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ABSTRACT

The poor progress of immunotherapy on osteosarcoma patients requires deeper delineation of immune
tolerance mechanisms in the osteosarcoma microenvironment and a new therapeutic strategy. Clearance
of apoptotic cells by phagocytes, a process termed “efferocytosis,” is ubiquitous in tumors and mediates
the suppression of innate immune inflammatory response. Considering the massive infiltrated macro-
phages in osteosarcoma, efferocytosis probably serves as a potential target, but is rarely studied in
osteosarcoma. Here, we verified M2 polarization and PD-L1 expression of macrophages following effer-
ocytosis. Pharmacological inhibition and genetic knockdown were used to explore the underlying path-
way. Moreover, tumor progression and immune landscape were evaluated following inhibition of
efferocytosis in osteosarcoma model. Our study indicated that efferocytosis promoted PD-L1 expression
and M2 polarization of macrophages. Efferocytosis was mediated by MerTK receptor in osteosarcoma and
regulated the phenotypes of macrophages through the p38/STAT3 pathway. By establishing the murine
osteosarcoma model, we emphasized that inhibition of MerTK suppressed tumor growth and enhanced
the T cell cytotoxic function by increasing the infiltration of CD8" T cells and decreasing their exhaustion.
Our findings demonstrate that MerTK-mediated efferocytosis promotes osteosarcoma progression by
enhancing M2 polarization of macrophages and PD-L1-induced immune tolerance, which were regulated
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through the p38/STAT3 pathway.

Introduction

Osteosarcoma is the most frequent primary bone malignant
tumor in children and adolescents, and one of the leading
causes of tumor-related death in adolescents.'™ Since the
1970s, following the combined treatment of neoadjuvant che-
motherapy and surgery, the therapeutic effect and prognosis of
osteosarcoma have progressed greatly. Afterward, the 5-year
event-free survival rate (EFS) of patients has reached 70%.*”
However, in the following decades, there has been no signifi-
cant progress in the treatment of osteosarcoma. Especially in
the situation where tumor recurrence, metastasis, and poor
response to chemotherapy occurred on osteosarcoma patients,
the overall survival rate (OS) is still less than 20%.~” Therefore,
it is urgent to explore a new treatment strategy for osteosar-
coma, particularly for patients with recurrence and metastasis
of osteosarcoma.

In recent years, immunotherapy has been found to be effec-
tive in various cancers.*”'® For example, chimeric antigen
receptor-modified T (CAR-T) cell immunotherapy has been
used for treatment of malignant tumors of the lymphoid hema-
topoietic system;®'' and immune checkpoint therapy has
become a famous strategy in a variety of malignant tumors
(melanoma, non-small- cell lung cancer, breast cancer,

colorectal cancer, etc.).!®!2716 Considering multiple chromo-
somal abnormalities and high mutation burden in osteosar-
coma, immunotherapy might be a promising option.>"”
However, current clinical trials of immunotherapy for osteo-
sarcoma have not received satisfactory effects.>!32° Thus,
a new immunotherapy strategy needs to be explored.

As currently reported, macrophages are most immune cells
infiltered in the tumor microenvironment of osteosarcoma
tissues and significantly related to prognosis.”*”>*> Thus, we
suspect that tumor-associated macrophages (TAM) may be
a breakthrough point for immunotherapy of osteosarcoma.
Clearance of apoptotic cells by phagocytes, a process termed
“efferocytosis,” is a crucial function of macrophages.”>** In the
physiological situation, dying cells lose the integrity of the cell
membrane and intracellular contents are released, which trig-
ger inflammation, secondary necrosis, and sometimes
autoimmunity.”>*® But in fact, apoptotic cells will be cleared
by professional and nonprofessional phagocytes, which is
termed “efferocytosis,” and the release of intracellular contents
is avoided. Following efferocytosis, phagocytes release anti-
inflammatory cytokines, like interleukin-10 (IL-10) and trans-
forming growth factor-p (TGF-B). Thus, efferocytosis protects
tissue homeostasis from excessive inflammation and secondary
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necrosis.?>?” However, in apoptosis-enriched tumors, the
efferocytosis of TAM not only plays a role in anti-
inflammation but also promotes immune tolerance in the
tumor microenvironment.”>*® According to published studies
in breast and colon cancers, efferocytosis enhanced the release
of immunosuppressive cytokines and the infiltration of mye-
loid-derived suppressor cells (MDSC) and Treg cells.”>?’
Considering the high proportion of macrophages and immu-
nologically cold microenvironments in osteosarcoma, the rela-
tionship between efferocytosis and osteosarcoma deserves to be
investigated.'>*°

Moreover, tumor-associated macrophages are one of the
main cell types expressing PD-L1 in the tumor
microenvironment.”"** The PD-1/PD-LI signaling pathway
leads to exhaustion and functional inhibition of T cells,
which is currently the main immunotherapy target.'**>**
Therefore, after efferocytosis, the PD-L1 expression on
tumor-associated macrophages is worthy of attention.
However, it is unclear how efferocytosis impacts the expres-
sion of PD-L1, as well as the tumor growth and immune
landscape of osteosarcoma.

