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ABSTRACT

Background Loss of major histocompatibility

complex class | (MHC-I) in tumor cells limits the use

of immune checkpoint blockade (ICB) in colorectal
cancer. Nevertheless, the regulatory mechanism of
MHC-I downregulation in tumor cells has not been fully
elucidated. Overexpression of CEMIP in tumor tissues is
associated with a poor prognosis in colorectal cancer.
Here, in this research, we aim to address the role of
CEMIP in mediating MHC-I expression in tumor cells and
investigate the underlying regulatory mechanisms.
Method Protein levels were analyzed by western blotting.
Flow cytometry analysis was used to examine immune
cells. Protein—protein interactions were investigated by
co-immunoprecipitation and proximity ligation assays.
The intracellular trafficking of MHC-1 was revealed by

an immunofluorescent technique. In addition, the effect
of CEMIP on tumor growth and the antitumor efficacy of
targeting CEMIP in combination with ICB therapy were
evaluated in murine models of colorectal cancer.
Results We reported that CEMIP specifically
downregulated the expression of MHC-I on the surface
of murine and human colon cancer cells, hindering the
cytotoxicity of CD8" T cells. We also demonstrated that
CEMIP restricted CD8" T-cell antitumor activities both in
vitro and in vivo due to impaired MHC-I-mediated antigen
presentation. Correspondingly, the combination of CEMIP
inhibition and ICB impeded tumor growth and enhanced
therapeutic efficacy. Mechanistically, CEMIP acted as an
adaptor for the interaction betweenMHC-I and clathrin,
which drove MHC-I internalization via clathrin-dependent
endocytosis. Furthermore, CEMIP anchored internalized
MHC-I to lysosomes for degradation, disrupting the
recycling of MHC-I to the cell surface.

Gonclusion Overall, our study unveils a novel regulatory
mechanism of MHC-I on tumor cell surfaces by CEMIP-
mediated internalization and degradation. Furthermore,
targeting CEMIP provides an effective strategy for
colorectal cancer immunotherapy.

BACKGROUND

Immune checkpoint blockade (ICB) therapy

has been shown to induce remarkable
responses in several cancer types, including
melanoma, non-small cell lung cancer, and

WHAT IS ALREADY KNOWN ON THIS TOPIG?

= Overexpression of CEMIP in tumor tissues is asso-
ciated with a poor prognosis in colorectal cancer.
Nevertheless, recent studies have mainly focused
on the effect of CEMIP on cell invasion and migra-
tion while largely ignoring its immune-modulation
function.

WHAT THIS STUDY ADDS?

= CEMIP drives major histocompatibility complex
class | (MHC-I) internalization via clathrin-mediated
endocytosis and subsequently anchors MHC-I to ly-
sosomes for degradation, resulting in the reduction
of MHC-I levels on the cell surface.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY?

= These findings highlight that CEMIP is a specific
MHC-I negative regulator that hinders the cytotox-
icity of CD8" T cells. Targeting CEMIP may synergize
with immune checkpoint blockade for colorectal
cancer immunotherapy.

renal cell carcinoma.' 2 However, due to
primary or acquired resistance to ICB, most
patients (~80%) fail to respond to checkpoint
monotherapy.’CD8" T-cell dysfunction is the
most straightforward mechanism of resis-
tance to ICB.* Recently,numerous studies
have placed the antigen presentation center
stage in CD8" T cell-mediated immunosur-
veillance.”” Several tumors impair antigen
processing and peptide presentation to evade
immune eradication.*' Major histocom-
patibility complex class I (MHC-I), the key
component in antigen presentation, presents
peptide epitopes on the tumor cell surface
for recognition by CD8" T cells and induces
CD8" T-cell activation with the secretion of
perforin, granzyme, and interferon to kill
tumor cells.'”> MHC-I deficiency or downregu-
lation on the tumor cell surface leads to insuf-
ficient antigen presentation and impedes
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CDS8" T-cell antitumor activity."”” Upregulation of surface
MHC-I expression is a promising strategy to improve ICB
therapy for cancer.

To evade immune surveillance, tumor cells have devel-
oped various mechanisms to reduce the expression of
MHC-I or other components of antigen presentation.
Previous studies have mainly focused on MHC-I alter-
ations at the genetic and transcriptomic levels, largely
ignoring their intracellular trafficking."* A recent series
of studies have shown that tumor cells can also exploit
MHCI trafficking and degradation to evade the immune
response.'” " Similar to other cell surface receptors,
MHC-I molecules are first internalized into the cyto-
plasm from the cell surface.'® The internalized MHC-I
molecules arrive at early sorting endosomes in a short
time," after which they are sorted into late endosomes
and lysosomes for degradation or routed to the cell
surface for recycling.'"® Internalization is a constitutive
and important event for signal transduction of all plasma
membrane components.”” The abnormal internalization
or degradation of MHC-I leads to reduced cell membrane
abundance and consequent curtailment of CD8" T-cell
antitumor activity.

Colorectal cancer (CRC) is the second leading cause
of cancerrelated death worldwide.”’ ICB has shown
promise in treating patients with CRC, but the benefit
has thus far been restricted to 15% of patients with CRC
with microsatellite instability-high (MSI-H) or mismatch
repair deficiency (AMMR).** The vast majority of patients
with CRC do not respond to current immunotherapy.
The genetic mutations in the antigen-presentation are
a defined mechanism for immunotherapy resistance.”
However, colon cancer is heavily immunoedited and
harbors many mutations that are not present on antigen-
presentation MHC. Genetic mutations in antigen-
presentation, such as B2M, human leukocyte antigen
(HLA)-A, HLA-B and HLA-C were low in patients with
CRrRC.* Thus, an in-depth understanding of the intrinsic
resistance mechanisms may contribute to the develop-
ment of effective therapeutic strategies for these patients
with CRC. We previously identified that CEMIP, an onco-
gene, was significantly higher in CRC tissue than in
normal colonic mucosa and was associated with invasion
depth, tumor, node, metastases stage, and poor clinical
prognosis. Furthermore, it was reported that CEMIP was
a direct and functional target of miR-216a and promoted
tumor metastasis in CRC via microtubule destabiliza-
tion regulated by a PP2A/stathmin pathway.” Here, we
demonstrate that CEMIP could drive the internalization
of MHC-I from the cell surface via clathrin-dependent
endocytosis and then promote its degradation in the
lysosome, by which CEMIP decreases the expression of
MHC-I on the tumor cell surface and diminishes the
cytotoxicity of CD8" T cells. Reciprocally, CEMIP inhibi-
tion could sensitize patients with CRC to ICB therapy.

