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ABSTRACT

Background Immune checkpoint blockade (ICB) targeting
programmed death ligand-1 (PD-L1)/programmed cell
death protein-1 (PD-1) pathway has become an attractive
strategy for cancer treatment; however, unsatisfactory
efficacy has limited its clinical benefits. Therefore, a more
comprehensive understanding of the regulation of PD-

L1 expression is essential for developing more effective
cancer immunotherapy. Recent studies have revealed the
important roles of eukaryotic elongation factor 2 kinase
(eEF2K) in promoting epithelial-mesenchymal transition
(EMT), angiogenesis, tumor cell migration and invasion;
nevertheless, the exact role of eEF2K in the regulation of
tumor immune microenvironment (TIME) remains largely
unknown.

Methods In this study, we used a cohort of 38 patients
with melanoma who received anti-PD-1 treatment to
explore the association between eEF2K expression

and immunotherapy efficacy against melanoma.
Immunoprecipitation-mass spectrometry analysis and in
vitro assays were used to examine the role and molecular
mechanism of eEF2K in regulating PD-L1 expression. We
also determined the effects of éEF2K on tumor growth and
cytotoxicity of CD8* T cells in TIME in @ mouse melanoma
model. We further investigated the efficacy of the eEF2K
inhibition in combination with anti-PD-1 treatment in vivo.
Results High eEF2K expression is correlated with better
therapeutic response and longer survival in patients with
melanoma treated with PD-1 monoclonal antibody (mAb).
Moreover, eEF2K protein expression is positively correlated
with PD-L1 protein expression. Mechanistically, eEF2K
directly bound to and inactivated glycogen synthase kinase
3 beta (GSK3) by phosphorylating it at serine 9 (S9),
leading to PD-L1 protein stabilization and upregulation,
and subsequently tumor immune evasion. Knockdown

of eEF2K decreased PD-L1 expression and enhanced
CD8* T cell activity, thus dramatically attenuating murine
B16F10 melanoma growth in vivo. Clinically, p-GSK3[3/S9
expression is positively correlated with the expressions

of eEF2K and PD-L1, and the response to anti-PD-1
immunotherapy. Furthermore, eEF2K inhibitor, NH125
treatment or eEF2K knockdown enhanced the efficacy of
PD-1 mAb therapy in a melanoma mouse model.
Conclusions Our results suggest that eEF2K may serve
as a biomarker for predicting therapeutic response and
prognosis in patients receiving anti-PD-1 therapy, reveal a

8 Xingcong Ren,® Wenjun Yi,® Jinming Yang,®

1,2

vital role of eEF2K in regulating TIME by controlling PD-L1
expression and provide a potential combination therapeutic
strategy of eEF2K inhibition with ICB therapy.

INTRODUCTION

Overexpression of immunoglobulin-like
immunosuppressive molecules in cancer
cells lead to evasion of immune surveillance
and sustain cell survival and tumor progres-
sion. With the idea that immune evasion
is one of the hallmarks of tumors being
proposed and well recognized, the mecha-
nisms underlying tumor-associated immu-
nosuppression and the novel therapeutic
strategies have been pursued recent years.
The most well studied and understood is
T cell-based recognition and destruction
of cancer cells, which is accomplished via
binding of the T cell receptor on T cells to
major histocompatibility complex (MHC)
on target cancer cells. Nevertheless, the
outcome of this affair is regulated by a range
of co-stimulatory and co-inhibitory receptors
and their corresponding ligands, which is
also known as immune checkpoints. Binding
of the programmed death ligand-1 (PD-L1)
on cancer cells to its receptor programmed
cell death protein-1 (PD-1) on T lymphocytes
delivers inhibitory signals, leading to suppres-
sion of T lymphocyte proliferation, activa-
tion, cytokine release and cytolytic activity.' *
Upregulation of PD-L1 is used by cancer cells
to escape T cell-mediated immune surveil-
lance and attacks.’? Thus, blockade of the
PD-LL1/PD-1 axis has been considered as a
promising therapeutic strategy and shows
encouraging clinical outcomes in melanoma
and other cancers.” Previous studies have
revealed several proteins that play important
roles in the post-translational regulation of
PD-L1I stability, which include OTUBI, CSN5,
glycogen synthase kinase 3 beta (GSK3j),
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CDK4/CDK6, CMTM4/6, palmitoylated BA3GNT3, SPOP
(speckle-type POZ protein) and B-TrCP (beta-transducin
repeats-containing proteins) were identified.”* Further
understanding of the molecule mechanisms under-
lying PD-L1 regulation will help identify biomarkers
and develop new strategies to overcome limitations
and improve efficacy of current PD-L1/PD-1 blockade
therapies.

Eukaryotic elongation factor 2 kinase (eEF2K), a
calcium/calmodulin-activated member of the o-kinase
family, inhibits messenger RNA (mRNA) translation elon-
gation by phosphorylating and inactivating its substrate
eEF2, which mediates the movement of polypeptidyl-
tRNAs from the A site to the P site of the ribosome."”"
eEF2K is overexpressed in a variety of malignancies
including pancreatic, brain and breast cancer, and
promotes cell survival under conditions of nutrient depri-
vation, hypoxia and therapeutic stress.'®"® Our previous
study found that eEF2K promotes cancer cell proliferation
by regulating aerobic glycolysis and blockade of glycolysis
by targeting eEF2K could inhibit tumor development and
enhance sensitivity of breast cancer cells to chemotherapy
drugs.19 In addition, we demonstrated that eEF2K is an
important autophagic modulator and plays a critical regu-
latory role in drug-induced autophagy in cancer cells.’*
Therapeutic targeting of eEF2K increased drug efficacy by
inhibiting autophagy.” Recently, several studies revealed
the important roles of eEF2K in promoting EMT, angio-
genesis, tumor cell migration and invasion.”*” However,
the exact role of eEF2K in the regulation of tumor
immune microenvironment remains largely unknown.

In this study, we found that higher eEF2K expres-
sion correlates with a better therapeutic outcome and
a prolonged survival in patients with melanoma treated
with anti-PD-1 immunotherapy. More importantly, there
is a positive correlation between eEF2K and PD-L1
expression. We further showed that eEF2K promotes
stabilization of PD-L1I protein through its interaction with
GSK3B, and that knockdown of eEF2K decreased PD-L1
expression and increased CD8" T cell number and gran-
zyme B (GZMB) in tumor tissues in a mouse melanoma
model. Moreover, we characterized the enhanced efficacy
of eEF2K knockdown or NH125, an eEF2K inhibitor, in
combination with anti-PD-1 in vivo. Our results reveal
a critical role of eEF2K in regulating tumor immune
microenvironment by controlling PD-L1 expression, and
provide a new approach to enhancing cancer immuno-
therapy by targeting eEF2K.

MATERIALS AND METHODS

Cell lines and culture

The human melanoma cell lines, A375, SK-5 and SK-28
were cultured in Dulbecco’s Modified Eagle Medium.
The murine B16F10 cells were maintained in RPMI 1640.
All cell culture media were supplemented with 10% fetal
bovine serum, penicillin (100 U/mL) and streptomycin
(100 pg/mL). All cell lines were maintained at 37°C in a

humidified atmosphere containing 5% CO,/95% air and
used within 3—-20 passages of thawing the original stocks.