In this study, we explored whether efferocytosis played
a substantial role in osteosarcoma growth, by evaluating its
effects on M2 polarization and PD-L1 expression of macro-
phages, as well as on tumor progression and immune landscape
in osteosarcoma. Furthermore, we conducted mechanistic stu-
dies to elucidate the mechanism by which efferocytosis regu-
lated the phenotype of macrophages. Overall, our results suggest
that MerTK-mediated efferocytosis promotes the expression of
PD-L1 and the M2 polarization of tumor-associated macro-
phages through the p38/STAT3 pathway and enhances tumor
progression and immune tolerance on osteosarcoma.

Methods
Antibodies and reagents

Anti-mouse monoclonal antibodies directly conjugated with
fluorescein were used for flow cytometry: anti-F4/80 FITC,
anti-CD11b PC7, anti-CD206 APC, and anti-CD80 PE (BD
Pharmingen, USA) and anti-CD16/CD32, anti-CD45
mCHERRY, anti-CD3 FITC, anti-CD4 APCA750, anti-
CD8 APC, anti-PD1 PE, anti-TIM3 PC7, and anti-CD25
BV450 (BioLegend, USA). Primary anti-mouse antibodies
purchased are as follows: F4/80, Argl, p-MerTK, and
MerTK (Abcam, USA); p-p38, p38, p-STAT3, and STAT3
(Cell Signaling Technology, USA); and PD-L1 and GAPDH
(Proteintech, USA). Horseradish peroxidase (HRP)-
conjugated IgG  secondary antibodies, 7-Amino-
Actinomycin D (7AAD), and Lipofectamine 3000 were
purchased from Thermo Fisher Scientific (USA).
Fluorescein isothiocyanate (FITC)- and Alexa Fluor 647-
conjugated IgG secondary antibodies, as well as 4',6-diami-
dino-2-phenylindole (DAPI) solution, were obtained from
Beyotime Biotechnology (Nanjing, China). The PKH26 Red
Fluorescence Cell Linker Kit was from Sigma-Aldrich
(USA).

Cell lines

RAW264.7 (a mouse leukemia virus-induced monocyte/
macrophage line), K’M2 (a mouse osteosarcoma osteoblast
line), NIH-3T3 (a mouse embryonic fibroblast line), and
HEK-293 T (a human embryonic kidney cell line) were
obtained from Procell (Wuhan, China). These cells were cul-
tured in Dulbecco’ s modified eagle’s medium (DMEM) sup-
plemented with 10% fetal bovine serum (FBS, Gibco, USA) and
1% penicillin-streptomycin  (P/S) and maintained in
a humidified atmosphere at 37°C with 5% CO,.

Isolation of mouse primary macrophage

BALB/c mice aged 6-8 weeks were used for isolation of pri-
mary mouse bone marrow-derived macrophages (BMDM).
Cells were harvested from mouse long bones and then incu-
bated in a-minimum essential medium (a-MEM) containing
30 ng/ml M-CSF (Gibco, USA), 10%FBS, and 1% P/S for
3 days. The cells were cultured in a humidified atmosphere at
37°C with 5% CO, for 5-7 days.

In vitro efferocytosis assay

Apoptotic K7M2 cells were induced by 400 pyW/cm® ultra-
violet radiation for 1 h. The apoptosis and exposure of
phosphatidylserine on the cell surface were confirmed
using an annexin V Apoptosis Detection Kit with PI
(BioLegend). Apoptotic K7M2 cells were labeled with
2 x 107 mM PKH26 according to the kit instruction.
PKH26 could label the cell membrane with red fluorescence
andmaintained stably during the phagocytic activity.
Therefore, it was used to mark the engulfed cells. Before
efferocytosis, adherent BMDMs were preincubated with
1 uM UNC2025 for 16 h or RAW264.7 was transferred
with Mer tyrosine kinase receptor (MerTK) shRNA. After
apoptotic K7M2 cells were added to coincubation for 1 h,
unengulfed cells were washed away, and macrophages
(BMDMs or RAW264.7) were used for further experiments.

