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Abstract
Background  CKLF-like MARVEL transmembrane domain-containing 6 (CMTM6) is a critical regulator of tumor immu-
nology among various cancers. However, the role and underlying molecular mechanism of CMTM6 in oral squamous cell 
carcinoma (OSCC) progression remains unclear.
Methods  The expression of CMTM6, PD-L1 and CD163 in OSCC tissues were detected by immunohistochemistry on tissue 
microarray. The effect of CMTM6 knockdown on OSCC cells and macrophage polarization were analyzed by CCK-8 assay, 
apoptotic assay, would-healing assay, transwell assay and qPCR. OSCC cell derived exosomes were obtained by ultracentrifu-
gation and the mechanistic studies were conducted by qPCR and Western Blot. 4-Nitroquinoline N-oxide (4NQO) induced 
OSCC mice were used for verifying the effect of CMTM6 downregulation on M2 macrophage infiltration and tumor growth.
Results  In OSCC samples, higher CMTM6 expression has been obviously associated with higher pathological stage of OSCC 
patients, CD163 + macrophages infiltration and PD-L1 expression. CMTM6 knockdown of OSCC cells inhibited proliferative, 
migrative and invasive abilities of OSCC cells, as well as inhibited M2 macrophage polarization in vitro with downregulat-
ing PD-L1 expression. Importantly, exosomes from OSCC cells shuttled CMTM6 to macrophages and promoted M2-like 
macrophage polarization through activating ERK1/2 signaling. In addition, in 4NQO-induced OSCC mice, CMTM6 level 
was positively associated with CD163, CD206 and PD-L1 as well as M2-like macrophage infiltration.
Conclusion  OSCC cell-secreted exosomal CMTM6 induces M2-like macrophages polarization to promote malignant pro-
gression via ERK1/2 signaling pathway, revealing a novel crosstalk between cancer cells and immune cells in OSCC 
microenvironment.

Keywords  Oral squamous cell carcinoma · CKLF-like MARVEL transmembrane domain-containing 6 · Macrophage · 
Exosome · PD-L1

Introduction

Oral squamous cell carcinoma (OSCC) is the most com-
mon malignancy of oral cancers, and results in more than 
145 thousand mortality annually overworld [1]. Traditional 
treatment options such as surgery, radiotherapy and chemo-
therapy failed to improve the 5 year survival rate yet, which 
is about 50% [2, 3]. In the United States, the estimated num-
bers of new cases and deaths of OSCC have increased in 
2019 [4], emphasizing the need to better understand molec-
ular mechanisms underlying the progression of OSCC to 
identify new therapeutic targets.

CKLF-like MARVEL transmembrane domain-con-
taining 6 (CMTM6), a protein at the plasma membrane, 
recently has been identified to regulate PD-L1 expression 
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of tumor cells and limit antitumor immunity [5, 6]. And 
in the cancer genome atlas (TCGA) databases, CMTM6 
is overexpressed in all samples from 30 cancer types, 
including cervical squamous cell carcinoma, oesophageal 
cancer, lung squamous cell carcinoma and head and neck 
squamous cell carcinoma (HNSCC) [6]. Recent evidence 
shows that CMTM6 expression was associated with high 
malignant gliomas as its expression was positively related 
to malignant characteristics with frequently genomic aber-
rations of driver oncogenes in gliomas [7]. And CMTM6 
was also highly expressed in type II and III renal clear cell 
carcinoma, of which the overall survival was smaller than 
type I [8]. And polymorphisms of cmtm6 gene have also 
observed to in HCC of a southern Chinese population, 
which may contribute to genetic susceptibility of HCC 
[9]. However, CMTM6 was downregulated in hepatocel-
lular carcinoma (HCC) tissues and correlated with metas-
tasis and prognosis of HCC patients [10]. Hence, much is 
needed to address the molecular mechanisms of CMTM6 
regulating cancer cells, especially OSCC cells.

Macrophages are pivotal drivers of tumor permissive 
inflammatory microenvironment that contribute to the pro-
liferation and invasion of tumor cells, induce angiogenesis 
and block anti-tumor immune responses [11]. Tumor-associ-
ated macrophages (TAM), which are polarized from M1-like 
antitumor phenotype to M2-like pro-tumor phenotype, have 
been demonstrated to increase within many human solid 
tumors and are related with prognosis [12]. Especially, the 
infiltration of M2 polarized macrophages has been suggested 
to be positively correlated with poor prognosis in early-stage 
OSCC [13, 14]. M2 macrophages produce immunosuppres-
sive cytokines such as interleukin-10 (IL-10) and arginase-1 
(Arg-1) to block antitumor immunity, and express a high 
level of programmed death ligand 1 (PD-L1, also known as 
CD274) in many cancers such as HCC, pancreatic cancer 
as well as OSCC, thus triggering checkpoint blockade of T 
cells and contributing to immunosuppression towards tumor 
cells [15–18]. However, the role and significance of CMTM6 
in OSCC contributing to M2-like macrophage polarization 
remains absent.

