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Inhibition of CM'TM4 Sensitizes

Cholangiocarcinoma and Hepatocellular
Carcinoma to T Cell-Mediated Antitumor
Immunity Through PD-L1
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Liver cancers consist primarily of hepatocellular carcinoma (HCC) and intrahepatic cholangiocarcinoma (ICC).
Immune checkpoint inhibitors have emerged as promising therapeutic agents against liver cancers. Programmed cell
death protein 1 (PD-1) is an immunoinhibitory receptor present on T cells that interacts with its ligand programmed
death-ligand 1 (PD-L1) found on cancer cells. Blocking PD-1/PD-L1 binding improves T-cell survival, proliferation
and cytotoxicity, which enhances their antitumor activity. Better understanding of the molecular mechanisms governing
PD-1/PD-L1 response is essential to the development of predictive markers and therapeutic combinations that could
improve the efficiency of anti-PD-1/PD-L1 treatment. Chemokine-like factor (CKLF)-like MARVEL transmembrane
domain—containing 6 (CMTMS6) has been recently identified as a major regulator of PD-L1. Another member in the
CMTM family, CKLF-like MARVEL transmembrane domain—containing 4 (CMTM4), has been shown to compen-
sate for the effects of CMTM6 when CMTMBS6 is lost. Interestingly, we found that CMTM4 is the major regulator of
PD-L1 in the context of liver cancer. Up-regulated CMTM4 in patients with HCC and ICC is associated with poor
patient survival, potentially due to its function in stabilizing PD-L1 expression, hence facilitating escape from T cell-
mediated cytotoxicity. We confirmed the role of CMTM4 as a positive regulator of PD-L1 in multiple HCC and ICC
cell lines and demonstrated that CMTM4 stabilizes PD-L1 through posttranslational mechanisms. In wvivo, suppression
of Cmtm4 inhibited HCC growth and increased CD8" T-cell infiltration in immunocompetent mice. Furthermore, we
found that depletion of CMTM4 sensitized HCC tumor to anti-PD-L1 treatment compared with control. This sug-
gests that CMTM4 expression level could be a predictive marker for patient response to anti-PD-L1 treatment, and
CMTM4 depletion can potentially be used to enhance the clinical benefits of anti-PD-L1 immunotherapy in patients
with liver cancer. (Hepatology Communications 2022;6:178-193).

epatocellular carcinoma (HCC) and intrahe-  liver cancer is highly prevalent in Asian countries and
patic cholangiocarcinoma (ICC) are the two is currently ranked the fourth most common cause
major types of primary liver cancer. Primary ~ of cancer deaths globally.™? HCC originates from
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hepatocytes, whereas ICC originates from cholan-
giocytes. HCC and ICC are often diagnosed at late
stages; hence, the disease prognosis is poor with a
5-year relative survival rate of 18%.°) The survival
benefits for currently available treatments for HCC
and ICC are modest. Moreover, global liver cancer
incidence and death rates are projected to rise for the
next decade, partly attributed to the rising incidence
in nonalcoholic fatty liver discase—associated HCC.®
Multiple kinase inhibitors, including sorafenib and
lenvatinib, can repress HCC growth, although often
some cancer cells acquire drug resistance by relying
on alternative signaling pathways and tumor growth
will progress.(s) On the contrary, immunotherapy can
unleash the intrinsic potential of the immune system
to recognize and destroy cancer cells, achieving a dura-
ble resFonse in some patients with advanced-stage
6) Currently, immune checkpoint blockade is

the most established immunotherapy against cancer.
Immune checkpoints refer to T-cell inhibitory recep-
tors, which relay signals to inhibit T-cell activation
after binding to their ligands to prevent overactiva-
tion T cells, which would otherwise induce autoim-
munity. Programmed cell death protein 1 (PD-1) is
an immune checkpoint receptor expressed on antigen-
stimulated T cells; it binds to programmed death-
ligand 1 (PD-L1), which is commonly expressed
on antigen-presenting cells and cancer cells. PD-1/
PD-L1 signaling inhibits the proliferation, cyto-
kine production, cytotoxicity, and survival of T cells.
Immune checkpoint inhibitors (ICIs) such as anti-
PD-1 and anti-PD-L1 monoclonal antibodies (mAb)
are used widely in cancer treatment to reactivate T
cell-mediated antitumor immunity.”) Nivolumab or

cancer.
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pembrolizumab (anti-PD-1) as monotherapy and
nivolumab in combination with ipilimumab (anti—
cytotoxic T lymphocyte antigen 4 [CTLA4]) have
been approved for second-line treatment of advanced
HCC. Furthermore, atezolizumab (anti-PD-L1) in
combination with bevacizumab (anti—vascular endo-
thelial growth factor) demonstrated superior efficacy
over sorafenib and has become the first immunother-
apy to be approved for first-line treatment of HCC.®
The unprecedented clinical success of anti-PD1/PD-
L1 in HCC has paved the way for more ICIs and
combination therapies involving ICIs to be used as
standard treatments for patients with liver cancer in
the next decade.

