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ABSTRACT

CKLF (chemokine-like factor)-like MARVEL transmembrane
domain-containing family member 4 (CMTM4), belonging
to the CMTM family of transmembrane domain proteins,
plays a significant role in the initiation, progression,

and metastasis of cancer. Nevertheless, its involvement
in tumor immunity remains elusive. In the present
investigation, we observed an upregulation of CMTM4
expression in patients with cervical cancer (CC), which
also serves as a prognostic indicator for patients with
CC. In vitro experiments and therapeutic models have
demonstrated that CMTM4 upregulates the expansion of
myeloid-derived suppressor cells (MDSCs) in the tumor
microenvironment via the CCL2 (C—C motif chemokine
ligand 2)/CCR2 (C—C motif chemokine ligand 2) and IL-

6 (interleukin-6)/GP130 (glycoprotein 130) axes. This
process exerts immunosuppressive effects and promotes
the occurrence and progression of CC. Mechanistically,
CMTM4 interacts and stabilizes PHB2 (prohibitin 2) through
post-translational modification, which further induces
activation of the STING (stimulator of interferon genes)/
TBK1 (TANK-binding kinase 1)/STAT6 (signal transducer
and activator of transcription 6) pathway, facilitating the
nuclear translocation of STAT6 which binds to the CCL2/
IL-6 promoter, leading to the upregulation of CCL2/

IL-6 transcription expression. Importantly, targeting
CMTM4 with CMTM4-small interfering RNA enhanced
the effectiveness of anti-programmed cell death protein
1 (anti-PD-1) therapy. Our study identifies CMTM4 as

a crucial determinant guiding the homing of MDSCs to
CC, thereby contributing to MDSCs-mediated immune
suppression and tumor progression. The combination

of CMTM4 inhibition and anti-PD-1 treatment shows
promising antitumor efficacy against CC. These findings
offer novel insights into the tumor microenvironment and
have the potential to inform the development of innovative
immunotherapy approaches for CC.

INTRODUCTION
Cervical cancer (CC) stands as one of the most
prevalent malignancies affecting the female

1,2

WHAT IS ALREADY KNOWN ON THIS TOPIC

= Immune checkpoint blockade (ICB) plays a critical
role in the treatment of recurrent cervical can-
cer, but its clinical efficacy remains limited. CKLF
(chemokine-like factor)-like MARVEL transmem-
brane domain-containing family member 4 (CMTM4)
has been recognized for its role in regulating pro-
grammed death-ligand 1 (PD-L1) stability within
the tumor immune microenvironment. However, the
immunological functions of CMTM4 beyond PD-L1
regulation, particularly in cervical cancer, remain to
be fully characterized.

WHAT THIS STUDY ADDS

= This study demonstrates that CMTM4 promotes
immunosuppression by recruiting myeloid-derived
suppressor cells (MDSCs) via the CCL2/CCR2 axis
and promoting their differentiation through IL-6/
GP130 signaling. Notably, CMTM4 inhibition en-
hances the therapeutic efficacy of anti-programmed
cell death protein 1 (anti-PD-1) treatment by restor-
ing antitumor immune responses.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= These findings identify CMTM4 as a critical im-
munosuppressive regulator in cervical cancer.
Targeting CMTM4 may represent a promising com-
binatorial strategy with ICB to overcome resistance
to immunotherapy and improve clinical outcomes in
patients with recurrent cervical cancer.

= Significance: CMTM4 regulates cervical cancer pro-
gression by modulating MDSCs through the CCL2/
CCR2 and IL-6/GP130 axes, and serves as a poten-
tial therapeutic target to enhance anti-PD-1 immu-
notherapy efficacy.

reproductive system. Worldwide, it holds the
fourth position in terms of both incidence and
mortality among females.! Immunotherapy,
notably immune checkpoint blockade (ICB)
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therapy, has emerged as a highly promising approach
for tumor treatment. Currently, the efficacy of ICB
therapy is constrained in CC, and immunotherapy has
not attained the status of a standard treatment option.
A significant contributing factor is the immune incom-
petence frequently observed in the immune system of
patients with CC. This state hampers the activation of
effective cellular and humoral responses required for the
clearance of cancerous cells and the virus.? Consequently,
enhancing fundamental research on the immune escape
mechanisms of CC holds paramount importance in
enhancing the efficacy of immunotherapy for CC.

The CKLF-like MARVEL transmembrane domain-
containing family (CMTM) represents a recently recog-
nized international gene family, comprised of nine genes,
including chemokine-like factor (CKLF) and CKLFSF1-8
(CKLF superfamily members 1-8) in humans.” CMTM4,
belonging to the CKLFSF, exhibits highly conserved gene
sequences with three types of RNA splicing bodies. The
vl and v2 isoforms are ubiquitously expressed in the
membranes and cytoplasm of various tissues and cells.*
A 2017 study demonstrated the critical role of CMTM4
and CMTM6 as proteins regulating the stability of
programmed death-ligand 1 (PD-L1). They enhance the
expression of both inducible and constitutive PD-L1 on
the cell membrane by safeguarding PD-L1 from degra-
dation mediated by 268 protease or lysosomes.” ® Conse-
quently, CMTM4 and CMTM6 employ programmed cell
death protein 1 (PD-1)/PD-L1 signaling to suppress
effector T cells within the tumor microenvironment
(TME), evading attacks from the immune system.”
CMTM4 and CMTMB6 exhibit a 55% sequence similarity.
Notably, CMTMG6 exhibits correlations with immune-
associated pathways, infiltration of immune cells, and the
expression of a majority of genes related to the immune
response within TME. This suggests a potential crucial
role for CMTM6 in modulating TME.® "' '* However, the
specific contribution of CMTM4 to TME remains to be
fully elucidated.

The accumulation of immunosuppressive cell popula-
tions within the TME imparts immunosuppressive char-
acteristics, contributing to the suboptimal efficacy of
immunotherapy in patients with cancer. Myeloid-derived
suppressor cells (MDSCs) constitute a heterogeneous
population of myeloid progenitor cells that accumulate
in the TME, serving as potent mediators in suppressing
Tecell function and promoting immune evasion."” Acti-
vated MDSCs serve as a source of secreted cytokines and
enzymes that inhibit T cells and natural killer (NK) cells
while activating regulatory T cells (Tregs).'* Nonetheless,
the signals and mechanisms governing MDSCs activity
and recruitment in CC remain unclear.

In this study, in both mouse tumor models of CC and
patient cases, we discovered significant overexpression of
CMTM4, which promotes CC occurrence and develop-
ment. This protein targets PHB2 (prohibitin 2) and acti-
vates the STING (stimulator of interferon genes)/TBKI
(TANK-binding kinase 1) /STATG (signal transducer and

activator of transcription 6) pathway, facilitating STAT6
binding to the CCL2/IL-6 promoter. Consequently,
this process promotes the recruitment and activation of
MDSCs through the CCL2 (C-C motif chemokine ligand
2)/CCR2 (C-C motif chemokine ligand 2) and IL-6
(interleukin-6) /GP130 (glycoprotein 130) axis within
TME, exerting immunosuppressive effects. Finally, we
found that targeting CMTM4 in CC could enhance the
efficacy of ICB therapy for patients. These findings unveil
the mechanism of immune escape mediated by CMTM4
and present potential therapeutic targets for immuno-

therapy in CC.

RESULTS

CMTM4 mediates the evolution of CC through immune-related
mechanisms

There is currently no relevant research investigating
the role of the CMTM family in CC. Notably, CMTM4/6
showed higher expression than other members in CC
(figure 1A). CMTM4 (but not CMTMS6) was specifically
upregulated in cervical cancer cells (figure 1B), and high
CMTM4 (but not CMTMS6) correlated with worse patient
survival significantly (figure 1C,D). These findings suggest
a pivotal role of CMTM4 in CC progression.