Here, we demonstrated that CMTM6 expression was 
positively associated with CD163+ macrophages infiltra-
tion, PD-L1 expression and tumor stage in OSCC clinical 
samples and 4NQO-induced oral carcinoma model of mice. 
And knockdown of CMTM6 inhibiting proliferation, migra-
tion and invasion of OSCC cells was also observed. In addi-
tion, a coculture system was established to demonstrate that 
CMTM6 increased M2-like macrophage polarization through 
OSCC-derived exosomes dependent on ERK1/2 signaling 
in macrophages. Taken together, our results showed that 
CMTM6 contributed to OSCC progression, partly by induc-
ing M2 macrophage polarization, which may offer a new 
insight into OSCC treatment.

Materials and methods

Patients and tissue microarray (TMA)

Paraffin-embedded tumor samples were from patients diag-
nosed as OSCC from department of oral and maxillofacial 
surgery, West China Hospital of Stomatology, Sichuan Uni-
versity between 2010 and 2015 and without any preoperative 
treatments including surgery, radiotherapy or chemotherapy 
before surgery. Informed consent was obtained from all the 
patients. 5 normal oral epithelial tissues and 45 OSCC tis-
sues were cored and transferred to the recipient master block.

Animals and ethics statement

All animal experiments were processed as per procedures 
which approved by the subcommittee on research and ani-
mal care (SRAC) of Sichuan University. 6-week-old female 
wide-type C57BL/6 mice (Dashuo, China) were housed 
under standard laboratory conditions in state key laboratory 
of oral diseases, West China Hospital of Stomatology. 4NQO 
(Sigma, United States) was dissolved to the drinking water at 
100 μg/mL for 10 weeks and changed to distilled water for 
another 10 weeks. Then, the mice were randomly divided 
into two groups for intratumor injections every 3 days.

Before injection, mice were anesthetized by intraperito-
neally injecting a solution with ketamine (80 mg/ml) and 
xylazine (10 mg/ml). For each local injection, 5 μg CMTM6 
siRNA or negative control siRNA was mixed with 5 μl 
transfection reagent (Entranster-in vivo, Engreen, China). 
siRNA target sequence for mouse CMTM6: 5′-UGC​CUA​
ACA​GAA​AGC​GUG​UTT-3′. After 3  weeks injection, 
mice were sacrificed by cervical vertebra luxation and 
the tumor volumes were measured by a caliper. Tumor 
volume = (length × width2)/2.

Immunohistochemistry

Immunohistochemistry staining of OSCC tissues was per-
formed as described previously [9]. Briefly, samples were 
incubated with hydrogen peroxide and serum in turn after 
dewaxing and dehydration with gradient ethanol. Then, 
specimens were incubated with anti-CMTM6 antibody 
(ZENBIO, China, 1:100), anti-CD163 antibody (Proteintech, 
China, 1: 1500) and anti-PD-L1 (Proteintech, China, 1:300) 
at 4 °C overnight, washed and then incubated with horserad-
ish peroxidase labeled streptavidin and biotin labeled sec-
ondary antibody. All the sections were stained with DAB 
and were hematoxylin counterstained.

The immunohistochemical result quantification was per-
formed and the subcellular localization (nuclear, cytoplasm, 



1017Cancer Immunology, Immunotherapy (2021) 70:1015–1029	

1 3

cell membrane) was identified, respectively. 5 microscopic 
fields at 400 × magnification per section were observed and 
the positive cell ratio in tumor cells or stromal cells was esti-
mated. For CMTM6, PD-L1 and CD163, the strongly posi-
tive expression, moderately positive expression, weakly pos-
itive expression and negative expression were categorized 
into (+ + +), > 50%; (+ +), 25–50%; ( +), 5–25%; (−), < 5%.

Cell culture and treatment

The human OSCC cell line Cal-27 and SCC25, the human 
monocytes cell line THP-1 were from state key labora-
tory of oral diseases (West China Hospital of Stomatology, 
Sichuan University). Cal-27 and SCC25 cells were cultured 
in DMEM medium (HyClone, USA) and F12 medium 
(HyClone, USA) respectively, and THP-1 cells were main-
tained in complete RPMI1640 medium (HyClone, USA). 
All these cells were cultured with 10% FBS and kept under 
5% CO2 at 37 °C.

Macrophage polarization and coculture

THP-1 cells were seeded at the lower compartment with 
100 ng/ml phorbol myristate acetate (PMA). After 48 h, 
macrophages were washed with PBS in prepare. The Cal-
27 or SCC25 cells were seeded into the upper compartment 
of the Transwell (Millipore, USA) coculture system. Then, 
the upper and lower compartments were combined with 
complete RPMI1640 medium with 10% FBS for another 
48 h in a humidified chamber. In order to generate well-
differentiated M1 macrophages, PMA-differentiated THP-1 
cells were cultured with IFN-γ (20 ng/mL) and LPS (100 ng/
mL) for another 48 h. And to obtain well-differentiated M2 
macrophages, PMA-differentiated THP-1 cells were cultured 
with IL-4 (20 ng/mL) and IL-13 (20 ng/mL) for another 
48 h.