Although it is encouraging to see PD-1/PD-L1
inhibitors being effective against advanced-stage
HCC in some patients, it is important to understand
why most patients with HCC did not benefit from
PD-1/PD-L1 inhibitors,(g) a phenomenon observed
across many types of cancers. 10 PD-L1 expression
level is a factor that determines anti-PD-1/PD-L1
efficiency; hence, modulation of PD-L1 expression
on cancer cells can potentially enhance the efficacy
of ICIs."" PD-L1 up-regulation in cancer cells
is driven primarily by interferon-y (IFN-vy), whereas
other mechanisms such as microRNAs, ¥ ubiquitina-
tion, 111 glycosylation,(lz’lé) and oncogenic signaling
pathways">!7) act in concert to regulate the expres-
sion of PD-L1.

Recently, two chemokine-like factor (CKLF)-
like MARVEL transmembrane domain-containing
(CMTM) family members (ie, CMTM4 and
CMTM6) were identified as regulators of PD-
11.081 MARVEL domain-containing proteins,
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characterized by their four transmembrane helices, are
often involved in vesicular transport and regulation of
tight junction.*” The molecular functions of the eight
CMTM family members are still largely unknown.
CMTM]1, 3, 4, and 7 were reported to be associated
with oncogenesis,m_zs) while CMTMS3 and 4 regu-
late angiogenesis in endothelial cells.?**) CMTM6
was brought to light when Burr et al. and Mezzadra
et al. independently identified it as a PD-L1 stabi-
lizing protein using CRISPR library screening and
haploid genetic screening, respectively.(lg’lg) It was
found that CMTMS6 stabilized PD-L1 membrane
expression by favoring PD-L1 membrane recycling
and/or preventing ubiquitin-mediated proteasomal
degradation. Moreover, among all CMTM members,
only CMTM4 plays a compensatory role in PD-L1
stabilization under a CMTMS6-deficient condition.®

These two seminal studies focused on demon-
strating CMTM6 as a positive PD-L1 regulator by
co-localizing with PD-L1 in the plasma membrane
and recycling endosomes. Whether CMTM6 or
CMTM4 regulates the immune microenvironment
in liver cancers and affects PD-1/PD-L1 block-
ade response in patients with liver cancer are two
important questions to be addressed. Furthermore,
the regulatory mechanism that drives CMTM4/6
up-regulation in cancer remains unclear. In this
study, we focused on the role of CMTM4 in HCC
and ICC, and explored how CMTM4 inhibition
alters the tumor microenvironment and affects the

efficacy of anti-PD-L1 in HCC.

Materials and Methods
PATIENT SAMPLES

Human HCC tumor and their paired nontumor
(NT) liver samples were collected from patients with
HCC undergoing surgical resection at the Queen
Mary Hospital, Pamela Youde Nethersole Eastern
Hospital, and Queen Elizabeth Hospital. The tissue
samples were snap-frozen in liquid nitrogen and stored
at -80°C. The use of human samples was approved
by the institutional review board of the University of
Hong Kong and Hospital Authority Hong Kong (Ref.
No. UW 09-158). Consent for the use of resected tis-
sues for research purposes was obtained from patients
before collection.
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CELL CULTURE

Human HCC cell lines CLC5 and HepG2,
human ICC cell lines KKU-213, HuCCT1, SSP-
25 and RBE, and a mouse HCC cell line Hepal-6
were used in this study. CLC5 was a gift from Prof.
Lijian Hui (Chinese Academy of Sciences, Shanghai,
China). HepG2 and Hepal-6 were purchased from
the American Type Culture Collection (Manassas,
VA). KKU-213 and HuCCT1 were purchased from
the Japanese Collection of Research Bioresources cell
bank. SSP-25 and RBE were purchased from RIKEN
BioResource Research Center (Kyoto, Japan). CLC5
was cultured in Roswell Park Memorial Institute 1640
medium (RPMI-1640 medium) supplemented with
40 ng/mL endothelial growth factor and 1% insulin-
transferrin-selenium. HuCCT1 and RBE were cul-
tured in RPMI-1640 medium with 25 mM HEPES
(4-[2-hydroxyethyl]-1-piperazine ethanesulfonic
acid). HepG2, KKU213, and SSP-25 were cultured in
Dulbecco’s modified Eagle medium. All growth media
were supplemented with 1% penicillin-streptomycin
and 10% fetal bovine serum (all reagents from Gibco
by Life Technologies, Grand Island, NY). All cell lines
were cultured in a 37°C humidified incubator supplied
with 5% CO,. Authentication for all cell lines used
in this study was performed using the AuthentiFiler
PCR Amplification Kit (Applied Biosystems, Inc.,
Foster City, CA). All cell lines were thawed from the
authenticated cell stock and used within five passages.
Mycoplasma detection was performed regularly.

