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Resveratrol suppresses OSCC
invasion and migration by
regulating macrophage
polarization via Syk
signaling pathway
Weibo Li, Ying Qi, Yafei Li , Lu Liu, Xiaodan Dong and Bo Li*

Department of Oral Anatomy and Physiology, Jilin Provincial Key Laboratory of Oral Biomedical
Engineering, Hospital of Stomatology, Jilin University, Changchun, China
Introduction: An increasing amount of evidence indicates that the metastasis in
oral squamous cell carcinoma (OSCC) is closely associated with the polarization
phenotype of tumor-associated macrophages (TAMs). Resveratrol (RES) has
been demonstrated to exert an inhibitory effect on the invasion and migration
of OSCC cells. However, the mechanism by which RES inhibits OSCC invasion
and migration remains to be fully elucidated.
Methods: RES for reprogramming TAMs (R-RES group) and RES group were used
to interfere with the polarization of tumor-associated macrophages (TAMs). RT-
qPCR, ELISA, Western blotting, immuno�uorescence staining, transwell and
wound-healing assays were used to investigate the anti-tumor mechanism
of RES.
Results: R-RES reprogramed TAMs from M2 to M1 phenotype. RES promoted M1
polarization of TAMs and inhibited M2 polarization of TAMs. In mechanism,
inhibition of Syk signaling pathway in TAMs attenuated the invasive and
migratory ability of CAL27 cells through promoting M1 polarization of TAMs
and inhibiting M2 polarization of TAMs.
Conclusions: RES suppresses OSCC invasion and migration by regulating the
polarization phenotype of TAMs via Syk signaling pathway, further elucidating the
anti-tumor mechanism of RES.
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GRAPHICAL ABSTRACT

RES suppresses OSCC invasion and migration by regulating the polarization phenotype of TAMs via Syk signaling pathway. RES reprograms TAMs
from M2 to M1 phenotype. Meanwhile, it promotes M1 polarization of TAMs and inhibits M2 polarization of TAMs.
1 Introduction
Oral squamous cell carcinoma (OSCC) constitutes the sixth

most prevalent malignant tumor globally, exhibiting a proclivity for
cervical lymph node metastasis (1, 2). The �ve-year survival rate of
OSCC is below 50%, which can be attributed to a lack of
comprehensive understanding of its invasion and migration
mechanisms (3, 4). It is urgent to further elucidate the
mechanism of OSCC invasion and migration, identify new
speci�c targets, and optimize treatment strategies to reduce OSCC
mortality. An increasing body of evidence indicates that OSCC
invasion and migration are closely associated with tumor-associated
macrophages (TAMs) (5–7).

TAMs within the tumor microenvironment can be categorized
into two main phenotypes: M1 (anti-tumor) and M2 (pro-tumor) (8–
10). M2-type TAMs play a critical role in facilitating OSCC invasion
and migration (11, 12) and are closely correlated with the survival rate
of OSCC patients (13). Previous studies reported that M2-type TAMs
can be reprogrammed into M1-type TAMs, effectively inhibiting tumor
invasion and migration (14–17). Given the plasticity of the TAM
phenotype, the repolarization of immunosuppressive and pro-tumor
TAMs into immunostimulating and anti-tumor TAMs through
pharmacological stimulation represents a promising strategy for
tumor immunotherapy (18–20). In addition, promoting M1
polarization of TAMs while blocking M2 polarization of TAMs is
also a valuable therapeutic strategy (10, 17, 21).
Frontiers in Immunology 02
Plant extracts exhibit anti-tumor activity through different
mechanisms (22–24). Resveratrol (RES) is a non-toxic, natural
polyphenolic compound extracted from plants such as grapes,
peanuts, and Polygonum cuspidatum, exhibiting an anti-tumor effects
by regulating oxidative stress and glucose metabolism (21, 25, 26). RES
has been demonstrated to exert an inhibitory effect on OSCC invasion
and migration via p53/SLC7A11 (27). RES was found to suppress the
invasion and migration of cisplatin-resistant OSCC cells by
downregulating the expression of phosphorylated ERK/p38 and
MMP-2/9 (28). RES restrained Fusobacterium nucleatum-induced
EMT and migration by reducing SNAI1 expression (29). However,
the regulatory role of RES on TAMs and its mechanism in the tumor
microenvironment (TME) have not been fully elucidated. Zhang et al.
revealed that RES effectively suppressed hepatocellular carcinoma
progression by inhibiting TAM/M2 macrophage polarization and
activation of the STAT3 pathway, while increasing IFN-g-expressing
effector CD8+ T cells in tumor-bearing mice (30). Chen et al.
demonstrated that low-dose resveratrol is effective in controlling
renal cell carcinoma growth through (i) inhibition of
immunosuppressive cells, (ii) induction of activated and cytotoxic
CD8+ T cells, and (iii) modulation of cytokine balance and
angiogenesis in the tumor microenvironment (31). Cheuk et al.
demonstrated that treatment with RES reduced the impact of TAM-
derived IL-6 on breast cancer progression by promoting M1
polarization of macrophages (32). In the LLC mice treated with RES,
the expression of M2 TAM markers (e.g., IL-10, Arg1, and CD206) was
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signi�cantly reduced (33). RES may intervene in cancer progression by
modulating the polarization state of TAMs and interrupting the
interaction between tumor cells and macrophages (34).