Reagents and antibodies

The proteasome inhibitor MG132 and protein synthesis
inhibitor cycloheximide (CHX) were purchased from
Selleck. Antibodies used in immunoblotting: eEF2K
(ab45168, ab85721, 1:1000) was purchased from
Abcam; PD-L1 (17952-1-AP, 1:1000), GSK3[3 (22104-1-
AP, 1:2000), B-actin (60008-1-1g, 1:5000), Flag (66008-
3-lg, 1:5000), tubulin (11224-1-AP, 1:5000), GST
(10000-0-AP, 1:4000) were purchased from Protein-
tech; HA (No. 3724, 1:1000), p-GSK3B/S9 (No. 9323,
1:1000) were purchased from Cell Signaling Technolo-
gies; phosphoserine monoclonal antibody (mAb) (CSB-
MAO080235, 1:1000) was purchased from CUSABIO.
Normal IgG/Peroxidase-conjugated AffiniPure Goat
Anti-Rabbit/Mouse IgG (H+L) was purchased from
Jackson Immuno Research.

siRNA, short hairpin RNA and plasmid transfection
Transfection of siRNA was carried out according to the
manufacturer’s protocol. Briefly, cells in exponential
phase of growth were plated in 6-well tissue culture plates
at 1x10° cells per well, grown for 24 hours, and then trans-
fected with siRNA using lipofectamine RNAimax reagent
and Opti-MEM-reduced serum medium. For the gener-
ation of stable cells, the lentiviral-based short hairpin
RNA (shRNA) was used to knock down expression of
indicated genes. After infection with the corresponding
gene-targeted shRNA lentiviral particles for 24 hours,
cells stably expressing the shRNA were then selected
with 1 pg/mL puromycin. Transfection of the plasmid
was carried out using lipofectamine 2000 (Invitrogen)
reagent according to the manufacturer’s protocol.

Western blot analysis and immunoprecipitation

Western blot analysis was performed as described previ-
ously.”® For immunoprecipitation, the cells were lysed
with RIPA lysis buffer (Medium) supplemented with
protease inhibitors and/or phosphatase inhibitors at ice
for 30 min, followed by centrifugation at 16,000 g for 15
min to remove debris. Cleared lysates were then subjected
to immunoprecipitation with indicated primary antibody
and protein A/G agarose beads (from Santa Cruz) at 4°C
overnight. The immunocomplexes were then washed
four times with RIPA buffer the next day, and proteins
were boiled in sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) sample buffer for 10 min,
followed by western blot analysis.

Pulse-chase assay

To measure the effect of eEF2K on PD-LI protein stability,
the A375 cells transfected with the indicated siRNAs were
treated with the protein synthesis inhibitor CHX (50 pg/
mL) for the indicated durations before collection, and
then subjected to western blot analysis.
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Detection of cell surface PD-L1

For detection of cell surface PD-LI, cells were suspended
in 100 pL of cell staining buffer and incubated with APC-
conjugated antihuman PD-L1 antibody (APC-65081,
Proteintech) at 4°C for 30 min. After washing in the
staining buffer, stained cells were analyzed by fluores-
cence activated cell sorting (FACS).

GST pulldown assay

Purified GST or GST-eEF2K from bacteria bound to
glutathione-sepharose 4B beads (from sigma) was incu-
bated with GSK3[ for 4 hours at 4°C. The beads were
then washed with GST binding buffer four times, and the
bound proteins were separated by SDS-PAGE and immu-
noblotted with indicated antibodies.

Immunofluorescence staining

A375 cells seeded on glass coverslip were fixed in 4%
paraformaldehyde for 20 min at room temperature
and blocked in 5% bovine serum albumin (BSA) for 1
hour. Then, cells were incubated with anti-eEF2K anti-
body (Abcam, ab96685, 1:50) and anti-GSK3[ antibody
(Proteintech, 67329-1-1g, 1:50) at 4°C for overnight,
followed by Alexa Fluor 594 dye-conjugated antimouse
IgG antibody and Alexa Fluor 488 dye-conjugated anti-
rabbit IgG antibody. At the end of incubation, the cells
were stained with 4,6-diamidino-2-phenylindole (DAPT).
The coverslip was washed in phosphate-buffered saline
(PBS) and fluorescent signals were visualized using a
confocal microscope.

For tumor tissue immunofluorescence (IF), 4 pm
paraffin sections of tissue samples were baked for 120 min
at 60°C, and then deparaffinized. Antigen was retrieved at
citric acid buffer by microwave antigen retrieval, followed
with 3% BSA blocking for 1 hour at room temperature.
Primary antibodies were incubated at 4°C for overnight
and the following day for 30 min at room tempera-
ture. After washing with TBS-0.25% Triton X-100, the
secondary antibody was added to the blocking solution
and incubated for 1 hour. At the end of incubation, tissue
sections were incubated with DAPI solution at room
temperature for 5 min and images were detected and
captured by confocal microscope.

Patients and tissue samples

A total of 38 patients with acral melanoma with standard-
ized PD-1 mAb therapy from the research files at The
Tumor Hospital of Harbin Medical University who were
seen from January 2016 to December 2020 (PD-1 mAb,
Keytruda, Merck KGaA, Germany), and who met our
inclusion criteria, were entered in this study. The eligibility
criteria included the following: (1) pathological examina-
tion confirming the presence of stage IlI-IV melanoma;
(2) complete basic clinical data; (3) no serious compli-
cations or other malignant disease; (4) the patients and
family members being informed about the illness and
having given informed consent before treatment.

Immunohistochemical staining

Paraffin-embedded implantation samples isolated from
peritoneal metastasis of patients with acral melanoma
(38 cases) were sectioned at a thickness of 4 pm. To
stain eEF2K, p-GSK3 and PD-L1, the slides were first
deparaffinized in xylene and rehydrated with gradient
concentrations of alcohol under standard procedures.
After rehydration, the slides were immersed in 0.01
mol/L citrate buffer (pH 6.0) and heated (95°C) for 15
min for antigen retrieval. Then, the samples were incu-
bated with 3% hydrogen peroxide (H,O,) for 10 min
followed by 10% normal goat serum blocking for 10 min.
Subsequently, the sections were incubated with rabbit
polyclonal antihuman eEF2K antibody (dilution 1:100)
(ab85721, Abcam) and antihuman p-GSK3B (dilution
1:50) (WL03683, Wanleibio), or with mouse monoclonal
antihuman PD-L1 (dilution 1:100) (17952-1-AP, Protein-
tech) for 1 hour at room temperature. After washing with
PBS with Tween 20 for three times, the sections were incu-
bated with biotin-labeled secondary antibody followed
by horseradish peroxidase (HRP)-conjugated strepta-
vidin for 30 min individually at room temperature. After
applying HRP substrate, 3.3"-diaminobenzidine tetrahy-
drochloride (D3939-1set, Sigma) in 0.01% HQOQ, for 10
min, the slides were counterstained with Meyer’s hema-
toxylin for 30-60 s and mounted with mounting medium
for visualization under microscope.* * Scoring of eEF2K,
p-GSK3B and PD-L1 in melanoma samples via immu-
nohistochemical (IHC) staining follows the methods
previously published. All of IHC staining samples from
patients with melanoma were evaluated independently by
two experienced pathologists.

Semi-quantitative analysis of IHC staining

All of the samples were reviewed by two independent
pathologists experienced in evaluating IHC, who were
blinded to the clinical outcome of these patients. We
assessed the percentage of positively stained immu-
noreactive cells and the staining intensity to semi-
quantitatively determine the expression of eEF2K, PD-L1,
p-GSK3B. The percentage of immunoreactive cells was
rated as follows: 0 points, <10%; 1 point, 10%-50%;
2 points, >50%. The staining intensity was rated as
follows: 0 (no staining or weak staining=light yellow),
1 (moderate staining=yellow brown) and 2 (strong
staining=brown). The overall score for eEF2K, PD-LI,
p-GSK3B expression was the sum of points determined
for the percentage of positively stained immunoreactive
cells and the expression, and an overall score ranging
from 0 to 4 was assigned. For the statistical analysis, the
patients were divided into a low expression group (an
overall score between 0 and 2) and a high expression
group (an overall score between 3 and 4).***' The final
score is the combination of independent scores assigned
by the two pathologists, which was reported in this study.
Any differences in the scores were resolved by discussion
between the two pathologists.

