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Abstract ERK pathway regulated the programmed death ligand-1 (PD-L1) expression which was

linked to the response of programmed death-1 (PD-1)/PD-L1 blockade therapy. So it is deducible that

ERK inhibitor could enhance the efficacy of PD-1 inhibitor in cancer immunotherapy. In this study,

PD0325901, an oral potent ERK inhibitor, strongly enhanced the efficacy of PD-1 antibody in vitro

and in vivo models in non-small cell lung carcinoma (NSCLC) cells. Mechanistically, PD0325901 or

shRNA-ERK1/2 significantly downregulated the PD-L1 expression in NSCLC cells and increased the

CD3þ T cells infiltration and functions in tumor tissue. There was a positive correlation between the

p-ERK1/2 expression and PD-L1 expression in patients with NSCLC. And the patients with low p-

ERK1/2 expression were observed a high response rate of PD-1/PD-L1 blockage therapy. Our results

demonstrate that PD0325901, an ERK inhibitor, can enhance the efficacy of PD-1 blockage against

NSCLC in vitro and in vivo models. And the combination of ERK inhibitor such as PD0325901 and

PD-1/PD-L1 blockage is a promising regimen and encouraged to be further confirmed in the treatment

of patients with NSCLC.
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1. Introduction
Lung cancer is the leading cause of cancer-related mortality
globally1, with around 80%e85% of cases are non-small cell lung
carcinoma (NSCLC)2. And nearly 70% of lung cancer patients are
diagnosed with advanced or metastatic disease which have poor
prognosis1,3. Because of the limited surgical options and low
response rate (only 15%e30%) of chemotherapy, the 5-year sur-
vival of patients with advanced NSCLC is only 15%3e5. Recently,
there have been great breakthroughs in immunotherapy, particu-
larly the immune checkpoint programmed death-1(PD-1)/
programmed death ligand-1 (PD-L1) blockade for various can-
cer types. Several immunotherapeutic agents such as monoclonal
antibodies (mAbs) targeting PD-1 (nivolumab and pem-
brolizumab) and PD-L1 (atezolizumab) have been approved by
U.S. Food and Drug Administration (FDA)6,7, and have provided
an alternative option for patients with NSCLC in the second-line
treatments8.

PD-1 is expressed on activated T cells, and PD-L1 is typically
expressed on antigen-presenting cells (APCs) and several cancer
cell types including NSCLC9. PD-L1 overexpression is very com-
mon in various malignancies10, and correlates with unfavorable
prognosis and lower survival rates11. The interaction between PD-1
and PD-L1 induces activated T cell apoptosis or exhaustion, thus
inhibiting the activity of anti-tumor immunity12. Inhibition of the
PD-1/PD-L1 axis could restore the activity of T cells13. Expression
of PD-L1 on tumor cells is regulated by intrinsic and extrinsic
mechanisms. The intrinsic PD-L1 expression is driven by oncogenic
activation, and the extrinsic PD-L1 expression is induced by IFN-g
secreted from tumor infiltrating lymphocytes (TILs)14. PD-1/PD-L1
immune checkpoint blockade can induce long-term durable re-
sponses in cancer patients. However, only aminority (less than 20%)
of patients get benefits from PD-1/PD-L1 blockage in patients with
NSCLC7. So it is conceivable that one of the promising approaches
to improve the efficacy of these therapies is combination therapy. To
this point, there are amounts of clinical trials currently testing the
efficacy of combination therapy of PD-1/PD-L1 antibody and
conventional chemotherapy or targeted therapy or other immune
molecules such as cytotoxic T lymphocyte associated protein 4
(CTLA-4), T-cell immunoglobulin mucin 3 (TIM-3), lymphocyte-
activation gene 3 (LAG3), tumor necrosis factor receptor super-
family, member 4 blockage15e19. A lot of kinase inhibitors such as
EGFR, ALK, c-MET, MEK, ERK and so on were used to treat
NSCLCpatientswith oncogenic alterations20e22.Although targeted
therapies dramatically improve patients’ survivals, invariably ac-
quired resistance mutations or activated compensatory pathways
triggered targeted drug resistance and limited successful cancer
therapy23. On the other hand, NSCLC cells bearing EGFR, KRAS,
BRAF, ALK or RETmutations were found with high level of PD-L1
expression which was associated with the activation of MEK/ERK
or PI3K/AKT/mTOR pathway24e27. Patients with driver gene mu-
tations like ALK or EGFR benefit much less from PD-1 or PD-L1
inhibitor therapy due to a lack of an inflammatory microenviron-
ment28. So the inhibition of molecules regulating PD-L1 expression
may be a potential combination agent with PD-1/PD-L1 blockade.
Treatment withMAPKor BRAF inhibitors enhances the expression
of melanoma antigens and induces a more favorable tumor micro-
environment, as evidenced by the decreases of the immunosup-
pressive cytokines29 and an increase of CD8þ T cells infiltration30,
giving the support for potential synergy of targeted therapy and
immunotherapy. An increasing evidence suggests that targeted
therapy modulates the tumor immune microenvironment such as T
cells infiltration which would optimize tumor cells to the antitumor
activity of immunotherapy and then increases the percentages of
patients benefiting from PD-1/PD-L1 inhibitors31,32. There are
some combination therapies of mTOR inhibitor and PD-1/PD-L1
antibody going on clinical trial in solid tumors, such as siroli-
musþdurvalumab for NSCLC (NCT04348292), nivolumabþnab-
rapamycin for advanced sarcoma (NCT03190174).