Cell transfection

The siRNAs sequence 5′-GCU​GCA​AUU​GUG​UUU​GGA​
UTT-3′ targeting human cmtm6 or control siRNA were tran-
siently transfected using Lipofectamine 2000 transfection 
reagent (GeneCopoeia, US) according to the manufacturer’s 
instructions for siRNA transfection. 24 h later, the trans-
fected cells were collected for further research.

CCK‑8 assays

The proliferation of Cal-27 and SCC25 cells was evaluated 
with CCK-8 assays (Dojindo, China) after transfection. In 
brief, the plate was washed and added with a 100 μL serum-
free medium with 10 μL CCK-8 reagent at 24 h, 48 h and 

72 h after transfection, respectively. The absorbance was 
measured at 450 nm after incubation for 30 min.

Would healing assays

Cal-27 or SCC25 cells were seeded on six-well plates and 
transfected. Then, a wound across the wall was introduced. 
After washing with PBS, the plate was incubated with 
serum-free medium for 24 h. Cell migration was observed 
and photographed by microscopy.

Apoptosis assays

Cal-27 or SCC25 cells were collected at the time of 24 h and 
48 h after transfection. 5 μL Annexin V-FITC (KeyGEN, 
China) was added to the cell suspension for staining in the 
dark. After that, 5 μL PI (KeyGEN, China) was applied. 
Cells were then analyzed by Flow Cytometer.

Invasion assays

Invasion assays were conducted using an 8 μm pore Tran-
swell filter (Corning, US) coated with Matrigel matrix. Cal-
27 or SCC25 cells were seeded in the upper chamber with 
DMEM/F12 serum-free medium. And medium with 20% 
FBS was added to the lower chamber. After incubation for 
48 h, the Transwell filter was washed, fixed with 5% glutar-
aldehyde and in turn stained with 0.1% crystal violet staining 
solution.

RNA extraction and reverse transcription‑PCR 
(qPCR) analysis

Total RNA of OSCC cells and THP-1-derived macrophages 
were extracted using total RNA extraction kit (Solarbio, 
China). Synthesis of cDNA was performed using Prime-
Script RT reagent Kit with gDNA Eraser (Takara, Japan) 
according to manufacturer’s instructions. Then, the sam-
ples were analyzed in PowerUp SYBR green master mix 
system (ABI, US). GADPH mRNA levels were used to 
normalize relative mRNA levels. Primer sets used were as 
follows: GAPDH (human), forward 5′-ACA​ACT​TTG​GTA​
TCG​TGG​AAGG-3′, reverse 5′-GCC​ATC​ACG​CCA​CAG​
TTT​C-3′; CMTM6 (human), forward 5′-ATG​AAG​GCC​
AGC​AGA​GAC​AG-3′, reverse 5′-GTG​TAC​AGC​CCC​ACT​
ACG​GA-3′; CD163 (human), forward 5′-TTT​GTC​AAC​
TTG​AGT​CCC​TTCAC-3′, reverse 5′-TCC​CGC​TAC​ACT​
TGT​TTT​CAC-3′; CD86 (human), forward 5′-TGG​TGC​TGC​
TCC​TCT​GAA​GATTC-3′, reverse 5′-ATC​ATT​CCT​GTG​
GGC​TTT​TTGTG-3′; TNF-α, forward 5′-GAC​AAG​CCT​
GTA​GCC​CAT​GTT​GTA​-3′, reverse 5′-CAG​CCT​TGG​CCC​
TTG​AAG​A-3′; IL-12p40, forward 5′- CGG​TCA​TCT​GCC​
GCAA-3′, reverse 5′-AAC​CTA​ACT​GCA​GGG​CAC​AG-3′; 
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IL-10, forward 5′- GAG​ATG​CCT​TCA​GCA​GAG​TGA​AGA​
-3′, reverse 5′-AGG​CTT​GGC​AAC​CCA​GGT​AAC-3′; Arg-1, 
forward 5′- TGG​ACA​GAC​TAG​GAA​TTG​GCA-3′, reverse 
5′-CCA​GTC​CGT​CAA​CAT​CAA​AACT-3′; SOCS3, forward 
5′- GCT​CCA​AAA​GCG​AGT​ACC​AGC-3′, reverse 5′-AGT​
AGA​ATC​CGC​TCT​CCT​GCAG-3′; STAT3, forward 5′-ATC​
ACG​CCT​TCT​ACA​GAC​TGC-3′, reverse 5′-CAT​CCT​GGA​
GAT​TCT​CTA​CCACT-3′; ERK1, forward 5′- CTA​CAC​GCA​
GTT​GCA​GTA​CAT-3′, reverse 5′- CAG​CAG​GAT​CTG​GAT​
CTC​CC-3′; ERK2, forward 5′- TAC​ACC​AAC​CTC​TCG​TAC​
ATCG-3′, reverse 5′- CAT​GTC​TGA​AGC​GCA​GTA​AGATT-
3′; MIF, forward 5′- AGC​AGC​TGG​CGC​AGG​CCA​C-3′, 
reverse 5′- CTC​GCT​GGA​GCC​GCC​GAA​GG-3′; GADPH 
(mouse), forward 5′-GAT​CCG​GGT​CCT​CAG​AGG​TTT-3′, 
reverse 5′-ATC​AGG​TGG​TAG​CAT​AGG​CTT-3′; CMTM6 
(mouse), forward 5′-GTG​AGC​TGT​AGC​GCC​TTT​CTC-3′, 
reverse 5′-TCC​GAT​GAC​TTG​ACT​TTT​CCAG-3′; CD206 
(mouse), forward 5′-CTC​TGT​TCA​GCT​ATT​GGA​CGC-3′, 
reverse 5′-CGG​AAT​TTC​TGG​GAT​TCA​GCTTC-3′; CD86 
(mouse), forward 5′-TCA​ATG​GGA​CTG​CAT​ATC​TGCC-3′, 
reverse 5′-GCC​AAA​ATA​CTA​CCA​GCT​CACT-3′.