ANIMAL STUDIES

Animal experiments throughout the study were
performed on male C57BL/6N mice. For subcutane-
ous implantation, 3 x 10° Hepal-6 cells and 50 pL
Matrigel (Corning, New York, NY) were injected
into the dorsal flanks of 5-7-week-old mice with a
27-gauge syringe. A dose of 10 mg/kg anti-mouse
PD-L1 (InVivoMAb clone 10F.9G2; Bio X Cell,
Lebanon, NH) was administered intraperitoneally
every 3-4 days, 1 week following tumor inoculation,
for a total of four doses. Tumor volumes were mea-
sured with a caliper twice weekly and calculated as
length x width x height x 0.52 mm®. For orthot-
opic implantation, 3.5 x 10° Hepal-6 cells and
15 pL Matrigel (Corning) were injected into the
left lobe of the livers of 5-7-week-old mice with a
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microliter syringe, and the peritoneum and abdomi-
nal wall were closed with sutures. Tumors were har-
vested for histological and flow-cytometric analysis
12 days after tumor inoculation. For hydrodynamic
tail-vein (HDTV) injection model, DNA plasmids
were mixed with sterile saline to a total volume cor-
responding to 10% body weight of 8-10-week-old
mice. The plasmid—saline mixture was injected
through the lateral tail vein within 5-7 seconds.
DNA plasmids entered primarily into hepatocytes
due to hydrodynamic pressure from the heart, caus-
ing retrograde flow of solution into the liver through
the hepatic vein. c-Myc was overexpressed using the
Sleeping Beauty transposon system, and kelch-like
ECH-associated protein 1 (Keapl) and Cmtm4
were knocked out using the CRISPR-Cas9 system.
Tumors were harvested for histological and flow-
cytometric analysis 7 weeks following injection.

All animal procedures were approved by the
Committee on the Use of Live Animals in Teaching
and Research of the University of Hong Kong
and performed under the Animals (Control of
Experiments) Ordinance of Hong Kong. All ani-
mal experiments were performed under the UK
Coordinating Committee on Cancer Research
PMID: 9459138 Guidelines for the Welfare of
Animals in Experimental Neoplasia, to ensure
minimal suffering of the animals throughout the
procedures.

STATISTICAL ANALYSIS

All statistical analyses were performed using
GraphPad Prism 8 software (GraphPad Software,
Inc., La Jolla, CA). All functional assays are represen-
tative of at least three independent experiments and
are expressed as mean + SD unless otherwise spec-
ified. A P value < 0.05 was considered statistically
significant.

DATA AVAILABILITY STATEMENT

Messenger RNA (mRNA) expression levels of
CMTM4 and CMTM6 of human HCC and ICC
samples with their corresponding NT liver tissues
were retrieved from transcriptome sequencing data
from The Cancer Genome Atlas (TCGA) through
cBioPortal (http://www.cbioportal.org). All data
supporting the findings of this study are available
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within the article, in the Supporting Information,
or from the corresponding author upon reasonable
request.

Descriptions of the establishment of knockdown
and knockout cells, western blotting, preparation
of tumor samples into single-cell suspension, flow
cytometry, immunohistochemistry, RNA extraction,
reverse-transcription and quantitative
polymerase chain reaction (RT-PCR), copy num-
ber analysis, clinicopathological correlation and sur-
vival analysis, antibodies and recombinant proteins,
short hairpin RNA (shRNA), single-guide RNA
(sgRNA), and primer sequences are provided in
the Supporting Information. Sources of antibodies
and recombinant proteins are listed in Supporting
Table S1. Sequences of shRNAs and sgRNAs are
listed in Supporting Table S2. Sequences of quan-

titative RT-PCR primers are listed in Supporting
Table S3.