Chen X, et al. J Immunother Cancer 2022;10:004026. doi:10.1136/jitc-2021-004026



Clinical response and follow-up evaluation

Clinical response was evaluated using the RECIST criteria
for solid tumors (V.l.l).22 33 Complete response (CR) was
defined as complete disappearance of all lesions; partial
response (PR) was defined as atleasta 30% decrease in the
sum of the largest diameter (LD) of the targeted lesions;
stable disease (SD) was defined as neither shrinkage that
qualified as PR nor sufficient increase that qualified as
progressive disease (PD) and PD was defined as at least a
20% increase in the sum of the LD of the target lesions.
Response was defined as CR plus PR and non-response
was defined as SD plus PD. The clinical response was eval-
uated based on imaging only. The images were evaluated
by two experienced radiologists aware of patient diag-
nosis and treatment but not the results of other imaging
modalities. On discrepancy between the two readings, a
third, independent experienced radiologist served as the
final arbitrator.

During the follow-up period, patients with melanoma
with post-PD-1 antibody treatment were requested to
perform CT scan of the lungs and color Doppler ultra-
sound of the liver and kidney every 3 months in the first
2 years, every 6 months from 3 to 5 years and annually
thereafter. The outcome of melanoma was defined as
good prognosis (improvement or full resolution) or bad
prognosis (no recovery or death due to melanoma). The
end points of the study were progression-free and overall
survival (OS) as reported.

In vitro kinase assay

For in vitro kinase assay, 1 pg recombinant GSK3B was incu-
bated with 200 ng active eEF2K in 1x kinase buffer (Cell
Signaling Technology, 9802) supplemented with ATP (Cell
Signaling Technology, 9804) at a final concentration of 200
pPM. After incubation for 1 hour at 30°C, the reaction was
terminated by the addition of SDSPAGE sample loading
buffer and followed by western blot analysis.

PD-L1 and PD-1 interaction assay

To measure the binding of PD-1 to PD-L1, A375 cells
transfected with siNT and sieEF2K were seeded into 6-well
cell culture plates and then fixed in 4% paraformalde-
hyde at room temperature for 15 min, followed by incu-
bation with recombinant human PD-1 Fc chimera protein
(MCE) for 1 hour. After washing with phosphate-buffered
saline, cells were incubated with antihuman IgG/Alexa
Fluor 488 dye conjugate (Bioss) at room temperature
for 1 hour, and then Nuclei were stained with DAPI. The
green fluorescence signal of Alexa Fluor 488 dye was visu-
alized using a confocal microscope.

Animal studies

Briefly, B16F10 cells (5x10%) were injected subcuta-
neously into male nude mice and C57BL/6 mice in a
volume of 100 pL. Tumor sizes and body weights were
measured on the days as indicated and tumor volume was
calculated as lengthxwidth2>< (m/ 6). At the termination of
the experiment, subcutaneous tumors were excised and

weighed, then photopraphs were taken. Tumor tissues
were subjected to subsequent further analysis.

For treatment with antibody, 75 pg anti-PD-1 monoant-
body (Clone J43, BE0033-2, Bio X cell, West Lebanon, New
Hampshire), ant-CD8o. (BP0117) or isotype IgG control
(BE0091, BP0090) was injected intraperitoneally on days
6,9, 12, 15 and 18 after B16F10 cell inoculation. For small
molecular inhibitor treatment, 500 pg/kg NHI25 was
injected intraperitoneally every day for 2 weeks.

Flow cytometry analysis

In this study, all flow cytometry antibodies and agents
were purchased from eBiosciences. For mouse samples,
B16f10-xenograft tumors were harvested after experi-
ments and then subjected to rapid and gentle stripping,
physical grinding and filter filtration to obtain single
cell suspension. After getting rid of dead cells with eBio-
science Fixable Viability Dye eFluor 780 (65-0865-14)
staining, cells were stained with FITC-CD45 (11-0451-
81), PerCP/Cy5.5-CD3 (45-0031-80), PE/Cy7-CD8 (25-
0081-81) for 30 min. After fixation and permeabilization,
intracellular GZMB was stained using APC-GZMB (17-
8898-80). Stained samples were analyzed by FACS, and
FlowJo software was used for further data analysis.

Statistical analysis

All experiments were performed at least three times. The
results are shown as mean+SD. Comparison between two
groups was analyzed using the Student’s t-test. Comparison of
multiple groups (>2) were performed using one-way analysis
of variance. For the analysis of associations between eEF2K,
PD-L1 and p-GSK3B/S9 expression levels, the IF stains were
scored, and the correlation analyses were performed using
Spearman’s correlation test. Wilcoxon rank sum test was
used for the analysis of associations between the response
to PD-1 mAb therapy and the indicated protein expression.
The Kaplan-Meier method and Gehan-Breslow-Wilcoxon
test were used for the survival data analysis. GraphPad Prism
V.6.01 was used to perform statistical analysis. P values <0.05
were considered statistically significant.

RESULTS

eEF2K expression positively correlates with
immunotherapeutic benefits and PD-L1 level in patients with
melanoma

In a cohort of 38 patients with melanoma treated with
PD-1 mAb therapy, patients with a positive response
exhibited longer survival (figure 1A). We next investi-
gated the role and clinical value of eEF2K in patients with
melanoma treated with anti-PD-1 therapy. As shown in
figure 1B, patients with high eEF2K levels demonstrated
longer OS. Likewise, patients with a positive response to
immunotherapy showed higher IHC staining scores of
eEF2K (figure 1C,D). All of these results suggest that in
patients with positive PD-L1 expression, eEF2K may serve
as a potential biomarker to predict the clinical efficacy
and prognosis of immunotherapy (figure 1E). Further-
more, the expression of PD-L1 was positively correlated
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melanoma. (A) Kaplan-Meier overall survival curves in patients with melanoma with or without response to PD-1 mAb therapy.
(B) Kaplan-Meier plots of the overall survival rates in PD-1 blockade-treated patients with melanoma with high (IHC overall
score is between 3 and 4) or low (IHC overall score is between 0 and 2) expression of eEF2K. (C) IHC staining of 38 human
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specimens. (F) The IHC staining images, and the correlation analyses were performed (G). eEF2K, eukaryotic elongation factor
2 kinase; IHC, immunohistochemical; mAb, monoclonal antibody; PD-1, programmed cell death protein-1; PD-L1, programmed

death ligand-1.

with eEF2K level in tumor samples from patients with
melanoma (figure 1F,G). These findings suggest the
involvement of eEF2K in the regulation of tumor immune
microenvironment, and its usefulness in predicting
outcome of immunotherapy in patients with melanoma.

eEF2K upregulates PD-L1 expression by inhibiting its
proteasome-mediated degradation

In view of the significant positive correlation between
PD-L1 and eEF2K, we evaluated the effect of eEF2K on
PD-L1. As shown in figure 2A and online supplemental
figure SIA, silencing of eEF2K by two different siRNAs
significantly decreased PD-L1 expression in three human
melanoma cell lines, and this effect was also shown in the

murine melanoma cell line B16F10 (figure 2B, online
supplemental figure SI1B). By contrast, forced expression
of eEF2K upregulated the levels of PD-L1 (figure 2C,
online supplemental figure S1C), indicating that eEF2K
plays a role in promoting PD-L1 expression. Further-
more, eEF2K silencing induced a significant decrease
of cell surface PD-L1 levels (online supplemental figure
S1D). However, neither knockdown nor overexpression
of eEF2K leaded to obvious change in PD-L.1 mRNA levels
(online supplemental figure SIE-G). In addition, A375
cells with endogenous PD-L1 expression knocked down
were transfected with the coding sequence of PD-L1, and
arobust promotion of eEF2K in the ectopically expressed

Chen X, et al. J Immunother Cancer 2022;10:004026. doi:10.1136/jitc-2021-004026

5


https://dx.doi.org/10.1136/jitc-2021-004026
https://dx.doi.org/10.1136/jitc-2021-004026
https://dx.doi.org/10.1136/jitc-2021-004026
https://dx.doi.org/10.1136/jitc-2021-004026
https://dx.doi.org/10.1136/jitc-2021-004026
https://dx.doi.org/10.1136/jitc-2021-004026
https://dx.doi.org/10.1136/jitc-2021-004026
https://dx.doi.org/10.1136/jitc-2021-004026