Further analysis revealed that CMTM4 overexpression
in CC cell lines compared with ECT (figure 1E) and in
tumor tissues compared with controls (figure 1F). Subse-
quent clinical correlation analysis showed that CMTM4
expression was significantly associated with tumor size
in patients with CC (online supplemental table 1).
Immunohistochemical (IHC) analysis revealed higher
CMTM4 in CIN (cervical intraepithelial neoplasia)
than normal epithelium but lower than in cervical squa-
mous cell carcinoma (CSC), cervical adenocarcinoma,
and cervical adenocarcinoma squamous cell carcinoma
(figure 1G). When compared with paracancerous
tissues, cancer tissues exhibited significant overexpres-
sion of CMTM4, as evidenced by both IHC (figure 1G)
and western blot (WB) (figure 1H). As the clinical
staging advances for CIN and CSC (figure 11I), there is
a corresponding increase in the expression of CMTM4.

To further investigate the role of CMTM4 in CC, we
used CRISPR-Cas9 (Clustered Regularly Interspaced
Short Palindromic Repeats—CRISPR-associated protein
9) to knockout CMTM4 (C4KO) in Hela, SiHa, and
TC1 (figure 1], online supplemental figure 1A). CMTM4
knockout inhibited cell proliferation and migration in
vitro (online supplemental figure 1B-D), and severely
attenuated TCI allograft growth in immunocompetent
mice (C57/BL6) (figure 1K). Interestingly, the anti-
tumor effect of C4KO was diminished in immunode-
ficient mice (NCG), suggesting CMTM4 promotes CC
primarily via immune regulation (figure 1L). These
findings demonstrate CMTM4’s oncogenic role through
antitumor immunity modulation.
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Figure 1 CMTM4 is highly expressed in CC and mediates its malignant biological behaviors. (A) Heatmap of CMTM3-8

of mRNA expression in cervical cancer cells. (B) Cancer Cell Line Encyclopedia database analysis of CMTM4 and CMTM6
expression in normal cervical epithelium and cervical cancer cell lines. (C-D) TCGA survival analysis of high CMTM4 (C) or
CMTMB6 (D) expression. (E) WB analysis of CMTM4 expression in normal cervical epithelial cells and cervical cancer cells. (F)
CMTM4 expression in benign controls (n=14) and cervical cancer (n=14). (G) Immunohistochemical staining of human cervical
tissue arrays using specific antibodies for CMTM4. Scale bar forx10 images: 200 um; scale bar forx40 images: 50 um. Statistical
diagram (above) of positive proportion of CMTM4 in normal cervical epithelial cells (n=16), CSC (n=32), CAC (n=41) and CASC
(n=40). Statistical diagram (below) of the positive proportion of CMTM4 in paracancerous tissues and tumor tissues. (H) WB
analysis of CMTM4 expression in cervical cancer tissues and adjacent normal tissues. p, paracancerous tissues; T, tumor
tissues. (I), immunohistochemical staining of I-lll stages of CIN (left) or CSC (right) using specific antibodies for CMTM4. Scale
bar forx10 images: 200 um; scale bar forx40 images: 50 um. Statistical diagram of the positive proportion of CMTM4 in | (n=13),
Il (n=10), lll (n=11) stages of CIN. Statistical diagram of the positive proportion of CMTM4 in | (n=3), Il (n=18), lll (n=25) stages
of CSC. (J) Knockout of CMTM4 in Hela, SiHa was examined by WB analysis. (K) Intradermal tumor volume (n=6) of C57/

BL6 mice injected with TC1 CMTM4 KO or control cells. Images of TC1 allografts, tumor weight and tumor growth are shown.
(L) Intradermal tumor volume (n=5) of NCG mice injected with TC1 CMTM4 KO or control cells. Images of TC1 allografts,

tumor weight, and tumor growth are shown. *p<0.05, **p<0.01, ***p<0.001, “***p<0.0001. CAC, cervical adenocarcinoma;
CASC, cervical adenocarcinoma squamous cell carcinoma; CC, cervical cancer; CIN,cervical intraepithelial neoplasia; CKLF,
chemokine-like factor; CMTM, CKLF-like MARVEL transmembrane domain-containing family; CSC, cervical squamous cell
carcinoma; KO, knockout; mRNA, messenger RNA; PC, paracancerous; TCGA, The Cancer Genome Atlas; WB, western blot;
WT, wild type.
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Figure 2 CMTM4 increases MDSCs infiltration and inhibits CD8" T cell accumulation in CC. (A-B) Flow cytometric anaysis
of MDSCs (A), G-MDSC or M-MDSC (B) in TC1-C4KO and TC1-C4WT tumor-bearing mice. (C-D) Composition of immune
cells in the TC1 spleen (C) and tumor (D) was shown in the heatmap. (E-F) Flow cytometric analysis of the ability of MDSC, G-
MDSC, and M-MDSC to secrete INOS (E) or Arg-1 (F). INOS and Arg-1 expressions were described by percentage and mean
fluorescence intensity (MFI). (G) Flow cytometric analysis of the infiltration of IFN-y and GzmB CD8" T cells. (H) Correlation
between tumor weight with tumorous MDSCs abundance, tumor-infiltrating CD8" T cells IFN-y level in TC1-C4KO and TC1-
C4WT tumor-bearing mice model (All n=6). (I) Flow cytometric analysis of PMN-MDSC and M-MDSC in PBMCs isolated from
patients with benign tumors (n=21) and cervical cancer (n=18). (J) Correlation analysis of ST00A8 or INOS expression and
CMTM4 expression in clinical samples. *p<0.05, **p<0.01, ***p<0.001, ***p<0.0001. Arg-1, arginase-1; CC, cervical cancer;
CKLF, chemokine-like factor; CMTM, CKLF-like MARVEL transmembrane domain-containing family; DC, dendritic cell; G-
MDSC, granulocyte-like MDSC; GzmB, granzyme B; IFN, interferon; iNOS, inducible nitric oxide synthase; KO, knockout;
MDSC, myeloid-derived suppressor cell; M-MDSC, monocyte-like MDSC; mRNA, messenger RNA; NK, natural killer; PMN-
MDSC, polymorphonuclear myeloid-derived suppressor cell; Th1, T helper type 1 cell; Treg, regulatory T cell; WT, wild type.

CMTM4 promotes MDSCs infiltration and inhibits the
accumulation of CD8" T cells in CC

To investigate the potential role of CMTM4 in regu-
lating antitumor immunity in CC, we analyzed immune
cell profiles in immunocompetent tumor-bearing mice
(figure 2A-D, online supplemental figure 2). Our obser-
vations in TCI1-C4KO allograft mice revealed enhanced
antitumor immunity, characterized by a significant reduc-
tion in MDSCs (CD11b'Gr-17), granulocyte-like MDSCs
(G-MDSCs) (CD11b'LY6GM"LY6C'Y), and monocyte-
like MDSCs (M-MDSCs) (CD11b'LY6G"LY6CHsM)
(figure 2A,B). Additionally, there was a decrease in Tregs
(CD4°CD25'FOXP3") (figure 2C,D, online supplemental
figure 2B,]), along with a reduced ability of MDSCs,
G-MDSCs, and M-MDSCs to secrete immunosuppressive

enzyme INOS (inducible nitric oxide synthase) and Arg-1
(arginase-1) (figure 2E,F). Furthermore, an increase in
interferon (IFN)-y and granzyme B-positive CD8" T cells
was observed in TC1-C4KO allografts, indicating height-
ened activation of cytotoxic T cells (figure 2G). Notably,
in TCI-C4WT allografts, the infiltration of MDSCs
showed a significant positive correlation with increasing
tumor burden, whereas no such correlation was observed
in TCI1-C4KO allografts (figure 2H). Similarly, in TCI-
C4WT allografts, T-cell infiltration exhibited a more
pronounced negative correlation with increasing tumor
burden compared with TC1-C4KO allografts, although
neither showed statistical significance (figure 2H).
Furthermore, the flow cytometry analysis of patient with
CC blood samples demonstrated significantly elevated
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proportions of PMN-MDSCs  (polymorphonuclear
myeloid-derived suppressor cells) (CD11b"'CD33°CD15"),
M-MDSCs (monocytic myeloid-derived suppressor cell)
(CD11b"CD33°CD14") and Treg cells compared with
benign controls accompanied by reduced CD8'IFN-y" T
cell populations (figure 2I, online supplemental figure
3A,B). Additionally, the expression of PMN-MDSC and
M-MDSC showed a significant inverse correlation with
CDSIFN-y" T cells and a non-significant positive asso-
ciation with Tregs (online supplemental figure 3C,D).
More importantly, real-time quantitative PCR (RT-qPCR)
analysis revealed a positive correlation between CMTM4
expression and MDSCs-related immunosuppressive
markers in clinical samples (figure 2J).