The MAPK/ERK pathway has been identified as a common
dysregulated pathway in several cancers, most notably was in
NSCLC. MEK/ERK has well-established roles in the regulation of
a large variety of processes of tumorigenesis33,34. ERK1/2, which
is ubiquitously expressed in mammalian tissues and cell types, is
generally activated by extracellular stimuli, including a range of
growth factors and cellular stresses33,34. Accumulating evidences
in preclinical models indicate the benefits of using MEK/ERK1/2
inhibitory strategies for the treatment of human cancers35.
PD0325901, an oral potent small-molecule inhibitor of MEK/ERK
signaling, was observed anti-proliferative and antitumor activity in
preclinical models of cancer and go on phase II clinical trial36,37.
There are 3 ongoing phase II clinical trials (NCT02022982,
NCT02039336, and NCT00174369) testing the effects of
PD0325901 on tumor growth inhibition in patients with NSCLC35.
Herein, we have launched the hypothesis that the ERK inhibitor
PD0325901 enhances the efficacy of PD-1 blockage via down-
regulating PD-L1 expression in NSCLC.

2. Materials and methods

2.1. Cells and cell culture

TheNSCLC cells (H1299,H460,A549, PC-9, SPCA1,GLC-82 and
H1975), Lewis lung cancer (LLC) cells and 293T cells were ob-
tained from ATCC and were validated by short-tandem-repeat
(STR) analysis (except for LLC cells). All cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
10% fetal bovine serum. Peripheral blood mononuclear cells
(PBMCs) were cultured in the presence of 100 IU/mL human IL-2.
All cells were cultured in a humidified incubator at 37 �C containing
5% CO2.

2.2. Chemicals and reagents

PD0325901 and PD-1 blocking antibody (pembrolizumab) were
purchased from Selleck Chemicals. Anti-PD-L1, anti-phospho
ERK1/2 and anti-ERK1/2 antibodies were obtained from Santa
Cruz Biotechnology. The antibody against GAPDH was pur-
chased from Proteintech. The anti-mouse CD3 and granzyme B
antibodies for immunohistochemistry were purchased from
Abcam. The anti-human PD-L1 and p-ERK1/2 for immunohis-
tochemistry were obtained from Santa Cruz Biotechnology. The
anti-human CD3 and CD8 antibodies for immunohistochemistry
were purchased from Zsbio. Dimethyl sulfoxide and 3-(4,5-
dimethylthiazol-yl)-2,5-diphenyltetrazolium bromide (MTT)
were products of SigmaeAldrich. DMEM and fetal bovine
serum were products of Gibco. Penicillin, streptomycin and
trypsin were obtained from Thermo Fisher Scientific. InVivo-
Mab anti-mouse PD-1 (CD279) was purchased from BioXcell.
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2.3. MTT assay

The MTT assay was performed according to previous report38.
NSCLC cells were harvested during logarithmic growth phase
and plated at 2500e3000 cells/well in 96-well plates in a final
volume of 190 mL/well. After plating for 24 h, the cells were
treated with 10 mL of PD0325901 at concentrations ranging from
0 to 1 mmol/L for another 68 h at 37 �C. Then, 20 mL MTT at
5 mg/mL was added to each well and incubated for another 4 h.
The supernatant was then removed, followed by the addition of
150 mL of DMSO to dissolve the MTT crystals. The absorbance
at 540 nm/655 nm dual wavelengths was assessed using a Model
550 Microplate Reader (Bio-Rad). The concentration of
PD0325901 suppressing cell proliferation by 20%, calculated
from survival curves using the Bliss method, was selected for
further experiments. All experiments were repeated at least three
times, and the mean value � standard deviation (SD) was
calculated.

