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Abstract
Melatonin is an endogenous hormone with various biological functions and possesses 
anti- tumor properties in multiple malignancies. Immune evasion is one of the most im-
portant hallmarks of head and neck squamous cell carcinoma (HNSCC) and is closely 
related to tumor progression. However, as an immune modulator under physiological 
conditions, the roles of melatonin in tumor immunity in HNSCC remains unclear. In 
this study, we found that the endogenous melatonin levels in patients with HNSCC 
were lower than those in patients with benign tumors in head and neck. Importantly, 
lower melatonin levels were related to lymph node metastasis among patients with 
HNSCC. Moreover, melatonin significantly suppressed programmed death- ligand 1 
(PD- L1) expression and inhibited epithelial– mesenchymal transition (EMT) of HNSCC 
through the ERK1/2/FOSL1 pathway in vitro and in vivo. In SCC7/C3H syngeneic 
mouse models, anti- programmed death- 1 (PD- 1) antibody combined with melatonin 
significantly inhibited tumor growth and modulated anti- tumor immunity by increas-
ing CD8+ T cell infiltration and decreasing the regulatory T cell (Treg) proportion in the 
tumor microenvironment. Taken together, melatonin inhibited EMT and downregu-
lated PD- L1 expression in HNSCC through the ERK1/2/FOSL1 pathway and exerted 
synergistic effects with anti- PD- 1 antibody in vivo, which could provide promising 
strategies for HNSCC treatment.
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1  |  INTRODUC TION

Head and neck squamous cell carcinoma is the seventh most com-
mon malignancy worldwide and in 2020 nearly 930,000 patients 
were diagnosed along with 470,000 deaths.1 Even though diagnosis 
and treatment skills have improved, the 5- year survival rate of pa-
tients with advanced HNSCC remains low, mainly due to recurrence 
and metastasis.2,3 Immune evasion is one of the critical hallmarks 
of HNSCC and is closely related to tumor development.4 Recently, 
immune checkpoint inhibitors targeting the PD- L1/PD- 1 axis have 
brought hope to patients with HNSCC.2,5,6 However, the objective 
response rates of these inhibitors have still been limited,6,7 calling 
for new strategies to improve their efficacy.

Mainly synthesized and secreted by the pineal gland, melatonin 
is a pleiotropic neuroendocrine hormone that participates in circa-
dian rhythm regulation, free radical scavenging, immunoregulation, 
and even anti- tumor processes.8- 11 Accumulating evidence has indi-
cated that melatonin exerts anti- tumor effects in multiple malignan-
cies by inhibiting proliferation, angiogenesis and metastasis of tumor 
cells, and regulating tumor immunity.11- 14 However, the effects of 
melatonin on immunoregulation in HNSCC and its underlying mech-
anisms still remain unclear.

As an immune inhibitory molecule, PD- L1 can induce exhaustion 
of CD8+ T cells by interacting with its receptor PD- 1, leading to im-
mune evasion of tumor cells.15 The mechanisms of PD- L1 expression 
regulation in tumor cells are not fully understood. Recent studies 
have found that epithelial- derived tumor cells acquiring mesenchy-
mal phenotypes exhibited higher PD- L1 expression levels in multi-
ple malignancies, including HNSCC.16- 18 Epithelial– mesenchymal 
transition- related transcription factors (EMT- TFs), including the 
Snail, Twist, and ZEB families, participate in the regulation of 

PD- L1.16 These finding indicated that EMT might play import-
ant roles in tumor immunosuppression via the PD- L1/PD- 1 axis. 
However, mechanisms of the correlation between EMT and PD- L1 
in HNSCC have not been well elucidated.

Fos- like 1 (FOSL1), a member of the FOS family, has been re-
ported to play important roles in tumor progression and metasta-
sis.19 By interacting with EMT- TFs, FOSL1 regulates EMT of tumor 
cells and promotes metastasis of many solid tumors, including 
HNSCC.19,20 Moreover, as a vital effector of multiple oncogenic 
pathways, FOSL1 regulates the expression of several important pro-
teins such as PD- L1.21,22 However, the relationship between FOSL1 
and PD- L1 in HNSCC cells remains unknown and the effects of mel-
atonin on FOSL1 has not been explored before.