Our collective findings suggest that CMTM4 primarily
regulates MDSCs infiltration, exerting immunosup-
pressive effects that contribute to the promotion of CC
growth.

Knockdown of CMTM4 results in the dysregulation of
immune-associated cytokines and chemokines

To investigate how CMTM4 promotes immune suppres-
sion through the regulation of MDSCs in CC, gene set
enrichment analysis linked CMTM4 to cytokine pathways
(online supplemental figure 4A). Additionally, condi-
tioned medium (CM) was collected from HeLa-C4WT and
HeLa-C4KO cells to further examine the role of CMTM4
in modulating MDSCs in CC through in vitro functional
experiments (online supplemental figure 4B). We found
C4KO-CM significantly restrained MDSCs recruitment
in Transwell assays (figure 3A,B, (online supplemental
figure 3C) and reduced MDSCs differentiation in co-cul-
tures (figure 3C,D). In addition, the C4KO-CM not only
inhibited MDSCs differentiation but also led to a down-
regulation of its ability to secrete immunosuppressive
enzymes (figure 3E).

To identify CMTM4-regulated cytokines involved in
MDSCs recruitment and activation, we performed Luminex-
MultiDTX-43-Human to detect inflammatory and chemo-
kine factors in HeLa-C4WT and HeLa-C4KO CM (figure 3F,
online supplemental table 7). Our analysis revealed a signif-
icant decrease in the expression of CCL2, IL-6, and VEGF
(vascular endothelial growth factor) in HeLa-C4KO cells,
which was further validated by RT-qPCR and ELISA in both
HeLa and SiHa cells (figure 3G,H, online supplemental
figure 4D). Additionally, we observed an upregulation of
CXCL10 (G-X-C motif chemokine ligand 10) and CCL5
(C-C motif chemokine ligand 5) expression, which can
recruit CD8" T cells to exert antitumor activity (figure 3F,
online supplemental table 7).

Further phenotype analysis in clinical samples revealed
significantly elevated serum CCL2/IL-6 levels in patients
with CC versus benign controls (figure 3L,]), which posi-
tively correlated with PMN-MDSC/M-MDSC proportions
(figure 3K,L). Kaplan-Meier analysis revealed that high
expression of CCL2/IL-6 was significantly associated
with poorer overall survival (figure 3M). Consistent with
clinical data, CMTM4 knockout reduced CCL2/IL-6

expression in serum or tumor tissue from TC1 allograft
models (figure 3N). Subsequent analysis demonstrated
a significant positive correlation between mRNA expres-
sion of CMTM4 and IL-6 or CCL2 in clinical specimens
(figure 30). These findings establish CCL2/IL-6 as key
mediators of CMTM4-driven MDSCs recruitment in
cervical cancer, guiding our subsequent focus on these
cytokines.

Pharmacological blockade of the CCL2/CCR2 and IL-6/GP130
axes can inhibit the pro-tumor effects of CMTM4

To further unveil the mechanism of CMTM4 in recruiting
MDSCs, we either overexpressed CMTM4 (online supple-
mental figure 5A) or knocked down CCL2 (online
supplemental figure 5B) in HeLa cells. CMTM4 overex-
pression increased CCL2 secretion and MDSCs migration.
However, this effect was abolished by CCL2 knockdown
(figure 4A, online supplemental figure 5C-E). Since
CCL2 recruits MDSCs via CCR2 binding,"” '* we exam-
ined CCR2 expression and found it significantly elevated
on MDSCs from patients with CC (figure 4D). Further-
more, CMTM4 knockout reduced CCR2 expression on
splenic MDSCs in mice (figure 4E).

Continuing, to validate the CMTM4-CCL2-CCR2 axis
in MDSC chemotaxis, we performed migration assays
showing that CMTM4 knockout impaired MDSC migra-
tion toward HeLa/TC1-CM, which was restored by recom-
binant CCL2. CCR2 blockade (RS504393) abolished
migration differences between control and C4KO groups
(figure 4B,C, online supplemental figure 5F). In the
TC1 tumor-bearing model, CCR2 inhibition suppressed
control tumor growth but showed no effect on C4KO
tumors (figure 4F), accompanied by reduced G-MDSCs
and increased Tregs/CD8'TFN-y" T cells in control groups
only (figure 4G, online supplemental figure 5G-L). These
findings strongly suggest that CMTM4 recruits MDSCs via
the CCL2-CCR2 axis and is integral to tumor progression
mediated by CMTM4.

Moving forward, we delved into the mechanism by
which CMTM4 activates MDSCs through IL-6. IL-6
promotes MDSCs differentiation through its receptor
GP130,"” '® and we found a dose-dependent upregula-
tion of GP130 expression on the surface of monocytes on
treatment with IL-6 recombinant factor (figure 4H). In
vitro, HelLa-C4KO-CM attenuated MDSCs differentiation,
which was rescued by recombinant IL-6 but abolished by
GP130 blockade (LMT-28 , a small-molecule inhibitor
of the IL-6/GP130 pathway) (figure 4I). Similarly, IL-6
restored while LMT-28 eliminated differences in MDSCs
immunosuppressive enzyme secretion between groups
(online supplemental figure 6A,B).

In vivo, GP130 inhibition attenuated control tumor
growth and modulated immune populations (reduced
G-MDSCs and Tregs, increased CD8'IFN-y" T cells), with
no effect on C4KO tumors (figure 4],K, online supple-
mental figure 6C-H).