2.4. Western blotting analysis

As previous report described39, briefly, the whole-cell extracts
were collected and lysed with RIPPA Lysis Buffer (Beyotime).
Cell lysates were quantified with Pierce BCA Protein Assay Kit
(Thermo Fisher Scientific) according to manufacturer’s in-
structions. The proteins were separated via SDS-polyacrylamide
electrophoresis on an 8% gel and transferred onto PVDF mem-
branes (Millipore). After blocking with 5% fat-free milk for 1 h,
membranes were probed with specific primary antibodies and
HRP-conjugated goat anti-rabbit or anti-mouse secondary anti-
bodies. The Clarity™ Western ECL Substrate (Bio-Rad) was used
to visualize protein bands.

2.5. Real-time PCR analysis

The real-time PCR analysis was conducted as previously
described40. In brief, the total cellular RNAwas isolated by Trizol
Reagent (Thermo Fisher Scientific) according to the manufac-
turer’s protocols. The qPCR primers were as follows: PD-L1,
forward: TATGGTGGTGCCGACTACAA, reverse: TGCTT
GTCCAGATGACTTCG; b-actin, forward: TCCTGTGGCATC-
CACGAAACT, reverse: GAAGCATTTGCGGTGGACGA. The
qPCR reactions were conducted using ChamQ SYBR qPCR
Master Mix (without ROX) (Vazyme) following the manufac-
turer’s protocols. Data were analyzed using the 2eDDCt method
after normalization with the b-actin expression level in each
sample.

2.6. Immunohistochemistry

The clinical tumor specimens were collected from patients who
were diagnosed with NSCLC in Sun Yat-sen University Cancer
Center, Guangzhou, China. For patient specimens, all patients
were consented and enrolled to Sun Yat-sen University Cancer
Center IRB approved protocols, in accordance with ethical
guidelines, allowing the collection and analysis of clinical data,
archival and paraffin specimens (No. YB2020-008-01). This study
conforms to the Declaration of Helsinki. Tumor samples were
fixed in formalin and embedded in paraffin according to standard
laboratory pathology practice, and stored at the department of
pathology at the Sun Yat-sen University Cancer Center. For pa-
tients’ specimens, the paraffin sections were incubated with pri-
mary anti-human antibodies at different dilutions (PD-L1, 1:100,
p-ERK1/2, 1:200, CD3, 1:100, CD8, 1:200) for 50 min at 37 �C,
and incubated with secondary antibodies. Mice tumors were har-
vested, fixed in 10% buffered formalin overnight, and embedded
in paraffin before being cut into 4 mm sections. All paraffin sec-
tions were incubated with primary anti-mouse antibodies (CD3,
1:100, granzyme B, 1:100) for 50 min at 37 �C, and incubated
with secondary antibodies. The staining was detected by exposure
to DAB Kit (Zisbio) according to the manufacturer’s instructions.
Slides were stained with hematoxylin for 6 min and the staining
was quantified using at least 5 randomly selected 200� or 400�
fields of view. The protein expression was independently assessed
by two pathologists. PD-L1 expression was considered positive if
at least 5% of the tumor cells exhibited membranous PD-L1
staining41.

2.7. Establishment of ERK1/2-knockdown cells

The transfection was performed according to previous methodol-
ogy39. The shRNA vectors for ERK1 or ERK2 shRNAs and a
negative shRNA control (shctrl) vector were transiently trans-
fected using a pSIH-H1-puro Lentivector Packaging Kit (System
Biosciences). The sequences of shRNAs were as follows, shRNA
control (shctrl): CAACAAGATGAAGAGCACCAA; ERK1 sh1:
GCAGCTGAGCAATGACCATAT, sh2: GCTGAACTCCAAGG
GCTATAC. The NSCLC cells infected with ERK1 shRNAs were
presented as ERK1sh1 and ERK1sh2, respectively. ERK2sh1:
GGACCTCATGGAAACAGATCT, sh2: GCTGCATTCTGGCA-
GAAATGC. The NSCLC cells infected with ERK2 shRNAs were
presented as ERK2sh1 and ERK1sh2, respectively. The 293T cells
were transfected with Lipofectamine 2000 Reagent (Thermo
Fisher Scientific) according to the manufacturer’s instructions.
H460 and H1299 cells were infected and incubated with the viral
particles overnight at 37 �C. After 48 h, cells were screened under
puromycin selection (3 mg/mL for H460 cells, and 4 mg/mL for
H1299 cells).