Spleen tyrosine kinase (Syk) is a non-receptor tyrosine kinase.
Emerging studies have recently shown that Syk also contributes to
tumor progression (35). Rohila et al. demonstrated that genetic
deletion or pharmacological inhibition of Syk using R788 induces a
pro-in�ammatory state in macrophages (36). In a pancreatic ductal
adenocarcinoma in vivo model, the M2-like TAM phenotype was
signi�cantly reduced by a Syk inhibitor (37). Nevertheless, the role
of the Syk pathway in TAM polarization remains unclear.

In this study, RES interfered with the polarization of TAMs in two
ways. RES for reprogramming TAMs (R-RES) was added after 24 h
induction of macrophages with the conditioned medium of CAL27
cells (CAL27-CM). RES and CAL27-CM were added simultaneously to
observe the change in the polarization phenotype of TAMs. The
purpose of this study was to investigate whether RES could suppress
OSCC invasion and migration by regulating the polarization
phenotype of TAMs, and to reveal its speci�c molecular mechanism.
2 Materials and methods

2.1 Cell culture

The human tongue squamous carcinoma cell line CAL27 and
the mouse peritoneal macrophage cell line RAW264.7 were
purchased from the China Center for Type Culture Collection
(CCTCC) and subcultured at the Oral Experimental Teaching
Center of Jilin University. The cells were cultured in DMEM
(Gibco, USA) supplemented with 10% fetal bovine serum (FBS;
BI, Israel) and 1% penicillin-streptomycin double antibody (BI,
Israel) in a humidi�ed atmosphere of 5% CO2 at 37°C.
2.2 Collection and preparation of CAL27-
CM and induction of TAMs

CAL27 cells were uniformly grown to 80% con�uence, washed,
and the medium replaced. After 24 h, the supernatant was aspirated,
centrifuged at room temperature, �ltered through a sterilized 0.22-
mM �lter, and stored at � 20°C. At the time of use, the tumor
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supernatant was pre-warmed and mixed with fresh medium at a 7:3
ratio to prepare CAL27-CM for subsequent experiments.
2.3 Cell viability assay

In 96-well plates, RAW264.7 cells and TAMs (5 × 105 cells/ml)
were incubated with RES (0 mM, 2.5 mM, 5 mM, 10 mM, 20 mM, and
40 mM) (Sigma, Germany) for 24 h. CCK-8 solution (10 ml) was
added to each well, and the cells were incubated at 37 °C for 4 h. The
optical density (OD) at 450 nm was measured using a microplate
reader (BioTek, Vermont, USA).
2.4 Real-time quantitative PCR

Total RNA was extracted from cells using an RNA Extraction
Kit (Takara, Japan) and reverse-transcribed into cDNA according
to the manufacturer’s instructions. For RT-qPCR ampli�cation of
TNF-a, IL-12, iNOS, IL-10, Arg-1, and TGF-b from TAMs,
targeted sequences were ampli�ed using DNA polymerase. The
relative expression of TAM cytokine mRNA was calculated using
the 2� DDCT method. Table 1 lists the primers used in this study.
2.5 Enzyme-linked immunosorbent assay

Groups were set according to different experimental purposes
(control, CAL27-CM, R-RES, GS-9937, and RES). RES interfered
with TAM polarization in two ways. R-RES refers to RES used for
reprogramming TAMs. RAW264.7 cells were seeded in six-well
plates, and the interventions were as follows. Control: normal
complete medium was added. CAL27-CM: CAL27-CM was added
to induce for 24 h. R-RES: cells were induced with CAL27-CM for
24 h and then replaced with 20 mM RES. GS-9937: 1 mM GS-9937
was added, and cells were induced with GS-9937-containing
CAL27-CM for 24 h, then replaced with fresh medium. RES: cells
were induced with CAL-CM containing 20 mM RES for 24 h, after
which the medium was replaced with fresh medium. After 24 h,
supernatants were collected to measure IL-10 and TNF-a levels
using an enzyme immunoassay kit (CUSABIO, China) according to
the manufacturer’s instructions.
TABLE 1 Primers used for RT-qPCR.