In this study, we found that urinary 6- sulfatoxymelatonin 
(aMT6s) levels decreased in patients with HNSCC and were associ-
ated with lymph node metastasis. Melatonin significantly inhibited 
the EMT of HNSCC cells and downregulated PD- L1 expression in 
HNSCC through the ERK1/2/FOSL1 pathway. Moreover, in SCC7/
C3H mouse models, the combination of melatonin and anti- PD- 1 
antibody markedly inhibited tumor growth and attenuated immu-
nosuppression in the tumor microenvironment (TME) by increas-
ing CD8+ effector T cells and decreasing FOXP3+ Treg infiltration. 
Collectively, melatonin regulated EMT and PD- L1 expression in 
HNSCC cells and exerted synergistic effects with anti- PD- 1 anti-
body in vivo. Our study offers new therapeutic strategies for HNSCC 
treatment.

2  |  MATERIAL S AND METHODS

Details are clarified in Supplemental Materials and Methods.

F I G U R E  1  Urinary aMT6s (ng/mg 
creatinine) levels are lower in patients 
with HNSCC and are associated with 
lymph node metastasis. (A) Morning 
urinary aMT6s concentrations were 
significantly lower in patients with HNSCC 
(n = 33) than in patients with benign 
tumors (n = 24). (B, C) Morning urinary 
aMT6s concentrations of patients with 
HNSCC in the younger group (≤50 years 
old) and older group (>50 years old). (D, E) 
Morning urinary aMT6s levels of patients 
with HNSCC with different tumor sizes 
and different pathological grades. (F) 
Morning urinary aMT6s levels of patients 
with HNSCC in the younger group with or 
without lymph node metastasis. Student's 
t test, **, p < 0.01; ***, p < 0.001; ****, 
p < 0.0001; ns, no significance
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F I G U R E  2  Melatonin inhibits the EMT of HNSCC cells. (A) RT- qPCR analysis of EMT- related markers. GAPDH was used as the internal 
reference gene. One- way ANOVA. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001. (B) Western blot analysis of EMT- related markers, 
E- cadherin, N- cadherin, vimentin, and Slug in CAL27 and SCC25 cells treated with indicated concentrations of melatonin (aMT) for 24 h. 
β- Actin was used as the loading control. (C) Cell immunofluorescence analysis of EMT- related markers, E- cadherin, vimentin, and Slug. Scale 
bar, 50 μm. (D) Representative photographs of the morphology of CAL27 and SCC25 cells treated with melatonin (1 mM) for 24 h. Scale 
bar, 50 μm. (E– H) Wound healing assay and Matrigel invasion assay were performed and analyzed to determine the migration and invasion 
abilities of CAL27 and SCC25 cells pretreated with melatonin (1 mM) for 24 h. Scale bar, 100 μm. Student's t test. (I) Western blot analysis 
of EMT- related markers in CAL27 and SCC25 cells treated with TGF- β (10 ng/ml) and melatonin (1 mM) for 48 h. Independent experiments 
were performed in triplicate. Values are represented as means ± SD
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3  |  RESULTS

3.1  |  Urinary aMT6s levels are lower in patients 
with HNSCC and associated with lymph node 
metastasis

To determine melatonin levels in patients with HNSCC, we collected 
first morning urine of 33 patients with HNSCC and 24 patients with 
benign tumors in the head and neck region, then measured urinary 
aMT6s using ELISA. As shown in Figure 1A, morning urinary aMT6s 
concentrations were significantly lower in patients with HNSCC 
(16.27 ± 1.963 ng/mg creatinine) than in patients with benign tu-
mors (30.39 ± 3.247 ng/mg creatinine). Melatonin level generally 
decreases as age increases,23 so the patients were divided into two 
age groups (≤50- year old and >50- year old). Strikingly, in both age 
groups, urinary aMT6s levels were lower in patients with HNSCC 
than in patients with benign tumors (Figure 1B,C). In the younger 
patient group (≤50- year old), patients with HNSCC with lymph node 
metastasis had lower urinary aMT6s levels compared with patients 
with HNSCC without lymph node metastasis (Figure 1F). But there 
was no statistical difference in urinary aMT6s concentrations among 
patients with HNSCC with different tumor sizes and pathological 
grades (Figure 1D,E).