Western blotting

Cell or exosomes were lysed with RIPA buffer (Pierce, US) 
and then centrifuged at 14,000 g for 15 min at 4 °C to col-
lect the supernatants. After mixed with SDS sample buffer, 
the proteins were heated to 99 °C for 10 min, separated on 
10% SDS–polyacrylamide gels, transferred to PVDF mem-
branes, and probed with antibodies against PD-L1 (1:3000; 
proteintech, China), p-ERK1/2 (1:1000, Cell Signaling, US), 
calnexin (1:1000; Affinity, China), CD63 (1:1000; Affinity, 
China) and α-tublin (1:2000, Proteintech, China) at 4 °C 
overnight and blots were visualized using gel imaging sys-
tems (Bio-Rad).

Exosome isolation

Cal-27 cells were cultured in DMEM medium with 10% 
exosome-free FBS. The conditioned medium was collected 
after 48 h. Then, the exosomes in conditioned medium were 
isolated by ultracentrifugation. In brief, 40 mL conditioned 
medium was centrifuged at 300 g for 10 min, 2000 g for 
10 min, 10,000 g for 30 min, 100,000 g for 70 min and 
100,000 g for another 30 min successively to pellet the 
exosomes. The final pellet was resuspended in PBS and fro-
zen at − 80 °C.

Exosome uptake

Purified exosomes from supernatant of Cal-27 cells were 
re-suspended in PBS and labeled by a PKH26 fluorescent 

kit (Sigma, USA). Briefly, 4 μl PKH26 dye was added to 
25 μg exosomes followed by 0.5 ml diluent C and incu-
bated for 5 min at room temperature. They were then mixed 
with an equal volume of 0.5% BSA. Exosomes labeled with 
PKH26 were re-isolated as stated above. Finally, the labeled 
exosomes were incubated with PMA-differentiated THP-1 
cells at 37 °C for 12 h and the fluorescence uptake was 
observed by the inverted fluorescence microscope. Cal-
27 cells incubated with non-labeled exosomes (PBS was 
added to 25 μg exosomes instead of PKH26) and Cal-27 
cells with only PKH26 (PKH26 was added to PBS instead 
of exosomes and was re-isolated as stated) were used as 
controls.

Statistical analyses

All experiments were repeated three times independently. 
Data were analyzed with SPSS 13.0. Statistical significance 
was designated as p < 0.05.

Results

CMTM6 expression is positively associated 
with CD163 + macrophages infiltration and clinical 
characteristics in OSCC patients

A tissue microarray containing 5 normal oral mucosa and 
45 OSCC tissues was used for CMTM6, CD163 and PD-
L1 immunochemistry staining. Clinic characteristics of 45 
OSCC patients were shown in Table 1. The data showed 
that CMTM6 were positively stained in plasma membrane or 
cytoplasm of tumor cells, and was markedly overexpressed 
in 91.1% cases of OSCC (41/45), compared with 20% (1/5) 
cases of normal oral mucosa (Fig. 1a). And the strongly, 
moderately and weakly positive rate was 33.3% (15/45), 
44.4% (20/45) and 13.3% (6/45), respectively (Table. 1 

Table 1     The expression of CMTM6 in normal oral mucosa and 
OSCC

( −), < 5% negative expression; ( +), 5–25% weakly positive expres-
sion; (+ +), 25–50% moderately positive expression; (+ + +), > 50% 
strongly positive expression
* p < 0.05 was regarded as statistically significant in rank sum test

Cases Normal
(n = 5)

OSCC
(n = 45)

p value

CMTM6 − 4 4 0.001
 +  1 6
 +  +  0 20
 +  +  +  0 15
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and Fig. 1b). And the expression of CMTM6 was positively 
related to T stage, pathological grade and lymph node metas-
tasis of OSCC patients (p<0.05), but not to the age or gender 
of patients (p > 0.05) (Table 2).