real-time

Results

CMTM4 IS OVEREXPRESSED IN
HUMAN HCC AND ICC

Transcriptome sequencing data retrieved from
TCGA showed significant down-regulation of
CMTM6 mRNA expression in human HCC or ICC
tumor samples compared with paired NT liver tis-
sues (Fig. 1A). On the other hand, CMTM4 mRNA
expression was up-regulated in both HCC and ICC
(Fig. 1B). Fifty-five percent of HCC samples from
TCGA showed CMTM4 overexpression by at least
two-fold compared with NT samples (Fig. 1C).
CMTM4 mRNA overexpression in HCC was fur-
ther confirmed in 75 pairs of patient samples from
our institute by quantitative RT-PCR (Fig. 1E,
F). Up-regulation of CMTM4 protein in human
HCC tissue was confirmed by immunohistochem-
ical (IHC) staining (Fig. 1F). Data from TCGA
indicated a high mRNA expression of CMTM4 was
significantly associated with poor disease-free sur-
vival (P = 0.021) in patients with HCC (Fig. 1G).
Clinicopathological analysis of our in-house data on
patients with HCC showed that overexpression of
CMTM4 was significantly correlated with higher
Edmondson and Steiner grading, corresponding
to poorly differentiated cellular phenotype, which
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FIG. 1. CMTM4 is up-regulated in HCC and ICC and is associated with poor prognosis. CMTMS6 (A) and CMTM4 (B) mRNA
expression in 49 pairs of HCC (left) or 9 pairs of ICC (right) are shown with their corresponding NT liver tissues from TCGA database.
(C,D) Waterfall plot showing CMTM4 overexpression by at least two-fold in 55% and 63% of patients with HCC from TCGA database
(C) and the University of Hong Kong, Queen Mary Hospital (HKU-QMH) (D), respectively. (E) CMTM4 mRNA expression in 75
cases of paired HCC and NT tissues from HKU-QMH patients. (F) Representative images of IHC staining of CMTM4 in two pairs of
human HCC and NT tissues. (G) Kaplan-Meier curves showed that high CMTM4 mRNA expression is associated with poor disease-
free (left) and overall survival (right) in patients with HCC from TCGA. (H) Correlation of CMTM4 expression with degrees of cellular
differentiation in HKU-QMH HCC patients. (I) Correlation of CMTM4 mRNA expression with CMTM4 copy-number alterations
in HCC tissues from TCGA. (J) CMTM4 copy-number analysis in genomic DNA extracted from paired HCC and NT tissues from
18 HKU-QMH patients with HCC. (A,B,E) Lines indicate median. (H-]) Error bars indicate mean + SEM. **P < 0.01, **P < 0.001.
(A,B,E) Wilcoxon signed-rank test. (H,I) Student # test. (G) Log rank test. Abbreviation: T, tumor.
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FIG. 2. CMTM4 stabilized PD-L1 surface expression in HCC and ICC cell lines. (A,C) CMTM4 knockdown efficiency in CLC5
and RBE cells confirmed by western blot. (B,D) Relative median fluorescence intensity (MFI) of surface PD-L1 (left) and representative
histograms (right) from flow cytometry analysis showing PD-L1 expression in ~shCMTM4 cells compared to -NTC cells, with or
without IFN-y stimulation. (E) Cmtm4 knockout efficiency in mouse syngeneic HCC cell line Hepal-6 transduced with Cas9. (F)
Relative MFI (left) and representative histograms (right) of PD-L1 surface expression in Hepal-6-Cas9 -sgCmtm4 cells compared
with -EV cells. (See Supporting Figs. S1 and S2 for the full data set.) Cells were pretreated with 25 ng/mL human or mouse IFN-y for
24 hours before analysis. Error bars indicate mean = SD.*™P < 0.01, **P < 0.001. (B,D,F) Student # test.
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is often associated with more aggressive disease
(Fig. 1H; Supporting Fig. S1 and Supporting
Table S4). Next, we investigated the mechanism
contributing to CMTM4 overexpression in HCC.
TCGA data showed that CMTM4 copy-number
gain correlated with increased CM7TM4 mRNA
expression (Fig. 1I). Indeed, CMTM4 copy-number
analysis in 18 paired HCC and N'T samples showed
that CMTM4 copy-number gain (three copies or
above) was present in over half of the HCC tumor
tissues; among these, many have more than or equal
to five copies (Fig. 1J). In NT tissues, copy-number
gain was detected in 20% of samples, none having
more than or equal to five copies.

CMTM4 STABILIZED PD-L1
SURFACE EXPRESSION IN HCC
AND ICC CELL LINES

To study the functional role of CMTM4 in HCC
and ICC, we established multiple stable CM7TM4 or
Cmtm4 knockdown and knockout cell lines, includ-
ing human HCC, human ICC, as well as mouse
HCC cell line, using two independent shRNA or
sgRNA sequences. CMTM4 depletion in knock-
down and knockout cells was validated by quan-
titative RT-PCR and western blot (Fig. 2A,C,E;
Supporting Fig. S2). CMTM4 knockdown or
knockout in multiple HCC and ICC cells resulted
in significant down-regulation of surface PD-L1
expression compared to nontarget control (NTC),
with or without IFN-y stimulation, before flow
cytometry analysis (Fig. 2B,D,F; Supporting
Figs. S3 and S4), confirming CMTM4 as a univer-
sal regulator of PD-L1 protein expression. Similar
to a previous report, we confirmed that inhibition of
CMTM4 suppressed PD-L1 expression in an IFN-

y-independent manner.

CMTM4 STABILIZED
PD-L1 THROUGH
POSTTRANSLATIONAL
MECHANISMS

Next, we examined how CMTM4 stabilizes PD-
L1. CMTM4 knockdown did not suppress PD-
L1 mRNA expression, suggesting that CMTM4
does not regulate PD-L1 at a transcriptional level

(Fig. 3A-C). It has been reported previously that
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CMTMS6 participates in regulating the endocytic
trafficking of PD-L1,” whereas another report sug-
gested that CMTMS6 prevents ubiquitin-dependent
proteasomal degradation of PD-L1."® We inves-
tigated whether CMTM4 has similar molecular
functions as described for CMTMS6. Treatment of
clathrin-dependent endocytosis inhibitor Dyngo4a
or proteasome inhibitor MG132 in CLC5 and
RBE-CMTM4 knockdown cells partially rescued
PD-L1 surface expression, whereas combination
treatment of Dyngo4a and MG132 completely res-
cued PD-L1 surface expression to the level compa-
rable with NTC cells (Fig. 3D, E). This suggests
that the stabilization of PD-L1 by CMTM4 can be
attributed to the prevention of PD-L1 degradation
by the endosome-lysosomal pathway and proteaso-
mal pathway.