3.2  |  Melatonin inhibits EMT of HNSCC cells

First, we found that melatonin inhibited proliferation and induced 
apoptosis of CAL27 and SCC25 cells in a dose- dependent manner 
(Figure S1A,B). As there were no prominent growth- inhibiting and 
apoptosis- inducing effects on both cells at less than 2 mM me-
latonin, we chose melatonin concentration of 0.5 and 1.0 mM for 
subsequent experiments. EMT plays important roles in tumor in-
vasion, metastasis, and immune evasion.24 As melatonin levels are 
related to lymph node metastasis in HNSCC, as mentioned above, 
the effects of melatonin on EMT of HNSCC cells were investigated. 
As shown in Figure 2A– C, melatonin significantly upregulated E- 
cadherin expression and downregulated N- cadherin, vimentin, and 
Slug levels in CAL27 and SCC25 cells in a dose- dependent manner. 
In addition, melatonin transformed CAL27 and SCC25 cells into a 

cobblestone- like epithelial morphology (Figure 2D). Wound heal-
ing assay and Matrigel invasion assay showed that melatonin mark-
edly inhibited migration and invasion of both cells (Figure 2E– H). 
Moreover, melatonin significantly attenuated TGF- β1- induced EMT 
of CAL27 and SCC25 cells (Figure 2I). Collectively, these results sug-
gested that melatonin could suppress the EMT of HNSCC cells.

3.3  |  Melatonin downregulates PD- L1 expression 
in HNSCC cells

PD- L1 expression is related to EMT and plays critical roles in im-
mune evasion in HNSCC.18 Whether melatonin could affect PD- 
L1 expression and PD- L1- induced immunosuppression in HNSCC 
was still unknown. In tissue microarray, we found that PD- L1 lev-
els were markedly higher in HNSCC tissue than in normal mucosa 
(Figure S2A,B). Melatonin significantly downregulated PD- L1 ex-
pression in CAL27 and SCC25 cells in dose-  and time- dependent 
manners (Figure 3A– D). Moreover, melatonin markedly sup-
pressed interferon (IFN)- γ- induced PD- L1 upregulation in both 
cells (Figures 3E and S3A). Then T lymphocytes were isolated from 
the whole blood of healthy donors and pre- activated with anti-
 CD3/CD28 antibodies for 48 h. Next, we cocultured melatonin- 
pretreated CAL27 and SCC25 cells for 48 h with the activated T 
cells that showed high PD- 1 expression (Figure S4A). In the su-
pernatants of the coculture system, concentration of IFN- γ, an 
indicator of T cell activity, significantly increased, indicating that 
melatonin relieved HNSCC- induced T cell suppression in a dose- 
dependent manner (Figure 3F). Furthermore, we found that TGF- β1 
upregulated PD- L1 expression in CAL27 and SCC25 cells, and that 
melatonin markedly inhibited the TGF- β1- induced PD- L1 increase 
(Figure 3G). In addition, IFN- γ secretion from T cells decreased 
when cells were cocultured with TGF- β1- pretreated CAL27 and 
SCC25 cells, but melatonin reversed these effects (Figure 3H). 
Moreover, pretreated HNSCC cells with melatonin did not further 
enhance T cell activity when the PD- 1/PD- L1 signaling was blocked 
by anti- PD- L1 antibody. In addition, the IFN- γ-  and TGF- β1- induced 
suppressive effect of HNSCC cells on T cells was relieved by PD- L1 
blocking (Figure S4B– D). Taken together, melatonin could down-
regulate PD- L1 expression in HNSCC cells.

F I G U R E  3  Melatonin downregulates PD- L1 expression in HNSCC cells. (A) Western blot analysis of PD- L1 expression in CAL27 and 
SCC25 cells treated with 0, 0.5, or 1.0 mM melatonin for 24 h, or treated with 1 mM melatonin for 24 or 48 h. (B) RT- qPCR analysis of PD- 
L1 expression in CAL27 and SCC25 cells treated with the indicated concentration of melatonin for 48 h. (C) Cell immunofluorescence was 
performed to detect PD- L1 expression in CAL27 and SCC25 cells treated with the indicated concentration of melatonin for 48 h. Scale bar, 
20 μm. (D) Flow cytometry analysis of PD- L1 expression in CAL27 and SCC25 cells treated with the indicated concentration of melatonin for 
48 h. (E) Western blot analysis of PD- L1 expression in CAL27 and SCC25 cells treated with IFN- γ (20 ng/mL) and melatonin (1 mM) for 48 h. 
(F) CAL27 and SCC25 cells were treated with melatonin (1 mM) for 48 h, before coculturing with pre- activated T cells from healthy donors. 
After 48 h, supernatants were collected to measure IFN- γ using ELISA. (G) Western blot analysis of PD- L1 in CAL27 and SCC25 cells treated 
with TGF- β (10 ng/ml) and melatonin (1 mM) for 48 h. (H) CAL27 and SCC25 cells were treated as described in Figure 3G before coculturing 
with pre- activated T cells from healthy donors. After 48 h of coculture, supernatants were collected to measure IFN- γ using ELISA. One- way 
ANOVA. ns, no significance; *, p < 0.05; **, p < 0.01; ****, p < 0.0001. Independent experiments were performed in triplicate. Values are 
represented as means ± SD
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3.4  |  Melatonin suppresses phosphorylation of 
ERK1/2 and FOSL1 expression in HNSCC cells