METHODS

Animal experiments

OT- transgenic mice, C57BL/6, and Balb/c mice (6-7
weeks old) were supplied by Vital River Laboratory
(Beijing, China). CEMIP knockdown (CEMIP*P), over-
expression (CEMIP?Y), and scramble MC38 (3x10°) or
CT26 (5x10°) cells were subcutaneously injected into
the right flanks of these mice. Mice were monitored for
tumor growth every 2 days afterward. Tumor size was
calculated using the formula (width®xlength)/2. For
chlorpromazine (MedChemExpress, USA) and chlo-
roquine (MedChemExpress, USA) treatment, mice
respectively received intraperitoneal injections of chlor-
promazine (10 mg/kg), chloroquine (60 mg/kg), or
phosphate-buffered saline (PBS) one time per day for
the duration of the experiment. For ICB experiments,
mice were intraperitoneally injected with anti-mouse
programmed cell death protein-1 (PD-1) antibody (200
pg/per mouse) and anti-mouse cytotoxic T-lymphocytes-
associated protein 4 (CTLA-4) antibody (100 pg/per
mouse) or IgGl isotype monoclonal antibodies on day 3
after tumor cell inoculation and then every 3 days for the
duration of the experiment.

OT-1 T-cell isolation and co-culture with tumor cells

Splenic OT-I T cells were magnetically isolated by a
MojoSort Mouse CD8+ T Cell Isolation Kit according to
the manufacturer’s protocol. Isolated OT-I T cells were
first labeled with 10 pM carboxyfluorescein diacetate
succinimide ester(BioLegend, USA) and then co-cul-
tured with ovalbumin (OVA") tumor cells in Roswell Park
Memorial Institute-1640 medium supplemented with
10% fetal bovine serum, 10 ng/ml interleukin (IL)-2
(BioLegend, USA) and 27.5 pM 2-mercaptoethanol. After
72 hours, the proliferation of CD8" T cells and secretion
of interferon (IFN)-yand granzyme B (GZMB) by CD8" T
cells were analyzed using flow cytometry.

Flow cytometry analysis

For cell surface MHC-I analysis, cells were stained with
fluorescent conjugated anti-MHC-I antibodies for human
cell lines, APC conjugated anti-H-2K" antibody for CT26,
Alexa Fluor 647 conjugated anti-H-2K" antibody for
MC38 for 30 min on ice. Cells were then washed twice
with RPMI 1640 and suspended in PBS to perform anal-
ysis. For tumor tissue flow cytometry analysis, tissues were
minced and digested in RPMI 1640 containing 1 mg/
mL collagenase V, 0.5 mg/mL hyaluronidase, and 100
pg/mL DNase I for 1 hour at 37°C. After red blood cell
lysis, cells were blocked with anti-mouse CD16/CD32
(TruStain FcX, clone 93, BioLegend) and stained with a
Zombie NIR Fixable Viability Kit (BioLegend). Cells were
then incubated with the indicated fluorescent conjugated
antibodies against the following mouse antigens: PerCP-
Cyb.5-CD45, FITC-CD3, BV510-CD8, PE-CD4, PE-NKI.1,
APC-FOXP3, BV421-IFNy, and PE/Dazzle 594-GZMB
(online supplemental table 2). Then, the cells were
fixed in 4% paraformaldehyde and suspended in PBS.
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Cells were analyzed on BD FACSCELEASTA, and all flow
cytometry analysis (FACS) data were analyzed by FlowJo
software (TreeStar, Ashland, USA).

Statistical analysis
Statistical analysis was performed using GraphPad Prism
V.8 software (GraphPad Software). All the data are
presented as the mean+SEM of at least three indepen-
dent experiments. The statistics were analyzed by the
SPSS V.17.0 statistical software package (SPSS, Illinois,
USA). Data were evaluated by one-way analysis of variance
with Bonferroni’s multiple comparisons test for three or
more groups and the unpaired two-tailed Student’s t-test
for two groups. Survival analysis was estimated by Kaplan-
Meier methods. The log-rank test was used to calculate
significant differences. P value<0.05 was considered to be
statistically significant.

Additional methods can be found in the online supple-
mentary methods.

RESULTS

CEMIP drives tumor growth and inhibits the antitumor activity
of CD8* T cells

To evaluate the effects of CEMIP on tumor growth, we
established CEMIP-overexpressing (CEMIP®") cells in two
murine colon cancer cell lines (MC38 and CT26) using
lentivirus infection. Interestingly, CEMIP®® cells prolif-
erated similarly to control cells in vitro (online supple-
mental figure 1A). In contrast, when CEMIP®* cells were
inoculated into syngeneic mouse hosts, mice bearing
CEMIP-overexpressing tumor cells, including CEMIP®*
MC38 and CEMIP®® CT26, exhibited faster tumor
growth and shorter survival time than vector-control mice
(figure 1A-D and online supplemental figure 1B,C).
Consistently, faster tumor growth in CEMIP®® M(C38-
bearing mice was confirmed in the orthotopically trans-
planted model in which tumor cells were implanted in
the subserosa layer of the cecum (online supplemental
figure 1D). Moreover, our previous study indicated that
CEMIP has no effect on tumor cell proliferation in an
orthotopic mouse model in NOD/SCID mice.? Together,
these results imply that CEMIP-mediated tumor prolifera-
tion is dependent on the immune system.