INHIBITION OF CMTM4
IMPROVED ANTITUMOR IMMUNE
RESPONSE AND SUPPRESSED HCC
GROWTH IN VIVO

As CMTM4 regulates PD-L1 expression in
HCC, and PD-L1 has known inhibitory function
on T cells, we asked whether CMTM4 modulates
antitumor activity of T cells in vivo. To investi-
gate the tumor immune microenvironment, we
used a syngeneic mouse HCC model by orthoto-
pically implanting empty vector control (EV) or
Cmtm4-knockdown Hepal-6 cells into the liver
of immunocompetent mice (Fig. 4A). Knockdown
efficiency of Cmtm4-knockdown Hepal-6 cells was
confirmed (Supporting Fig. S5A). HCC tumors
derived from Hepal-6-shCmtm4-2 cells were sig-
nificantly smaller in size compared with control,
although shCmtm4-1 did not reach statistical sig-
nificance (Fig. 4B). Flow cytometry analysis also
revealed that more CD8" T cells were found in shC-
mtm4-1 tumors (Fig. 4C), suggesting that Cmtm4
plays an immunosuppressive role in HCC. Flow
cytometry analysis also confirmed that HCC cells,
as indicated by the CD45™ population from Cmtm4
knockdown tumors, expressed a lower level of PD-
L1 (Supporting Fig. S5B). However, expressions of
T-cell exhaustion markers including PD-1, LAG-
3, and TIM-3 showed no significant difference
(Supporting Fig. S5C), suggesting that the exhausted

T cells might have undergone apoptosis, rendering
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them undetectable in the tumor bulk. Interestingly, Fig. S5D,E). To confirm that our model is not
in this mouse HCC model, we could not observe a limited to Hepal-6 cells, we also used the HDTV
significant difference in CD4" T cells (Supporting injection model, in which HCC was induced in vivo

N
1

L
Relative expression

Relative expression
(PDL1/18S)
Relative expression
(PDL1/18S)

d b(\ Vrl/ é b"\ b?/
NS L&
S S

YN D O PO
FNy +IFNy IFNy +IFNy
D
15— CLC5 i
' sh1+D+M
= *k%k
a‘ Sekk *kk
D_ Jekk
b o 1.0
T
=
o A=
% 0.5 NTC
ot sh2+D+M
Q
d
0.0-
Dyngoda - - + - + - + - +
MG132 - - - + + - - + +
mm NTC =m sh1 = sh2 P o
E
- RBE NTC
15 o sh1+D+M
:, Kkk
[m)] Kk Fokk
[a * Sk
w5 1.0 n.s. T
T
=
(0]
2 0.5 NTC
& sh2+D+M
o)
o
0.0-
Dyngoda - - 4+ - + - + - +
MG132 - - - + + - - + +

mm NTC mm sh1 mE sh2




NOG-QIN CHUI, CHEU, ET AL.

HEPATOLOGY COMMUNICATIONS, January 2022

FIG. 3. CMTM4 stabilized PD-L1 through posttranslational mechanisms. (A-C) PD-L1 mRNA expressions measured by quantitative
RT-PCR in control and CMTM4-knockdown or CMTM4-knockout CLC5, RBE, and Hepal-6-Cas9 cells with or without IFN-y
stimulation (24 hours). CLC5 (D) and RBE (E) control and CMTM4-knockdown cells were stimulated with IFN-y (24 hours). A total
of 30 pM Dyngo4a (clathrin-dependent endocytosis inhibitor) and/or 8 pM MG132 (proteasome inhibitor) were added into culture
medium 24 hours and 6 hours before flow cytometry analysis, respectively. Relative MFT (left) and representative histograms (right) of
surface PD-L1 level. Error bars indicate mean + SD. *P < 0.05,*P < 0.01, **P < 0.001. (A-C) Student # test. Abbreviations: D, Dyngo4a;

M, MG132; n.s., not significant.

through the injection of genome-editing plasmids,
comprised of the Sleeping Beauty transposon sys-
tem and the CRISPR-Cas9 system, to generate
c-Myc-overexpressing, Keapl-knockout, Cmtm4-
wild-type/Cmtm4-knockout  (c-Myc®®  Keap1*©
Cmtm4"" or c-Myc®F Keap1¥© Cmtm4¥°) HCCs
(Fig. 4D). Knockout of Cmtm4 with sgCmtm4-1
and sgCmtm4-2 significantly reduced tumor size
and suppressed HCC formation compared with
control (Fig. 4E). Moreover, infiltration of CD4"
and CDB8" cells in tumor were significantly up-
regulated in Cmtm4 knockout tumors confirmed
by IHC staining (Fig. 4F), further validating that
reactivation of T cell-mediated antitumor immunity
following CMTM4 inhibition is effective in sup-
pressing HCC growth. CD8" T cells are the cyto-
toxic T cells that directly kill target cells following
their recognition of antigens. Therefore, major effec-
tor cells mediate cancer cell killing at tumor sites
in multiple ways, such as perforin and granzyme B
secretion.?® Indeed, a study on patients with mel-
anoma who were treated with anti-PD-1 blocking
antibody showed increased CD8" T-cell infiltration
in the response group, but not progression group.”
It is also reported that high CD8" T-cell infiltration
was correlated with better prognosis in patients with
HCC.28-30 Therefore, it is reasonable that increased
CD8" T cells could be found consistently in the two
mouse HCC models.