To investigate the mechanisms underlying the effects of melatonin 
on EMT and PD- L1 expression in HNSCC cells, we performed 

RNA- seq analysis of CAL27 and SCC25 cells treated with or 
without 1 mM melatonin for 24 h and obtained 472 differentially 
expressed genes (DEGs; Figure 4A). KEGG pathway enrichment 
analysis of DEGs indicated that focal adhesion pathway, metabolic 
pathways, MAPK signaling pathway, and p53 signaling pathway 
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were mostly affected (Figure 4B). The top 20 identified DEGs 
(10 upregulated, 10 downregulated) are shown in Figures 4C and 
S3A. Among these DEGs, the FOSL1 level markedly decreased 
after melatonin treatment (log2 FC = −1.71430884 in CAL27, 

log2 FC = −2.600713661 in SCC25). According to the GEPIA da-
tabase (http://gepia.cance r- pku.cn/), FOSL1 was at a high level in 
HNSCC tissues and negatively correlated with the prognosis of 
patients with HNSCC (Figure S5B,C). However, the relationship 

F I G U R E  4  Melatonin suppresses the phosphorylation of ERK1/2 and decreases FOSL1 expression. (A) Venn diagram of differentially 
expressed genes (DEGs) from RNA- seq of CAL27 and SCC25 cells treated with or without melatonin (1 mM) for 24 h. (B) KEGG pathway 
enrichment analysis of DEGs. The top 20 overrepresented pathways were provided. (C) Heat map of expression clustering of the top 20 
DEGs identified in CAL27 cells treated with melatonin (1 mM) for 24 h. (D) Verification of FOSL1 expression by RT- qPCR in CAL27 and 
SCC25 cells treated with the indicated concentration of melatonin for 24 h. GAPDH was used as the control. One- way ANOVA. ****, 
p < 0.0001. (E) Western blot analysis of ERK1/2, p- ERK1/2, and FOSL1 in CAL27 and SCC25 cells treated with the indicated concentration 
of melatonin for 48 h. β- Actin was used as the loading control. (F) Cell immunofluorescence analysis of FOSL1 in CAL27 and SCC25 cells 
treated with or without melatonin (1 mM) for 48 h. Scale bar, 50 μm. Independent experiments were performed in triplicate. Values are 
represented as means ± SD

http://gepia.cancer-pku.cn/
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between melatonin and FOSL1 had not been uncovered before. 
Here, western blotting, RT- qPCR, and immunofluorescence con-
firmed that melatonin downregulated FOSL1 expression in CAL27 
and SCC25 cells (Figure 4D– F). FOSL1 is a downstream effector of 
the MAPK/ERK1/2 pathway22 and we found that melatonin medi-
ated the MAPK signaling pathway in HNSCC cells (Figure 4B). The 
results of western blot analysis demonstrated that melatonin sup-
pressed the phosphorylation of ERK1/2 and expression of FOSL1 
in CAL27 and SCC25 cells (Figure 4E). Therefore, these findings 
suggested that melatonin could suppress the ERK1/2/FOSL1 
pathway in HNSCC cells.

3.5  |  The ERK1/2/FOSL1 pathway mediates 
melatonin- induced inhibition of EMT and PD- L1 
expression in HNSCC

FOSL1 is associated with EMT and metastasis of multiple malignan-
cies and regulates PD- L1 expression in premalignant human bron-
chial epithelial cells.21 Therefore, we explored whether melatonin 
inhibited EMT and PD- L1 expression in HNSCC cells through the 
ERK1/2/FOSL1 pathway. As shown in Figure 5A, MEK inhibitor 
U0126 significantly decreased p- ERK1/2, FOSL1 and PD- L1 levels 
in CAL27 and SCC25 cells. Furthermore, U0126 upregulated E- 
cadherin expression, but downregulated N- cadherin, vimentin, and 
Slug levels in both cells (Figure 5B). Then we used FOSL1 overex-
pression lentivirus (Lv- FOSL1) to determine the effects of FOSL1 
on PD- L1 expression and EMT. CAL27 and SCC25 cells transfected 
with Lv- FOSL1 exhibited significantly upregulated expression of 
FOSL1 and PD- L1. Moreover, melatonin markedly suppressed the 
Lv- FOSL1- induced FOSL1 and PD- L1 upregulation (Figure 5C). 
Furthermore, in the supernatants from the coculture system, 
IFN- γ concentration decreased when T cells were cocultured with 
FOSL1- overexpressed CAL27 and SCC25 cells, but increased when 
FOSL1- overexpressed HNSCC cells were pretreated with melatonin 
(Figure 5D).