2.8. In vivo experiments

All animal studies were performed with the permission of the
institutional committee of Sun Yat-sen University Cancer Center,
in compliance with protocols approved by the Guangdong Pro-
vincial Animal Care and Use Committee and experimental
guidelines of the Animal Experimentation Ethics Committee of
Sun Yat-sen University Cancer Center (No. L102012020120A).
The 4e6-week-old NSG mice were obtained from Sibeifu (Bei-
jing) Laboratory Animal Technology. LLC cells (1 � 106 cells/
mouse) were suspended in 100 mL PBS and subcutaneously
injected into the flank of NSG mice. About 9 days later, the tumors
reached about 50e100 mm3, tumor-bearing mice were random-
ized into two groups: control and PD0325901 group. The animals
in control group were treated with saline and PD0325901 was
administered orally at a dose of 20 mg/kg every other day. We
obtained immunocompetent C57BL/6J mice from the Laboratory
Animal Unit of the Guangdong Province. LLC cells
(2 � 105 cells/mouse) were suspended in 100 mL PBS and
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subcutaneously injected into the flank of 4e6-week-old female
C57BL/6J mice as previously described42. About 11 days later, the
tumors reached about 50e100 mm3, tumor-bearing mice were
randomized into four groups: control, PD-1 antibody, PD0325901,
and PD0325901þPD-1 antibody. The animals in control group
were treated with saline and InVivoMAb rat IgG2a isotype control
(10 mg/kg, BioXCell). PD0325901 was administered orally at a
dose of 20 mg/kg every other day; PD-1 antibody was adminis-
tered every 4 days intraperitoneally (10 mg/kg) until the end of the
study. During the treatment period, tumor volumes were recorded
every other day using a digital caliper measurement of two di-
ameters of the tumor (length and width). Tumor volumes were
calculated according to Eq. (1):

Volume ðmm3ÞZLength ðmmÞ �Width ðmmÞ2 � 0:5 ð1Þ

Body weights were assessed every other day using a weight
scale and recorded in grams. Mice were euthanized when tumor
volumes >2000 mm3. According to previous studies43,44, death is
defined as the tumor volume reached 1000 mm3 and the survival
curve was plotted. Tumors tissues excised from mice were fixed
with formalin for further histopathology analysis.

2.9. Flow cytometry analysis

As previously reported38, 2.5 � 105 cells were plated per well in a
6-well plate. The cells were treated with 1 mmo/L PD0325901 for
48 h, and then collected, pelleted, and resuspended in PBS. Cells
were stained with anti-human PD-L1 (Biolegend) and analyzed by
flow cytometry. As for the HLA-match analysis, the tumor cells
and PBMCs were stained with anti-human HLA-A2 (Biolegend)
and analyzed by flow cytometry as previously reported45,46. The
Flowjo (Treestar) software was used for the analysis of flow
cytometry data. The standardized fluorescence intensities were
calculated by dividing the median fluorescence intensities of
specific antibodies by the median fluorescence intensities of iso-
type controls. The results are presented as mean � SD of three
independent experiments.

2.10. In vitro co-culture systems

Fresh PBMCs were isolated from healthy donors. Based on the co-
culture system reported previously42, we stimulated PBMCs with
anti-CD3e (3 mg/mL) (BioLegend) for 4 h before being plated at
1 � 105 cells/well. Isolated PBMCs were subsequently co-
cultured with NSCLC cells at a ratio of 4:1. To block the bind-
ing of PD-1 with PD-L1, PD-1 blocking antibody (pem-
brolizumab, 100 mg/mL) was used. After 3e4 days of co-
incubation, the PBMCs were discarded and the remaining tumor
cells were stained with Gimesa (SigmaeAldrich). And the relative
intensity was measured by Image J software. The levels of TNF-a,
IFN-g, IL-6 in co-culture medium were measured by ELISA assay
with the manufacturer’s instructions.

2.11. Statistical analysis

Statistical analysis was carried out using SPSS Statistics 19 soft-
ware (IBM) using Student’s t-test or one-way ANOVA analysis.
Experiments were repeated in triplicate. Data are expressed as
mean � SD. P values for survival curves are assessed by log-rank
test. Statistical significance is defined as P < 0.05.