Plasmids, transfection, and lentiviral generation and
transduction

MerTK shRNA constructs were cloned into the pLKO.1-puro
vector, primer sequences of which were designed by Obio
Technology (Shanghai, China), with a scramble sequence as
the non-targeting control. The pLenti-puro expression vector
was cotransfected with packaging vector psPAX2 and envelope
vector pMD2.G into HEK-293 T cells using Lipofectamine
3000. After 16 h, transfection medium was removed and
HEK-293 T cells were cultured in DMEM + 10% FBS for
48 h. Next, viruses were syringe-filtered through a 0.45-um
filter. Then, the medium containing lentiviruses were added
for infection of RAW264.7 cells with 8 pg/mL polybrene for
48 h. Finally, successfully transfected cells were screened with
puromycin and verified under a fluorescence microscope.



Human osteosarcoma datasets and bioinformatic analysis

Raw count data of RNA-seq from osteosarcoma patients were
downloaded from the TARGET project and GEO data set
(GSE99671). For GSE99671, gene expression was compared
to verify the difference in MerTK expression between tumors
and surrounding normal tissues. For data about 88 cases of
osteosarcoma patients from the TARGET project, the samples
were divided into High-MerTK and Low-MerTK groups
according to MerTK expression. The matrix of count values
plus grouping conditions was input into DESEQ2 in R for
differential analysis. Then, a table of genes with significant
differential expression was output and used for gene set enrich-
ment and pathway analysis in R, including Genome Assembly
Gold-Standard Evaluations (GAGE) and Kyoto Encyclopedia
of Genes and Genomes pathways (KEGG) analysis, Gene
Ontology (GO) enrichment analysis and Disease Gene
Network (DisGeNET) analysis, and GO enrichment analysis
and Transcriptional Regulatory Relationships Unraveled by
Sentence-based Text mining (TRRUST) analysis.

Quantitative real-time polymerase chain reaction
(QRT-PCR)

Trizol reagent was applied to extract total RNAs from samples.
After being quantified by NanoDrop2000 (Thermo Fisher
Scientific), the extracted total RNAs were used to synthesize
c¢DNA through reverse transcription. Subsequently, qRT-PCR
was performed using SYBR Premix Ex Taq II (Takara) on the
ABI StepOne Plus System (Thermo Fisher Scientific). Typical
cycling parameters were used as follows: 95 °C for 10 min, 40
cycles at 95 °C for 15 s, and then 60 “C for 1 min. f-actin was
defined as internal control. The PCR for each sample was
repeated three times. The 27**“T method was used for calcu-
lating relative expression values. Primer sequences were listed
in Table S1.

Western blotting

Cells were washed with cold phosphate buffered saline (PBS)
and lysed using radio immunoprecipitation assay buffer
(RIPA) supplemented with protease inhibitor and phosphatase
inhibitor. Then, the extracted lysates were centrifugated, and
subsequently, the supernatants were collected for quantifica-
tion of protein concentration and dissolved in 1 x loading
buffer. The extracted proteins were separated by sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE),
electrotransferred onto a polyvinylidene difluoride (PVDF)
membrane, and blocked with 5% nonfat milk or bovine
serum albumin (BSA). Then, the membrane was incubated
with the following primary antibodies overnight at 4°C: PD-
L1 (1:1000), Argl (1:500), p-MerTK (1:500), MerTK (1:1000),
p-p38 (1:1000), p38 (1:1000), p-STAT3 (1:1000), STAT3
(1:1000), and GAPDH (1:1000). After incubating with HRP-
linked secondary antibodies, the protein bands were visualized
by enhanced chemiluminescent (ECL) detection reagent (Fude
Biologic Technology, China) under the Bio-Rad XRS chemilu-
minescence detection system (Hercules, CA, USA).
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Immunofluorescence staining

After engulfing apoptotic K7M2 cells, cells were washed with
cold PBS, fixed with 4% paraformaldehyde, and blocked with
5% BSA. Then, the samples were incubated with anti-F4/80
(1:100) or anti-PD-L1 (1:200) primary antibodies overnight at
4°C. Subsequently, FITC- or Alexa Fluor 647-conjugated IgG
secondary antibodies were incubated for 1 h, and DAPI was
used for 5 min. The staining results were detected under a fluor-
escence microscope. This method was used to access the expres-
sion of F4/80 and PD-LI, and the efferocytosis of apoptotic
K7M2 cells with PKH26 red labeling was conducted as above.