Next, the relationship between CMTM6  with 
CD163 + macrophages infiltration and PD-L1 expression 
was evaluated. CD163 + macrophages were heterogene-
ously located at the tumor stroma, with partial expression 
at the epithelium. Higher CD163 + macrophages distribu-
tion was significantly detected in CMTM6 positive OSCC 
compared to CMTM6 negative OSCC (Fig. 1c). Further-
more, the intensity of CD163 + macrophages of CMTM6-
positive OSCC was also stronger in CMTM6-positive 
OSCC compared to CMTM6-negative OSCC (moderate 
to dense, 84.85% vs. 27.27%) (Fig. 1d). Spearman cor-
relation coefficient test suggested that the intratumoral 
CD163 + macrophages density was closely related to 
CMTM6 expression (r = 0.595, p<0.001) (Fig. 1c). And 
the positive expression of PD-L1 was in the cytoplasm 
of tumor cells, and was associated with CMTM6 expres-
sion (r = 0.288, p<0.05) (Fig. 1c and 1d). The data were 
in accordance with the results in tumor immune estima-
tion resource (TIMER) databases that the infiltration of 
macrophages as well as the expression of CD163 and PD-
L1 were positively associated with CMTM6 expression 
in HNSCC cases through RNA-seq (Fig. 1e). Together, 
these data implicated that CMTM6 overexpression indi-
cated poor clinicopathological characteristics, and was 
positively related to CD163 + macrophage infiltration and 
PD-L1 expression.

CMTM6 knockdown in OSCC cells mitigates OSCC 
cancer progress with PD‑L1 downregulation

To investigate the potential function of CMTM6 in OSCC 
cells, we established three independent siRNAs to knock-
down CMTM6 in Cal-27 and SCC25 cells and siRNA 3 sta-
bly downregulated the mRNA and protein levels of CMTM6 
at 24 h after transfection (Fig. 2a). As shown in Fig. 2b, 
Cal-27 and SCC25 cells proliferation were decreased after 
silencing CMTM6. Cellular migration and invasion were 
inhibited in both Cal-27 and SCC25 cells after transfec-
tion with si-CMTM6 (Fig. 2d, e). However, the apoptosis of 
Cal-27 and SCC25 cells was not affected by transfection of 
si-CMTM6 (Fig. 2c). Moreover, CMTM6 knockdown dra-
matically reduced the protein level of PD-L1 in OSCC cells 
(Fig. 2a). Thus, these indicated that CMTM6 knockdown 
could dramatically inhibit the proliferation, migration and 
invasion of OSCC cells to mitigate OSCC progression with 
downregulating PD-L1 expression.

CMTM6 in OSCC cells contributes to M2‑like 
macrophage polarization

After obtaining the effect of CMTM6 on promoting OSCC 
malignancy, we then analyzed whether it could promote 
the M2-polarized macrophages, which played an impor-
tant role in immunity microenvironment facilitating OSCC 
progression [13]. PMA-differentiated human THP-1 mono-
cytes (M0 macrophages) were cocultured with OSCC cells 
using a Transwell system (Fig. 3a), and the expression of 
M1 and M2 macrophage markers were examined by qPCR. 
The expression of CD163 was lower in M0 macrophages 
with si-CMTM6 OSCC cells than that with si-NC OSCC 
cells (Fig. 3b); meanwhile the M1 markers such as CD80 
and CD86 were increased (Fig. 3c). The mRNA levels 
of tumor necrosis factor α (TNF-α) and IL-12p40 (M1 
cytokines) were markedly upregulated in M0 macrophages 
in responses to coculture with CMTM6-silencing OSCC 
cells in a variable extent (Fig. 3c). While CD163 + mac-
rophages were decreased in M0 with si-CMTM6 Cal-27 
cells compared to that with si-NC Cal-27 cells as shown in 
Fig. 3d (Fig. 3d). And M2 representative gene IL-10 and 
Arg-1 were lower in macrophages induced by si-CMTM6 
OSCC cells than that induced by si-NC OSCC cells 
(Fig. 3b). Together, these findings indicated that CMTM6 
may be an inducer of M2-like macrophages polarization in 
OSCC microenvironment.

OSCC cells shuttle CMTM6 to macrophages 
through exosomes

We next explored the molecular mechanisms that OSCC 
cells employed to modulate macrophages polarization. 
Considering the indirect coculture system conducted, 
the direct cell-to-cell contacts dependent on cytoskeletal 
remodeling is excluded. Then, we investigated whether 
OSCC cells could regulate macrophages polarization 
through exosomes, which is a crucial mediator in inter-
cellular communication [19]. The exosomes from OSCC 
cell culture supernatants were extracted through ultracen-
trifugation (Fig. 4a). Subsequently, we detected the expres-
sion of exosome marker CD63, CD9 and CD81, as well as 
endoplasmic reticulum protein calnexin by Western blot 
(Fig. 4b). CD63, CD9 and CD81 were positively expressed 
in exosomes, while calnexin was confirmed absent. Addi-
tional, Cal-27 cell lysates were positive for calnexin, sug-
gesting that the exosomes from Cal-27 cells were purified 
without endoplasmic reticulum vesicles. Thus, we con-
cluded the vesicles we extracted from Cal-27 cell super-
natant were purified exosomes.
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Then, we explored the possibility that CMTM6 could be 
shuttled to macrophages via OSCC cell secreted exosomes. 
The absorption of OSCC cell-secreted exosomes by mac-
rophages was demonstrated by fluorescence microscopy. We 
labeled the exosomes with PKH26 and incubated them with 
M0 for 12 h. Figure 4d shows that the fluorescence signals 
of PKH26 were dispersed in the cytoplasm of macrophages, 
demonstrating the OSCC cell-derived exosomes could be 
efficiently internalization and diffusion in macrophages. 
Importantly, using Western blot, we found that CMTM6 
was contained in exosomes derived from OSCC cells and 
could be detected in M0 cells after incubating with OSCC-
exosomes (Fig. 4b, c). These results implied CMTM6 could 
be shuttled to macrophages through OSCC cells-derived 
exosomes.