3. Results

3.1. The cytotoxicity of PD0325901 on NSCLC cells and
PBMCs

We examined the cytotoxicity of PD0325901 on different NSCLC
cells and PBMCs by MTT assay. As shown in Fig. 1A, more than
80% of tumor cells and PBMCs survived when treated with
PD0325901 under the concentration of 1.0 mmol/L. We chose
1.0 mmol/L as working concentration for further study in combi-
nation therapy.

3.2. PD0325901 enhanced the efficacy of PD-1 antibody in vitro

To explore the effect of PD0325901 on antitumor immunity ac-
tivity, we firstly detected the HLA-A2 type of the tumor cells and
PBMCs (Fig. 1B). All the cells used in the co-culture system were
HLA-A2 type matched. The NSCLC cells were pre-treated with
PD0325901 or PBS for 48 h. Then we co-cultured the tumor cells
with the PBMCs at different ratios. H460 cells or A549 cells with
PD0325901 pretreatment were observed more cancer cells lysis in
co-culture with PBMCs than that with PBS pretreatment, and with
the co-cultured PBMCs number increased, the cancer cells lysis
increased (Fig. 1C and D). To further investigate the effect of the
combination of PD-1 antibody (PD-1 Ab) and PD0325901 on
cancer cell lysis in the co-culture system, cancer cell lysis was
examined. The results show that the survival rates of H460 cells in
each group were 72.40 � 0.58% of those in control group,
44.47 � 1.57% in PD0325901, 72.52 � 0.68% in PD-1 Ab,
36.94 � 1.03% in PD0325901þPD-1 Ab (Fig. 1E). In A549 cells,
the survival rates of tumor cells in each group were
52.08 � 2.66% of those in control group, 41.43 � 3.37% in
PD0325901 group, 52.28 � 4.54% in PD-1 Ab, 28.49 � 3.16% in
PD0325901þPD-1 Ab group, respectively (Fig. 1F). The results
show the combination treatment kills more cancer cells than either
PD-1 antibody pembrolizumab or PD0325901 alone.

3.3. PBMCs exhibited an enhancement of cancer cell lysis by
PD-1 antibody in co-culture with ERK1/2-knockdown NSCLC
cells

In order to explore the effect of ERK1/2 inhibition on antitumor
immunity activity, the NSCLC cells were transfected with shRNAs
targeting ERK1 or ERK2 respectively. Then the PBMCs were co-
cultured with the ERK1- or ERK2-knockdown cells in the pres-
ence of PD-1 antibody, respectively. The tumor cells and PBMCs
were HLA-A2matched (Fig. 1A). The results show that the survival
rates of H460 cells were, control 67.97 � 0.23%, PD-1 Ab
66.33 � 2.17%, ERK2sh1 50.84 � 1.58%, ERK2sh1þPD-1 Ab
25.19 � 3.77%, respectively (Fig. 1G). The survival rates of
H1299 cells were, control 51.00� 0.43%, PD-1 Ab 48.43� 1.03%,
ERK2sh1 38.94 � 0.90%, ERK2sh1þPD-1 Ab 23.89 � 0.86%,
respectively (Fig. 1H). When knocking-down ERK1, the survival



Figure 1 PD0325901 enhanced the efficacy of PD-1 antibody in vitro. (A) The MTT assay of NSCLC cells and PBMCs treated with different

concentrations of PD0325901. Results are presented asmean�SDand the experimentwas performed in triplicate. (B) The flow cytometry analysis of

HLA-A2 expression of tumor cells and PBMCs. (C) and (D) TheH460 cells orA549 cellswere pretreatedwith PD0325901 (1mmol/L) or PBS for 48 h

and then co-cultured with PBMCs at different ratios in 12-well plates for 4 days. The surviving tumor cells were visualized by Giemsa staining. The

relative intensity was measured by Image J software. E:T ratio, effector cells (PBMCs):target cells (tumor cells) ratio. (E) and (F) The PBMCs-

mediated tumor cell killing assay of PD0325901-pretreated (1 mmol/L, 48 h) H460 cells or A549 cells in the presence of PD-1 antibody pem-

brolizumab (100 mg/mL). (G) and (H) The PBMCs-mediated tumor cell killing assay of ERK2-knockdown H460 cells or H1299 cells in the presence

of PD-1 antibody pembrolizumab (100 mg/mL). (I) and (J) The PBMCs-mediated tumor cell killing assay of ERK1-knockdown H460 cells or

