations of TNF-a, IL-1f, IL-6, and
IL-23 were calculated based on a standard curve.
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Cell scratch test

First, lines were drawn on the back of a six-well plate.
After 24 h of cell culture, two parallel lines perpendicular
to the drawn lines were scratched using a 10 pL pipette
tip. The detached cells were washed away, and after
48 h of incubation, they were observed under a micro-
scope at the same positions before and after treatment.
The scratch healing area was calculated using Image
J] 1.8.0 software (National Institutes of Health, USA)
with the formula: Healing Percentage = (Initial Scratch
Area—Final Scratch Area)/Initial Scratch Area x 100.

Cell apoptosis analysis

Cell apoptosis was examined using an Annexin V-FITC/
PI dual staining kit (BD Biosciences, USA). The process
involved washing cells twice with PBS, resuspending
cells in 300 puL Binding Buffer (1x), adding 5 uL. Annexin
V-FITC, incubating in the dark at room temperature for
25 min, adding 5 puL PI, incubating in the dark at room
temperature for 5 min, then adding 200 puL 1x Binding
Buffer. The chondrocyte apoptotic rate was measured
using flow cytometry (CytoFLEXLX; Beckman Coulter,
Inc.).

Cell cycle detection

Cell cycle detection was conducted using a Tali™ Cell
Cycle Kit (Thermo Fisher Scientific, Inc.). Cells were
washed twice with PBS, resuspended in 200 pL of Tali®
Cell Cycle Solution, and incubated in the dark at room
temperature for 30 min. FlowJo software (version 10.0;
FlowJo, LLC, Ashland, OR, USA) was used for analysis.

Data analysis

Each experiment was conducted independently three
times, and the data are presented as meanz*stand devia-
tion (SD). Normally distributed data were analyzed using
the Shapiro—Wilk test. The Student’s ¢-test was used to
compare the two groups. Statistical comparisons among
multiple groups were performed using one-way analysis
of variance (ANOVA), followed by Bonferroni’s multiple
comparison test. p<0.05 was considered statistically sig-
nificant. Statistical Package for the Social Sciences (SPSS,
version 22.0; IBM Corp, Armonk, NY, USA) was used for
all statistical analyses.

Results

Anti-MARCO mAb induced macrophage polarization
toward M1 macrophages

The impact of the anti-MARCO mAb on macrophage
cell activity was evaluated using the CCK8 assay. No sig-
nificant effect on cell activity was observed in vitro after
24 and 48 h of treatment with 0.5, 1, 2, 5, 10, and 20 pg/
mL of anti-MARCO mAb, suggesting that anti-MARCO
mADb does not have cell toxicity (Fig. 1A-B). Subsequently,
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the effect of the anti-MARCO mAb on macrophage
polarization was evaluated. RT-qPCR analysis revealed
that 0.5, 1, 2, and 5 pg/mL of anti-MARCO mAb
increased iNOS expression in macrophages, peaking at
2 pg/mL (Fig. 1C). Additionally, 0.5, 1, 2, and 5 pg/mL
of anti-MARCO mAD decreased the expression of Arg-1
and CD206, reaching a minimum at 2 pg/mL (Fig. 1D-E).
The results disclosed that anti-MARCO mAb promoted
macrophage polarization toward M1 macrophages. Flow
cytometry analysis revealed that 2 pg/mL anti-MARCO
mAb increased CD86 expression levels and decreased
CD206 expression levels in macrophages (Fig. 1F-H),
consistent with RT-qPCR results, confirming that anti-
MARCO mAb induces macrophage polarization toward
M1 macrophages.

Anti-MARCO mAb promoted pro-inflammatory cytokine
secretion by macrophages

To further explore the effect of anti-MARCO mAb on
macrophages, transcriptome RNA analysis was per-
formed on the anti-MARCO mAb-treated macrophages
and the control group. The heatmap and volcano plot
show significant differences in gene expression (Fig. 2A—
B). Gene enrichment analysis was conducted. Biological
process (BP), cellular component (CC), and molecular
function (MF) analyses of differentially expressed genes
revealed significant differences between anti-MARCO
mAb-treated and control groups. The top ten terms are
presented in Fig. 3A-F. KEGG pathway analysis showed
a concentration of differences in inflammation-related
pathways, with the top 10 terms displayed in Fig. 3G-H.
Gene set enrichment analysis was also performed. The
pathways with significant differences in the HALLMARK
pathway analysis results are displayed in Fig. 4. Compared
with the control group, there was a significant increase in
the expression of inflammatory and TNF-a-related gene
sets in the anti-MARCO mAb group (Fig. 4A and C).
The mRNA expression of several significant pro-inflam-
matory cytokines associated with anti-tumor activity,
including TNF-q, IL-1p, IL-6, and IL-23, was elevated in
the anti-MARCO mAb group (Fig. 5A). RNA-seq expres-
sion data are presented in supplementary file (Supple-
ment 1). Additionally, ELISA analysis further confirmed
significantly higher secretion levels of TNF-a, IL-1f,
IL-6, and IL-23 in the anti-MARCO mAb-treated group
than in the control group (Fig. 5B—E). These findings are
consistent with the bioinformatics results, demonstrating
that anti-MARCO mAb enhances macrophage polariza-
tion toward M1 and increases pro-inflammatory cytokine
secretion. This further supports our hypothesis that mac-
rophages tend to polarize toward pro-inflammatory M1
macrophages.
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Fig. 1 Effects of Anti-MARCO mAb on macrophages. (A-B) Effects of exposure to vehicle and different concentrations of anti-MARCO mAb (0.5, 1, 2,5,
10, and 20 ug/mL) on macrophage viability for 24 and 48 h using CCK8. (C-E) Relative mRNA expression levels of iNOS, Arg-1, and CD206 determined
by gPCR. (F) Flow cytometry analysis of CD86"CD206~ M1 macrophages and CD86"CD206™ M2 macrophages. (G) Flow cytometry results indicating that
CD86"CD206~ M1 macrophages increase significantly after anti-MARCO mAb treatment. (H) Flow cytometry results indicating that CD86-CD206" M2
macrophages decrease significantly after anti-MARCO mAb treatment. *p <0.05 and **p <0.01. n.s,, not significant
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Fig. 2 DEGs analysis. (A) The heatmap of DEGs identified by transcriptome sequencing between control and anti-MARCO mAb groups. (B) Volcano plot