These results suggest that CMTM4 promotes MDSCs
differentiation through the IL-6-GP130 axis. However,
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Figure 3 Knockdown of CMTM4 results in the dysregulation of immune-associated cytokines and chemokines. (A-B) CM
collected from CMTM4 KO-HelLa and CMTM4 KO-SiHa or from control were placed in the lower chambers. Freshly isolated
PBMCs MDSCs were seeded in the upper chambers and allowed to transwell for 24 hours. Total numbers of transwelled
MDSCs found in the lower chambers were counted. Data are presented as the mean+SEM (n=3). (C-D) CM collected from
CMTM4 KO-HelLa and CMTM4 KO-SiHa or control was cocultured with mononuclear cells from cord blood for 24 hours. The
proportion of MDSCs was detected by flow cytometry (n=3). (E) After treating umbilical cord blood mononuclear cells with CM
from CMTM4 KO HelLa and CMTM4 KO SiHa or the control group for 24 hours, the coculture supernatant was collected and
the secretion of Arg-1 or INOS was detected by ELISA. (F) Heatmap of 43 different human cytokine expression levels with a
concentration greater than 100 pg/mL in CMTM4 KO-HelLa and CMTM4 NC-HelLa using Luminex-MultiDTX-43-Human. (G-H)
RT-gPCR and ELISA assays analyze expression of IL-6 and CCL2 in CMTM4 KO-HelLa and CMTM4 KO-SiHa (n=3). (I-J) ELISA
analysis of CCL2 and IL-6 expression in the serum of patients with benign tumors (CCL2 n=17; IL-6 n=10) and cervical cancer
(CCL2 n=11; IL-6 n=18). (K-L) Correlation analysis of PMN-MDSC or M-MDSC expression and CCL2 or IL-6 expression in
clinical samples. (M) GEPIA overall survival curves analysis of patients with CC with high or low expression of CCL2 or IL-6. N.
Tumor mRNA level and serum protein concentration of CCL2 and IL-6 in TC1 tumor-bearing mice models (n=6). (O) Correlation
analysis of CCL2 or IL-6 mRNA expression and CMTM4 mRNA expression in clinical cervical tissue. *p<0.05, **p<0.01,
***p<0.001, ***p<0.0001. Arg-1, arginase-1; CCL, C-C motif chemokine ligand; CM, conditioned medium; CKLF, chemokine-like
factor; CMTM, CKLF-like MARVEL transmembrane domain-containing family; CXCL, C-X-C motif chemokine ligand; GEPIA,
Gene Expression Profiling Interactive Analysis; IL-6, interleukin-6; iNOS, inducible nitric oxide synthase; KO, knockout; MDSC,
myeloid-derived suppressor cell; mMRNA, messenger RNA; PB, peripheral blood; PBMCs, peripheral blood mononuclear cells;
PDGF-AA, platelet-derived growth factor-AA; PD-L1, programmed death-ligand 1; RT-gPCR, real-time quantitative PCR; Th1, T
helper type 1 cell; TPM, transcripts per million; WT, wild type.
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Figure 4 CMTM4 facilitates CCL2/CCR2-mediated MDSCs chemotaxis and IL-6/GP130-induced MDSCs differentiation. (A)
MDSCs were seeded in the top chamber of the transwell containing 100 yL RPMI medium and the CM derived from different
groups placed in the bottom. (B-C) MDSCs were seeded in the top chamber of the transwell containing 100 uL RPMI medium
with or without CCR2 inhibitor (RS504393, 10 mM) in CMTM4-NC HelLa or CMTM4-NC TC1 group. On the other hand, the
bottom chamber contained 600 uL of CMTM4-KO HelLa or CMTM4-KO TC1 CM with or without recombinant CCL2 protein
(1ng/mL). After 24-hour incubation, cells that have completely migrated to the bottom chamber were counted (n=3). (D) Flow
cytometric analysis of CCR2 expression on PBMCs derived MDSCs in patients with benign tumors (n=6) and cervical cancer
(n=6). CCR2 expressions were described by percentage and MFI. (E) Flow cytometric analysis of CCR2 expression on tumor-
bearing mice-derived MDSCs in spleen. CCR2 expressions were described by percentage and MFI (n=6). (F) Tumor growth in
mice intradermally injected with TC1 CMTM4 KO cells or control cells and treated with INCB3344 (10mg/kg body weight) or
DMSO daily following tumor inoculation. Images of TC1 allografts, tumor growth tumor, and weight are shown (n=4). (G) Flow
cytometric analysis of G-MDSC, M-MDSC, Treg, and CD8*IFN-y* T cells in the treated tumor-bearing mice models. Data are
presented as the mean+SEM (n=4). (H) Flow cytometric analysis of GP130 expression on cord blood mononuclear cells treated
with IL-6 recombinant factor at different concentrations. GP130 expression was described by percentage and MFI (n=3). I.

CM collected from CMTM4 NC-HelLa with or without GP130 inhibitor (LMT-28, 10 mM) and CMTM4 KO-HelLa with or without
recombinant IL-6 protein (40ng/mL) were cocultured with mononuclear cells from cord blood for 24 hours. Each group is treated
by GM-CSF (40ng/mL). The proportion of MDSCs was detected by flow cytometry. Data are presented as the mean+SEM (n=3).
(J) Tumor growth in mice intradermally injected with TC1 CMTM4 KO cells or control cells and treated with LMT-28 (10mg/

kg body weight) or DMSO daily following tumor inoculation. Images of TC1 allografts, tumor growth tumor, and weight are
shown (n=4). (K) Flow cytometric analysis of G-MDSC, M-MDSC, Treg, and CD8*IFN-y" T cells in the treated tumor-bearing
mice models. Data are presented as the mean+SEM (n=4). *p<0.05, **p<0.01, “*p<0.001. NS, not significant. CCL2, C-C motif
chemokine ligand 2; CCR2, C-C motif chemokine receptor 2; CM, conditioned medium; CKLF, chemokine-like factor; CMTM,
CKLF-like MARVEL transmembrane domain-containing family; DMSO, dimethyl sulfoxide; G-MDSC, granulocyte-like MDSC;
GM-CSF, granulocyte-macrophage colony-stimulating factor; GMP, granulocyte-monocyte progenitor; GP130, glycoprotein 130;
IFN, interferon; IL-6, interleukin-6; KO, knockout; LMT-28, small-molecule inhibitor of the IL-6/GP130 signaling pathway; MDSC,
myeloid-derived suppressor cell; MFI, mean fluorescence intensity; M-MDSC, monocyte-like MDSC; OE, overexpression;
PBMCs, peripheral blood mononuclear cells; RPMI, Roswell Park Memorial Institute medium; siCCL2, small interfering RNA
targeting CCL2; Treg, regulatory T cell; WT, wild type.
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Figure 5 CMTM4 regulates the stability of PHB2. (A) Co-IP of HelLa p

rotein lysates with anti-CMTM4 or anti-IgG, followed by

Coomassie staining and LC-MS/MS identification of 699 potential interactors. (B) Immunofluorescence analysis of colocalization
of CMTM4 and PHB2. Hela is transfected with Flag-tagged CMTM4 (green) and HA-tagged PHB2 (red). Imaged analysis of
localization correlation between CMTM4 and PHB2. (C) Endogenous Co-IP showing CMTM4-PHB?2 interaction. (D-E) PHB2
protein or mMRNA levels in CMTM4-KO Hel.a and SiHa. (F) CHX chase assay in HeLa-C4KO cells showing PHB2 half-life.

(G-H) MG132 (10puM, 6hours) rescues PHB2 degradation in CMTM4-KO HelLa and SiHa. (I) Reduced PHB2 ubiquitination in
293T cells co-expressing CMTM4. (J-K) The expression of CCL2 or IL-6 in HeLa with or without PHB2 knockdown. (L-M) The
expression of CCL2 or IL-6 in CMTM4-OE Hela with or without PHB2 knockdown. (N-O) The expression of CCL2 or IL-6 in
CMTM4-KO Hela with or without PHB2 overexpression. *p<0.05, **p<0.01, **p<0.001, ****p<0.0001, NS, not significant. CCL2,
C-C motif chemokine ligand 2; CHX, cycloheximide; CKLF, chemokine-like factor; CMTM, CKLF-like MARVEL transmembrane
domain-containing family; Co-IP, co-immunoprecipitation; DAPI, 4’,6-diamidino-2-phenylindole; FLAG, FLAG epitope tag; HA-
Ub, hemagglutinin-tagged ubiquitin; 1B, immunoblotting; IL-6, interleukin-6; IP, immunoprecipitation; KO, knockout; LC-MS/MS,
liquid chromatography-tandem mass spectrometry; mRNA, messenger RNA; NC, negative control; OE, overexpression; PHB2,
prohibitin 2; siPHB2, small interfering RNA targeting prohibitin 2; WT, wild type.

this phenomenon is not as pronounced as MDSCs
recruitment through the CCL2/CCR2 axis, indicating
that CMTM4 primarily facilitates the occurrence and
development of CC by recruiting MDSCs through the
CCL2-CCR2 axis.

CMTM4 regulates the stability of PHB2

To investigate the molecular basis of CMTM4 upregula-
tion of CCL2/IL-6 expression in CC cells, we performed
co-immunoprecipitation (Co-IP) in HeLa cells, followed
by liquid chromatography-tandem mass spectrom-
etry (LC-MS/MS) analysis, identifying that prohibitin
2 (PHB2) was co-purified with CMTM4 (figure 5A).
Immunofluorescence confirmed their cytoplasmic co-lo-
calization (figure 5B), which was further validated by
endogenous (figure 5C) and exogenous Co-IP methods
(online supplemental figure 7A). To explore the

possible regulatory effect of CMTM4 on PHB2, we eval-
uated the protein and transcriptional levels of PHB2 in
C4WT or C4KO CC cells. WB analysis revealed reduced
PHB2 protein levels in CMTM4-knockout Hela and
SiHa cells, whereas PHB2 mRNA remained unchanged
(figure 5D,E), suggesting CMTM4 stabilizes PHB2
post-translationally.

Cycloheximide chase assays revealed that CMTM4
knockout significantly shortened the half-life of endog-
enous PHB2 in HeLa cells (figure 5F), indicating the
protective effect of CMTM4 against PHB2 degradation.
This stabilization was mediated through the ubiquitin-
proteasome pathway, as evidenced by the ability of the
proteasome inhibitor MG132 to rescue PHB2 protein
levels in both HelLa and SiHa CMTM4-knockout cells
(figure 5G,H). Further mechanistic studies showed that
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CMTM4 overexpression reduced polyubiquitin chains on
PHB?2 in vitro (figure 5I).