INHIBITION OF CMTM4
SENSITIZED HCC TOWARD PD-L1
BLOCKADE

We further investigated whether CMTM4 affects
response toward anti-PD-L1 immune checkpoint
blockade. We hypothesized that HCC tumors express-
ing a lower level of CMTM4 would also express a
lower level of surface PD-L1 (i.e., shCmtm4 tumors
can be more effectively targeted by anti-PD-L1 mAb).
To test this hypothesis, we subcutaneously implanted
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Hepal-6 Cmtm4-knockdown or EV control cells into
the left and right flanks of the same wild-type mouse,
respectively. The mice were divided into control (Ctrl)
or anti-PD-L1 mAb treatment group (Fig. 5A). PD-
L1 blockade significantly reduced tumor growth in
both EV and Cmtm4-knockdown tumors (Fig. 5B).
More importantly, shCmtm4 tumors regressed more
substantially than EV tumors, as seen from the growth
curves of individual tumors, with more shCmtm4
achieving complete regression after PD-L1 block-
ade (Fig. 5B). These results indicate that suppressing
PD-L1 level by inhibiting CMTM4 could sensi-
tize response toward anti-PD-L1 in vivo (Fig. 5C),
thereby establishing CMTM4 inhibition as a prom-
ising mechanism to enhance the efficacy of PD-L1

blockade.

Discussion

In recent years, an increasing number of anti-
PD-1/anti-PD-L1 ICIs have been approved by the
Food and Drug Administration as monotherapy or
combination therapy for the treatment of HCC,%Y
marking the beginning of a change in the treatment
paradigm for HCC. Although immunotherapy has
not been approved for treatment in patients with ICC
yet, it has been reported that PD-1 and PD-L1 were
up-regulated in ICC tissues compared with adjacent
nontumor tissues, and PD-L1 high expression was
associated with low CD8" T-cell infiltration.*? This
suggests that PD-1/PD-L1 blockade could also be
effective in ICC, and the field is actively exploring the
use of ICIs for treating advanced ICC.

PD-L1 expression is dependent on transcrip-
tional regulation, posttranslational ~modifications
(PTMs), and protein degradation.(34) In cancer,
PD-L1 is often transcriptionally up-regulated by
IFN-y. Alternatively, activation of oncogenic signal-
ing pathways such as epidermal growth factor recep-

tor (EGFR),® MYC,®® and RAS"” also induce
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FIG. 4. Inhibition of Cmtm4-suppressed tumor growth in mouse by increasing T-cell recruitment. (A) 3.5 x 10° of control (EV) or
Cmtm4-knockdown (shCmtm4-1, shCmtm4-2) Hepal-6 cells were orthotopically implanted into the liver of wild-type mice. Tumors
were harvested 12 days following implantation and dissociated for immune profiling. (B) Picture (left) and volume (right) of orthotopically
implanted tumors. (C) Flow cytometry analysis of CD8" T cells in the tumors. Quantification of the percentage of CD8" T cells over total
tumor-infiltrating leukocytes (left) and representative contour plots showing the gating of CD8" T cells (right). (D) HDTV injection
model for the generation of HCC tumor. Genome editing plasmids were injected into mice through lateral veins. Large volume of plasmid
solution was delivered into heart within 6-8 seconds, causing transient cardiac arrest and retrograde flow of plasmids into the mouse liver.
Plasmids entered hepatocytes by high pressure created by HDTV injection. Tumors developed in the liver spontaneously, and mice were
killed 6 weeks after HDTV injection. (E) Picture (left) and mass (right) of control (EV) or Cmtm4-knockout (sgCmtm4-1, sgCmtm4-2)
liver tumors. (F) CD4 and CD8 were stained by IHC in formalin-fixed paraffin-embedded HDTV tumor specimens. Representative
pictures of CD4 and CDS8 staining in EV and sgCmtm4 tumors (left) and quantification of CD4" and CD8" T cells in the tumors (right).
Cells with positive staining at three random regions per sample were counted. (B,C,E) Lines indicate mean. (F) Lines indicate mean, and
error bars indicate SD. *P < 0.05, P < 0.01. (B,C,E,F) Student # test. Abbreviations: FSC-A, forward scatter; n.s., not significant.

PD-L1 expression. Furthermore, multiple PTMs and
protein-degradation pathways are responsible for the
tight regulation and rapid turnover of PD-L1.67
PD-L1 protein is posttranslationally modified by
N-linked glycosylation, serine/threonine phosphory-
lation, and polyubiquitination. PD-L1 is glycosylated
at asparagine residues before being transported to
the plasma membrane. Glycosylation stabilizes PD-
L1 by preventing its internalization and degradation
by the proteasome.(u) Phosphorylation of PD-L1 by
GSK3p facilitates PD-L1 binding to an E3 ubiquitin
ligase. Poly-ubiquitinated PD-L1 is marked for sub-
sequent proteasomal degradation, " but this process
can be reversed by de-ubiquitinates such as COP9
signalosome 5, which was reported to be responsible
for stabilizing PD-L1 in breast cancer.™ Although
the ubiquitin—proteasome pathway is the major pro-
tein degradation pathway for removal of immature,
misfolded, and unwanted cytosolic proteins, the
endosome-lysosome pathway is considered the major
means by which membrane proteins are degraded.®®
Stabilization of PD-L1 after lysosomal inhibition with
primaquine or chloroquine provided key evidence that
lysosomes are involved in the regulation of PD-L1
turnover.**) Palmitoylation of PD-L1 was recently
identified as a PTM mechanism that stabilizes PD-
L1 by preventing PD-L1 mono-ubiquitination and its
subsequent lysosomal targeting.