To explore the main microenvironment elements
involved in CEMIP-mediated tumor proliferation, we
next analyzed the immune cell subsets of tumor tissues
by FACS (online supplemental figure 1E). FACS showed
that the number of tumor-infiltrating CD8" T cells in
CEMIP®® tumors significantly decreased compared with
the control tumors (figure 1EF). Immunofluorescence
staining also confirmed that CEMIP caused an overall
decrease in the tumor infiltration of CD8" T cells (online
supplemental figure 1F). Moreover, the percentages of
IFN-y" CD8" T cells and GZMB" CD8" T cells were signifi-
cantly reduced in CEMIP®F tumors (figure 1E,F). We also
found that the frequency of intratumoral Ki67-expressing
CD8" T cells was lower in CEMIP®® tumors than the

control tumors (figure 1G and online supplemental
figure 1G). In contrast, the percentages of CD3" T cells,
CD4' T cells, CD4" Foxp3' regulatory T cells, and natural
killer (NK) cells were not altered with CEMIP expres-
sion changes. Meanwhile, there was no difference in the
percentages of CD4" T cells, CD8" T cells, and NK cells
in the spleens between the two groups of mice (online
supplemental figure 2A,B). Consistent with our findings
in mice, CEMIP expression was negatively related to the
abundance of active CD8" T cells (rho=-0.27, p=4.79¢-09)
but not central memory CD8" T cells in patients with CRC
(rho=—0.047, p=0.316). Moreover, Gene Set Enrichment
Analysis demonstrated that CEMIP was also strongly and
negatively correlated with T-cell activation signaling in
these patients (online supplemental figure 2C,D).

To validate whether tumor CEMIP directly affects CD8"
T-cell antitumor activity, MC38-OVA cells expressing
different levels of CEMIP were co-cultured with CD8" T
cells isolated from the splenocytes of OT-I mice. CD8"
T cells co-cultured with CEMIP*” MC38 cells at a ratio
of 5:1 or 10:1 showed higher proliferation and cytotoxic
activities than those co-cultured with scramble MC38 cells
(online supplemental figure 2E,F). Accordingly, CD8" T
cells co-cultured with CEMIP*” MC38 cells secreted strik-
ingly higher levels of GZMB and IFN-y (figure 1H,I). In
addition, in order to determine the important role of
CDS8' T cells in regulating the growth of CEMIP-deficient
tumors, we used the neutralizing anti-CD8 antibody to
deplete CD8" T cells in vivo (online supplemental figure
3A). The result showed that depleting CD8" T cells abol-
ished the growth delay of CEMIP*” tumors (figure 1]
and online supplemental figure 3B,C). Collectively, these
results demonstrate that CEMIP drives tumor growth and
inhibits the antitumor activity of CD8" T cells.

CEMIP downregulates MHC-I expression and impairs antigen
presentation

We next examined how CEMIP prevents CD8" T-cell cyto-
toxicity. Considering the key role of MHC-I in CD8" T=cell
activation,”” we hypothesized that CEMIP might reduce
the expression of MHC-I in tumor cells. Indeed, we found
that cells expressing high levels of CEMIP had low expres-
sion of MHC-I (online supplemental figure 4A,B). Consis-
tently, western blotting results showed that the protein
level of MHC-I decreased in CEMIP®Y SW480 cells, while
it increased in CEMIP*® SW480 cells (figure 2A). The
same results were further observed in MC38 murine
cells (figure 2B). Intriguingly, there were no obvious
alterations at the messenger RNA (mRNA) level (online
supplemental figure 4C). Next, we further examined the
MHC-I levels on the tumor cell surface by flow cytometry.
As shown in figure 2C,D, MHC-I levels on the tumor cell
surface were significantly upregulated in CEMIP*" cells
compared with the scramble-control group, while they
were attenuated in CEMIPF cells (p<0.05). In contrast,
CEMIP failed to affect MHC-II (data not shown) and
programmed death ligand-1 (PD-L1) (online supple-
mental figure 4D) expression on the MC38 cell surface.

Zhang B, et al. J Immunother Cancer 2023;11:005592. doi:10.1136/jitc-2022-005592

3


https://dx.doi.org/10.1136/jitc-2022-005592
https://dx.doi.org/10.1136/jitc-2022-005592
https://dx.doi.org/10.1136/jitc-2022-005592
https://dx.doi.org/10.1136/jitc-2022-005592
https://dx.doi.org/10.1136/jitc-2022-005592
https://dx.doi.org/10.1136/jitc-2022-005592
https://dx.doi.org/10.1136/jitc-2022-005592
https://dx.doi.org/10.1136/jitc-2022-005592
https://dx.doi.org/10.1136/jitc-2022-005592
https://dx.doi.org/10.1136/jitc-2022-005592
https://dx.doi.org/10.1136/jitc-2022-005592
https://dx.doi.org/10.1136/jitc-2022-005592
https://dx.doi.org/10.1136/jitc-2022-005592
https://dx.doi.org/10.1136/jitc-2022-005592
https://dx.doi.org/10.1136/jitc-2022-005592
https://dx.doi.org/10.1136/jitc-2022-005592
https://dx.doi.org/10.1136/jitc-2022-005592
https://dx.doi.org/10.1136/jitc-2022-005592
https://dx.doi.org/10.1136/jitc-2022-005592
https://dx.doi.org/10.1136/jitc-2022-005592
https://dx.doi.org/10.1136/jitc-2022-005592
https://dx.doi.org/10.1136/jitc-2022-005592