CMTM6 in OSCC cells modulates M2‑like 
macrophage polarization through activating ERK1/2 
signaling

ERK1/2 signaling has been known to be related with the 
polarization of macrophages [20]. Therefore, we asked 
whether ERK1/2 signaling is involved in the regulation of 
macrophages by CMTM6 in OSCC cells. Intriguingly, M0 
cocultured with si-CMTM6 Cal-27 resulted in downregu-
lation of both total and phosphorylated ERK1/2 (Fig. 5b). 
But the mRNA levels of SOCS3 (inhibitor of STAT3 signal-
ing), p38 and macrophage migration inhibitory factor (MIF) 
were not affected (Fig. 5a). Besides, pre-treatment of OSCC 
cell with GW4869 (the inhibitor of exosomes) could reduce 
M2-like macrophages (Fig.  5c). To investigate whether 
ERK1/2 signaling resulted in M2 polarization, Honokiol, an 
ERK1/2 activator, was applied to M0 with si-CMTM6 OSCC 
cells coculture. As seen in Fig. 5d, M1-like macrophage 
polarization was largely blocked by honokiol as assessed 
by the mRNA levels of M1 representative genes TNF-α and 

IL-12p40, and the mRNA levels of M2 representative genes 
IL-10 and Arg-1 were increased. Taken together, the results 
showed that exosomal CMTM6 of OSCC cells promotes 
M2 polarization through activating ERK1/2 signaling in 
macrophage.

CMTM6 silencing inhibits tumor growth 
and decreases TAM infiltration in 4NQO‑treated 
mice

To confirm the in vitro findings shown above, a 4NQO-
induced oral carcinoma model was performed as described 
previously [21]. si-CMTM6 or si-NC was mixed with 
in vivo transfection reagent, and locally injected into the 
tumor mass every 5 days for 3 weeks. We observed that 
the tumor volume at the time of sacrifice injected with 
si-CMTM6 was markedly less than si-NC (p = 0.0097, 
Fig. 6a). In si-CMTM6 injection group, the average tumor 
lesion volume was (1.39 ± 0.48) mm3 and the average 
lesion number was 2.4 ± 0.4, while the average tumor 
lesion volume was (8.09 ± 2.31) mm3 and average lesion 
number was 4.2 ± 0.4 in si-NC injection group (Fig. 6a). 
As expected, a lower mRNA levels of Cmtm6 was found 
in tumor tissue of si-CMTM6 injection group compared to 
control (Fig. 6d). Next, we investigated whether reduced 
CMTM6 expression was associated with impaired M2-like 
macrophage and PD-L1 expression. Immunohistochem-
istry analysis showed that tumor samples of si-CMTM6 
injection group exhibited less CD163 + cells than those 
in control tumor counterparts, reflecting a smaller num-
ber of M2-like macrophages in tumor microenvironment 
(Fig. 6b, c). And the mRNA levels of M2 macrophage 
markers CD163, CD206 and PD-L1 was lower in the 
tumor samples of si-CMTM6 injection mice (Fig. 6d). 
The results also showed that knockdown of CMTM6 
significantly decreased PD-L1 expression in 4NQO-
treated mice. Therefore, these indicated that disruption 
of CMTM6 could block M2-like macrophages in OSCC 
microenvironment.

Discussion

It is now becoming clear that exosomes travel between 
cell populations and modify phenotypes of recipient 
cells in tumor microenvironment. Here, we found that 
the vesicles we extracted from OSCC cell supernatant 
were purified exosomes and CMTM6 could be shuttled 
to macrophages through OSCC cells-derived exosomes. 
OSCC-exosomal CMTM6 facilitated M2 macrophage 
polarization by activating ERK1/2 signaling. And 

Fig. 1     Representative immunohistochemical images of oral mucosa 
and OSCC sections. a Representative images of CMTM6 immu-
nohistochemical expression and negative control (PBS was added 
instead of primary antibodies in OSCC tissue microarrays (scale bar: 
100  µm). b Histoscores for CMTM6 expression in oral mucosa and 
OSCC sections. c Representative images of OSCC tissues stained 
for CMTM6, PD-L1 and CD163 (scale bar: 100um and boxed area 
scale bar: 50 um) and melanoma tissues stained for CMTM6, PD-L1 
and CD163 for positive control (scale bar: 50 um). d Percentage of 
specimens showing low or high CMTM6 expression in relation to the 
expression levels of PD-L1 and CD163. The Chi square test was used 
to analyze statistical significance. e Analyzes of Tumor IMmune Esti-
mation Resource (TIMER) databases showed the association between 
CMTM6 expression with macrophages infiltration and CD163, PD-
L1 expression based on RNA-seq in head and neck squamous cell 
carcinoma (HNSCC). *p < 0.05, **p < 0.01, ***p < 0.001
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CMTM6 promoted migratory and invasive capabilities 
through enhancing PD-L1 expression. CMTM6 was over-
expressed in OSCC tissues and was positively related to 
CD163 + macrophage infiltration, PD-L1 expression, as 
well as clinical pathology. As far as we know, this is the 
first study to report the roles of CMTM6 in the crosstalk 
between cancer cells and immune cells in OSCC microen-
vironment, which may provide novels insights into tumor 
treatment on targeting CMTM6.