of DEGs

Anti-MARCO mADb exerted an anti-tumor effect by
polarizing macrophages from M2 macrophages to M1
macrophages in vitro

This investigation focused on the role of anti-MARCO
mAD in treating osteosarcoma. The diagram of the co-
culture model is established in Fig. 6A. First, the cell
viability was evaluated using the CCK8 assay at 24, 48,
and 72 h. The results indicated a significant decrease in
viability in the anti-MARCO mAb-treated M2 macro-
phage group, whereas an increase in cell viability was
observed in the M2 macrophage group, indicating that
anti-MARCO mAb-treated M2 macrophages can inhibit
the viability of U20S cells (Fig. 6B). The cell scratch test
was subsequently performed to study the cell migration.
A higher healing rate indicated a stronger cell migration
ability.The cell scratch assay demonstrated a significant
reduction in the wound healing area in the anti-MARCO
mAb-treated M2 macrophage group compared to that
in the M2 macrophage group, whereas the M2 macro-
phage group showed an increase in the wound healing
area (Fig. 6C and D). This suggests that anti-MARCO
mAb could inhibit tumor cell migration in vitro by
influencing macrophage polarization. To determine the
impact of anti-MARCO mAb-treated M2 macrophages
on U20S cell apoptosis, the apoptotic ratio of cells was
assessed using Annexin V-FITC and PI. The results
revealed a significant promotion of apoptosis in U20S

cells co-cultured with anti-MARCO mAb-treated M2
macrophages, indicating that anti-MARCO mAb pro-
moted apoptosis in U20S cells (Fig. 6E—F). Furthermore,
a significant increase in the proportion of U20S cells in
the GO/G1 phase in the anti-MARCO mAb-treated M2
macrophage co-culture was observed by cell cycle dis-
tribution analysis, demonstrating that M2 macrophages
intervene in the cell cycle and slow down cell division
(Fig. 6G-H). In conclusion, anti-MARCO mAb inhibits
the growth and migration of osteosarcoma cells in vitro,
demonstrating anti-tumor effects.

Discussion
Currently, the 5-year event-free survival rate for patients
with non-metastatic osteosarcoma is 60-70%, whereas
it is less than 40% for patients with lung metastasis [5].
Consequently, osteosarcoma treatment remains a chal-
lenge. In this study, we discovered that anti-MARCO
mAb promotes polarization of macrophages toward the
M1 macrophage direction, releasing pro-inflammatory
factors that induce immune cell activation, thereby inhib-
iting tumor growth and metastasis and playing an anti-
osteosarcoma role. This provides a new approach for
osteosarcoma treatment.

Current comprehensive treatment strategies include
chemotherapy, surgery, and radiotherapy; however, the
prognosis is not optimistic [24—27]. For patients with
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nent. MF: molecular function. KEGG: Kyoto encyclopedia of genes and genomes
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poor responses, postoperative and intensified treatments
do not improve long-term prognosis [28]. Addition-
ally, the late toxic effects of chemotherapy can adversely
impact the quality of life of patients with osteosarcoma
[29]. Emerging immunotherapies, particularly immune
checkpoint inhibitors, have been successful in clinical
applications. Anti-PD-1/PD-L1 monoclonal antibody
pembrolizumab has been approved for treating advanced
melanoma and refractory non-small cell lung cancer by
the Food and Drug Administration [30]. However, clini-
cal studies targeting PD-L1 in osteosarcoma have yielded