In FOSL1- overexpressed CAL27 and SCC25 cells, E- cadherin ex-
pression significantly decreased, but levels of N- cadherin, vimentin, 
and Slug markedly increased. Interestingly, melatonin reversed the 
effects of FOSL1 overexpression (Figure 5E). Furthermore, mela-
tonin pre- treatment significantly suppressed the migration and inva-
sion of both cells promoted by FOSL1 overexpression (Figure 5F– I).

To further investigate the role of FOSL1 in EMT and PD- L1 ex-
pression, an immunodeficient mouse model was established. Lv- NC 
and Lv- FOSL1 CAL27 cells were injected subcutaneously into nude 
mice separately and treated with vehicle or melatonin (100 mg/kg). 
The melatonin concentrations in the circulating blood of melatonin- 
treated mice were measured using the HPLC- MS system. After 
15 min of injection, the serum melatonin level of the nude mice 
was ~40 µg/ml (0.17 mM) (Figure S6A). As shown in Figure 6A– C, 
the untreated Lv- FOSL1 group exhibited higher tumor volumes and 
weights than the untreated Lv- NC group. Melatonin considerably 

inhibited the growth abilities of Lv- NC and Lv- FOSL1 CAL27 
cells in vivo. Immunohistochemical staining indicated that the Lv- 
FOSL1 group possessed higher PD- L1 and vimentin expressions and 
lower E- cadherin expression than the Lv- NC group, while melatonin 
reduced PD- L1 and vimentin expression and elevated E- cadherin 
expression in both groups (Figure 6D,E). Taken together, melatonin 
suppressed PD- L1 expression and the EMT of HNSCC through the 
ERK1/2/FOSL1 pathway.

3.6  |  Melatonin improves the suppressive 
effects of anti- PD- 1 antibody on tumor growth and 
enhances anti- tumor immunity in vivo

As we found that melatonin also suppressed PD- L1 expression in 
SCC7 cells through the ERK1/2/FOSL1 pathway (Figure S7A,B), 
whether it exerted synergistic effects on PD- 1 blockade deserved 
further investigation. Therefore, syngeneic animal models were 
established by injecting SCC7 cells into the right flanks of C3H 
mice. Next, we treated these mice with melatonin and anti- PD- 1 
antibody (α- PD- 1) at different doses following the procedure in 
Figure 7A. As shown in Figure 7B,C, treatment with melatonin plus 
low- dose (5 mg/kg) and normal- dose (10 mg/kg) α- PD- 1 consider-
ably reduced tumor volumes, compared with treatment with mela-
tonin alone or α- PD- 1 alone or vehicle. Moreover, the combination 
therapy group treated with melatonin plus normal- dose α- PD- 1 ex-
hibited the least tumor weight (Figure 7D). Immunohistochemical 
staining revealed that p- ERK1/2 and FOSL1 expression decreased 
in groups that had been treated with melatonin alone or melatonin 
plus α- PD- 1 compared with groups treated with vehicle or α- PD- 1 
alone. Interestingly, compared with the control group, the expres-
sion of PD- L1 increased in the remaining four groups. In addition, 
the melatonin alone and melatonin plus α- PD- 1 groups displayed 
lower expression levels of PD- L1 than the α- PD- 1 alone group 
(Figure 7E,F), but there was no statistical significance. Altogether, 
melatonin could exert synergistic effects with α- PD- 1 on tumor 
growth suppression and suppress p- ERK1/2 and FOSL1 expres-
sion in vivo.