Open access

A B C
A375 SK-5 SK-28 B16F10 SaTE «
N N Xy A
X X N A ) )
> & 9 > & 9 2 & 9 > ¥
eEF2K [ | [—— | [=— | eEFZKE eEFZKEI
PD-L1 [ | [ (S| PO-L1 [ | Flag[| wes]
B-actin [————] [———] [——— B-actin [ SEPEED - | PD-L1 [ -
pactn =]
D A375/shPD-L1 F A375 SK5 &
A375 N\ Flag-eEF2K -  + SieEF2K - + - + &
§ 80 HA-PD-L1  + - MG132 - - Q\qu <<\'Z>Q’
P P -
PD-L1 IZ eEF2K ] EFZK_ eEFZKEI
e I B —
B-actin [ B-actin [ e - w— PD-L1
pactin [Sem—]
E hore '3 e sk28 b
CHX (50pgim,bh) 0 3 6 12 0 3 6 12 © |- sNT &
. o = sieEF2K S qe'
siecEF2K - - - - + o+ o+ o+ = 104 QP &
EF2K g
SEF2K [ W o | g cEF2K [ w|
PD-L1 [ - - | % Flag [ |
B-actin |—-— ‘----| = 0.0 PD'l_“]IE'
0 3 6 9 12 B-actin [ sm——
G CHX-chase time (h)
DAPI Merged

B . . .
seEFZK. . .
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(10 puM) for 4 hours. (G) A375 cells with or without eEF2K knockdown were incubated with recombinant human PD-1 Fc protein
and then antihuman Alexa Fluor 488 dye. Immunofluorescence assays were performed to detect PD-1 binding intensity. CHX,

cycloheximide; eEF2K, eukaryotic elongation factor 2 kinase; IHC, immunohistochemical; mAb, monoclonal antibody; PD-1,
programmed cell death protein-1; PD-L1, programmed death ligand-1; siRNA, small interfering RNA.

PD-L1 was also observed (figure 2D), implying that PD-L1
is regulated by eEF2K at post-transcriptional level.

Next, we investigated the effect of eEF2K on PD-L1
stability by addition of CHX to block new protein synthesis.
As shown in figure 2E and online supplemental figure
S1H, knockdown of eEF2K dramatically promoted PD-L1
turnover and shortened the half-life of PD-L.1. Further-
more, proteasome inhibitor MG132 reversed the eEF2K
inhibition-induced PD-L1 downregulation (figure 2F).

These results indicate that eEF2K promotes the stabi-
lization of PD-LI by inhibiting proteasome-mediated
degradation.

PD-L1 is known to suppress antitumor immune response
via binding to its receptor PD-1.>* As eEF2K stabilizes
PD-L1, we tested whether eEF2K regulates PD-L1/PD-1
interaction. IF assays revealed that knockdown of eEF2K
decreased PD-1 protein binding intensity to the tumor
cell surface (figure 2G).
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Stabilization of PD-L1 by eEF2K is mediated by binding to and
inactivating GSK3p by phosphorylation

Since phosphorylation-dependent proteasomal degra-
dation of PD-L1 has been reported, there is a possibility
that eEF2K phosphorylates PD-L1 and facilitates its degra-
dation. To verify this hypothesis, we performed immu-
noprecipitation and western blot analysis to investigate
the interaction between eEF2K and PD-L1. As shown in
online supplemental figure S2, eEF2K was not detected in
the immunoprecipitated cell lysates with antibody against
HA, which rules out the above assumption. Then, we
performed immunoprecipitation followed by mass spec-
trometry to identify eEF2K-interacting proteins. In addi-
tion to several reported eEF2K-interacting proteins like
eEF2% and Homerl,”® GSK3B, a key regulator of tumor
immunity by inducing phosphorylation-dependent PD-L1
proteasomal degradation,11 was shown to be a potential
partner of eEF2K (figure 3A). To confirm this result, a
co-immunoprecipitation was performed in 293 T cells,
and western blot analysis showed that eEF2K associated
with GSK3p (figure 3B). Furthermore, we demonstrated
the association of endogenous eEF2K and GSK3p in A375
cells (figure 3C). In addition, IF exhibited apparent co-lo-
calization of eEF2K and GSK3 (figure 3D). Furthermore,
the direct interaction between eEF2K and GSK3[B was
demonstrated by in vitro GST pulldown assay. As shown
in figure 3E, when purified recombinant GST-eEF2K was
pulled down by glutathione beads, GSK3B was detected
in the complex, suggesting a direct interaction between
eEF2K and GSK3.

As a potential partner of eEF2K, we further analyzed
whether eEF2K affects GSK3f phosphorylation in mela-
noma cells. Figure 4A shows thatsilencing of eEF2K expres-
sion markedly decreased phosphorylation of GSK3f at
serine 9 (S9), which has been reported to resultin its inac-
tivation.” To further clarify the role of this residue in the
effect of eEF2K on GSK3p phosphorylation, we silenced
endogenous GSK3B and transfected small interfering
RNA (siRNA)-resistant-HA-GSK3 (HA-rGSK3B) plasmid
or siRNA-resistant-HA-GSK3f S9A mutant plasmid in 293
T cells. As shown in figure 4B, eEF2K overexpression
increased serine phosphorylation of WT HA-rGSK3
but not HA-rGSK3B S9A mutant, indicating that S9 is
essential for eEF2K-mediated phosphorylation of GSK3p.
Furthermore, in vitro kinase assays also revealed that
eEF2K directly phosphorylates GSK3f at S9 (figure 4C).
These results prove that eEF2K interacts with and inac-
tivates GSK3B by phosphorylating it at S9. We further
determined whether GSK3p truly mediates the stabilizing
effect of eEF2K on PD-L1. HA- rGSK3p S9A (constitu-
tively active) was transfected into A375 or SK-5 cells with
or without eEF2K overexpression, and the expression of
PD-L1 was measured. The results showed that overex-
pression of the GSK3B mutant reversed eEF2K-induced
PD-L1 upregulation (figure bA). Inversely, silencing of
GSK3 rescued PD-L1 reduction caused by eEF2K knock-
down (figure 5B). As GSK3B-induced PD-L1 phosphory-
lation facilitates its degradation and downregulation, we

found the increased PD-L1 phosphorylation in eEF2K
knockdown cells (online supplemental figure S3). These
observations support that eEF2K-phosphorylated GSK3[3
enhanced PD-L1 stability.

Depletion of eEF2K suppresses tumor growth and PD-L1
expression in vivo

The regulatory role of eEF2Kin PD-L1 expression suggests
that eEF2K is involved in modulating immune escape in
tumor cells. To show the effect of eEF2K on tumor devel-
opment and immune microenvironment, B16F10 cells
with or without eEF2K depletion were orthotopically
injected into the syngeneic nude mice or immunocom-
petent C57BL/6 mice, and the tumor volume in each
mouse was measured every other day. The results showed
that eEF2K knockdown significantly decreased the tumor
size and weight, and this inhibitory effect was stronger
in immunocompetent mice than in immunodeficient
mice (figure 6A-D, online supplemental figures S4 and
S5A), implying that the smaller size of tumors with eEF2K
knockdown was probably due to the enhanced activity of
immune cells in the tumor microenvironment. The acti-
vation of the PD-L1/PD-1 axis limits CD8" T cell expan-
sion and suppresses its antitumor activity.”® Consistent
with this deduction, tumor-infiltrating lymphocytes were
analyzed by flow cytometry, and the CD8" T cell popula-
tion was increased in tumors with eEF2K depletion. Also,
the percentage of GZMB in CD8" cells were significantly
increased in tumors with eEF2K depletion (figure 6E
and online supplemental figures S5B). IF staining of the
tumor tissues demonstrated that the expressions of PD-L1
and phospho-GSK3[3/S9 were decreased when eEF2K was
knocked down (figure 6F), supporting that eEF2K modu-
lated T cell activity by regulating PD-L1 expression in
mouse model.