H1299 cells in the presence of PD-1 antibody pembrolizumab (100 mg/mL). All the results are presented as mean � SD and the experiment was

performed in triplicate; *P < 0.05, **P < 0.01, ***P < 0.001, ns, no significance.
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rates of H460 cells were control 69.95 � 6.30%, PD-1 Ab
66.35 � 3.01%, ERK1sh2 48.96 � 3.36%, ERK1sh2þPD-1 Ab
27.66 � 4.40%, respectively (Fig. 1I). The survival rates of
H1299 cells were control 66.52� 1.62%, PD-1 Ab 64.53� 1.26%,
ERK1sh2 48.64 � 0.88%, ERK1sh2þPD-1 Ab 41.32 � 0.89%,
respectively (Fig. 1J). As the results show, the cell lysis was
significantly increased compared to negative control when ERK1 or
ERK2 was downregulated. The administration of PD-1 antibody
notably enhanced the PBMCs mediated cells death in both ERK1-
and ERK2-knockdown cells, and there was no difference between
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ERK1 and ERK2 depletion in cancer cell death in combination with
PD-1 Ab.

3.4. PD0325901 potentiated the efficacy of PD-1 antibody on
the inhibition of tumor growth in vivo

To further investigate the enhancement of PD-1 antibody by
PD0325901, we firstly established a small animal model in NSG
mice. The LLC cells were subcutaneously injected into NSG
mice and treated with saline or PD0325901 (20 mg/kg) every
other day, respectively. At the end of the experiment, there was
no significant difference in tumor growth (Fig. 2AeC) and tumor
weight (Fig. 2D) between the control group and PD0325901
group, suggesting that there were no cell-autonomous effects of
ERK inhibition induced tumor growth inhibition at the dose we
chose. Then the models of the immunocompetent C57BL/6J
Figure 2 PD0325901 enhanced the efficacy of PD-1 antibody in vivo. (A

The tumor volumes curve of the NSG mice with two treatments. (C) and (D

of the experiment. (E) and (F) The tumor volume curves of the C57BL/6 m

endpoint of the experiment. All the results are presented as mean � SD an

***P < 0.001, ns, no significance. (H) The KaplaneMeier survival curves

mice in four treatment groups.
mice bearing Lewis lung cancer cells were established. The mice
were treated with saline, PD0325901, anti-mouse-PD-1 anti-
body, PD0325901þanti-mouse-PD-1 antibody, respectively. At
the end of the experiment, the tumor volume of each group was
control 2522.12 � 405.18 mm3, PD-1 Ab
1512.85 � 498.24 mm3, PD0325901 839.15 � 317.65 mm3,
PD0325901þPD-1 Ab 249.06 � 82.31 mm3, respectively
(Fig. 2EeG). The combination group significantly inhibited the
tumor growth and the tumor volume was significantly decreased
compared with single drug group (PD0325901þPD-1 Ab vs.
PD0325901, P < 0.05, PD0325901þPD-1 Ab vs. PD-1 Ab,
P < 0.001, Fig. 2F and G). A significant survival advantage was
observed in mice treated with the combination therapy compared
to control or monotherapy (Fig. 2H). Importantly, no animal
death or body weight loss was observed in the duration of
treatments (Fig. 2I).
) The image of tumor samples of NSG mice upon two treatments. (B)

) The tumor volumes and tumor weights of NSG mice at the endpoint

ice with different treatments. (G) The tumor volumes of all mice at the

d the experiment was performed in triplicate; *P < 0.05, **P < 0.01,

across treatment groups in mice. (I) The body weight changes of the
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3.5. PD0325901 increased lymphocytes infiltration and function

To investigate the effect of combination treatment on T cells
activation, TNF-a, IFN-g and IL-6 were detected from the co-
culture medium with ELISA assay. The data showed the TNF-a,
IFN-g and IL-6 were significantly increased in co-culture medium
treated by PD0325901 plus PD-1 antibody treatment compared to
PD0325901 or PD-1 antibody alone (Fig. 3A). Similarly, there
was a significant increase of TNF-a, IFN-g and IL-6 released
Figure 3 PD0325901 increased lymphocytes infiltration and function. (

detected by ELISA assay. (B) and (C) The ELISA assay of TNF-a, IFN-g

system. Results are presented as mean � SD of a representative experimen

significance. (D) and (E) The immunohistochemistry analysis of tumor-in

isolated from C57BL/6 mice (Ctrl, n Z 7, others, n Z 9). The CD3
þ
T cel

cells were counted at 200� field of view. Results are presented as mean
from PBMCs co-cultured with ERK1- or ERK2-knockdown cells
in the presence of PD-1 antibody (Fig. 3B and C).