We next proceeded to establish the biological relevance
of the CMTM4-PHB2 interaction through the overexpres-
sion or knockdown of PHB2 in HeLa cells (online supple-
mental figure 7B-E). Knockdown of PHB2 resulted in
the downregulation of CCL2 and IL-6 at both the tran-
scriptional and protein levels (figure 5J,K). Functionally,
PHB2 knockdown abrogated CMTM4-overexpression
induced CCL2/IL-6 upregulation (figure 5L.,M), while
PHB2-overexpression rescued cytokine expression in
CMTM4-knockout cells (figure 5N,0), establishing PHB2
as the key mediator of CMTM4’s effects on CCL2/IL-6
production.

CMTM4 regulates the expression of GCL2/IL-6 by PHB2 and
activating the STING/TBK1/STAT6 pathway

PHB2, a member of the PHB family, plays a role in various
cellular processes, including cell proliferation, apop-
tosis, mitochondrial autophagy, and metastasis."’ It has
recently been identified as a novel target for regulating
mitochondrial autophagy” and reported as an onco-
gene.” ™ Studies have indicated that mitochondrial auto-
phagy might facilitate the release of inflammatory factors
through the STING/TBKI1/STAT6 pathway.*® * There-
fore, we hypothesize that CMTM4 can regulate the expres-
sion of CCL2/IL-6 through the PHB2-induced STING/
TBK1/STAT6 axis. We found that CMTM4 knockout in
HelLa cells reduced phosphorylation of STING (Ser365),
TBK1 (Serl72), and STAT6 (Tyr641) without affecting
their basal levels (figure 6A). This reduction was also
observed in HeLa-PHB2-knockdown cells (figure 6B),
while PHB2 overexpression in CMTM4-knockout cells
restored pathway activation (figure 6C). Additionally,
CMTM4 overexpression enhanced phosphorylation of
these signaling molecules, an effect abolished by PHB2
knockdown (figure 6D). These results suggest that
CMTM4 regulates the STING/TBKI1/STAT6 pathway by
targeting PHB2.

To assess the role of the STING/TBKI1/STAT6 pathway
in regulating CCL2/IL-6, we inhibited STING/TBKI1/
STAT®6 signaling using H-151 and conducted rescue veri-
fication (figure 6E,F). Subsequent results indicated that
blocking this pathway led to a downregulation of CCL2/
IL-6 transcription and protein levels (online supplemental
figure 8A-D), which reversed the upregulation of CCL2/
IL-6 mediated by CMTM4 overexpression (figure 6G,H).

CMTM4 induces nuclear translocation of p-STAT6""®*' and
binding of STAT6 to the CCL2/IL-6 promoter to increase
transcription of CGL2/IL-6

As a transcription factor, STAT6 primarily functions by
translocating to the nucleus. Thus, we examined the
nuclear translocation of STAT6 in HelLa-C4WT and
HeLa-C4KO. CMTM4 knockout reduced STAT6 nuclear
localization in HeLa cells (figure 61,K). Furthermore, we
observed that in cervical cancer tissues, STAT6 was mainly
distributed in the nucleus, whereas in chronic cervicitis

tissues, STAT6 was predominantly distributed in the cyto-
plasm (figure 6]). Next, we used the hTFtarget website
to predict the potential binding sites of STAT6 with the
CCL2/IL-6 promoter (online supplemental figures 9
and 10). Chromatin immunoprecipitation (ChIP) assays
demonstrated CMTM4 knockout decreased STAT6
binding to CCL2/IL-6 promoters, reversible by PHB2
overexpression (figure 6L,M). These results establish
that CMTM4 activates the STING/TBKI1/STAT6 pathway
through PHB2, induces the nuclear translocation of
STAT®6, and thereby binds to the CCL2/IL-6 promoter to
increase the transcription of CCL2/IL-6.

Target CMTM4 potentiates the effect of anti-PD-1 therapy in
suppressing CC

Previous research has indicated that CMTM4 promotes
CC progression via immune modulation. This leads
us to hypothesize that targeting CMTM4 could poten-
tially influence how CC responds to immunotherapy.
Analysis of immunotherapy-treated cohorts (mela-
noma, glioblastoma multiforme, non-small cell lung
cancer) revealed elevated CMTM4 expression in non-
responders™ (figure 7A). Besides, The Cancer Genome
Atlas data further showed higher CMTM4 levels in partial
responders compared with complete responders, impli-
cating CMTM4 in treatment resistance (figure 7B). More
importantly, CMTM4 knockdown reduced PD-L1 expres-
sion in HeLa cells (online supplemental figure 11),
consistent with its reported role in PD-L1 stabilization.

To test combinatorial potential, we structured an in vivo
small interfering RNA targeting CMTM4 (siCMTM4),
and treated TCI1 allograft-bearing mice with siCMTM4
and/or anti-PD-1 (figure 7C). While both monotherapies
inhibited tumor growth, their combination showed supe-
rior efficacy (figure 7D-F). The combination therapy
demonstrated superior immunomodulatory effects,
significantly reducing G-MDSCs (figure 7G,H, online
supplemental figure 12A,B) and Tregs (figure 71, online
supplemental figure 12C,D) while promoting activated
T cell infiltration (figure 7], online supplemental figure
12E,F) compared with monotherapies.

Collectively, these findings establish CMTM4 blockade
as a promising strategy to restore antitumor immunity
and potentiate ICB efficacy in CC, positioning CMTM4 as
aviable therapeutic target.

DISCUSSION

In this investigation, we identified a significant upregula-
tion of CMTM4 within the CMTM familyin CC, correlating
with unfavorable prognostic outcomes. Elevated CMTM4
expression emerged as a pivotal factor guiding MDSCs
homing to CC, predominantly fostering CCL2/CCR2-
mediated MDSCs chemotaxis and IL-6/GP130-induced
MDSCs differentiation. This orchestrated interplay
resulted in diminished infiltration of CD8'TFN-y" T cells,
fostering immune evasion and advancing CC progression.
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Figure 6 CMTM4 regulates CCL2/IL-6 expression through PHB2 and activation of the STING/TBK1/STAT6 pathway. (A) WB
analysis of STING/TBK1/STAT6 pathway in HelLa cells with or without CMTM4 knockout. Tubulin was used as a control. (B)

WB analysis of STING/TBK1/STAT6 pathway in HelLa cells with or without PHB2 knockdown. B-actin was used as a control.