Open access 8

A MC38: C57BL/6 B MC38: C57BL/6 c CT26: Balblc
_ 15009 o cl 1001 15001 _ ctr
g - = = 1200] — CEMIPeE
E 1200] ~=CEMP 3 E
® o m P=0.006 z % 900 ® ™ P=0.013
£ 2 50 g
S s g 600
5 5 ~ CEMIP©= > 300
£ & - Ctrl g
e 0 ) 4 ) Y '2004812162024
0 10 20 30 40
Time (Days) Time (Days) Time (Days)
D ” E Mc38
CT26: Balb/c H 5
100 S =~ 159 ¢ m P=0.002 &= Ctrl
] e & & CEMIPo®
= P<0.001 wE* g2
2 o) 8 9
g Oo o
3 50 5% o o 6
H ~ ctrl 5o I
3 ) 1 o 3
5 - CEMIPE ET
- 0 > 0
, y : . 2 o0
0 10 20 30 40
Time (Days)
F CT26
) G
8 =40 o n P<0.001 404 o= P=0.0022 = Ctrl CEMIP°®
o . o= OE
E 23y o = CEMIP
8 2 24 eﬂa 24
55, S -
£ 216 2161
€708 © 84 Ki67
5% 0 cD8
Zz 00 L DAPI
11 5:1 101 14 5:1 10:1
H A 10 T - A T Ties — —
- 25 | e | 39.2 o 5| %6 |, 28.9
= | w0l | @ . E| 10 —i— 102 10 ~i—
R T 102 ‘ o8 °l o 0 0
0 0 0 102 o o
0 10° 10* 10° 0 10° 10* 10° 0 10° 10¢ 10° 0 10*10°10° 0  10*10°10° 0 10° 10°10°
o 313 |1 570 | ' 63.2 . 243 | w2 | M3
%_ 10* 10* 10 %_
S | 100 10° 100 =@ ‘i— 10° —i— 100 _i_
& | 1o 102 102 of ¢ 0 0
0 0 0 -10? -10? 102
iy 0 10° 10* 10° 0 10° 10* 10° 0 10° 10° 10° & 0 100100100 0 10°10°10° 0 10° 10° 10°
£ cos > 3 cos >
J o m P=0.046 A v P=0.985
I = Ctrl-sh &= Ctrl-sh 2000 o
= CEMIPK = CEMIPKe -e- Ctrl-sh k=)
50 = =
= pe0.o13 P<0.0089 P<0.0097 P<0.0025 E 1600{ = cempe | £
=64 — 40 E °
= = 2 12004 -+ Ctrl-sh 8
& 48 <30 3 = CEMIP© | 2
3 S g 800 <
T 32 g 20 S
£ < E 400
16 § 10 =,
0 0 02 4 6 8 101214 16 18 20 22
11 5:1 10:1 11 5:1 10:1

Days

Figure 1 CEMIP promotes colon cancer cell growth in vivo and impacts the cytotoxicity of CD8" T cells. (A-B) Tumor growth
volumes for C57BL/6 mice subcutaneously transplanted with 3x10° vector control (Ctrl) and CEMIP®E MC38 cells. n=6 mice
per group (A); Kaplan-Meier survival curves for these mice. n=8 mice/group, p values calculated by log-rank test (B). (C-D)
Tumor growth volumes for Balb/c mice subcutaneously transplanted with 5x10° vector control (Ctrl) and CEMIP®E CT26 cells.
n=6 mice per group (C); Kaplan-Meier survival curves for these mice. n=8 mice per group, p values calculated by log-rank test
(D). (E) Abundance of tumor-infiltrating CD8" T cells normalized by MC38 tumor weight per gram (left). The percentages of IFN-
v (middle) and GZMB* CD8*(right) T cells in vector control and CEMIP®E MC38 tumors were analyzed by flow cytometry. n=6/
group. (F) Abundance of tumor-infiltrating CD8" T cells normalized by CT26 tumor weight per gram (left). The percentages of
IFN-y* (middle) and GZMB* CD8" (right) T cells in vector control and CEMIP®E CT26 tumors were analyzed by flow cytometry.
n=6/group. (G) Immunofluorescence staining (left) and quantitative estimates (right) of intratumoral Ki67-expressing CD8* T
cells in vector control and CEMIP®E MC38 tumors. Scale bar, 20 um. n=3 independent samples. (H-I) MC38-ovalbumin cells
with different CEMIP expression levels (Ctrl-sh or CEMIPP) were co-cultured with CD8* T cells isolated from the spleen of OT-
| mice. After 72 hours, the activity of CD8" T cells was indicated by IFN-y and GZMB levels. Representative flow cytometric
data (H), and the quantitative results are summarized (l). n=3 biological replicates. All data are shown as the mean+SEM. (J)
Tumor growth from control and CEMIP*P MC38 tumor cells in C57BL/6 mice depleted of CD8* T cells. P value< 0.05 represents
statistically significant. GZMB, granzyme B; IFN, interferon.
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Figure 2 CEMIP downregulates the expression of MHC-I and impairs antigen presentation. (A) Overexpression or knockdown
of CEMIP in SW480 cells and the expression of HLA-A/B/C, HLA-A, and HLA-B proteins were determined by western blotting
analysis. (B) Overexpression or knockdown of CEMIP in MC38 cells and the expression of H-2K® protein were determined by
western blotting analysis. (C) Overexpression or knockdown of CEMIP in SW480 cells and flow cytometry-based quantification
of plasma membrane levels of HLA-A/B/C. (D) Overexpression or knockdown of CEMIP in MC38 cells and flow cytometry-
based quantification of plasma membrane levels of H-2K®. (E) The expression of MHC-I and CEMIP from 19 patients with
colorectal cancer was determined by immunohistochemistry. Representative images of four patients are shown. Scale bar, 500
pm. (F) The plot of the immunohistochemistry positive area of CEMIP versus that of MHC-I from patients (n=19 cases) was
drawn, and Spearman’s correlation coefficient along with the p value and 95% Cl was shown. (G) Surface H-2K°SIINFEKL was
measured by flow cytometry in ovalbumin-expressing Ctrl or shCEMIP (#1 and #2) MC38 cells. n=3 biological replicates. All
data are shown as the mean+SEM. P value<0.05 represents statistically significant. HLA, human leukocyte antigen MFI, mean
fluorescent intensity; MHC-I, major histocompatibility complex class I.
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Furthermore, immunohistochemistry and immunoflu-
orescence staining revealed that CEMIP was negatively
correlated with MHC-I expression in human CRC tumors,
supporting our in vitro findings (figure 2E,F and online
supplemental figure 4E). To evaluate antigen presenta-
tion, the neoantigen OVA was stably expressed in MC38
cells. As expected, we found increased surface expression
of the OVA-derived peptide SIINFEKL bound to H-2K"
in CEMIP*® OVA cells, confirming enhanced peptide
presentation (figure 2G).