Among these PD-L1 posttranslational regulators,
the CMTM family of proteins is the most poorly
studied. Particularly in liver cancer, the molecular
functions and clinical implications of CMTM fam-
ily proteins still require further investigation. Burr et
al. discovered CMTM6 to be a PD-L1 posttransla-
tional regulator that physically associates with PD-L1
at the plasma membrane and in endosomes, promotes
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PD-L1 membrane recycling, and prevents its lyso-
somal degradation.’” Mezzadra et al. also found that
CMTMB6 stabilizes PD-L1 protein by preventing the
poly-ubiquitination by STUB1 E3 ubiquitin ligase,
and hence the subsequent proteasomal degradation.®
Mezzadra et al. also discovered that under a CMTMe6-
deficient context, CMTM4 acts as a second PD-L1
regulator."® In this study, we showed that CMTM4
contributed to immune evasion by stabilizing PD-L1
expression, and its inhibition improved the efficacy of
anti-PD-L1 checkpoint inhibitors in liver cancer.

In HCC and ICC, we found that CMTM4 but
not CMTM6 was up-regulated, suggesting that—
different from other types of cancers in which
CMTMB6 is dominant—CMTM4 may play a more
important role in liver cancer. More importantly, a
high expression of CMTM4 is associated with poor
prognosis. We further showed that CMTM4 up-
regulation in patients with HCC is due to CMTM4
copy-number gain. CMTM4 depletion suppressed
PD-L1 protein expression in the eight HCC and ICC
cell lines we tested, confirming CM'TM4 as a univer-
sal PD-L1 regulator. The CM'TM family of proteins
share a common approximate 130-residue membrane-
associating domain called the MARVEL domain,
which is important for membrane fusion, vesicle traf-
ficking, and cell-cell junction regulation.(m) It has been
reported that CMTM4 co-localizes with endosome
compartments and the Golgi apparatus in endothe-
lial cells and HeLa cells, respectively.(zz’zs) We showed
that by inhibiting clathrin-dependent endocytosis and
proteasomal activity, CMTM4 knockdown-mediated
PD-L1 suppression could be completely restored,
confirming the role of CMTM4 in stabilizing PD-L1
by protecting it from endosome-lysosome-mediated
and proteasome-mediated proteolysis. Inhibition
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FIG.5. Inhibition of CMTM4 sensitized HCC toward PD-L1 blockade in mouse. (A) Scheme of experimental design. A total of 3 x 10°
of Hepal-6 EV and Cmtm4-knockdown (shCmtm4-1) cells were subcutaneously implanted into the right and left sides of the lateral flank
of wild-type mice, respectively. Four doses of anti-PD-L1 mAb or saline control were administered by intraperitoneal injection during
weeks 2-3 (10 mg/kg/dose). Control group, n = 7; anti-PD-L1, group n = 12. (B) Growth curves of individual tumors, measured from the
commencement of anti-PD-L1 treatment onward. (C) Schematic diagram explaining the therapeutic effect of CMTM4 inhibition in
anti-PD-L1 immunotherapy. In CMTM4" tumor cells, anti-PD-L1 monoclonal antibodies fail to occupy all PD-L1 binding sites (left),
whereas with lowered PD-L1 surface expression in CMTM4" tumor cells, anti-PD-L1 mAb is able to completely abrogate PD-1/PD-L1
signaling between T cells and tumor cells and hence fully unleash T cell-mediated antitumor immunity (right). Abbreviations: Ctrl, saline
control; EE, early endosome; RE, recycling endosome.
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of CMTM4 suppressed tumor growth in different
mouse HCC models and facilitated tumor infiltra-
tion of CD4" and CD8" T cells. This suggests that
suppressing PD-L1 through CMTM4 can reverse
the immunosuppressive tumor microenvironment and
enhance the antitumor activity of T cells in HCC.

Various predictive markers have been identified to
better guide the stratification of patients for PD-1/
PD-L1 blockade. These include tumor mutational
burden,*” expression of neoantigens,(4l) microsatellite
instability,*” and the extent of tumor infiltration by T
cells and macrophages.* It has been reported that pre-
treatment PD-L1 expression is associated with better
objective response toward PD-1 blockade in multiple
types of cancer.*” However, conflicting studies have
also shown that the expression level of PD-L1 may not
be associated with clinical response of anti-PD-1/PD-
L1999 A possible explanation for this is false-negative
IHC staining of PD-L1, due to the obstruction of
binding of anti-PD-L1 antibodies to glycosylated PD-
L1. A study showed that enzyme-mediated deglyco-
sylation before IHC staining greatly improves PD-L1
detection.* As CMTM4 directly regulates the level
of PD-L1, CMTM4 expression provides information
on PD-L1 turnover rate. In patients who are PD-L1-
positive, indicative of immune activation, low CMTM4
could predict better response to anti-PD-L1 treatment
in liver cancer. This is because PD-L1 is more prone
to intrinsic protein degradation when in the absence of
CMTM4; hence, there is a lower overall PD-L1 abun-
dance, raising the likelihood of complete inhibition of
PD-1/PD-L1 signaling at the cell surface with anti-
PD-L1 treatment. Thus, CMTM4 expression may also
be a predictive marker for anti-PD-L1 response.