(C) WB analysis of STING/TBK1/STAT6 pathway in CMTM4-KO Hela with or without PHB2 overexpression. $-actin was used
as a control. (D) WB analysis of STING/TBK1/STAT6 pathway in CMTM4-OE Hela with or without PHB2 knockdown. 3-actin
was used as a control. (E) WB analysis of STING/TBK1/STAT6 pathway in HelLa cells with or without treatment by H-151.
B-actin was used as a control. (F) WB analysis of STING/TBK1/STAT6 pathway in CMTM4-OE Hela with or without treatment
by H-151. Tubulin was used as a control. (G-H) The expression of CCL2 or IL-6 in CMTM4-OE HelLa with or without PHB2
knockdown. (I) STAT6 level is tested in the nuclear and cytoplasmic fractions of CMTM4 NC-HelLa and CMTM4 KO-HelLa cells.
Protein expression levels in the nuclear and cytosolic fractions were normalized to LaminB and Tubulin, respectively. (J) IHC
analysis of benign controls and cervical cancer using specific antibodies for STAT6. Scale bar forx20 images: 50 um; scale bar
forx63 images: 20um. (K) IHC analysis of subcellular distribution of endogenous STAT6 in CMTM4 NC-HelLa and CMTM4 KO-
Hela cells. (L) The potential binding site of STAT6 to the CCL2 (up) or IL-6 (below) promoter is predicted by using the hTFtarget
website. (M) ChIP assay analysis of STAT6 binding to the CCL2 (up) or IL-6 (below) promoter via the CMTM4/PHB2 pathway.
*p<0.05, *p<0.01, **p<0.001. CC, cervical cancer; CCL2, C-C motif chemokine ligand 2; ChIP, chromatin immunoprecipitation;
CKLF, chemokine-like factor; CMTM, CKLF-like MARVEL transmembrane domain-containing family; DAPI, 4’,6-diamidino-2-
phenylindole; IHC, immunohistochemical; IL-6, interleukin-6; KO, knockout; mRNA, messenger RNA; NC, negative control; OE,
overexpression; PHB2, prohibitin 2; siNC, small interfering negative control; siPHB2, small interfering RNA targeting prohibitin 2;
STATBG, signal transducer and activator of transcription 6; STING, stimulator of interferon genes; TBK1, TANK-binding kinase 1;
WB, western blot; WT, wild type.
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STING, stimulator of interferon genes; TBK1, TANK-binding kinase 1; TCGA, The Cancer Genome Atlas.
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CMTM4, belonging to the chemokine-like factor super-
family, has been implicated in the post-translational regu-
lation of PD-L1, exerting inhibitory effects on effector
T cells within TME and evading immune surveillance
through the PD-1/PD-L1 signaling pathway.” '’ Existing
research has predominantly centered on CMTM4’s
regulation of PD-LI1, impacting tumor initiation and
progression. However, its influence on other facets of
the immune milieu remains unclear, particularly in CC.
Notably, in immunodeficient mice, the disparity in tumor
growth between the C4 KO group and the control group
is not as pronounced as observed in immunocompetent
mice. This suggests that CMTM4’s regulatory role in
CC predominantly hinges on immune effects. Further
exploration underscored CMTM#4’s principal impact on
modulating MDSCs abundance and antitumor responses
in vivo. To our knowledge, this study is the pioneering
demonstration that the inhibition of CMTM4 in CC leads
to a noteworthy reduction in CCL2 and IL-6, thereby miti-
gating MDSCs recruitment and enhancing the antitumor
response in vivo. Furthermore, our analysis of clinical
samples elucidated the relationship between CMTM4,
CCL2, IL-6, and MDSCs.

Prior studies have highlighted the impact of CMTM4
on tumor proliferation and metastasis,” its role in
maintaining the phenotype of tumor stem cells, and its
promotion of epithelial-mesenchymal transition. Notably,
CMTM4 has been implicated in enhancing the migra-
tion and invasion of head and neck squamous cell carci-
noma.” However, contradictory reports also suggest
tumor-suppressive effects of CMTM4 in certain cancers,
such as its ability to inhibit cell proliferation in renal clear
cell carcinoma.” In our in vitro functional experiments,
we observed that CMTM4 promotes the proliferation
and migration of CC. Intriguingly, findings from tumor-
bearing mice with compromised immune function indi-
cate that CMTM4 predominantly influences the onset
and progression of cervical cancer through immune
rather than non-immune mechanisms.

Despite reports highlighting CMTM4’s negative regu-
lation of cytotoxic T cells and its inhibition of T cell
antitumor immunity by stabilizing PD-LI, its precise
impact on other immune cells within the TME remains
elusive. Our investigation involved the composition of
immune cells within the TME in tumor-bearing mice,
revealing that CMTM4 knockout significantly lowered the
proportion of MDSCs and Treg cells, while concurrently
elevating CD8'TFN-y" T cells. These results suggest that
CMTM4 may predominantly exert its immunosuppressive
effects by regulating MDSCs.

MDSCs are heterogeneous populations of myeloid
progenitor cells derived from bone marrow to tumor
sites, representing the main immunosuppressive popula-
tion that only exists under pathological conditions such
as chronic inflammation and cancer.”> Within MDSCs,
two distinct types, G-MDSCs, and M-MDSCs, exert immu-
nosuppressive functions by impeding adaptive antitumor
immunity, hindering T-cell proliferation and activation.

Notably, G-MDSCs predominate in both human patients
and animal models.'"* Our investigation revealed that
CMTM4 deletion in CC compromises its capacity to
facilitate the accumulation and suppressive functions of
MDSCs, particularly G-MDSCs. Hence, the expansion of
MDSCs emerges as a primary mechanism for CC to evade
immune surveillance.

Chemokines and inflammatory factors play pivotal
roles in MDSCs activation and recruitment to tumor sites
through interactions with their corresponding receptors.
Employing the KEGG (Kyoto Encyclopedia of Genes
and Genomes) database for gene enrichment analysis
of CMTM4-associated genes, our results suggest that
CMTM4 may predominantly engage in the regulation of
cytokine production. Combined with Luminex, Q-PCR,
and ELISA assay, CCL2 and IL-6 were reduced after
CMTM4 knockout in CC cells. CCL2, a major chemo-
kine, orchestrates the recruitment of MDSCs to tumors
through CCR2, while IL-6 induces MDSCs differentiation
via GP130. Our assessment of CCR2 expression on MDSCs
in tumor-bearing mice and clinical samples demonstrated
significant upregulation in TCI-C4WT tumor-bearing
mice compared with the TCI-KO group. Moreover, the
expression of CCR2 on MDSCs in the peripheral blood
of patients with CC significantly increased compared with
the benign control group. Additionally, the expression
level of GP130 in CB-MNC treated with IL-6 recombinant
factor also significantly increased. Both in vitro and in
vivo experiments further affirmed that CMTM4 recruits
MDSCs through the CCL2/CCR2 axis, exerting a pivotal
role in CC progression, and induces MDSC differentia-
tion through the IL-6/GP130 axis.

Currently, the precise mechanism through which
CMTM4 functions within tumor cells remains unclear.
Our study employed LC-MS/MS analysis, revealing that
CMTM4 interacts with PHB2, a finding subsequently
validated through endogenous and exogenous Co-IP.
Moreover, we observed that CMTM4 knockout led to a
downregulation of PHB2 protein levels in CC cells, but no
significant changes were detected in PHB2 mRNA levels.
This indicates that CMTM4 regulates PHB2 expression
through post-translational modifications. Consistently, we
found that CMTM4 knockdown shortened the half-life
of the CMTM4 protein. Furthermore, CMTM4 reduces
the degradation of PHB2 in a proteasome-dependent
manner. Additional experiments revealed that CMTM4
can regulate PHB2 expression by modulating its deubig-
uitination levels. All these findings suggest that CMTM4
may participate in the regulation of PHB2 stability and
expression through post-translational modifications,
although further investigation is needed to identify the
specific deubiquitinating enzyme involved.

PHB2, one of the two proteins constituting prohib-
itins (PHBs), is a highly conserved protein with critical
roles in transcription, epigenetic regulation, nuclear
signaling, mitochondrial structural integrity, cell division,
and membrane metabolism. Previous research has iden-
tified four primary functions of PHB2: (1) promoting
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migration, (2) enhancing proliferation, (3) inducing
anti-apoptosis and cell survival, and (4) initiating mito-
chondrial autophagy.'” Notably, recent studies have
underscored the pivotal role of PHB2 in mitochondrial
autophagy.” **

Studies have found that mitochondrial components
and metabolites can function as damage-associated
molecular patterns. They can induce inflammatory reac-
tions through the STING pathway, and further promote
the formation and progress of infectious diseases and
tumors.”® Although some studies have implicated the
STING/TBKI1/STATG6 pathway in the regulation of CCL2
expression,” and the STING pathway in the regulation of
IL-6 expression,”** there is currently a dearth of research
exploring whether PHB2 is involved in the STING
pathway and affects the expression of CCL2 and IL-6.
Therefore, we investigated the potential for CMTM4 to
regulate the STING pathway through PHB2. Our results
demonstrated that CMTM4 can upregulate the expres-
sion of CCL2 and IL-6 by phosphorylating STING**/
TBK1%"'7?/STAT6"**! through PHB2.