HNSCC is an immunosuppressive disease with impaired tumor- 
infiltrating T lymphocyte functions and the accumulation of sup-
pressive Tregs in TME.4 To investigate the effects of melatonin on 
tumor immunity in vivo, we detected the CD8+ T cell proportion in 
spleens and evaluated the infiltration of CD8+ T cells and FOXP3+ 
Tregs in the TME of the SCC7/C3H mouse models. We found that 
the population of CD45+CD3+CD8+ T cells in spleens of tumor- 
bearing mice significantly increased in the groups treated with mela-
tonin plus α- PD- 1 and melatonin alone (Figure 8A,B). Moreover, the 
number of tumor- infiltrating CD3+CD8+ T cells in TME increased, 
while CD4+FOXP3+ Tregs decreased in combined treatment groups 
(Figure 8C,D). These results suggested that melatonin improved 
anti- tumor immunity by promoting effector T cell infiltration and in-
hibiting regulatory T cell accumulation in the TME of HNSCC.
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4  |  DISCUSSION

HNSCC, the most common malignancy in the head and neck, is 
an immunosuppressive disease. Immune checkpoint inhibitors, 

including PD- 1 antibodies, display great benefits in advanced met-
astatic HNSCC treatment, but low response rates and acquired 
resistance remain big challenges.6,7 In this study, we found that en-
dogenous melatonin levels decreased in patients with HNSCC and 
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were related to lymph node metastasis. Melatonin markedly inhib-
ited EMT and downregulated PD- L1 expression in HNSCC through 
the ERK1/2/FOSL1 pathway in vitro and in vivo. Moreover, melatonin 
inhibited tumor growth in SCC7/C3H syngeneic mouse models and 
alleviated immunosuppression by promoting CD8+ T cell infiltration 
and reducing the Treg proportion, therefore exerting synergistic ef-
fects with anti- PD- 1 antibody. Taken together, our study provided 
new evidence that melatonin can regulate the EMT and anti- tumor 
immunity of HNSCC and enhance the efficacy of antibodies target-
ing the PD- L1/PD- 1 axis.

aMT6s is a major urinary metabolite of melatonin and morning 
urinary aMT6s reflect the nocturnal plasma level of melatonin.25,26 
Previous studies have indicated that higher urinary aMT6s levels 
were correlated with lower risks of breast and prostate cancers.27,28 
Ovarian cancer patients retain lower serum melatonin levels com-
pared with healthy women.29 Moreover, lower serum melatonin con-
centrations were related to tumor size, invasion depth, and lymph 
node metastasis, and might predict the severity of oral squamous 
cell carcinoma.30 In this study, we found that morning urinary aMT6s 
levels of patients with HNSCC were relatively low and were asso-
ciated with lymph node metastasis. However, no statistical differ-
ence was observed in urinary aMT6s concentrations among patients 
with HNSCC with different tumor sizes. The sample size needs to 
be expanded in the future to obtain more information about the 
relationship between melatonin levels and tumor size of patients 
with HNSCC. Collectively, endogenous melatonin levels might be 
related to HNSCC development and be a biomarker for patients with 
HNSCC.

Melatonin is a pleiotropic molecule and possesses anti- tumor 
abilities. Previous studies have demonstrated that melatonin could 
suppress tumor proliferation, angiogenesis, invasion, and metas-
tasis.11 In addition, melatonin enhanced the anti- tumor effects of 
cisplatin and rapamycin on HNSCC by regulating mitochondrial 
function.31,32 However, the roles and mechanisms of melatonin in 
anti- tumor immunity have not been well elucidated. Here, we found 
that melatonin significantly suppressed PD- L1 expression in HNSCC 
cells and tumor- bearing nude mice. Moreover, melatonin exerted 
synergetic effects with anti- PD- 1 antibody and enhanced anti- 
tumor immunity by promoting CD8+ T cell infiltration and reducing 
the Treg proportion in TME of SCC7/C3H mouse models. However, 

compared with the control group, in the remaining four groups the 
expression of PD- L1 in tumor tissues slightly increased, which might 
result from increased CD8+ T cell infiltration.33,34 The melatonin 
alone and melatonin plus α- PD- 1 groups displayed lower expression 
levels of PD- L1 compared with the α- PD- 1 alone group, which in-
dicated that melatonin might suppress PD- L1 expression in SCC7 
cells in vivo, but these results need further investigation. PD- L1 is 
a critical immune checkpoint that facilitates the immune evasion 
of tumor cells by exhausting CD8+ cytotoxic T lymphocytes in the 
TME.15 Recently, Cheng et al. found that melatonin- treated hepato-
carcinoma cells secreted exosomes to downregulate PD- L1 expres-
sion in macrophages through the STAT3 pathway.35 Also, melatonin 
could downregulate PD- L1 expression in KRAS- mutant non– small- 
cell lung cancer cells through the Hippo pathway.36 Taken together, 
our results revealed the immunoregulatory properties of melatonin 
in HNSCC and provided evidence for melatonin as an adjuvant of 
PD- L1/PD- 1 axis- targeted immunotherapy.