Gene Forward primer 5�-3� Reverse primer 5�-3�

TNF-a CTCATGCACCACCACCAAGGACTC AGACAGAGGCAACCCGACCACTC

TGF-b GCAACAATTCCTGGCGTTACCTTG CAGCCACTGCCGTACAACTCC

IL-12 CCTGTGACACGCCTGAAGAAGATG CTTGTGGAGCAGCAGATGTGAGTG

IL-10 CTGCTATGCTGCCTGCTCTTACTG ATGTGGCTCTGGCCGACTGG

iNOS TGCCACGGACGAGACGGATAG CTCTTCAAGCACCTCCAGGAACG

Arg-1 TGCTCACACTGACATCAACACTCC GGTCTACGTCTCGCAAGCCAATG

b-actin GTGCTATGTTGCTCTAGACTTCG ATGCCACAGGATTCCATACC
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2.6 Immuno� uorescence staining

After �xation with 4% PFA, TAMs were blocked with 5% BSA
(Solarbio, China). CD86 and CD206 antibodies (Thermo Fisher,
Massachusetts, USA) were added and incubated overnight at 4°C. A
red �uorescent secondary antibody (Thermo Fisher, Massachusetts,
USA) was applied incubated in the dark for 1 h. Cells were washed
with PBS and stained with DAPI (Thermo Fisher, Massachusetts,
USA) for 2 min in the dark. Images were captured using an IX-71
�uorescence microscope (Olympus, Japan).
2.7 Transwell assay

RAW264.7 cells (1 × 105/well) were seeded into 24-well 8.0 mm
pore size inserts (Corning, USA). After different treatments, CAL27
cells (2 × 104) were seeded into 24-well BioCoat Matrigel invasion
chambers (Corning, USA), with Matrigel pre-coated in advance for
the invasion test. After 24 h (migration) or 48 h (invasion), CAL27
cells were �xed, stained with crystal violet, and photographed under
a microscope. Experimental results were quanti�ed and analyzed
using Image J.
2.8 Wound-healing assay

A wound healing culture insert (IBIDI, Germany) was placed
into a six-well plate with 1 × 104 CAL27 cells per insert. After cell
attachment, the insert was removed. After washing with PBS,
TAMs-CM was added and incubated for 24 h. Scratch closure at
0 h and 24 h was recorded using a microscope (Olympus, Japan).
2.9 Survival analysis

The OncoLnc tool (www.oncolnc.org) was used to perform
overall survival analysis for patients with head and neck squamous
cell carcinoma (HNSCC). The 50th (upper) and 50th (lower)
percentiles were considered as Syk-high and Syk-low groups. All
HNSCC data were obtained from TCGA. Using these data, the
association between Syk expression and survival time in patients
with HNSCC was analyzed.
2.10 Western blotting

Total proteins from TAMs after RES intervention were extracted
with RIPA lysis buffer (P0013B) containing PMSF (ST505) and
phosphatase inhibitor cocktail A (P1081) (all from Beyotime, China).
Proteins were separated by 10% sodium dodecyl sulfate–
polyacrylamide gel electrophoresis and transferred to a PVDF
membrane (Bio-Rad, California, USA). After blocking with 5%
nonfat milk, membrane-bound proteins were probed overnight at 4°
C with primary antibodies (1:1,000) against Syk (CST, Massachusetts,
USA), p-Syk (CST, Massachusetts, USA), and b-actin (CST,
Massachusetts, USA), followed by incubation for 1 h at room
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temperature with secondary antibodies (1:2,000; CST, Massachusetts,
USA). Antibody-bound protein bands were detected using enhanced
chemiluminescence reagents (Bio-Rad, California, USA) and visualized
with an automatic chemiluminescence/�uorescence imaging system
(Tanon, China). Data were analyzed using Image J.
2.11 Statistical analysis

Data analysis was performed using GraphPad Prism 8. Each
experiment was repeated three times. Data are presented as mean ±
SD (n = 3). For normally distributed data, t-test was used to compare
two groups, and a one-way ANOVA was used to compare multiple
groups. A P-value <0.05 after correction was considered statistically
signi�cant. *P <0.05; **P <0.01; ***P <0.001; **** P <0.0001.
3 Results