As a transcription factor, STAT6 has been reported
to bind to the CCL2 promoter, thereby upregulating
the transcription and expression of CCL2.2” However, it
remains unclear whether STAT6 regulates the activity of
the IL-6 promoter. Our study demonstrates that CMTM4
knockout inhibits the nuclear translocation of STAT6 in
HelLa cells. By predicting potential binding sites of STAT6
on the CCL2/1L-6 promoters using the hTFtarget website
and validating them through ChIP assays, we provide
evidence that CMTM4 targets PHB2 to phosphorylate
STAT®, facilitating its nuclear translocation to bind to the
promoters of CCL2 and IL-6, which leads to the upregu-
lation of CCL2/IL-6 expression.

Currently, immunotherapy for CC is mostly single-agent
treatment, and the efficacy is not satisfactory. Therefore,
attempting to combine some molecular targeted drugs
has become an emerging direction in the immunotherapy
of CC. Advanced patients with CC exhibit an immune
suppressive state, such as the accumulation of MDSCs,
which significantly affects the efficacy of immunosuppres-
sive therapies. In this context, we discovered that CMTM4
is highly expressed in CC and plays a crucial role in regu-
lating the recruitment and differentiation of MDSCs. In
in vivo treatment models, targeting CMTM4 resulted in
significant inhibition of tumor growth. Moreover, the
combination of siCMTM4 and anti-PD-1 therapy demon-
strated a synergistic antitumor effect. Mechanistically,
targeting CMTM4 led to a reduction in CCL2 and IL-6
expression, as well as decreased MDSC infiltration, which
in turn enhanced the antitumor response mediated by
CDS8" T cells in conjunction with anti-PD-1 therapy. Our
study suggests CMTM4 as a potential therapeutic target
for combination therapy with ICI for CC treatment.

Nevertheless, we acknowledge several limitations in
our study. We did not identify the upstream regulatory
factors influencing CMTM4 expression, which hinders
our understanding of the fundamental reasons for the

differences in the formation of the TME. Addressing
these issues will necessitate further research efforts.

In conclusion, our findings support the role of
CMTM4 as a regulator of CC progression, at least in
part through the PHB2/STING/TBK1/STAT6 pathway,
which depends on the CCL2-CCR2 and IL-6-GP130 axes
to recruit and differentiate MDSCs, thereby promoting
immune escape in CC. Pharmacological blockade of the
CCL2-CCR2 and IL-6-GP130 axes can inhibit tumorigen-
esis and progression, but not in CMTM4 knockout tumor
models. The combination of CMTM4 inhibition and
anti-PD-1 therapy demonstrates promising antitumor effi-
cacy against CC, suggesting that CMTM4 could serve as a
potential target for immunotherapy in the context of CC.
Further research and development in this direction may
open new avenues for therapeutic interventions in CC.

MATERIALS AND METHODS

Human samples

Clinical samples were collected and stored in Shanghai
First Maternity and Infant Hospital from February 2020
to July 2023. All patients provided informed consent for
providing the samples. Immunofluorescence staining of
CMTM4 on CC tissue microarray was conducted by Xi'an
Elena Biotechnology Company, and the staining percent-
ages were calculated accordingly. CMTM4 positive area
was determined by Image]. Peripheral blood was obtained
from patients before surgery, and peripheral blood mono-
nuclear cells (PBMCs) were separated by density gradient
centrifugation (Ficoll Paque Plus; GE Healthcare, USA)
and used directly for subsequent experiments.

Cell culture and transfection

A'human cervical immortalized squamous cell line (Ectl/
E6E7) and human cervical cancer cell lines (Hela, SiHa,
293T, TC1) were provided by the American Type Culture
Collection (USA). Hel.a, SiHa, TC1, and 293T cells were
cultured in Dulbecco’s Modified Eagle Medium (Gibco,
USA). Immune cells were cultured in RPMI-1640 medium
(Gibco, USA). All cells were maintained at 37°C in a 5%
CO, incubator. The medium was supplemented with 10%
FBS (fetal bovine serum), 100pg/mL penicillin, and
100 pg/mL streptomycin.

Single guide RNAs (sgRNAs) were designed by the
Zhang Lab of Technology CRISPR Design tool (https://
zlab.squarespace.com/) and cloned into lentiCRISPR
V.2. SgRNA sequences used are shown in online supple-
mental table 2. For lentivirus production, 8 pg of plasmid
DNA, 6pg of psPAX2, 2ng of pMD2.G, and 36 pL of PEI
(Servicebio, China) were mixed and added to 293T cells
in a 10cm culture dish. Media was changed 6 hours after
transfection, and the supernatant was collected at 48 and
72 hours post-transfection. Next, the targeted cells were
infected with the viral solution using the co-transfection
reagent Polybrene 8ug/mL (Geneseed, China). Puro-
mycin was added to kill the untransfected cells 48 hours
later, and the remaining cells were the stably transfected
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cell lines. Single cells were isolated by limiting dilution
and cultured again on 96-well plates (catalog no. 655180,
Greiner Bio-One) for 8days under the same conditions
described in the section above, followed by expansion.
Finally, CMTM4 expression deficiency was confirmed
using immunoblotting analysis.

CCL2-small interfering RNA (siRNA) (Hanbio,
Shanghai, China), PHB2-siRNA (Hanbio, Shanghai,
China), and a non-targeting RNA were used. Cells
were transfected using Lipofectamine 2000 Reagent
(Invitrogen, Carlsbad, California, USA). Overexpres-
sion of human CMTM4 GV657-0eCMTM4-FLAG-Puro
and overexpression of human PHB2 GV741-oePHB2-
HA-Puro was designed and synthesized by Genechem
(Shanghai, China). Cells were transfected using Lipo-
fectamine 3000 Reagent (Invitrogen, Carlsbad, Cali-
fornia, USA).

Mice and tumor models

CMTM4 knockout or control TC1 cells were injected
subcutaneously into the dorsal flank of each 6-week-old
female C57BL/6 or NOD/ShiltJ-Prkdc em26Cd52-112rg-
em26Cd22 (NCG) mice, respectively. Tumor sizes were
measured every 3days. 20 days after tumor engraftment,
mice were sacrificed to assess tumor development. All
animal studies were approved by the Animal Experimen-
tation Ethics Committee of Tongji University.

INCB3344 (catalog no. HY-50674, MCE) (10mg/kg
body weight), LMT-28 (catalog no. HY-102084, MCE)
(10mg/kg body weight), or DMSO was given daily via
intraperitoneal injection following tumor inoculation in
C57BL/6 mice.

TCI cells were injected subcutaneously into the dorsal
flank of 6-week-old female C57BL/6 mice. Starting
from day 7, anti-PD-1 monoclonal antibody (catalog no.
SOB0594, STARTER) or IgG isotype control (catalog
no. SOB0788, STARTER) was given via intraperitoneal
injection (100pg/injection every 3days). Si-CMTM4
(GenePharma, Shanghai, China) or Negative control
(GenePharma, Shanghai, China) was administered
via intertumoral injection (50pg/tumor every 3days).
Tumors were measured every other day and weighed on
harvesting.

Real-time quantitative PCR

Total RNA was extracted from cells and tissues using
RNAiso Plus (Takara, Japan). Complementary DNA
was synthesized from total RNA using ABScript III RT
Master Mix for PCR (ABclonal, Wuhan, China) reagent.
RT-qPCR was performed using QuantStudioTM Design
and Analysis Software V.1.3.1 PCR System with Genious
2X SYBR Green Fast qPCR Mix (Low Rox Premixed)
(ABclonal, Wuhan, China) following the manufacturer’s
instructions. All gene expression values were normalized
to B-actin or GAPDH (glyceraldehyde-3-phosphate dehy-
drogenase) and calculated using a 2**“ Method. Primers
used are listed in online supplemental table 3.

Western blot

Proteins from lysed cells were fractionated by SDS-PAGE
(sodium dodecyl sulfate—polyacrylamide gel electropho-
resis) and transferred to PVDF (polyvinylidene difluo-
ride) membrane (Millipore, USA). Non-specific binding
sites were blocked with 5% BSA (bovine serum albumin)
in TBST (Tris-buffered saline with Tween 20) (120 mM
Tris-HCl  (Tris(hydroxymethyl)aminomethane hydro-
chloride) ((pH 7.4), 150mM NaCl (sodium chloride),
and 0.05% Tween 20 (polyoxyethylene (20) sorbitan
monolaurate)) for 1.5hours at room temperature. Blots
were incubated with a specific antibody overnight at
4°C. WB of B-actin or GAPDH on the same membrane
was used as a loading control. The membranes were
then washed with TBST three times and incubated with
an HRP (horseradish peroxidase)-conjugated secondary
antibody. Proteins were visualized using an Immobilon
Western Chemiluminescent HRP substrate (Millipore,
USA). The extraction of nuclear protein was carried out
using the nuclear and cytoplasmic protein extraction kit
(catalog no. PK10014, Proteintech), following the manu-
facturer’s instructions. Antibodies used in this study are
listed in online supplemental table 4.