Xenograft model mice

Male BALB/c mice aged 6-8 weeks were purchased from
Shanghai SLAC Laboratory Animal Co. Ltd. and maintained
under a standard condition with free fed. All protocols for
animal experiments were approved by the Institutional
Animal Care and Use Committee of the Second Affiliated
Hospital of Zhejiang University School of Medicine (2019-
No0.079). Briefly, about 5 x 10® K7M2 cells were injected sub-
cutaneously into armpit of mice. Once the subcutaneous tumor
volume reached 20 mm?’, mice were treated once daily with
75 mg/kg UNC2025 or an equivalent volume of vehicle by oral
gavage. Tumor burden and animal body weight were measured
once every two days. Fourteen days after administration, the
mice were euthanized, and the tumor samples were harvested
for flow cytometry.

Flow cytometry (FCM)

For in vitro FCM, after efferocytosis, RAW264.7 cells were
collected, washed, and incubated with antibodies conjugated
to fluorescein for 45 min at 4°C. The fluorescence was detected
and analyzed using Cytexpert (v2.4, USA).

For in vivo FCM, tumor samples were mechanically dis-
sected and dissociated and then digested by 1 mg/mL collage-
nase type IV (Gibco) and 1 mg/mL hyaluronidase (Sigma) for
45 min on a 37°C constant temperature shaker. The cell sus-
pensions were filtered through a 70 um Falcon Nylon cell
strainer, centrifuged, and subsequently resuspended in RBC
lysis buffer (Solarbio) for 5 min. Then, the lysis buffer was
neutralized and cell suspensions containing 2 x 10° per sample
were blocked with anti-CD16/CD32 antibody at 4°C for
10 min in the dark. Next, the cells were coincubated with the
indicated antibodies conjugated with fluorescein for 45 min at
4°C. Finally, cells were washed with stain buffer, and fluores-
cence was evaluated analyzed using Cytexpert (v2.4, USA).

Statistical analysis

Experimental data were expressed as means + SEM. Student’s
t-test (two-tailed, unpaired) or one-way ANOVA was applied
to compare differences between groups. GraphPad Prism (v8.0;
USA) and SPSS software (v20; Chicago, IL, USA) were used for
statistical analysis. A p-value <0.05 was considered statistically
significant. All experiments were repeated at least three times.
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Results

Efferocytosis induced the M2 polarization and PD-L1
expression on macrophages

First, efferocytosis of apoptotic K7M2 cells by RAW264.7 was
exhibited (Figure 1a). In the immunofluorescence, we found
that the apoptotic K7M2 labeled with red appeared only in macro-
phages, and almost did not exist free, meaning that free apoptotic
K7M2 had been cleared. To further demonstrate whether apop-
totic K’M2 was washed away, we detected the CD11b and F4/80
expressions by FCM, which were markers of macrophages (Figure
Sla). The result was consistent with the above judgment. Next, we
evaluated the differences in gene expression of macrophages after
efferocytosis. The relative mRNA expressions of M2 polarization
(Argl, 114, and I110) were significantly increased in RAW?264.7
(Figure 1b, Figure Slc), and the same (Argl, Il4, 1110, and TgfbI)
was true in BMDM (Figure 1c). The results with the apoptotic
K7M2 cells as control have been exhibited to exclude the possibi-
lity of its interference (Figure S1b). Moreover, the levels of IL4 and
IL10 were detected by FCM (Figure S1d). FCM showed that the
percentage of CD206" macrophages (M2) was enhanced
obviously after efferocytosis (Figure 1d,e). Western blot also
revealed higher expression of Argl (Figure 1fg). PD-L1 was
a key target for tumor immunotherapy. In order to further access
the effects of efferocytosis on immune function of macrophages,
the expression of PD-L1 was detected. Western blot and immu-
nofluorescence staining results demonstrated that efferocytosis
increased PD-L1 expression significantly in macrophages
(Figure 1£h-j). The mRNA level of Cd274 (PD-L1) was detected
(Figure Sle).