To further confirm that eEF2K modulate tumor growth
through the GSK3B-PD-L1 axis-regulated T cell activity,
CD80. mAb was used for in vivo experiments. We observed
that CD8o. mAb treatment significantly enhanced
tumor burden by depletion of CD8" T cells in tumor
(figure 6G-K, online supplemental figure S5C,D). We
then validated our findings in human melanoma samples
through assessing protein expression level of p-GSK33/
S9. The results showed that patients with positive response
to PD-1 mAb treatment have higher p-GSK3B/S9 THC
staining scores (figure 7A,B). In particular, p-GSK3B/
S9 level was positively correlated with eEF2K and PD-L1
levels in these melanoma samples (figure 7C,D), which
were consistent with our in vitro and in vivo studies.

eEF2K inhibition synergistically enhanced the therapeutic
efficacy of PD-1 blockade in vivo

Our clinical data showed that 26.3% of patients with high
eEF2K expression had a poor prognosis (online supple-
mental table S1). We next tested whether eEF2K inhibi-
tion can enhance the efficacy of PD-1 mAb therapy. We
used a PD-1 mAb and NH125, an eEF2K inhibitor, to
treat immune-competent mice inoculated with B1I6F10
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with the indicated antibodies (B, C and E). (B) HEK293T cells were transfected with Flag-eEF2K and HA-GSK3 plasmids, and
then subjected to immunoprecipitation with anti-Flag or anti-HA antibodies. The lysates and immunoprecipitates were then
blotted. (C) Immunoprecipitation analysis with the indicated antibodies was performed to detect endogenous eEF2K and GSK3p3
interaction in A375 cells. (D) eEF2K and GSK3p are co-localized in the cytoplasm of A375 cells. The cellular location of eEF2K
and GSKB3p was examined by immunofluorescence staining. DAPI was used to stain the DNA. Scale bar, 7.5 pm. (E) Purified
recombinant GST-eEF2K interacts with GSK3B. GST-eEF2K and GST proteins were pulled down with glutathione beads. GSK33

was detected by WB. DAPI, 4,6-diamidino-2-phenylindole; eEF2K, eukaryotic elongation factor 2 kinase; GSK3p, glycogen

synthase kinase 3 beta.

melanoma cells (figure 8A). In these experiments,
mice inoculated subcutaneously with BI6F10 cells were
randomly divided into four groups subjected to different
treatments on day 6. In the B16F10 syngeneic melanoma
mouse model, NHI25 or PD-1 mAb lonely treatment
inhibited tumor growth, while co-treatment with NH125
and PD-1 mAb achieved better efficacy, as evidenced
by the greater decreases in tumor volume and tumor
weight (figure 8B-D). Moreover, treatment of NH125/

PD-1 mAb alone or in combination did not cause signif-
icant changes in body weight (online supplemental
figure S6A), suggesting a negligible toxicity of this ther-
apeutic regimen in tumor-bearing mice. IF microscopy
showed that NH125/PD-1 mAb alone or in combina-
tion increased CD8" lymphocyte infiltration and GZMB
secretion in tumor tissues (figure 8E). Immunoblotting
analysis showed that NHI125 treatment significantly
suppressed the eEF2K activity, reduced the expression
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levels of phosphor-GSK3B/S9 and PD-L1 (online supple-
mental figure S6B).

To prove that the on-target effect of NH125 is respon-
sible for efficacy of this combination, we investigated
the effect of eEF2K knockdown on PD-1 mAb therapy.
We used a PD-1 mAb to treat immune-competent mice
inoculated with sheEF2K melanoma cells or CTRL
(figure 8F). Similarly, co-treatment with PD-1 mAb and
sheEF2K further decreased the tumor volume and tumor
weight compared with sheEF2K or PD-1 mAb alone
treatment, and CD8o blockade rescued the decreased
tumor growth induced by this combination (figure 8G-I,
online supplemental figure S6C). Therefore, our results
suggested that CD8" T cells were required for the
observed synergistic effect of combination treatment of
PD-1 mAb and eEF2K inhibition. Together, these in vivo
results support that eEF2K deficiency enhances the ther-
apeutic efficacy of PD-1 mAb therapy, and may provide
an effective combination therapeutic strategy for treat-
ment of melanoma.

DISCUSSION

In this study, we demonstrated that eEF2K is positively
associated with PD-L1 level, and that inhibition of
eEF2K downregulates PD-L1 expression in melanoma.
A recent published work by Proud’s group showed that
e¢EF2K can promote PD-L1 expression in prostate and
lung cancer cells.” Emerging data suggest that patients
whose tumors overexpress PD-L1 have better clinical
outcomes with anti-PD-1 therapy. For instance, patients
with PD-L1 overexpressing melanoma have a 44%-51%
response rate to anti-PD-1-directed therapy, while patients
with PD-L1 overexpressing non-small cell lung cancer
have a 67%-100% response rate.*” Recent studies have
reported that objective response is observed in patients
with relapsed or refractory Hodgkin’s lymphoma with
PD-L1 amplification in their lymphoma cells treated
with anti-PD-1, whereas most progressing patients show a
lack of PD-L1 upregulation in tumor cells,* ** suggesting
the tumor PD-L1 expression level is correlated with clin-
ical responses to anti-PD therapy. By assessing the clin-
ical significance of the eEF2K-PD-L1 pathway in PD-1
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blockade-treated patients with melanoma, we found that
high eEF2K expression could predict a better therapeutic
outcome and longer OS time, suggesting eEF2K may be a
potential biomarker for the efficacy of PD-1 mAb therapy.

The regulation of PD-L1 expression may affect the
therapeutic effect of immune checkpoint inhibitors. For
example, Li et alidentified EGF signaling induces PD-L1
glycosylation, and inhibition of EGF-mediated PD-LI
stabilization by gefitinib sensitizes PD-1 blockade therapy
in breast cancer mouse model."" Another work by Ye et
al demonstrated that MMP2/9 increases the expres-
sion level of PD-LI, and reducing PD-L1 expression by
MMP2/9 inhibitor SB-3CT, enhances the therapeutic effi-
cacy of PD-1 blockade in melanoma and Lewis lung carci-
noma.”” Our clinical data showed that 26.3% of patients
with high eEF2K expression had a poor prognosis. We
demonstrated that inhibition of eEF2K decreased PD-L.1,
increased cytotoxic effect of CD8" T cells in tumor
tissues, enhanced the efficacy of PD-1 mAb treatment.
These observations provide a potential effective combi-
nation therapeutic strategy. eEF2K has been found to be
overexpressed in various cancers and promotes tumor

progression via multiple mechanisms. Moreover, inhibi-
tion of eEF2K enhances the effects of a variety of anti-
cancer therapies. While the current studies of eEF2K
mainly focused on tumor itself, our results reveal the
role of eEF2K in the regulation of tumor microenviron-
ment, especially immune activity. eEF2K expression could
predict clinical response rate to anti-PD-1/PD-L1 therapy
in patients with cancer, and combinational treatment of
eEF2K inhibitors can enhance the efficacy of PD-1/PD-L1
blockade and increase the tumor-infiltrating cytotoxic
CD8" T cell population in the tumor tissues, providing
a strong rationale to develop a novel combination thera-
peutic strategy. Our eEF2K knockdown tumor model also
confirmed the enhanced efficacy of PD-1 mAb therapy
in vivo, and co-treatment with CD8 T cell elimination
antibody weakened this antitumor effect, suggesting that
CD8" T cells contributed to the antitumor responses of
the combination therapy of eEF2K inhibition with PD-1
blockade.