To assess whether CEMIP restricted CD8" T cell activ-
ities due to impaired MHC-I expression, we used an
MHC-I blocking antibody in the co-culture of MC38-OVA
or CT26-OVA and CD8" T cells. Notably, the MHC-I
blocking antibody partially inhibited CD8" T prolifer-
ation and the expression of IFN-y and GZMB in the
setting of CEMIP*® cells (figure 3A,B and online supple-
mental figure 5A,B). Next, MHC-I was blocked in vivo as
described in a previous study.'” In line with the in vitro
results, MHC-I depletion in vivo rescued tumor growth
and attenuated the percentage of tumor-infiltrating
CD8' T cells and IFN-y* CD8" T cells in CEMIP* cell-
bearing mice (figure 3C-H). Overall, these data suggest
that CEMIP impedes CD8" T-cell immunity by reducing
MHC-I expression on tumor cells.

CEMIP promotes MHC-I internalization via clathrin-dependent
endocytosis

How does CEMIP downregulate MHC-I expression on the
tumor cell surface? A previous study reported that CEMIP
facilitates the entry of hyaluronic acid into the cytoplasm
for degradation through clathrin-dependent endocy-
tosis.?® Therefore, we asked whether CEMIP is involved in
the endocytosis of MHC-I. As expected, the ratio of intra-
cellular to plasma membrane MHC-I was significantly
increased in CEMIP®® cells compared with vector-control
cells (figure 4A and online supplemental figure 6A), indi-
cating that CEMIP could promote MHC-I endocytosis.
The endocytosis of cells is mainly divided into clathrin-
mediated and caveolae-mediated endocytosis, as well as
other forms of endocytosis, including Arf6-dependent
or cdc42-dependent endocytosis.”*** Next, we explored
how CEMIP promoted MHC-I internalization. Flow
cytometry was used to determine the level of MHC-I on
the intracellular and plasma membranes after CEMIP?*
MC38 cells were treated with chlorpromazine (clathrin
inhibitor), MBCD (caveolae inhibitor), NVA-2729 (ARF6
inhibitor), or ZCL278 (cdc42 inhibitor). Notably,the
most pronounced inhibitory effect on MHC-I internaliza-
tion was observed with the addition of chlorpromazine,
suggesting that clathrin-dependent endocytosis might
play a predominant role in CEMIP-mediated internal-
ization of MHC-I (online supplemental figure 6B). In
addition, when clathrin knockdown was executed in two
murine cells by clathrin siRNA (online supplemental
figure 6C), the levels of plasma membrane MHC-I substan-
tially increased in CEMIP® cells but did not alter much
in CEMIP* cells (figure 4B,C and online supplemental

figure 6D). Furthermore, CEMIP-induced reduction of
MHC-I levels on the cell surface were reversed by treat-
ment with chlorpromazine in CEMIP?* MC38-bearing
mice. Meanwhile, chlorpromazine also delayed tumor
growth and rescued the numbers of tumor-infiltrating
CDS8' T cells and IFN-y" CD8" T cells (figure 4D-H). The
same results were verified in CEMIP?F CT26-bearing mice
(figure 4I and online supplemental figure 6E-G). Overall,
these results indicate that CEMIP plays an important role
in regulating MHC-I internalization through clathrin-
dependent endocytosis.

CEMIP promotes the interaction between MHC-I and clathrin
Generally, MHC-I internalization does not occur through
clathrin-dependent endocytosis due to the lack of appro-
priate adaptors to link MHC-I and clathrin.*® However,
in our study, we found that MHC-I could be internalized
via clathrin-dependent endocytosis in the presence of
CEMIP. Therefore, we posited that CEMIP might act as an
adaptor to promote the interaction between clathrin and
MHC-I. Co-immunoprecipitation and proximity ligation
assays revealed that CEMIP could directly coprecipitate
with both endogenous clathrin and MHC-I (figure 5A-D).
In particular, overexpression of CEMIP enhanced the
interaction between endogenous clathrin and MHC-I
(figure 5E,F). To further define which domain of CEMIP
is involved in the interaction with clathrin and MHCH,
five truncated variants of CEMIP with a C-terminal MYC
tag were established (online supplemental figure 6H). As
shown in figure 5G-H, CEMIP-D (amino acids 820-1204)
bound to MHC-I, and CEMIP-C (amino acids 572-819)
interacted with clathrin. Taken together, CEMIP is a novel
adaptor that facilitates the interaction between MHC-I
and clathrin.