MerTK mediated the efferocytosis of apoptotic cells by
macrophage

As reported, efferocytosis was achieved in several pathways,
the most common of which was through MerTK receptor.
Therefore, we tried to reveal the role of MerTK in
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osteosarcoma-associated efferocytosis in this study. An ana-
lysis of GEO database (GSE99671) was performed, in which
RNA-seq data from the osteosarcoma group and peritumoral
normal tissue group were transformed and compared
(Figure 2a). The result demonstrated a significant increase
of MerTK expression in osteosarcoma tissues. Tumor cells,
macrophages, and fibroblasts were the most abundant cells in
osteosarcoma. In order to find out which cells highly
expressed MerTK in osteosarcoma tissues, the mRNA level
of MerTK was compared among K7M2 (a tumor cell line),
RAW264.7 (a macrophage cell line), and NIH-3T3 (a fibro-
blast cell line). The MerTK expression was higher signifi-
cantly in RAW264.7 (Figure 2b). We inferred that it was
indeed macrophages that highly express MerTK in osteosar-
coma. Next, RNA-seq data from the TARGET data set were
divided into High-MerTK and Low-MerTK groups, analyzed
for differential expression, and functionalized by GAGE and
KEGG analysis (Figure 2c). The result demonstrated that, in
osteosarcoma, MerTK expression was highly correlated with
several pathways including phagosome, lysosome, and endo-
cytosis, all of which were activated during efferocytosis.
Therefore, it implies that efferocytosis was induced by
MerTK in osteosarcoma. Moreover, the pathway of PD-L1
expression signaling was also activated, which was in line with
our result that efferocytosis promoted the PD-L1 expression
in macrophages. For further experimental verification,
BMDMs were administrated with MerTK inhibitor
(UNC2025) and then coincubated with apoptotic K7M2
cells. It was shown that UNC2025 inhibited the efferocytosis
of K7M2 by BMDMs (Figure 2d). Then, we designed shRNA
(shNC, shMerTK1, shMerTK2, and shMerTK3) and trans-
fected to RAW264.7 for MerTK knocked down (MerTK
KD) (Figure 2e-g). Subsequently, we detected the efferocyto-
sis of RAW264.7 after MerTK KD. Immunofluorescence
staining showed efferocytosis was significantly attenuated in
the MerTK KD group (Figure 2h,i). FCM also exhibited
similar results (Figure 2j,k).
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Figure 1. Efferocytosis induced the M2 polarization and PD-L1 expression on macrophages. (a) Efferocytosis: apoptotic K7M2 cells (red, PKH26 labeled) were
endocytosed by RAW264.7 (green, F4/80 labeled). (b and ¢) The relative mRNA expression (Arg1, ll4, 1110, and Tgfb1) of M2 polarization in bone marrow derived
macrophage (BMDM) or RAW264.7, determined by qRT-PCR. (d, e) Flow cytometry (FCM) analysis of CD206 or CD80 expression on RAW264.7. (f, g, and h) Western blot
analysis and gray value analysis of Arg1, PD-L1 expression on RAW264.7, calibrated by GAPDH. (i and j) Immunofluorescence showing PD-L1 expression on RAW264.7
after efferocytosis. These results were represented as mean + SEM and shown as column bar graphs. *p < .05; **p < .01 compared to the Control group (Student’s t-test).
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Figure 2. MerTK mediated the efferocytosis of apoptotic cells by macrophage. (a) Higher MerTK expression in osteosarcoma tissue than that in peritumoral normal
tissues (GEO database: GSE99671). (b) The MerTK expression in KZM2 (a mouse osteosarcoma cell line), RAW264.7 (a mouse macrophage cell line), NIH-3T3 (a mouse
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and Low-MerTK groups, and functionalized by Genome Assembly Gold-Standard Evaluations (GAGE) and Kyoto Encyclopedia of Genes and Genomes pathways (KEGG)
analysis (TARGET dataset). (d) Efferocytosis of apoptotic K7M2 cells (red, PKH26 labeled) by BMDM (green, F4/80 labeled) which were treated with UNC2025. (e, f, g)
RAW264.7 transfected with shRNA (shNC, shMerTK1, shMerTK2, shMerTK3) and then analyzed by gRT-PCR and Western blot for MerTK expression. (h and i)
Immunofluorescence showing efferocytosis of apoptotic K’M2 cells (red) by RAW264.7 (green) with shMerTK knock down (MerTK KD). (j and k) FCM analysis for
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MerTK KD reversed the enhancing of PD-L1 expression and FCM analysis was performed to detect the intracellular protein
M2 polarization of macrophages induced by efferocytosis levels of IL4 and IL10 (Figure S2a). Moreover, CD206" macro-

phages (M2) were decreased significantly (Figure 3d,e).
After verifying efferocytosis induced by MerTK in osteosar- Together, Western blot also showed the reduced expression
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supported the above conclusion (Figure S2b). Therefore,
MerTK KD reversed the enhancing of PD-L1 expression and
M2 polarization of macrophages induced by efferocytosis. And
it was concluded that, in osteosarcoma, MerTK-mediated effer-
ocytosis promoted the PD-L1 level and M2 polarization of
macrophages.