disappointing results, attributable to only a subset of
osteosarcoma patients exhibiting high PD-L1 expression
[31]. Therefore, identifying new therapeutic targets is
crucial. Macrophages (M1 and M2) play a significant role
in the TME and osteosarcoma [32]. MARCO was ini-
tially discovered to be expressed in the TME of invasive
breast cancer, correlating with breast cancer progression
and recurrence [19]. MARCO+TAMs have been identi-
fied in numerous cancer models and are highly expressed
in M2 macrophages [33, 34]. Specifically, targeting
MARCO has been employed for treating breast cancer,
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Fig. 5 Anti-MARCO mAb-treated macrophages indicating pro-inflammatory characteristics. (A) Anti-MARCO mAb treatment increased the mRNA ex-
pression levels of TNF-q, IL-13, IL-6, and IL-23 in macrophages. (D-G) The ELISA results showing that anti-MARCO mAb treatment enhances the secretion

of TNF-q, IL-1B, IL-6, and IL-23. *p < 0.05 and **p < 0.01

colorectal cancer, and melanoma, thereby enhancing the
therapeutic effects of anti-CTLA4 mAb for melanoma
[23]. However, whether specific targeting of MARCO
has therapeutic effects in osteosarcoma remains to be
investigated. In this study, we first discovered that anti-
MARCO mAb at concentrations of 0.5, 1, 2, 5, 10, and
20 pg/mL did not affect macrophage viability. However,
it also altered the mRNA expression of iNOS, Arg-1,
and CD206. Flow cytometry results also confirmed that
anti-MARCO mAb induces polarization of macrophages
toward M1 macrophages, indicating that anti-MARCO
mAb promotes M1 macrophage polarization. In previ-
ous studies, researchers confirmed in rodent models that
anti-MARCO mAb can regulate macrophage polariza-
tion through a pathway dependent on Fc gamma receptor
IIb (FcgRIIb) [23]. Our human cell studies further con-
firmed that anti-MARCO mAb can regulate macrophage
polarization.

M2 macrophages in TAMs allow tumor cells to evade
immune responses and promote their growth and metas-
tasis [35]. Simultaneously, tumor cells can regulate the
TME through metabolic reprogramming, inducing the
transformation of M1 macrophages into M2 macro-
phages, which is favorable for their growth and dissemi-
nation [36, 37]. Previous studies have demonstrated that

M1 macrophages, CD8+T cells, and NK cells can main-
tain an inflammatory state, enabling the immune system
to detect and engulf tumor cells [18]. M1 macrophages
can kill tumor cells by releasing tumor-killing molecules,
including reactive oxygen species [17]. Moreover, M1
macrophages possess robust phagocytic and antigen-
presenting capabilities. Bioinformatic analysis revealed
that anti-MARCO mAD increased the expression levels
of various pro-inflammatory factors. This phenomenon
attracts T and B cells to the infection site, preventing
tumor cells from evading the immune response [38].
Through bioinformatics analysis, we observed that anti-
MARCO mADb induced the polarization of macrophages
toward the pro-inflammatory direction, leading to
increased secretion of pro-inflammatory factors (TNE-
a, IL-1B, IL-6, and IL-23) and upregulation of inflam-
mation-related pathways. ELISA assays also confirmed
elevated secretion of the pro-inflammatory factors TNE-
a, IL-1B, IL-6, and IL-23. This indicates that the anti-
MARCO mAb induces the polarization of macrophages
toward the pro-inflammatory direction, thereby exerting
an anti-tumor effect.

Finally, the effects of anti-MARCO mAb-treated
macrophages on osteosarcoma cells were explored.
We observed that it reduced the activity of tumor cells.
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Cell scratch test assays revealed its ability to inhibit the
migration of tumor cells, apoptosis assays demonstrated
its ability to promote the apoptosis of tumor cells, and
cell cycle analysis showed that cells mostly remained in
the GO/G1 phase. These results demonstrate the inhibi-
tory effects of anti-MARCO mAb in vitro. Our study
demonstrated that anti-MARCO mAb exhibited inhibi-
tory effects on osteosarcoma cells by regulating macro-
phage polarization in vitro, indicating that anti-MARCO
mAb holds potential as a promising therapeutic antibody
for osteosarcoma. Monoclonal antibodies currently have
a wide range of clinical applications, are used for treating
various diseases, including cancer, Alzheimer’s disease,
and severe infections, and exhibit good specificity [39—
41]. Therefore, the anti-MARCO mAb may represent
an effective approach for the clinical application of anti-
MARCO mAb therapy. Although our study has certain
limitations, being limited to in vitro experiments without
animal studies and lacking an in-depth exploration of the
underlying mechanisms, further research is still required.
Nevertheless, our study demonstrated that anti-MARCO
mADb can inhibit the growth and metastasis of osteosar-
coma cells, providing a new avenue for treating osteosar-
coma and its metastasis.

Conclusions

In summary, the current study’s findings show that
anti-MARCO mAb causes the polarization of macro-
phages toward M1 macrophages to inhibit osteosarcoma
development, indicating that anti-MARCO mAb holds
potential as a promising therapeutic antibody for osteo-
sarcoma. The discovery of the anti-osteosarcoma effect
of anti-MARCO mADb serves as the basis for determining
the roles of targeting MARCO of tumor-associated mac-
rophages in treating osteosarcoma and its potential as a
therapeutic agent. Further research is required to explore
the clinical applications of anti-MARCO mAb.
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