To further determine if ERK inhibition altered the features of
tumor microenvironment, the CD3þ and granzymeþ T cells were
detected by immunohistochemistry analysis in mice tumor tissues.
A significant increase of CD3þ tumor infiltrating lymphocytes
(TILs) was observed in tumor tissues treated with the combination
of PD-1 antibody and PD0325901 compared to that of PD-1
antibody or PD0325901 alone (Fig. 3D). The fraction of
A) The amounts of TNF-a, IFN-g, IL-6 from co-culture medium were

, IL-6 from ERK2- or ERK1-knockdown cells and PBMCs co-culture

t performed in triplicate. *P < 0.05, **P < 0.01, ***P < 0.001, ns, no

filtrating lymphocytes marker CD3 and granzyme B in tumor tissues

ls were counted at 400� field of view (FOV), and the granzyme Bþ T

� SD; *P < 0.05, **P < 0.01, ***P < 0.001, ns, no significance.



Figure 4 PD0325901 suppressed the PD-L1 expression in NSCLC cells. (A) The Western blotting analysis of PD-L1 expression in NSCLC

cells treated with different concentrations of PD0325901 for 48 h. (B) The PD-L1 expression of NSCLC cells treated with PD0325901 at

1 mmol/L for different durations. (C) / analysis of cell membranous PD-L1 expression of NSCLC cells after 1 mmol/L PD0325901 treatment for

48 h. (D) The mRNA level of PD-L1 detected by quantitative PCR after 1 mmol/L PD0325901 treatment for 48 h. Results are presented as

mean � SD and the experiment was performed in triplicate. *P < 0.05, **P < 0.01, ***P < 0.001, ns, no significance. (E) Western blotting

analysis of PD-L1 expression in ERK2-knockdown cells. (F) Western blotting analysis of PD-L1 expression in ERK1-knockdown cells. (G) and

(H) The cell membranous PD-L1 expression of ERK2- or ERK1-knockdown cells. (I) and (J) The mRNA level of PD-L1 in EKR1/2-knockdown

cells. Results are presented as mean � SD of a representative experiment performed in triplicate; *P < 0.05, **P < 0.01, ***P < 0.001, ns, no

significance.
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granzyme Bþ lymphocytes was also increased in the combination
treatment group relative to monotherapy groups (Fig. 3E).
Together, these data suggest that ERK1/2 inhibition by
PD0325901 not only increases lymphocyte cell infiltration, but
also enhances the function of lymphocytes as well.

3.6. PD0325901 suppressed PD-L1 expression in NSCLC cells

To explore the effect of blocking ERK activation with
PD0325902 on PD-L1 expression, the Western blotting was used
to detect the PD-L1 expression in NSCLC cells treated with
PD0325901 of different concentrations and durations. The re-
sults showed that the PD0325901 was capable of suppressing
ERK1/2 activation and inhibiting the PD-L1 expression in
concentration- and time-dependent manner in various NSCLC
cells (Fig. 4A and B). The PD-L1 expression on cell membranes
was also decreased after PD0325901 (1 mmol/L, 48 h) treatment
as detected by flow cytometry analysis (Fig. 4C). To identify the
mechanism of PD-L1 expression downregulated by PD0325901,
the mRNA level of PD-L1 expression of NSCLC cells was
detected by qPCR. The results showed the PD-L1 mRNA level
was significantly decreased by PD0325901 treatment (1 mmol/L,
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48 h; Fig. 4D). Likewise, there were notable decreases of PD-L1
expression in ERK1- and ERK2-knowdown NSCLC cells,
respectively (Fig. 4E and F). The PD-L1 expression on cell
surface was also decreased in ERK1- and ERK2-knockdown
cells, respectively (Fig. 5G and H). The mRNA expression level
of PD-L1 gene was lower in ERK1- or ERK2-knockdown cells
than that in control cells (Fig. 4I and J).

3.7. The PD-L1 expression was positively correlated with
ERK1/2 phosphorylation in NSCLC cells

Next, we explored the correlation of p-ERK1/2 and PD-L1, the
p-ERK1/2, ERK1/2 and PD-L1 expression of representative
NSCLC cells (n Z 6) by Western blotting (Fig. 5A). The results
showed the p-ERK1/2 and PD-L1 expression was positively corre-
lated (Fig. 5B). To further confirm the result, 29 NSCLC patients’
tumor tissues from Sun Yat-sen University Cancer Center were
collected, and the expressions of PD-L1 and p-ERK1/2 in tumor
Figure 5 The PD-L1 expression and p-ERK1/2 activation was positively c

ERK1/2 and p-ERK1/2 in representativeNSCLC cells. (B) The Pearson correl

The representative pictures of different intensities of p-ERK1/2 activation an

expression ofNSCLCpatientswith highor lowp-ERK1/2activation. (F)TheP

in 29 NSCLC patients.
tissues were analyzed by immunohistochemistry (Fig. 5C and D).
The patients with high p-ERK1/2 activation were observed with
PD-L1 overexpression (Fig. 5E), and therewas a positive correlation
between PD-L1 and p-ERK1/2 activation in NSCLC tumor samples
(Fig. 5F).