Efferocytosis promoted PD-L1 expression and M2
polarization through the MerTK/p38/STAT3 pathway

Next, we explored by which pathways MerTK-mediated effer-
ocytosis regulated the function of macrophages. In the KEGG
analysis of Figure 2¢c, we found that high-expression MerTK
was followed by the activation of Toll-like receptor and NOD-
like receptor signaling pathways. Together, GO enrichment
analysis and DisGeNET analysis were performed for High-
MerTK and Low-MerTK groups from TARGET database
(Figure 4a). As a result, the correlation between inflammation
and MerTK expression was the highest. Inflammation and
Toll-like receptor and NOD-like receptor signaling pathways
were all involved in the MAPK pathways. Therefore, we
inferred that MAPK pathways might be the crucial pathway
through which MerTK regulated the function of macrophages.
Moreover, to find out the possible transcription factor, GO
enrichment analysis and TRRUST analysis were performed
(Figure 4b). It was revealed that transcription factor STAT3
was promoted significantly, which might regulate the PD-L1
expression and M2 polarization.”>**

For further verification, the expression of p-MerTK/
MerTK, p-p38/p38, and p-STAT3/STAT3 was detected
after 15, 30, 60, 120, and 240 min of efferocytosis. With
MerTK KD, we found that the phosphorylation of p38
(p-p38/p38) and STAT3 (p-STAT3/STAT3) was inhibited
significantly (Figure 4c-e), as well as the attenuated expres-
sion of PD-L1 and Argl (Figure 4c,f,g). Although the phos-
phorylation of p38 was degraded 120 min after being
activated by efferocytosis, the inhibition of PD-L1 and
Argl expression and phosphorylation of STAT3 still could
be detected. Moreover, cells were administrated with p38
inhibitor (SB 203580) for 8 h. Following the phosphoryla-
tion of p38 was attenuated by SB 203580 (Figure 4h,i), the
differential expression of phosphorylation of STAT3 was
eliminated between Control and MerTK KD groups
(Figure 4h,j). Together, the PD-L1 and Argl expression
also was no longer depressed significantly (Figure 4h,k,]).
Thus, it was emphasized that MerTK-induced efferocytosis
enhanced PD-L1 expression and M2 polarization of macro-
phages through the p38/STAT3 pathway.

MerTK inhibitor (UNC2025) suppressed tumor progression
in mouse osteosarcoma model

To verify the influence of MerTK inhibition on osteosarcoma
growth in vivo, we established a murine osteosarcoma model.
The animals were treated with MerTK inhibitor (UNC2025)
for 2 weeks. Tumor burden and animal body weight were
measured once every two days. As a result, the tumor progres-
sion was significantly inhibited with UNC2025 administration
(Figure 5a,b), and the treatment had no obvious impact on the

mouse weight (Figure 5c). Tumor growth curve for every
mouse in Control and UNC2025 groups was showed by
Figure 5d,e. We also compared the number of lung metastases
and found that UNC2025 had no significant effect on lung
metastasis (Figure 5f,g). These data indicated that the high
expression of MerTK in osteosarcoma enhanced the tumor
progression.

UNC2025 inhibited M2 polarization of macrophages and
enhanced T cell cytotoxic function in mouse osteosarcoma
model

In order to evaluate the impact of MerTK inhibition on M2
polarization in vivo, the myeloid-focused antibody panels of
FCM were used for tumor samples. The gating strategy for
macrophage identification is shown in Figure 6a. The propor-
tion of infiltrating macrophages (CD11b"F4/80%) was not
obviously different in tumor microenvironment between
UNC2025 and control groups (Figure 6b,d). However, the
percentage of M2 (CD11b*F4/80"CD206") macrophages were
significantly reduced after UNC2025 administration
(Figure 6¢,e), with no difference in M1 (CD11b"F4/80"CD80")
macrophages (Figure 6¢,f). The results revealed that UNC2025
depressed the M2 polarization of macrophages in
osteosarcoma.

MerTK activation promoted the expression of PD-L1 in
macrophages. We further investigated the relationship
between MerTK expression and immunological function
of osteosarcoma. FCM with lymphocyte-focused antibody
panels was performed for the tumor samples. The gating
strategy for lymphocyte identification was executed
(Figure 6g). As a result, UNC2025 administration did
not impact the infiltration of CD3" T cells in the tumor
microenvironment (Figure 6h,l). Importantly, CD8" effec-
tor T cells were increased significantly (Figure 6i,m). And
the PD-1"TIM3" T cells were attenuated (Figure 6j,0),
meaning that UNC2025 depressed the exhausted T cells.
As for CD4" T cells, no obvious impact was evaluated on
the proportion of CD4" T cells (Figure 6i,n) and Treg cells
(CD4"CD25", Figure 6k,p). Thus, it could be concluded
that, by increasing infiltration of CD8" T cells and sup-
pressing exhaustion of T cells, MerTK inhibition by
UNC2025 promoted immune function in osteosarcoma.