CEMIP anchors MHC-I to lysosomes for degradation

Similar to other cell surface receptors, MHC-I is destined
to be recycled or degraded after internalization from
the cell surface. The intracellular trafficking of MHC-I
identified its co-localizationwith early endosomes, late
endosomes, and lysosomes, as shown by immunofluores-
cence staining. We found that more MHC-I molecules
were co-localized with late endosomes and lysosomes in
both MC38- and SW480-CEMIP" cells (figure 6A and
online supplemental figure 7A). Western blotting anal-
ysis confirmed that CEMIP increased H-2K” expression in
the lysosome fraction, while CEMIP knockdown elevated
the H-2K" level in the membrane fraction (figure 6B).
Furthermore, when lysosome function was inhibited
by treatment with bafilomycin, the total and plasma
membrane MHC-T (H-2K") levels substantially increased
in CEMIP®" cells but did not change much in CEMIP*"
cells (figure 6C,D and online supplemental figure 7B).
In accordance with the in vitro results, treatment of mice
with the lysosomal inhibitor chloroquine after injec-
tion of CEMIP®" CRC cells effectively delayed CEMIP-
induced tumor growth, accompanied by restored MHC-I
membrane expression and tumor-infiltrating CD8" T cells
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Figure 3 CEMIP restricted CD8"* T-cell cytotoxicity partially due to impaired major histocompatibility complex class |
expression. (A-B) MC38-ovalbumin cells were co-cultured with OT-I T cells with control isotype or H-2K® blocking antibody.
CD8* T-cell proliferation was measured by CFSE dilution (A), and the secretion of the cytokines granzyme B and IFN-y by

CD8" T cells was analyzed by flow cytometry (B). n=3 biological replicates. (C-E) C57BL/6 mice were subcutaneously injected
with 3x10° Ctrl-sh and CEMIPXP MC38 cells expressing shRNA against B2 m. Tumor image (C), volume (D), and weight (E) are
shown. n=6 mice per group. (F-H) The level of H-2K (F) and the percentages of tumor-infiltrating CD8* T (G) and IFN-y* CD8* T
cells (H) in the MC38 tumors were analyzed by flow cytometry. All data are shown as the mean+SEM. n=4/group. P value<0.05
represents statistically significant. CFSE, carboxyfluorescein diacetate succinimide ester; IFN, interferon; GZMB, granzyme B.
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Figure 4 CEMIP promotes MHC-I internalization via clathrin-mediated endocytosis. (A) The expression of H-2Kb (green)

in the cytosolic and plasma membrane fractions of CEMIP®E and Ctrl MC38 cells was detected by immunofluorescence.
Na+K+/ATPase (red) was used to stain cell membrane. n=3 independent experiments; Scale bars, 5 um. (B) Western blotting
quantification of MHC-I in the cytosolic and plasma membrane fractions of CEMIPE MC38 (H-2K®, left) and CT26 (H-2K¢,

right) cells transfected with siRNA clathrin (siCla) or control siRNA (SC), respectively. (C) Surface H-2K® was measured by flow
cytometry in CEMIP®E MC38 and CEMIPCE CT26 cells transfected with siRNA clathrin (siCla) or control siRNA (SC), respectively.
(D-F) Tumor growth was monitored in C57/BL6 mice bearing Ctrl and CEMIPE MC38 cells treated with the clathrin inhibitor
chlorpromazine or the lysosome inhibitor chloroquine. Tumor image (D), volume (E), and weight (F) are shown. n=5/group.

Scale bars,1 cm. (G-H) Tumors from the above mice were collected. The level of H-2K® (G) and the percentages of tumor-
infiltrating CD8* and interferon-y* CD8" T cells (H) were analyzed by flow cytometry. n=4/group. (1) CEMIP®E and Ctrl CT26

cells were inoculated into BALB/c mice. The levels of H-2K® (pink) and tumor-infiltrating CD8* T cells (green) were analyzed

by immunofluorescence. Scale bar, 20 pm. n=3 independent samples; four fluorescent fields of each sample were counted by
Imaged. All data are shown as the mean+SEM. P value< 0.05 represents statistically significant. MFI, mean fluorescent intensity;
MHC-I, major histocompatibility complex class I.
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Figure 5 CEMIP promotes the interaction of MHC-I and clathrin. (A-C) Co-IP analysis of the interaction between CEMIP and
MHC-I or clathrin. Whole-cell extracts from MC38 or CT26 cells were immunoprecipitated with the indicated antibodies. (D)

Duolink in situ PLA was adopted for detecting the interaction between CEMIP and MHC-I (H-2K®) or clathrin in MC38 cells. Anti-

CEMIP, anti-H-2K®, or anti-clathrin were used as primary antibodies. IgG was used as a staining control. Scale bar, 20 pm. (E)
CEMIP mediates the interaction of MHC-I (H-2K®) and clathrin. MC38 cells with different CEMIP expression levels were lysed.
Endogenous clathrin-antibody was immunoprecipitated for western blotting analysis. (F) CEMIP regulates the interaction of

MHC-I (H-2KP) and clathrin in MC38 cells. A proximity ligation assay was applied. Red: co-localized MHC-I (H-2KP) and clathrin
in situ; blue, DAPI for nuclear staining. Scale bar, 20 pm. (G-H) Western blotting analysis of proteins derived from Co-IP in 293