In this study, the immunoprecipitation-mass spectrom-
etry analysis was conducted to identify the proteins that
interact with eEF2K, and the results from this screen
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Figure 6 Depletion of eEF2K suppresses B16F10 xenograft tumor growth and promotes T cell activity. Ctrl and two sheEF2K
(#1 and #2)-transfected B16F10 cells were injected subcutaneously into 6-week-old male Balb/c nude mice and C57BL/6 mice,
the tumor sizes were measured on the days as indicated. (A, B) Subcutaneous tumors from B16F10 xenograft Balb/c nude
mice were excised and photographs were taken at the termination of the experiment (A) and tumor weights were measured

(B). Tumor inhibition rate (%, TIR), 67.5%. (C, D) Subcutaneous tumors from B16F10 xenograft C57BL/6 mice were excised
and photopraphs were taken at the termination of the experiment (C) and xenograft tumor weights were measured (D). TIR,
80.7%. Data represents the mean+SD of tumor weights of each group (n=6). (E) FACS of CD8" in CD3" and GZMB*CD8" in
CD8* TILs from B16F10 xenografts. (F) Representative images of IF staining of eEF2K, p-GSK3B/S9 and PD-L1 of sheEF2K
and Ctrl B16F10 xenografts. (G-K) ShNT and sheEF2K-transfected B16F10 cells were injected subcutaneously into 6-week-old
male C57BL/6 mice, and received CD8o. mAb treatment or IgG isotype control. (G) A schematic view of the treatment plan.

(H) Photopraphs of mice tumors of each group at the end of the experiment. (I) Curves of tumor growth. (J) Plots for tumor
weight. (K) FACS of CD8" in CD3* TILs from B16F10 xenografts. *P<0.05; ##p<0.01; ***p<0.001. eEF2K, eukaryotic elongation
factor 2 kinase; GSK3p, glycogen synthase kinase 3 beta; IF, immunofluorescence; PD-L1, programmed death ligand-1; mADb,
monoclonal antibody; TIL, tumor-infiltrating lymphocyte.
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Figure 7 High p-GSK3p/S9 expression is positively correlated with response to anti-PD-1 immunotherapy, eEF2K and
PD-L1 levels in samples from patients with melanoma. Representative images (A) and quantitative expression (B) of
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showed that GSK3p binds to eEF2K. GSK3p is a serine/
threonine kinase that was originally considered to regu-
late glycogen synthase activity and glycogen synthesis.**
Accumulating studies have uncovered that GSK3p is an
important component of Wnt/catenin signaling pathway
and is involved in the regulation of tumorigenesis, inva-
sion and metastasis.”” ** GSK3B-dependent substrate phos-
phorylation facilitates ubiquitin E3 ligase recognition
and towards their ubiquitination-mediated degradation.
For example, GSK3p interacts with and phosphorylates
PD-L1, incorporating B-TrCP for proteasome degradation
of PD-L1."" Therefore, GSK3B inhibition allows PD-L1I
stabilization thereby suppressing T-cell activity. In this
study, we demonstrated that eEF2K directly phosphory-
lates GSK3P at the residue S9, contributing to GSK3p inac-
tivation. Given that eEF2 is the only recognized substrate
of eEF2K so far, our study indicates GSK3 may be a new
potential substrate for eEF2K and mediates the cellular
function of eEF2K. The phosphorylation and inactivation
of GSK3 by eEF2K prompted us to test a hypothesis that
GSK3 may mediate the effect of eEF2K on PD-L1 expres-
sion. In support of our hypothesis, the further experi-
mental results confirmed that eEF2K-mediated GSK3[
inactivation truly promotes PD-L1 stabilization and

overexpression. Together with the previous study showing
that eEF2K enhances PD-L1 expression in prostate and
lung cancer cells via promoting PD-LL1 mRNA translation
and protein synthesis,” the regulatory effects of eEF2K
on PD-L1 may result from translational as well as post-
translational modifications. It is known that dysregula-
tion of translation elongation can cause changes in the
downstream biological effects, including mRNA stability,
protein expression, protein subcellular localization and
co-translational protein folding. The effect of transla-
tion elongation on PD-LI protein stability is worth to
be further investigated. In tumor samples from patients
with melanoma, we identified that eEF2K is positively
correlated with PD-L1 and phospho-GSK3p (S9) expres-
sion. Therefore, our studies revealed molecular mecha-
nisms underlying tumor PD-L1 regulation and uncovered
an inhibitory role of eEF2K in antitumor immunity.

In summary, this study demonstrates that eEF2K
enhances PD-L1 stability and expression via GSK3 inac-
tivation, leading to cancer cells escape from immune
surveillance. Therapeutic targeting of eEF2K by specific
inhibitor or RNA interference results in reduced PD-L1
expression, enhanced CD8" T cell-mediated tumor
cell killing and synergistically boosts the effects of PD-1
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Figure 8 eEF2K inhibition synergistically enhanced the therapeutic efficacy of PD-1 blockade in vivo. (A-E) C57BL/6 mice
were implanted with B16F10 cells and co-treated with NH125 and PD-1 mAb. (A) A schematic view of the treatment protocol.
(B) Photopraphs of B16F10 tumors harvested after euthanizing the mice. n=6 for each group. (C) The tumor growth of B16F10
cells in NH125 and/or anti-PD-1 antibody-treated C57BL/6 mice. (D) Plots for tumor weight. (E) CD8o and granzyme B in
mouse tumor tissues of each group were determined by immunofluorescence. (F-I) C57BL/6 mice were implanted with Ctrl or
sheEF2K-transfected B16F10 cells, and received PD-1, CD8a mAb treatment or IgG isotype control. (F) A schematic view of
the treatment plan. (G) Photopraphs of mice tumors of each group at the end of the experiment. (H) Curves of tumor growth.

(I) Plots for tumor weight. #xP<0.01; #+#p<0.001. (J) A proposed model for eEF2K-induced GSK3-phosphorylation-dependent
PD-L1 stabilization and immunoregulation in melanoma. eEF2K overexpression in cancer cells phosphorylates GSK3 at serine
9 for GSK3p inactivation, leading to PD-L1 stabilization, enhanced PD-1 interaction and subsequent immunosuppressive
microenvironment as a consequent. Therapeutic depletion or inhibition of eEF2K maintains GSK3p activity for phosphorylation-
dependent proteasome degradation of PD-L1, thereby decreasing the cancer cells PD-L1 expression level and synergistically
enhancing the therapeutic efficacy of PD-1 mAb therapy. eEF2K, eukaryotic elongation factor 2 kinase; GSK3p, glycogen
synthase kinase 3 beta; mAb, monoclonal antibody; PD-1, programmed cell death protein-1; PD-L1, programmed death
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blockade (figure 8]), thus making eEF2K an attrac-
tive target in designing antitumor therapies against
melanoma.

Author affiliations

"Department of Pharmacy, The Second Xiangya Hospital, Central South University,
Changsha, China

2Hunan Provincial Engineering Research Centre of Translational Medicine and
Innovative Drug, Changsha, China

®Department of Pathology, Xiangya hospital and Department of Pathology, School of
Basic Medicine, Central South University, Changsha, China

4Department of Dermatology, Hunan Engineering Research Center of Skin Health
and Disease, Hunan Key Laboratory of Skin Cancer and Psoriasis, Xiangya Hospital,
Central South University, Changsha, China

SDepartment of Medical Oncology, Harbin Medical University Cancer Hospital,
Harbin, China

®Department of General Surgery, The Second Xiangya Hospital, Central South
University, Changsha, China

"Department of Pharmacy, School of Medicine, Hunan Normal University, Changsha,
China

®Department of Microbial Pathogenesis and Immunology, Texas A&M University
Health Science Center, Bryan, Texas, USA

®Department of Cancer Biology and Toxicology, Department of Pharmacology,
College of Medicine, Markey Cancer Center, University of Kentucky, Lexington,
Kentucky, USA

Contributors XC and YC conceived and designed the study; XC, SJ, HS, XC
(Xuanling Che), MZ, JH, YW, ML, XL and XZ collected clinical samples and performed
the in vitro and in vivo assays. XC, KW, WY, MY and YC conducted the data analysis
and interpretation. XC drafted the manuscript. XR, JY, XC (Xiang Chen), MY and YC
reviewed the manuscript, figures and tables. All authors have read and approved
the final manuscript. YC is responsible for the overall content as guarantor.