First, we evaluated CMTM6 expression in OSCC TMA, 
and found that CMTM6 was overexpressed in OSCC cells 
and was positively associated with more advanced stage 
of OSCC patients. In line with our results, evidences have 
suggested that CMTM6 was increased in gliomas and 
renal clear cell carcinoma [7, 8]. And the highly expres-
sion of CMTM6 has been verified to be associated with 
high WHO Grade, the IDH wildtype status, as well as pre-
dicts poor prognosis in gliomas [7]. Hence, we speculated 
that CMTM6 could interact with OSCC cells and facilitate 
the malignant progression of OSCC. Then, the effect of 
CMTM6 on OSCC cells has also been explored. Our results 
revealed that CMTM6 depletion resulted in decreased pro-
liferation, migration and invasion of OSCC cells, while the 
apoptosis of OSCC cells was not affected. In accordance 

with this, we found that inhibition of CMTM6 suppressed 
tumor growth in vivo. And, CMTM6 interference resulted 
in impaired PD-L1 expression of OSCC cancers, which 
is consistent with Mezzadra et  al., who indicated that 
CMTM6 silencing significantly impaired PD-L1 protein 
expression. These suggested that CMTM6 could promote 
OSCC progression through increasing the proliferation, 
migration and invasion of OSCC cells, with promoting 
PD-L1 expression.

It is well known that macrophages are characterized 
by their plasticity and can mutually transform in response 
to stimulus in tumor microenvironment. M1 macrophages 
are generally considered to exert anti-tumor effects in can-
cers, while M2 macrophages, which are in the majority of 
TAM, have an opposite function to block antitumor immu-
nity [22]. In gastric and breast cancers, tumor recruiting 
M2 macrophages was suggested to contribute to tumor 
progression and metastasis [23, 24]. Here, we demon-
strated that CD163+ macrophages were highly infiltrated 
in CMTM6 overexpressed OSCC samples. Furthermore, 
CMTM6 could induced M0–M2-like macrophages depend-
ently on ERK1/2 signaling when cocultured with OSCC 
cells. In support of these results, inhibition of CMTM6 
resulted in less M2 infiltration in the tumor microenvi-
ronment of 4-NQO-induced OSCC tumorigenesis mice. 
Researches also demonstrated a profound effect of cancer 
cells on macrophages to effectively evade immune sur-
veillance. For example, Weng et al. showed that onco-
gene Multiple Copies in T cell Malignancy 1 (MCT-1) 
expression in tumor cells drove M2 macrophage polariza-
tion in triple-negative breast cancer [25]. Mu et al. also 
indicated tumor derived lactate was a pivotal metabolite 
that promoted M2-like polarization and breast cancer pro-
gression [20]. Similarly, pancreatic cancer cells could also 
potently induce M2 phenotype of RAW264.7 macrophages 
[26]. Together with our results, we showed that OSCC 
cells could induce M2-like phenotype through CMTM6 
expression.

Table 2     Clinicopathological features of OSCC patients and their 
relationship with CMTM6 expression (n = 45)

* p < 0.05 was regarded as statistically significant in Chi-square test

Characteristics Cases CMTM6 p value

Higher 
(≥ 50%)

Lower 
(< 50%)

Age (years)
  < 60 23 18 5 0.780
  ≥ 60 22 17 5

Gender
 Female 16 14 2 0.244
 Male 29 21 8

Tumor size
 T1–T2 16 9 7 0.027*
 T3–T4 29 26 3

Differentiation
 Well or moderate 20 12 8 0.027*
 Poor 25 23 2

Clinical stage
 I–II 13 7 6 0.033*
 III–IV 32 28 4

Nodal metastasis
 Yes 19 18 1 0.048*
 No 26 17 9

Fig. 2     CMTM6 knockdown inhibited proliferation, migration and 
invasion of OSCC cells. a qPCR and Western blot showing CMTM6 
knockout in Cal-27 cells and PD-L1 expression in CMTM6 knock-
out Cal-27 cells. b Cell proliferation of OSCC cells transfected with 
CMTM6 siRNA and control siRNA quantified by CCK8 assays. c 
Cell apoptosis of OSCC cells transfected with CMTM6 siRNA and 
control siRNA quantified by flow cytometry. d Cell migration of 
OSCC cells transfected with CMTM6 siRNA and control siRNA 
quantified by Wound healing assays (scale bar: 200 um). e Cell inva-
sion of OSCC cells transfected with CMTM6 siRNA and control 
siRNA quantified by Transwell assays (scale bar: 200um). *p < 0.05, 
**p < 0.01, ***p < 0.001