Discussion

The failure of clinical trials on immunotherapy in many osteo-
sarcoma patients emphasizes the need for a deeper understand-
ing of the immune microenvironment of osteosarcoma and
a new therapeutic strategy.>'®*° In this study, we identify
that the blockade of efferocytosis by inhibiting MerTK sup-
pressed the tumor progression and immune tolerance in osteo-
sarcoma. Previous research studies have demonstrated that
efferocytosis can  promote M2  polarization  of
macrophages.”»*® Our findings verify that efferocytosis is
mediated by MerTK in osteosarcoma and promotes not only
the M2 polarization of macrophages but also expression of PD-
L1. Thus, MerTK probably serves as a potential target to boost
immunotherapy of osteosarcoma.
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Regulatory Relationships Unraveled by Sentence-based Text mining (TRRUST) analysis (TARGET data set). (c) RAW264.7 transfected for MerTK KD, incubated with
apoptotic K7M2 cells for 0, 15, 30, 60, 120, and 240 min, and then analyzed by Western blot for p-MerTK, MerTK, p-p38, p38, p-STAT3, STAT3, PD-L1, Arg1, and GAPDH
(loading control). (d, e, f, and g) gray value analysis for Western blot (C) of PD-L1, Arg1, and the ratio of abundances of p-p38/p38, p-STAT3/ STAT3. (h) RAW264.7
transfected for MerTK KD, incubated with apoptotic K7M2 cells for 60 min, and treated with p38 inhibitor (SB 203580) or not. (i, j, k, and |) gray value analysis for Western
blot (H) of PD-L1, Arg1, and the ratio of abundances of p-p38/p38, p-STAT3/ STAT3. The results were represented as mean + SEM and showed as column bar graphs.
*p < .05; **p < .01; NS meaning no significant difference (Student’s t-test).



€2024941-8 J.LIN ET AL.

a1
M

Control

UNC2025

Lung Metastases
Control UNC2025

NS

Number of Lung Metastases

5
Pt
3
2
1
[

Control UNC2025

Tumor Volue (mm?)

Tumor Volue (mm®)

-e- Control c
-+ UNC2025

-e- Control
—4 UNC2025

2000

N
S

I Ns

@

1500

s 3

1000

]

@
8
Mean Body Weight (g)
N

NN N NN
kS

o

Control UNC2025

2000 =A0p

1500 1500

s
8
3

@
g
g
Tumor Volue (mm?)
S
g
S

AN

o
o4
~
IS
@

0o 2 4 6 8 10 12 14
Days

Figure 5. MerTK inhibitor (UNC2025) suppressed tumor progression in mouse osteosarcoma model. (a-e) 5 x 10° K7M2 cells were injected subcutaneously into 6-week-
old BALB/c mice (n = 5/group). Mice were treated once daily with 75 mg/kg MerTK inhibitor (UNC2025) or an equivalent volume of vehicle once the subcutaneous
tumor volume reached 20 mm>. Tumor burden and animal body weight were measured once every two days. (a) tumor samples harvested in 14 days after treatment. (b
and ¢) tumor volume and animal body weight measured once every two days when treatment. (d and e) Tumor growth curve for every mouse in Control and UNC2025
groups. (f and g) the number of lung metastases. **p < .01; NS meaning no significant difference (Student’s t-test).

Mechanistically, efferocytosis includes three processes:
recruitment, recognition, and phagocytosis.>>*® In
the second process, several receptors on phagocytes recog-
nize the signaling of apoptotic cells and then activate
efferocytosis, which include MerTK, CD300 family, T cell
immunoglobulin, and mucin domain containing 4 (TIM4),
brain-specific angiogenesis inhibitor 1 (BAIl), and so
on.”> The efferocytosis in osteosarcoma has rarely been
studied. We identify that macrophages recognize apoptotic
osteosarcoma cells by MerTK in osteosarcoma. MerTK
belongs to the receptor tyrosine kinase family (Tryo3,
Axl, and MerTK), which is mainly distributed on the cell
surface.”® Previous papers reported that MerTK was
abnormally expressed in various cancers.”*?” Our data
are further strengthened by analyses of several osteosar-
coma patient data sets. We find that MerTK is highly
expressed in osteosarcoma, and the abnormal expression
of MerTK can activate pathways of phagosome, lysosome,
and endocytosis, all of which are involved in the down-
stream of efferocytosis. MerTK has been reported as a key
target of efferocytosis and immune tolerance in multiple
tumors.”>**** Compared to Tryo3 and Axl, MerTK is
considered as the main receptor of efferocytosis.>* In
efferocytosis, TIM4 helps to secure apoptotic cells on
phagocytes, but it cannot transduce signals by itself.*’