T cells transduced with plasmids as indicated. CEMIP-D (aa 820-1204) binds to MHC-I, and CEMIP-C (aa 572-819) binds to
clathrin. Co-IP, Co-Immunoprecipitation; DAPI, 4',6-diamidino-2-phenylindole; PLA, Proximity Ligation Assay; HLA, human
leukocyte antigen; MHC-I, major histocompatibility complex class I; WT, wild type.
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Figure 6 CEMIP anchors MHC-I to lysosomes for degradation. (A) Confocal micrographs of Ctrl and CEMIP®E MC38 cells
stained for H-2KP and EEA1, Rab7, or LAMP1 markers. Scale bar, 20 pm. Bar graphs depict % colocalization shown for the
respective markers in boxed insets (Manders’ coefficient). (B) Western blotting quantification of MHC-I (H-2K®) in the plasma
membrane (top) and lysosome (bottom) fractions of wild type (WT), CEMIP®E, and CEMIP*® MC38 cells. (C) Representative
electron microscopic images of Ctrl and CEMIP®E MC38 cells. Scale bar, 1 pm. Zooms (lower panels) are x4.8. Red arrows
indicate MVBs containing typical intraluminal vesicles (ILVs) (yellow arrows). The number of MVBs per cell profile and the
number of ILVs per MVB were counted in eight profiles of different cells. (D) Western blotting analysis of MHC-I (H-2K®)
expression in CEMIP®E and CEMIPKP MC38 cells treated with 150 nM bafilomycin A1 (BafA1) for the indicated time. (E) Surface
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A1 (BafA1) for the indicated time. All data are shown as the mean+SEM. P value<0.05 represents statistically significant. MFI,
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(figure 4D-I). Lysosome-mediated degradation requires
the formation of multvesicular bodies (MVBs).** Elec-
tron microscopy analysis revealed the role of CEMIP in
promoting MVB formation, as the numbers of MVBs
and intraluminal vesicles were higher in CEMIP?® cells
(figure 6E). Protein ubiquitination is often implicated in
MVB processes.”” As shown in online supplemental figure
7C,thedecreased ubiquitylation of MHC-T was obviously
present in CEMIP*® cells. Collectively, these data suggest
that CEMIP downregulates MHC-I levels by lysosome-
mediated degradation.

CEMIP inhibition sensitizes CRC to ICB
MHC-I deficiency impairs CD8" T-cell recognition and
activation as a major ICB resistance mechanism.™ Given

MC38 Ctrl/CEMIPK®

that CEMIP could suppress the antitumor immunity
of CD8" T cells by reducing MHC-I levels on the cell
surface, we sought to determine whether CEMIP inhibi-
tion could synergize with ICB therapy. First, we treated
established syngeneic mice bearing scramble control or
CEMIP*P M(C38 cells with dual ICB (anti-PD-1 and anti-
CTLA-4 antibodies) on day 3 after tumor cell inoculation
(figure 7A). We observed moderately reduced tumor
growth in mice treated with ICB therapy alone or inoc-
ulated with CEMIP*" alone (figure 7B,C). More impor-
tantly, CEMIP inhibition in combination with ICB further
attenuated tumor growth compared with CEMIP*” alone
or ICB alone. Furthermore, tumors treated with CEMIP
inhibition plus ICB exhibited increased infiltration of
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Figure 7 CEMIP inhibition increases the sensitivity of colon cancer cells to immune checkpoint blockade. (A-C) C57BL/6 mice
were implanted with 3x10° Ctrl or CEMIP*P cells and received PD-1 mAb treatment plus CTLA-4 mAb or IgG isotype control
(IgG). A schematic view of the treatment plan (A), tumor image (B), tumor volume, and weight (C) were measured every 2 days.
n=6 mice per group. (D) Tumors from the above mice were collected. The percentages of tumor-infiltrating CD8" and IFN-y*
CD8" T cells were analyzed by flow cytometry. n=5-6/group. All data are shown as the mean+SEM. P value<0.05 represents
statistically significant. mAb, monoclonal antibodie; SSC,side scatter; CTLA-4, cytotoxic T-lymphocytes-associated protein 4;
ICB, immune checkpoint blockade; IFN, interferon; PD-1, programmed cell death protein-1.
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CD8" T cells and IFN-Y'CD8" T cells compared with the
CEMIP*” group (figure 7D). Second, we also performed
an additional mouse experiment where mice were intra-
peritoneally injected with dual ICB on day 8 when the
tumor volumes were larger (online supplemental figure
8C). Consistent with the above results, the combination
of CEMIP inhibition and ICB was superior in terms of
tumor growth reduction compared with CEMIP inhi-
bition alone (online supplemental figure 8B,C). Mean-
while, the number of tumor-infiltrating CD8" T cells, as
well as the percentage of IFN-y'or GZMB" CD8" T cells,
was highest in the group treated with a combination of
CEMIP inhibition and ICB (online supplemental figure
8E). Moreover, the expression of CTLA-4 and PD-1 by
the intratumoral CD8" T cells was significantly lower in
CEMIP*’+ICB group than in the other groups (online
supplemental figure 8F). These results indicate that
CEMIP inhibition sensitizes CRC tumors to ICB therapy.

Current data has shown that patients with CRC with
MSI-H are more sensitive to ICB therapy compared with
patients with CRC with microsatellite stability (MSS) /mi-
crosatellite instability-low (MSI-L). MSI-H has been
demonstrated to be a reliable predictor for ICB efficacy.
To explore the correlation between CEMIP and MSI/
MSS in CRC, we used The Cancer Genome Atlas database
to analyze the expression of CEMIP in patients with CRC
with MSS/MSI-L. and MSI-H. The results showed that the
expression of CEMIP in MSI-H patients was significantly
lower than that in MSS/MSI-L patients (online supple-
mental figure 8G). This was in line with the results in mice,
where the expression of CEMIP was negatively correlated
with the sensitivity of ICB therapy, suggesting that the
level of CEMIP in tumor tissue may be a biomarker to
predict the efficacy of immunotherapy.