EMT plays vital roles in tumor metastasis.37 Melatonin can mod-
ulate the EMT in multiple solid tumors.38,39 However, the effects of 
melatonin on the EMT of HNSCC have not been explored. In our 
study, we found that melatonin could inhibit EMT and suppress the 
migration and invasion of HNSCC cells in vitro and regulate EMT- 
related markers in vivo. Interestingly, accumulating evidence has 
suggested that the EMT is associated with immunosuppression 
and PD- L1 expression in multiple malignancies.16,24 For example, 
mesenchymal carcinoma cell lines of breast cancer expressed high 
levels of PD- L1 and formed an immunosuppressive TME in vivo.40 
Mesenchymal cancer cells in HNSCC tissue exhibited elevated PD- 
L1 expression.17,18 Chen et al. found that CMTM6, a vital regula-
tor of PD- L1, could modulate stemness and the EMT of HNSCC.41 
However, the mechanisms underlying the correlation between EMT 
and PD- L1 regulated by melatonin in HNSCC have not been eluci-
dated. Here, through RNA- seq analysis of HNSCC cells treated with 
or without melatonin, we found that the transcription factor FOSL1 
was the key mediator of EMT and PD- L1 expression. Melatonin in-
hibited EMT and downregulated PD- L1 expression simultaneously 
through the ERK1/2/FOSL1 pathway. Our study uncovered a new 
regulatory network behind EMT and PD- L1 expression in HNSCC.

FOSL1 is an oncogenic transcription factor. Recently, studies have 
suggested that FOSL1 regulated the EMT in multiple tumors.19 For 