Funding This work was supported by the National Natural Science Foundation

of China (No. 81972480, 81874138, and 82073020), The Key Research and
Development Program of Hunan Province (2019DK2011), Natural Science
Foundation of Hunan Province of China (2021JJ40823), Scientific Research Project
of Hunan Provincial Health Commission (202102080940), Innovation-driven project
of Central South University (2020CX019), Project Funded by China Postdoctoral
Science Foundation (20217140755 and 2021M703649), The Science and
Technology Innovation Program of Hunan Province (2021RC2038).

Competing interests None declared.
Patient consent for publication Not applicable.

Ethics approval Animal studies were approved by the Ethics Committee of The
Second Xiangya Hospital, and the animal protocol was in accordance with the
institutional guidelines of the Animal Care and Use Committee of Central South
University. All participants have given informed consent before scientific research.

Provenance and peer review Not commissioned; externally peer reviewed.
Data availability statement Data are available on reasonable request.

Supplemental material This content has been supplied by the author(s). It has
not been vetted by BMJ Publishing Group Limited (BMJ) and may not have been
peer-reviewed. Any opinions or recommendations discussed are solely those

of the author(s) and are not endorsed by BMJ. BMJ disclaims all liability and
responsibility arising from any reliance placed on the content. Where the content
includes any translated material, BMJ does not warrant the accuracy and reliability
of the translations (including but not limited to local regulations, clinical guidelines,
terminology, drug names and drug dosages), and is not responsible for any error
and/or omissions arising from translation and adaptation or otherwise.

Open access This is an open access article distributed in accordance with the
Creative Commons Attribution 4.0 Unported (CC BY 4.0) license, which permits
others to copy, redistribute, remix, transform and build upon this work for any
purpose, provided the original work is properly cited, a link to the licence is given,
and indication of whether changes were made. See https://creativecommons.org/
licenses/by/4.0/.

ORCID iDs
Jianxun Song http://orcid.org/0000-0002-9734-6176
Yan Cheng http://orcid.org/0000-0002-7905-0443

REFERENCES

1 Freeman GJ, Long AJ, Iwai Y, et al. Engagement of the PD-1
immunoinhibitory receptor by a novel B7 family member leads
to negative regulation of lymphocyte activation. J Exp Med
2000;192:1027-34.

2 Chen L, Han X. Anti-PD-1/PD-L1 therapy of human cancer: past,
present, and future. J Clin Invest 2015;125:3384-91.

3 Dong H, Strome SE, Salomao DR, et al. Tumor-associated B7-

H1 promotes T-cell apoptosis: a potential mechanism of immune
evasion. Nat Med 2002;8:793-800.

4 Topalian SL, Drake CG, Pardoll DM. Immune checkpoint blockade:
a common denominator approach to cancer therapy. Cancer Cell
2015;27:450-61.

5 Sharma P, Allison JP. The future of immune checkpoint therapy.
Science 2015;348:56-61.

6 Zou W, Wolchok JD, Chen L. PD-L1 (B7-H1) and PD-1 pathway
blockade for cancer therapy: mechanisms, response biomarkers,
and combinations. Sci Trans! Med 2016;8:328rv4.

7 Zhu D, Xu R, Huang X, et al. Deubiquitinating enzyme OTUB1
promotes cancer cell immunosuppression via preventing ER-
associated degradation of immune checkpoint protein PD-L1. Cell
Death Differ 2021;28:1773-89.

8 Yang Y, Hsu J-M, Sun L, et al. Palmitoylation stabilizes PD-L1 to
promote breast tumor growth. Cell Res 2019;29:83-6.

9 Hsu J-M, Li C-W, Lai Y-J, et al. Posttranslational modifications
of PD-L1 and their applications in cancer therapy. Cancer Res
2018;78:6349-53.

10 Cha J-H, Yang W-H, Xia W, et al. Metformin promotes antitumor
immunity via endoplasmic-reticulum-associated degradation of PD-
L1. Mol Cell 2018;71:606-20.

11 Li C-W, Lim S-O, Xia W, et al. Glycosylation and stabilization of
programmed death ligand-1 suppresses T-cell activity. Nat Commun
2016;7:12632.

12 Zhang J, Bu X, Wang H, et al. Cyclin D-CDK4 kinase destabilizes PD-
L1 via cullin 3-SPOP to control cancer immune surveillance. Nature
2018;553:91-5.

13 Carlberg U, Nilsson A, Nygard O. Functional properties
of phosphorylated elongation factor 2. Eur J Biochem
1990;191:639-45.

14 Moore CE, Regufe da Mota S, Mikolajek H, et al. A conserved loop in
the catalytic domain of eukaryotic elongation factor 2 kinase plays a
key role in its substrate specificity. Mol Cell Biol 2014;34:2294-307.

15 Proud CG. Regulation and roles of elongation factor 2 kinase.
Biochem Soc Trans 2015;43:328-32.

16 Bagaglio DM, Cheng EH, Gorelick FS, et al. Phosphorylation of
elongation factor 2 in normal and malignant rat glial cells. Cancer
Res 1993;53:2260-4.

17 Parmer TG, Ward MD, Yurkow EJ, et al. Activity and regulation by
growth factors of calmodulin-dependent protein kinase IlI (elongation
factor 2-kinase) in human breast cancer. Br J Cancer 1999;79:59-64.

18 Leprivier G, Remke M, Rotblat B, et al. The eEF2 kinase confers
resistance to nutrient deprivation by blocking translation elongation.
Cell 2013;153:1064-79.

19 Cheng, Ren X, Yuan Y, et al. eEF-2 kinase is a critical regulator of
Warburg effect through controlling PP2A-A synthesis. Oncogene
2016;35:6293-308.

20 Cheng Y, Ren X, Zhang Y, et al. eEF-2 kinase dictates cross-talk
between autophagy and apoptosis induced by Akt inhibition, thereby
modulating cytotoxicity of novel Akt inhibitor MK-2206. Cancer Res
2011;71:2654-63.

21 Cheng, Yan L, Ren X, et al. eEF-2 kinase, another meddler in the
"yin and yang" of Akt-mediated cell fate? Autophagy 2011;7:660-1.

22 Cheng, Ren X, Zhang Y, et al. Integrated regulation of autophagy
and apoptosis by EEF2K controls cellular fate and modulates the
efficacy of curcumin and velcade against tumor cells. Autophagy
2013;9:208-19.

23 Guan Y-di, Jiang S-L, Yu P, et al. Suppression of eEF-2K-mediated
autophagy enhances the cytotoxicity of raddeanin a against human
breast cancer cells in vitro. Acta Pharmacol Sin 2018;39:642-8.

24 Liu JC, Voisin V, Wang S, et al. Combined deletion of PTEN and p53
in mammary epithelium accelerates triple-negative breast cancer
with dependency on eEF2K. EMBO Mol Med 2014;6:1542-60.

25 Hamurcu Z, Ashour A, Kahraman N, et al. FOXM1 regulates
expression of eukaryotic elongation factor 2 kinase and promotes
proliferation, invasion and tumorgenesis of human triple negative
breast cancer cells. Oncotarget 2016;7:16619-35.

26 Eukaryotic elongation factor 2 kinase (€EF2K) in cancer. Cancers
2017;9:9120162. doi:10.3390/cancers9120162

27 ZhouY, LiY, Xu S, et al. Eukaryotic elongation factor 2 kinase
promotes angiogenesis in hepatocellular carcinoma via PI3K/Akt and
STAT3. Int J Cancer 2020;146:1383-95.