We explored the phenotypic difference of macrophages
after efferocytosis of apoptotic tumor cells and verified the
increase of M2 polarization and PD-L1 expression. The
former has been reported in several studies, but the latter
is rarely investigated.”>*®*' To further understand how
efferocytosis impacts PD-L1 expression and M2

polarization, we first perform DisGeNET and KEGG ana-
lyses, which imply that MAPK (p38, ERK, and JNK) sig-
naling cascade is activated after efferocytosis as a crucial
pathway. In order to find out the possible transcription
factor, TRRUST analysis was performed and showed the
activation of STAT3, which can be enhanced by MerTK as
reported.””** Through mechanistic studies, we identify
that MerTK-induced efferocytosis improves PD-L1 expres-
sion and M2 polarization of macrophages through the
p38/STAT3 pathway. This has rarely been reported, parti-
cularly the PD-L1 expression after efferocytosis.

Therapeutically, the murine osteosarcoma model was
established and UNC2025 was used in vivo for inhibiting
MerTK.**** The result demonstrated significant inhibition
of tumor growth. Because MerTK, as the receptor of
efferocytosis, can regulate the immune function of macro-
phages, FCM was used to evaluate the immune landscapes
after UNC2025 treatment. This emphasizes that inhibiting
MerTK truly suppresses the M2 polarization of TAM
in vivo. Moreover, T cell cytotoxic function is also
enhanced by increasing the total CD8" T cell number
and attenuating TIM3"PD-1" exhausted CD8" T cell phe-
notype. We speculate that it is achieved by inhibition of
PD-L1 expression and M2 polarization of macrophages.
This result is consistent with previous studies in which
T cell cytotoxic function was improved with Sitravatinib
treatment.*

However, there are some limitations in this research. For
example, the receptor tyrosine kinase family (Tryo3 and Axl)
and TIM4 have not been explored in the efferocytosis of osteo-
sarcoma. The p38/STAT3 pathway might play a role in
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Figure 6. UNC2025 inhibited M2 polarization of macrophages and enhanced T cell cytotoxic function in mouse osteosarcoma model. FCM analysis of tumor-associated
macrophages from the tumor single cell suspensions from mice bearing K7M2 tumors treated with UNC2025 for 14 days. (a) Gating strategy for macrophage
identification using myeloid-focused antibody panels. Each data point represented a biological replicate. (b and d) The frequency of tumor-associated macrophages
(CD11b*F4/80") in the total live cells. (c, e, and f) The frequency of M2 macrophages (CD11b*F4/807CD206") and M1 macrophages (CD11b*F4/80*CD80™) in total
CD11b*F4/80™" cells. (g) Gating strategy for lymphocyte identification using lymphocyte-focused antibody panels. Each data point represented a biological replicate. (h
and |) The frequency of CD45* CD3™ T cells in total live cells. (i, m, and n) The frequency of CD8" T cells and CD4* T cells in CD45* CD3* T cells. (j and o) The frequency of
PD-1*TIM3" T cells in CD3" CD8* T cells. (k and p) The frequency of CD25" T cells in CD3* CD4"* T cells. *p < .05; **p < .01; NS meaning no significant difference
(Student’s t-test).
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Figure 7. The schematic diagram: Clearance of apoptotic cells by macrophages is termed efferocytosis, which promotes the expression of PD-L1 and the M2 polarization
with increased expression of Arg1, IL4, and IL10. In osteosarcoma, the process is mediated by MerTK receptor and regulates the phenotypes of macrophages through
the p38/STAT3 pathway. As a result, the suppression of T cell cytotoxic function is induced.

regulation, but not the whole. We hope to explore other
MerTK postreceptor signaling pathways in further research
studies, like MEK, PI3K, JAK, and so on. Although pharmaco-
logical MerTK inhibition has better potential clinical value, the
MerTK ™'~ mice have not been used to emphasize the mechan-
ism more clearly. More detailed and systematic studies need to
be investigated in the future.

Conclusion

In summary, our study reveals that efferocytosis is mediated
by MerTK in osteosarcoma and promotes the expression of
PD-L1 and the M2 polarization with increased expression
of Argl, IL4, and IL10, which is regulated through the p38/
STAT3 pathway. By inhibiting MerTK in vivo, M2 polar-
ization of macrophages is alleviated and T cell cytotoxic
function is improved; consequently, the tumor growth is
suppressed (Figure 7).
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