F I G U R E  5  The ERK1/2/FOSL1 Pathway is involved in melatonin- induced inhibition of EMT and PD- L1 expression in HNSCC cells. 
(A) Western blot analysis of p- ERK1/2, ERK1/2, FOSL1, and PD- L1 in CAL27 and SCC25 cells treated with 10 and 20 μM MEK inhibitor 
(U0126) for 24 h. (B) Western blot analysis of EMT- related markers, E- cadherin, N- cadherin, vimentin, and Slug in CAL27 and SCC25 cells 
treated with 10 or 20 μM U0126 for 24 h. β- Actin was used as the loading control. (C) CAL27 and SCC25 cells were transfected with an 
empty carrier lentivirus (negative control, Lv- NC) or a FOSL1 overexpression lentivirus (Lv- FOSL1). Lv- NC or Lv- FOSL1 cells were treated 
with or without melatonin (1 mM) for 48 h, then the protein expression levels of FOSL1 and PD- L1 were determined by western blotting. 
(D) FOSL1- overexpressed CAL27 and SCC25 cells were treated as described in Figure 5C before coculturing with pre- activated T cells 
from healthy donors. After 48 h of coculture, supernatants were collected to measure IFN- γ levels using ELISA. One- way ANOVA. (E) 
FOSL1- overexpressed CAL27 and SCC25 cells were treated with or without melatonin (1 mM) for 48 h, then the expression levels of the 
EMT- related markers were determined by western blot analysis. (F– I) Wound healing assay and Matrigel invasion assay were performed 
and analyzed to determine the migration and invasion abilities of FOSL1- overexpressed CAL27 and SCC25 cells pretreated with melatonin 
(1 mM) for 24 h. One- way ANOVA. Scale bar, 100 μm. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001. Independent experiments 
were performed in triplicate. Values are represented as means ± SD
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F I G U R E  6  FOSL1 mediates the effects of melatonin on EMT and PD- L1 expression of HNSCC in vivo. (A) Images of xenograft tumors 
excised from nude mice. (B) Growth curves of tumors. Tumor volumes were measured every 4 days. n = 5. (C) Weights of tumors excised 
from the nude mice were measured and analyzed using one- way ANOVA. (D) Representative immunohistochemistry staining of FOSL1, 
PD- L1, vimentin, and E- cadherin in tumor tissues. Scale bar, 50 μm. (E) Quantification analysis of FOSL1, PD- L1, vimentin, and E- cadherin 
staining. n = 5, one- way ANOVA. Values are represented as means ± SD, *, p < 0.05; **, p < 0.01; ***, p < 0.001
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F I G U R E  7  Combination therapy with melatonin and anti- PD- 1 antibody suppresses tumor growth in vivo. (A) Procedure of animal 
experiment. In total, 2 × 105 SCC7 cells were injected subcutaneously into the right flanks of 6- week- old female C3H mice. The tumor- 
bearing mice were divided randomly into 5 groups (n = 5) and administrated with vehicle (5% DMSO + 40% PEG300 + 55% saline), 
melatonin alone (100 mg/kg), α- PD- 1 (10 mg/kg) alone, melatonin plus low- dose α- PD- 1 (5 mg/kg) and melatonin plus normal- dose α- PD- 1 
(10 mg/kg), respectively. Vehicle and melatonin administered i.p. was initiated on day 8 and ended on day 22 after SCC7 cell inoculation. 
Anti- PD- 1 mAb was administered i.p. on days 9, 12, 15, 18, and 21. All mice were euthanized on day 23. Tumors were excised, weighed, 
and photographed. Spleens of mice were used for subsequent experiments. (B) Images of SCC7 tumors excised from C3H mice. (C) Growth 
curves of tumors. Tumor volumes were measured every 2 days. Volumes of different groups on day 22 were analyzed using one- way 
ANOVA. (D) Tumor weights were measured and analyzed using one- way ANOVA. (E) Representative immunohistochemistry staining of 
p- ERK1/2, FOSL1, and PD- L1 in tumor tissues. Scale bar, 50 μm. (F) Quantification analysis of p- ERK1/2, FOSL1, and PD- L1 staining. n = 5, 
one- way ANOVA. Values are represented as means ± SD, *, p < 0.05; **, p < 0.01; ***, p < 0.001
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F I G U R E  8  Combination therapy with melatonin and anti- PD- 1 antibody enhances anti- tumor immunity. (A) Flow cytometry was 
performed to determined the T cell population in spleens of tumor- bearing C3H mice. (B) Percentages of CD45+, CD4+ and CD8+ T cells in 
spleens were calculated and analyzed using one- way ANOVA. (C) Representative immunofluorescence images of the tumors (day 23) stained 
with CD8 (red), CD3 (green), and DAPI (blue); CD4 (green), FOXP3 (red), and DAPI (blue). Scale bar, 20 μm. (D) Numbers of CD3+CD8+ T 
cells and CD4+FOXP3+ cells per tumor area (mm2) in three randomly selected fields in each tumor section, n = 3 mice. One- way ANOVA, *, 
p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001. (E) Schematic diagram illustrates the roles of melatonin in HNSCC. Melatonin inhibits 
EMT and downregulates PD- L1 expression through the ERK1/2/FOSL1 pathway. Furthermore, melatonin exerts synergistic effects with 
anti- PD- 1 antibody by increasing the CD8+ T cell proportion in spleens and the tumor microenvironment and by reducing Treg infiltration
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instance, SIRT1 promoted the EMT and metastasis of colorectal carci-
noma in a FOSL1- dependent manner.42 FOSL1 regulated ZEB1/2 and 
TGF- β1 expression to induce the EMT of mouse mammary epithelial 
cells.43 Furthermore, the KRAS mutation increased PD- L1 expression 
through the MEK– ERK– FOSL1 pathway in premalignant human bron-
chial epithelial cells.21 However, whether melatonin regulated FOSL1 to 
alter EMT status and PD- L1 expression in HNSCC remains unknown. In 
this study, we found that melatonin significantly suppressed FOSL1 ex-
pression by inhibiting the phosphorylation of ERK1/2. Overexpression 
of FOSL1 induced EMT and upregulated PD- L1 expression in HNSCC 
cells and tumor- bearing nude mice. Altogether, our study revealed that 
the ERK1/2/FOSL1 pathway mediated the melatonin- induced inhibi-
tion of EMT and PD- L1 expression in HNSCC.

However, there were some caveats in this study. First, although 
previous studies have suggested that morning urinary aMT6s con-
centration could reflect plasma levels of melatonin, collection of 
urine for more than 24 hours could provide more reliable data about 
the plasma melatonin levels.44 Second, there was no statistical differ-
ence for tumor volumes and weights between combination therapy 
and melatonin alone or α- PD- 1 alone. The reasons for this difference 
might be the small number of animals and the differences within the 
groups. Last, the mechanisms behind the effects of melatonin on 
CD8+ T cells and Treg infiltration in TME need further investigation.

In conclusion, our study demonstrated that melatonin signifi-
cantly inhibited EMT and downregulated PD- L1 expression through 
the ERK1/2/FOSL1 pathway in HNSCC. Melatonin exerted syn-
ergistic effects with anti- PD- 1 antibody and enhanced anti- tumor 
immunity in SCC7/C3H mouse models by increasing CD8+ T cell 
infiltration and decreasing the Treg proportion in TME. Our study 
elucidated the roles of melatonin in EMT and anti- tumor immunity, 
and could provide new strategies for HNSCC therapy.
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