◂



1023Cancer Immunology, Immunotherapy (2021) 70:1015–1029	

1 3



1024	 Cancer Immunology, Immunotherapy (2021) 70:1015–1029

1 3

Fig. 3     CMTM6 inhibition resulted M1-like phenotype polarized 
in vitro. THP-1 cells were pre-treated with 100 ng/ml PMA for 48 h 
before cocultured with Cal-27 cells. a A sketch for the Transwell 
coculture system for PMA-induced THP-1 cells and Cal-27 cells. b, c 
qPCR analyses showing mRNA levels of M1 markers (CD80, CD86, 
TNF-α and IL-12p40) and M2 macrophage markers (CD163, IL-

10 and Arg-1) of M0 cells cocultured with OSCC cells. Results are 
showed as the relative fold change compared with M0. d Immunoflu-
orescent DAPI (blue) and CD163 (green) staining and the morphol-
ogy of M0 after coculture (scale bar: 25um). *p < 0.05, **p < 0.01, 
***p < 0.001
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Exosomes once were thought to remove redundancy 
from cells. While this has been highlighted recently with 
increased researches that exosomes were capable to travel 
between cells and transport signals to recipient cells, thus 
participating in cancer progression [27]. We found that 
CMTM6 could be shuttled by OSCC derived exosomes to 
M0 and resulted in M2-like polarization in vitro. In accord-
ance with our results, Wang et al. founded that hypoxic exo-
somal miR-301a-3p from pancreatic cancer cells induced 
M2 polarization through activating PTEN/PI3Kγ signaling 

pathway [28]. Similarly, Chen et al. indicated that hypoxia 
induced high expression of miR-940 in epithelial ovarian 
cancer (EOC)-derived exosomes to stimulate M2 phenotype 
polarization, which promoted EOC proliferation and migra-
tion [29]. While others suggested that melanoma exosomes 
did not exclusively polarize macrophages, but induced a 
mixed M1 and M2 polarization [30]. This indicated CMTM6 
of OSCC cells modulate M2 macrophage polarization 
through exosomes.

Fig. 4     The isolation and identification of Cal-27 exosomes. a A 
sketch of isolation path and identification of exosomes. b Western 
blot analyzed of exosomes for CD63, CD9 and CD81 (exosome bio-
marker), Calnexin (negative marker) and CMTM6. c Western blot 
analyzed of M0 cells and exosomes incubated M0 cells for CMTM6. 
d Representative fluorescent images for PKH26-labeled exosomes 

taken by M0 after 12 h incubation. Exosomes were stained red and 
M0 nuclei were stained blue by DAPI (scale bar: 25um). Cal-27 
cells incubated with non-labeled exosomes (PBS was added to 25 μg 
exosomes instead of PKH26) and Cal-27 cells with only PKH26 
(PKH26 was added to PBS and was re-isolated as stated) were used 
as controls
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In summary, OSCC cell-secreted exosomal CMTM6 
induced M2-like macrophages polarization via ERK1/2 
signaling pathway to contribute to the malignant progres-
sion, which involved in mediation of crosstalk between can-
cer cells and macrophages. Although this signaling path-
way concerns complicated immune networks that need to be 
studied further in detail, targeting CMTM6 combined with 
PD-L1 inhibition or immunotherapy might be a new strategy 
for OSCC.

Fig. 5    OSCC exosomes 
promote M2-like phenotype 
through activating ERK1/2 
signaling. M0 macrophages 
were cocultured with Cal-27 
cells transfected with si-
CMTM6 or control siRNA. a 
The mRNA levels of STAT3, 
SOCS3, MIF, p38 and ERK1/2 
analyzed by qPCR. b The 
protein levels of p-ERK1/2 
analyzed by Western blot. c The 
mRNA levels of M1 markers 
(TNF-α and IL-12p40) and 
M2 markers (IL-10 and Arg-1) 
after a 48 h coculturing with 
10 μM GW4869 pre-treated 
OSCC cells. d The mRNA 
levels of M1 markers (TNF-α 
and IL-12p40) and M2 markers 
(IL-10 and Arg-1) after a 48-h 
coculture with or without 5 μM 
Honokiol

Fig. 6     CMTM6 knockdown blocked OSCC progression and 
decreased PD-L1 and CD163 expression in vivo. a Image of tongue 
tissues (scale bar 1  cm) and the quantitative data of tumor lesion 
size and lesion number per mouse. b Representative HE and immu-
nohistochemical images of tongue tissues, including hyperplasia and 
carcinoma (scale bar 50  μm). c Percentage of specimens showing 
the expression levels of PD-L1 and CD163 in si-NC and si-CMTM6 
group. The Chi-square test was used to analyze statistical signifi-
cance. d The mRNA levels of CMTM6, PD-L1, CD86 (M1 marker), 
CD163 and CD206 (M2 marker) in tongue tissues in 4NQO induced 
oral carcinogenesis mice injected with si-CMTM6 and control siRNA. 
e Schematic cartoon illustrating that CMTM6 promoted proliferation, 
migration and invasion of OSCC cells and induced M2 macrophage 
polarization through exosomes
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