Flow cytometry

Immune cell composition from the spleen, PBMCs, and
tumors were analyzed by flow cytometry for MDSCs,
G-MDSCs, M-MDSCs, T cells, Thl, Th2, Th17, NK cells,
macrophages, and dendritic cells. Single cells were
treated with Cell Activation Cocktail (catalog no. 423303,
BioLegend) or Brefeldin A Solution (1000X) (catalog
no. 420601, BioLegend) for 6hours, before detecting
the secretion of T cells or MDSCs related factors. Intra-
cellular Staining Perm Wash Buffer (10X) Kit was used
to detect cytokine secretion. True-Nuclear Transcription
Factor Buffer Set Kit was used to detect FOXP3 expres-
sion. Data were analyzed by Flowjo V.10.8.1. The antibody
panels for characterizing different immune cell types are
provided in online supplemental table 5.

Luminex-MultiDTX-43-Human Assay

CM from CMTM4 KO-HeLa and CMTM4 NC-HeLa were
collected for the analysis of 43 human cytokines using
Luminex-MultiDTX-43-Cytokine-Human immunoassay
(LabEx, Univ) following the manufacturer’s protocol.

ELISA

Different groups of cells were seeded at a density of
1.5x10° with 500pL of the corresponding medium in
24-well plates. Cell culture supernatants were collected
after 48 hours with a 0.45pm Millex filter (catalog no.
SLHVR33RS, Merck Millipore) and used for ELISA.
These supernatants were also used for transwell and
monocyte differentiation assays (described in detail
below) as the cell-conditioned medium (CM). Human
CCL2 or IL-6 protein levels in culture supernatants, and
serum samples were measured using the Human CCL2/
MCP-1 ELISA Kit (catalog no. 510026, Absin) or Human
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IL-6 ELISA Kit (catalog no. 510003, Absin). Human Arg-1
or INOS protein levels in culture supernatants, and serum
samples were measured using the Human Arg-1 ELISA
Kit (catalog no. RK07687, Abclonal) or Human INOS
ELISA Kit (catalog no. RK01945, Abclonal). Mice CCL2
or IL-6 protein levels in serum samples were measured
using the Mouse Monocyte Chemotactic Protein 1 ELISA
Kit (catalog no. RK00381, Abclonal, Wuhan, China) or
Mouse IL-6 Quantikine ELISA Kit (catalog no. RK00008,
Abclonal, Wuhan, China). The absorbance readings at
570 nm were subtracted from the readings taken at 450 nm
using an iMark microplate reader (Bio-Rad) to establish
standard curves for the calculation of the concentration.
Microsoft Excel was used for analysis.

MDSCs isolation by magnetic bead cell sorting

Isolation of CDI11b'CD33'HLADR total  human
MDSCs was performed by using CD33 magnetic
bead (130-045-501; Miltenyi Biotec) and isolation of
CD11b'Gr-1" total mouse MDSCs was performed by using
mouse MDSCs isolation kit (130-094-538; Miltenyi Biotec)
according to the manufacturer’s instruction. Briefly, after
Fc receptor blockade, cells were stained with biotin-
conjugated Gr-1 antibody and further labeled with anti-
biotin microbeads. Labeled cells were passed through the
separation columns (Miltenyi Biotec) for magnetic cell
separation. Retained cells were analyzed to assess MDSCs
purity (>90%) by flow cytometry.

MDSCs transwell assay

In vitro migration of MDSCs was evaluated in 24-well
plates with Transwell polycarbonate-permeable supports
(8.0pm, Corning). Freshly isolated splenic MDSCs or
PBMC MDSCs (3x10°, >90% purity) were seeded on the
upper chambers of the inserts, after incubation with or
without a CCR2 antagonist, RS504393 or a GP130 antag-
onist, LMT-28. The CM from CC cells was placed in
the lower chamber with or without recombinant CCL1
protein (1ng/mL) (catalog no. RP01411, Abclonal)
or recombinant IL-6 protein (40ng/mL) (catalog no.
C610007, Sangon, Shanghai, China). After incubation for
24 hours, the MDSCs in the bottom compartment were
counted.

Monocyte differentiation assays

Umbilical cord blood mononuclear cells were plated
in 24-well plates at a density of 1.2x10°, and 500 L of
CM of different groups (generated as described in the
“ELISA” section) supplemented with 40 ng/mL GM-CSF
(granulocyte-macrophage  colony-stimulating  factor)
(catalog no. C610017, Sangon, Shanghai, China). Plates
were incubated for 48 hours in an atmosphere of 5% CO,
at 37°C, and MDSCs cells were then evaluated using flow
cytometry, as described above.

Cell immunofluorescence staining

Cells were fixed by 4% formaldehyde solution for
15 min. Triton X-100 (0.2%) was used to permeabilize
the cell membrane for 30 min. Next, the cells were

blocked in blocking solution at room temperature for
1l hour, and the primary antibodies were added and
incubated overnight at 4°C. Then, the fluorophore-
tagged secondary antibodies were incubated for
lhour at room temperature. After that, the nuclei
were counterstained with DAPI for 15 min and photo-
graphed with a confocal microscope.

Immunoprecipitation and mass spectrometry

Protein lysate from HeLa cells was immunoprecip-
itated wusing anti-CMTM4-agarose, and anti-IgG-
agarose by IP/ColP Kit (catalog no. abs955, Absin).
The immunoprecipitates were then eluted and immu-
noblotted. The immunoprecipitation of CMTM4
interacting protein was visualized by Coomassie blue
staining (catalog no. G2059, Servicebio, Wuhan,
China).Potential CMTM4 targetsidentified by LC-MS/
MS (Oebiotech). Protein lysate from HeLa cells was
immunoprecipitated using anti-CMTM4-agarose or
anti-PHB2-agarose. The immunoprecipitate was then
eluted, and immunoblotted using anti-CMTM4 and
anti-PHB2 antibodies. 293T cells were transfected
with Flag-tagged CMTM4 and HA-tagged PHB2 for
48 hours. Cell lysates were immunoprecipitated with
either anti-Flag antibody or anti-HA antibody, and the
immunocomplexes were probed with the indicated
antibodies.

Ubiquitination assay

293T cells with or without Flag-tagged CMTM4 were
transfected with HA-Ub and PHB2 overexpression by
using Lipofectamine 2000 reagent (Invitrogen) and
the cells were then treated with MG132 (10 pM) for
6 hours before collection. Whole-cell lysates were
subjected to immunoprecipitation with PHB2 anti-
body and western blotting with ubiquitination anti-
body to detect ubiquitinated PHB2.

Chromatin immunoprecipitation assay

Cells were crosslinked using 1% formaldehyde for
10min at 37°C. After cell lysis, the DNA was frag-
mented by sonication. ChIP grade STAT6 antibody
(catalog no. 5397S, Cell Signaling Technology) or
IgG (catalog no. AC042, ABclonal, Wuhan, China)
was used to immunoprecipitate the fragment DNA.
Then, RT-qPCR was used to amplify the corre-
sponding binding site on the promoters. The ChIP
primers used in this study are provided in online
supplemental table 6.

Statistical analysis

All results were expressed as mean+SD, unless other-
wise indicated. To compare the difference between
the two groups, the Mann-Whitney U test or Student’s
t-test were performed. To compare the differences
among multiple groups, a one-way ANOVA (anal-
ysis of variance) test was performed. All statistical
tests were performed using GraphPad Prism V.9.0
(GraphPad Software, San Diego, California, USA)
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and a two-tailed p value of 0.05 was considered statis-
tically significant.
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