DISCUSSION

The dramatic successes of ICB therapy do not provide
therapeutic benefits to the majority of patients with CRC.
Here, we identify tumor cell-intrinsic CEMIP as a key
player that contributes to immune evasion in CRC. In
this work, we demonstrate that CEMIP promotes immune
evasion of colon cancer cells by impairing MHC-I antigen
presentation, resulting in the inhibition of CDS8" T-cell
antitumor activity. CEMIP inhibition enhances the effi-
cacy of ICB therapy for CRC. Mechanistically, CEMIP is
an adaptor that facilitates the interaction between MHC-I
and clathrin, which drives MHC-I internalization via
clathrin-mediated endocytosis and subsequent sequestra-
tion within the lysosome for degradation. Collectively, our
study reveals a novel regulatory mechanism of MHC-I on
the tumor surface and provides a novel treatment strategy
for CRC immunotherapy.

We previously reported that high expression of
CEMIP in tumor tissues was a biomarker of poor prog-
nosis in patients with CRC.* * *® One top hit, CEMIP
failed to mediate CRC cell proliferation in vitro or in
immunodeficient mice,26 yet it drove tumor growth in

immunocompetent mice mainly by preventing CD8"
T-cell cytotoxicity in our study. This is in line with a
recent study showing that CEMIP is strongly correlated
with reduced infiltration of CD8" T cells in liver metas-
tasis.”” Together, these results suggest that CEMIP is a
critical suppressor gene in the regulation of the immune
response, which can help cancer cells evade immune
attacks. MHC-I-mediated antigen presentation by cancer
cells constitutes a central focus of antitumor CD8" T-cell
responses. A growing body of evidence suggests that
enhancing MHC-I levels in cancer cells could increase
the CD8" T-cell immune response and improve ICB effi-
cacy."* % * However, upregulation of MHC-T may also be
accompanied by increased PD-L1, with opposite effects
on tumor immunity.”® In the present study, we proved that
CEMIP reduced the expression of MHC-I on the tumor
cell surface without any effect on PD-L1, suggesting that
CEMIP is a specific MHC-I negative regulator. Blocking
MHCH inhibited CD8" T-cell antitumor immunity in the
setting of CEMIP* cells. These results demonstrate that
CEMIP is a prospective target for patients with CRC resis-
tant to immunotherapy. Accordingly, targeted inhibition
of CEMIP synergistically enhanced the efficacy of ICB
therapy for CRC tumors. These findings raise the unex-
plored possibility of CEMIP-based therapy, either in the
form of inhibitors or monoclonal CEMIP antibodies, in
the future.

MHC-I downregulation in cancer is driven by several
mechanisms, including genetic defects, transcriptional
silencing via various transcription factors (nuclear
factor-kB, multiple IFN regulatory factors, and NLRC5),
and epigenetic regulation through DNA hypermethyl-
ation and histone deacetylation.”™* In this study, we
revealed that CEMIP could downregulate the expres-
sion of MHC-I at the protein level rather than the
mRNA level. Recently, a published study showed that
MHC-I is selectively targeted for lysosomal degradation
via an autophagy-dependent mechanism in pancreatic
cancer, leading to reduced expression of MHC-I on the
cell surface.® Moreover, other studies demonstrate that
excessive internalization of MHC-I driven by the onco-
genes MAL2 or BRAF'*""" also decreases MHCH levels on
the cell surface and induces immune escape.” ** These
findings highlight concerns about how MHC-I trafficking
mechanisms can be associated with tumor immune escape.
Our data expand on these modes of regulation in CRC.
We revealed that CEMIP could drive MHC-I internaliza-
tion via clathrin-mediated endocytosis and then anchor
MHCI to lysosomes for degradation. Blocking clathrin
or lysosomes with inhibitors could support cancer immu-
notherapy and inhibit tumor growth by upregulating the
expression of MHC-I on the tumor cell surface. Notably,
MHC-I internalization is generally thought not to occur
through clathrin-dependent endocytosis due to the lack
of appropriate adaptors.” The function of adaptors is
to bridge cargo and clathrin, a critical step in clathrin-
dependent endocytosis.”” Here, we identified CEMIP as
a new adaptor that bridges clathrin with MHC-I to drive
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MHC-I internalization via clathrin-mediated endocytosis.
Notably, the domains of CEMIP that interacted with
clathrin and MHC-I were difterent. MHC-I is bound to the
domain amino acids 820-1204, while clathrin interacts
with the domain amino acids 572-819. Other domains
of CEMIP were not involved in this function. Previous
literature shows that CEMIP is located in clathrin-coated
vesicles and binds with clathrin, which reinforces our
results.”® Our study refines the mechanism of MHGCI
internalization.

CEMIP is not only associated with a poor prognosis in
CRC but also correlates with the progression of other
human malignancies, such as breast cancer, gastric
cancer, and pancreatic cancer.*” ** Tt will make sense to
determine to what extent other tumors use CEMIP misdi-
rection of MHC-I for immune evasion. If validated, these
findings will expand the evidence that targeting CEMIP is
a good choice for improving ICB efficacy in tumors with
MHC-I deficiency. Moreover, AMMR/MSI-H is currently
a clear biomarker of potential response to immuno-
therapy for colorectal tumors,”’ but the high mutational
burden alone does not seem to be sufficient for driving
immunotherapy response.” The presence of tumor-
infiltrating CD8" T cells is a prognostic factor for clinical
outcomes in patient with CRC.* ** CEMIP was found to
be an important suppressor of CD8" T-cell infiltration
and activity in CRC, suggesting that CEMIP levels maybe
included in the biomarker panel for ICB therapy. Further
studies need to be performed.

Conclusion

In summary, this study demonstrates that CEMIP plays
a key role in immune escape by downregulating MHC I
levels on the cell surface. Moreover, we reveal that CEMIP
is an adaptor that facilitates the interaction between
MHC-I and clathrin, which drives MHC-I internalization
via clathrin-mediated endocytosis and then promotes its
degradation in lysosomes. Thus, our study elucidates a
novel molecular mechanism of MHC-I downregulation.
In addition, CEMIP inhibition is potentially an effective
strategy for cancer immunotherapy.
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