14

Chen X, et al. J Immunother Cancer 2022;10:¢004026. doi:10.1136/jitc-2021-004026


https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
http://orcid.org/0000-0002-9734-6176
http://orcid.org/0000-0002-7905-0443
http://dx.doi.org/10.1084/jem.192.7.1027
http://dx.doi.org/10.1172/JCI80011
http://dx.doi.org/10.1038/nm730
http://dx.doi.org/10.1016/j.ccell.2015.03.001
http://dx.doi.org/10.1126/science.aaa8172
http://dx.doi.org/10.1126/scitranslmed.aad7118
http://dx.doi.org/10.1038/s41418-020-00700-z
http://dx.doi.org/10.1038/s41418-020-00700-z
http://dx.doi.org/10.1038/s41422-018-0124-5
http://dx.doi.org/10.1158/0008-5472.CAN-18-1892
http://dx.doi.org/10.1016/j.molcel.2018.07.030
http://dx.doi.org/10.1038/ncomms12632
http://dx.doi.org/10.1038/nature25015
http://dx.doi.org/10.1111/j.1432-1033.1990.tb19169.x
http://dx.doi.org/10.1128/MCB.00388-14
http://dx.doi.org/10.1042/BST20140323
http://www.ncbi.nlm.nih.gov/pubmed/8485712
http://www.ncbi.nlm.nih.gov/pubmed/8485712
http://dx.doi.org/10.1038/sj.bjc.6690012
http://dx.doi.org/10.1016/j.cell.2013.04.055
http://dx.doi.org/10.1038/onc.2016.166
http://dx.doi.org/10.1158/0008-5472.CAN-10-2889
http://dx.doi.org/10.4161/auto.7.6.15385
http://dx.doi.org/10.4161/auto.22801
http://dx.doi.org/10.1038/aps.2017.139
http://dx.doi.org/10.15252/emmm.201404402
http://dx.doi.org/10.18632/oncotarget.7672
http://dx.doi.org/10.3390/cancers9120162
http://dx.doi.org/10.1002/ijc.32560

28

29

30

31

32

33

34

35

36

Chen X-S, Wang K-S, Guo W, et al. UCH-L1-mediated down-
regulation of estrogen receptor o contributes to insensitivity to
endocrine therapy for breast cancer. Theranostics 2020;10:1833-48.
Yin M, Li X, Tan S, et al. Tumor-associated macrophages drive
spheroid formation during early transcoelomic metastasis of ovarian
cancer. J Clin Invest 2016;126:4157-73.

Yin M, Guo Y, Hu R, et al. Potent BRD4 inhibitor suppresses cancer
cell-macrophage interaction. Nat Commun 2020;11:11.

Yin M, Xu Y, Lou G, et al. LAPTM4B overexpression is a novel
predictor of epithelial ovarian carcinoma metastasis. Int J Cancer
2011;129:629-35.

Eisenhauer EA, Therasse P, Bogaerts J, et al. New response
evaluation criteria in solid tumours: revised RECIST guideline (version
1.1). Eur J Cancer 2009;45:228-47.

Yin M, Hou Y, Zhang T, et al. Evaluation of chemotherapy

response with serum squamous cell carcinoma antigen level in
cervical cancer patients: a prospective cohort study. PLoS One
2013;8:654969.

Zerdes |, Matikas A, Bergh J, et al. Genetic, transcriptional and
post-translational regulation of the programmed death protein
ligand 1 in cancer: biology and clinical correlations. Oncogene
2018;37:4639-61.

Pigott CR, Mikolajek H, Moore CE, et al. Insights into the regulation
of eukaryotic elongation factor 2 kinase and the interplay between its
domains. Biochem J 2012;442:105-18.

Gladulich LFH, Xie J, Jensen KB, et al. Bicuculline regulated protein
synthesis is dependent on Homer1 and promotes its interaction with

37

38

39

40

41

42

43

44

45

eEF2K through mTORC1-dependent phosphorylation. J Neurochem
2021;157:1086-101.

Doble BW, Woodgett JR. GSK-3: tricks of the trade for a multi-
tasking kinase. J Cell Sci 2003;116:1175-86.

Qin G, Wang X, Ye S, et al. NPM1 upregulates the transcription of
PD-L1 and suppresses T cell activity in triple-negative breast cancer.
Nat Commun 2020;11:1669.

Wu Y, Xie J, Jin X, et al. eEF2K enhances expression of PD-

L1 by promoting the translation of its mMRNA. Biochem J
2020;477:4367-81.

Patel SP, Kurzrock R. PD-L1 expression as a predictive biomarker in
cancer immunotherapy. Mol Cancer Ther 2015;14:847-56.

Ansell SM, Lesokhin AM, Borrello |, et al. PD-1 blockade with
nivolumab in relapsed or refractory Hodgkin’s lymphoma. N Engl J
Med 2015;372:311-9.

Herbst RS, Soria J-C, Kowanetz M, et al. Predictive correlates of
response to the anti-PD-L1 antibody MPDL3280A in cancer patients.
Nature 2014;515:563-7.

Ye Y, Kuang X, Xie Z, et al. Small-molecule MMP2/MMP9 inhibitor
SB-3CT modulates tumor immune surveillance by regulating PD-L1.
Genome Med 2020;12:83.

Embi N, Rylatt DB, Cohen P. Glycogen synthase kinase-3 from rabbit
skeletal muscle. Separation from cyclic-AMP-dependent protein
kinase and phosphorylase kinase. Eur J Biochem 1980;107:519-27.
Mancinelli R, Carpino G, Petrungaro S, et al. Multifaceted roles of
GSK-3 in cancer and autophagy-related diseases. Oxid Med Cell
Longev 2017;2017:4629495

Chen X, et al. J Immunother Cancer 2022;10:004026. doi:10.1136/jitc-2021-004026

15


http://dx.doi.org/10.7150/thno.39814
http://dx.doi.org/10.1172/JCI87252
http://dx.doi.org/10.1038/s41467-020-15290-0
http://dx.doi.org/10.1002/ijc.25689
http://dx.doi.org/10.1016/j.ejca.2008.10.026
http://dx.doi.org/10.1371/journal.pone.0054969
http://dx.doi.org/10.1038/s41388-018-0303-3
http://dx.doi.org/10.1042/BJ20111536
http://dx.doi.org/10.1111/jnc.15178
http://dx.doi.org/10.1242/jcs.00384
http://dx.doi.org/10.1038/s41467-020-15364-z
http://dx.doi.org/10.1042/BCJ20200697
http://dx.doi.org/10.1158/1535-7163.MCT-14-0983
http://dx.doi.org/10.1056/NEJMoa1411087
http://dx.doi.org/10.1056/NEJMoa1411087
http://dx.doi.org/10.1038/nature14011
http://dx.doi.org/10.1186/s13073-020-00780-z
http://www.ncbi.nlm.nih.gov/pubmed/6249596
http://dx.doi.org/10.1155/2017/4629495
http://dx.doi.org/10.1155/2017/4629495

	eEF2K promotes PD-­L1 stabilization through inactivating GSK3β in melanoma
	Abstract
	Introduction
	Materials and methods
	Cell lines and culture
	Reagents and antibodies
	siRNA, ﻿short hairpin RNA﻿ and plasmid transfection
	Western blot analysis and immunoprecipitation
	Pulse-chase assay
	Detection of cell surface PD-L1
	GST pulldown assay
	Immunofluorescence staining
	Patients and tissue samples
	Immunohistochemical staining
	Semi-quantitative analysis of IHC staining
	Clinical response and follow-up evaluation
	In vitro kinase assay
	PD-L1 and PD-1 interaction assay
	Animal studies
	Flow cytometry analysis
	Statistical analysis

	Results
	eEF2K expression positively correlates with immunotherapeutic benefits and PD-L1 level in patients with melanoma
	eEF2K upregulates PD-L1 expression by inhibiting its proteasome-mediated degradation
	Stabilization of PD-L1 by eEF2K is mediated by binding to and inactivating GSK3β by phosphorylation
	Depletion of eEF2K suppresses tumor growth and PD-L1 expression in vivo
	eEF2K inhibition synergistically enhanced the therapeutic efficacy of PD-1 blockade in vivo

	Discussion
	References