To date, the major caveat of PD-1/PD-L1 blockade
is that most patients with cancer do not benefit from
anti-PD-1/PD-L1 due to innate and acquired resis-
tance. A pitfall of using mADb is that its large size might
hinder penetration into the tumor microenvironment,
and hence fail to block PD-1/PD-L1 binding sites
efficiently. Moreover, PD-L1 may be highly expressed
in certain regions of a solid tumor where T cells are
activated. In such regions, anti-PD-1/PD-L1 mAb
may not be able to fully occupy PD-1/PD-L1 binding
sites.®¥) In this study, we validated that the depletion
of PD-L1 protein through CMTM4 to lower PD-
L1 membrane expression could be one mechanism to
circumvent such resistance (Fig. 6). A previous report
showed that reducing PD-L1 membrane expression
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could render cancer more susceptible to ICIs.1%

CMTM4 stabilized PD-L1 independent of IFN-y
stimulation, suggesting that inhibiting CMTM4 can
suppress PD-L1 expression driven by IFN-y or other
oncogenic signaling pathways activated by drugs such
as EGFR,1? cyclin-dependent 4/6,17 or PARP
(poly[adenosine diphosphate ribose] polymerase)
inhibitors.”” We demonstrated that suppressing PD-
L1 expression by inhibition of CMTM4 enhanced the
efficacy of anti-PD-L1 immunotherapy by achieving
a more complete inhibition of PD-1/PD-L1 signal-
ing between tumor cells and T cells, suggesting that
targeting CMTM4 can have a synergistic effect with
PD-L1 blockade in liver cancer. High doses of ICIs
often lead to immune-related adverse effects, caus-
ing the termination of the treatments. In a phase 2
clinical trial in patients with melanoma, drug-related
adverse effects were more frequently observed in
patients treated with higher dose of anti-CTLA4
blocking antibody (NCT00289640).*® In a phase
1 clinical trial investigating antitumor activity and
safety of anti-PD-1 blocking antibody in multiple
cancer types (NCT00730639), patients were treated
with escalating dose of anti-PD-1 blocking antibody,
ranging from 0.1 mg/kg to 10 mg/kg. There was a
dose-dependent increase in occurrence of adverse
events. Due to immune-related adverse effects, treat-
ments were terminated in 19% and 13% of patients
receiving 10 mg/kg anti-PD-1 and 1 mg/kg anti-
PD-1, respectively. ) Notably, PD-1 inhibitors were
associated with higher risk of hepatotoxicity com-
pared with the control regimen in a meta-analysis
study.®” This information is particularly relevant for
HCC treatments, as most patients with HCC have
impaired liver functions, suggesting that low doses
of PD-1/PD-L1 inhibitors should be considered in
them. When low doses of PD-1/PD-L1 inhibitors
are administered, the availability of the antibodies
becomes limited. This might explain our result that
CMTM4-low tumors that express a lower level of
PD-L1 are more responsive to anti-PD-L1 mAb.
Therefore, the general hypothesis that tumors with
high PD-L1 expression might be more responsive to
anti-PD-L1 immunotherapy might also be dependent
on the doses of antibodies used.

Our study revealed that CMTM4 up-regulation
in liver cancer contributes to an immunosuppres-
sive tumor microenvironment that facilitates escape
from antitumor T-cell immunity and tumor growth.



HEPATOLOGY COMMUNICATIONS, Vol. 6, No. 1, 2022

NOG-QIN CHUI, CHEU, ET AL.

T cell

CMTM4

T

< RE
TCR g -
A MHC-AQ%UG o é EE “ -
A Proteasome \
< = N
" = 0%
R PD-L1 S
c O= Lysosome
PD-1 =

Tumor cell

FIG. 6. Schematic diagram of the regulation of PD-1/PD-L1 signaling by CMTM4 in liver cancer. CMTM4 physically interacts with
PD-L1 in tumor cells to promote and sustain PD-L1 expression at the plasma membrane by shuttling PD-L1 to recycling endosomes,
preventing it from being degraded by the lysosome or proteasome. As a result, CMTM4 potentiates the binding of PD-L1 on tumor
cells to PD-1 on T cells, inhibiting T-cell activation and facilitating immune escape. Inhibition of proteasomal activity by MG132 and
inhibition of clathrin-dependent endocytosis by Dyngo4a restored PD-L1 surface expression after CMTM4 inhibition. Abbreviations:
EE, early endosome; RE, recycling endosome; MHC-Ag, MHC class I conjugated with tumor antigen; TCR, T-cell receptor; U, ubiquitin.

Depleting PD-L1 by promoting its degradation
through CMTM4 inhibition suppressed HCC
growth and enhanced the efficacy of PD-L1 check-
point inhibitors. From the example of CMTM4, one
could infer that other posttranslational regulators that
promote protein internalization and degradation are
also likely to be relevant to other immune checkpoints,
such as CTLA4, LAG3, and TIGIT. By reducing the
overall abundance of other immune checkpoint recep-
tors or their respective ligands, the inhibitory effect
of ICIs can be further enhanced, bringing hope that
more patients with cancer can benefit from immune

checkpoint blockade therapy.
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