3.1 CAL27-CM induced M2 polarization of
TAMs

We used CAL27-CM to induce RAW264.7 cells for 24 h and
validate the phenotype of the obtained TAMs. The morphological
features of macrophages and TAMs were observed using light
microscopy. TAMs were larger, exhibited more pseudopods, and
displayed a more dispersed morphology than macrophages, which
grew in circular aggregates (Figure 1A). We veri�ed the expression of
the M2 TAMs surface marker CD206. The results showed that
CD206 �uorescence intensity was signi�cantly increased
(Figure 1B). RT-qPCR results indicated that expression of the M2
marker cytokines IL-10 and Arg-1 mRNA was upregulated in TAMs
treated with CAL27-CM in a time-dependent manner, peaking at 24
h and showing a slight decrease at 48 h (Figures 1C, D). TGF-b
mRNA expression was also signi�cantly upregulated at 24 h
compared with other time points (Figure 1E). Compared with the
control group, IL-10 protein secretion in the CAL27-CM group was
signi�cantly increased (Figure 1F). These results indicate that 24 h of
CAL27-CM treatment induced macrophages into M2-type TAMs.
3.2 R-RES and RES inhibited invasion and
migration of CAL27 cells through TAMs

First, the optimal concentration of RES was determined by
assessing its impact on TAM cell activity. This was achieved using
the CCK-8 method, which examined the effects of varying RES
concentrations with CAL27-CM (0 mM, 2.5 mM, 5 mM, 10 mM, 20
mM, and 40 mM). The �ndings showed that the cell survival rate of
macrophages (RAW264.7) (Figure 1G) and TAMs (CAL27-CM
induced RAW264.7 for 24 h) (Figure 1H) remained above 80% with
RES concentrations up to 20 µM, whereas cell activity was
signi�cantly reduced at 40 µM. These results demonstrated that
RES concentrations up to 20 µM were safe in this system, and thus
the 20 µM was selected for subsequent experiments.
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To determine whether RES can in�uence the invasion and
migration of CAL27 cells through TAMs, RES was applied to
interfere with TAM polarization in two ways. R-RES refers to
RES used for reprogramming TAMs. R-RES group: 20 mM RES
Frontiers in Immunology 05
was added to TAMs for 24 h. After replacement with complete
medium and an additional 24 h of incubation, the TAM
supernatant was collected for treatment of CAL27 cells. The
Transwell assay results showed that the number of CAL27 cells
FIGURE 1

CAL27-CM induced M2 polarization of TAMs. (A) Morphological manifestation of TAMs. Macrophages were treated with or without CAL27-CM for 24 h,
and then observed under light microscope. (B) Immuno�uorescence detection of CD206 in TAMs. Macrophages were treated with or without CAL27-
CM for 24 h, and then observed under �uorescence microscope. (C–E) mRNA expression of IL-10 (C), Arg-1 (D), and TGF-b (E) in macrophages treated
with CAL27-CM at different time points. (F) IL-10 secretion of macrophages treated with CAL27-CM for 24 h. (G, H) Cells viability of macrophages and
TAMs. Macrophages (G) and CAL27-CM-induced TAMs (H) were treated with different concentrations of RES (0 mM, 2.5 mM, 5 mM, 10 mM, 20 mM, 40 mM)
for 24 h, and the cell viability was detected by CCK-8 assay. Data are presented as the mean ± SD (n = 3). P-values were determined by one-way
analysis of variance (ANOVA). (*P <0.05; **P <0.01; ***P <0.001; ****P <0.0001; ns, P >0.05). Scale bar: 50 mm.
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FIGURE 2

R-RES and RES inhibits invasion and migration of CAL27 cells through TAMs. R-RES group: CAL27-CM was induced for 24 h and then replaced with
20 mM RES (A–F), RES group: 24 h of induction with CAL-CM containing 20 mM RES (G–L). Transwell invasion assay to detect the invasive ability of
CAL27 cells (A, G) and statistical analysis of the number of invasive cells in each group (D, J). Transwell migration assay was used to detect the
migration ability of CAL27 cells (B, H) and the statistical analysis of the number of migration cells in each group (E, K). Wound healing assay was used
to detect the migration ability of CAL27 cells (C, I) and statistical analysis of cell migration rate (F, L). Data are presented as the mean ± SD (n = 3).
P-values were determined by t-test. (**P <0.01, ***P <0.001). Scale bar: 200 mm.
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