3.8. Patients who responded to PD-1/PD-L1 inhibitor treatment
has low p-ERK activation and abundant infiltrating T cells

To further validate the antitumor effect of p-ERK inhibition in
combination with PD-1 inhibitor, 37 pathological tissue samples
of advanced NSCLC patients treated with PD-1/PD-L1 inhibitors
were analyzed by immunohistochemistry. The clinical data was
collected from pathology reports and medical files. The response
to PD-1/PD-L1 inhibitors was assessed according to the immune
RECIST (iRECIST)47. Of the 37 patients received PD-1/PD-L1
inhibitors therapy, 60% (22/37) patients received pembrolizumab
therapy, 32% (12/37) patients were treated with SHR-1210, 5%
orrelated. (A) TheWestern blotting analysis of the expression of PD-L1,

ation analysis of PD-L1 expression and p-ERK1/2 activation (nZ 6). (C)

d (D) PD-L1 expression, the samples were not matched. (E) The PD-L1

earsoncorrelationanalysis ofPD-L1expression andp-ERK1/2activation



Figure 6 Patients who responded to PD-1/PD-L1 inhibitors presented low p-ERK activation and abundant infiltrating lymphocytes. (A) The

various treatments of the enrolled 37 NSCLC patients received. (B) The overall survival of patients with high or low p-ERK1/2 activation. The

expression of p-ERK1/2 was evaluated by H-score and H-score>8 was considered as high p-ERK1/2 expression, and H-score�8 was considered

as low p-ERK1/2 expression. (C) The response rate of patients with high or low p-ERK1/2 activation. (D) The representative pictures of the

expression of different markers in tumor tissues from NSCLC patients who obtained stable disease (SD) or progressive disease (PD) from PD-1/

PD-L1 inhibitor therapy. (E) The static analysis of different markers between SD and PD groups. The CD3þ and CD8þ T cells were counted at

200� field of view (FOV). Data are presented as mean � SD; *P < 0.05, **P < 0.01, ***P < 0.001, ns, no significance. (F) The distribution of

the different responses in patients treated with PD-1/PD-L1 inhibitors. (G) A schematic diagram of the mechanism of the combination therapy.

PD0325901 suppresses the phosphorylation of ERK1/2 thus decreases the PD-L1 expression on tumor cell membranes, which induces lym-

phocytes infiltration and activation.
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(2/37) patients were administrated with atezolizumab, and 3%
(1/37) was nivolumab users (Fig. 6A). The patients with high
p-ERK1/2 activation were observed with poor overall survival and
high response rate of progressive disease compared to those with
low p-ERK1/2 activation (Fig. 6B and C). The patients who got
stable disease were observed with high PD-L1 expression
compared to those developed progressive disease (Fig. 6D and E).
There was a lower activation of p-ERK1/2 and more tumor infil-
trating CD3þ and CD8þ T cells in tumor tissue of patients with
stable disease than that in patients with progressive disease
(Fig. 6D and E). Of the 37 patients treated with PD-1/PD-L1
antibodies, 14 patients obtained tumor control with stable dis-
ease, and the other 23 patients developed progressive disease. The
distribution of patients with different responses to PD-1/PD-L1
antibodies is shown in Fig. 6F. A schematic diagram of the
mechanism of ERK blockers combining with PD-1 inhibitor was
presented in Fig. 6G.

4. Discussion

Cancer immunotherapies, such as those targeting the immune
checkpoint, have shown robust responses in various malig-
nancies48. Immune checkpoint inhibitors, such as PD-1 antibody,
binds to the PD-1 expressed on T cells, and thereby stimulate their
proliferative capacity, enabling the immune system to resume its
ability to recognize, attack, and destroy cancer cells49. However,
only a subset of patients responded to PD-1/PD-L1 inhibitor
therapy50. Immune checkpoint blockade combining with other
therapeutic modalities such as targeted therapy is one of the ap-
proaches to improve the efficacy of PD-1/PD-L1 antibody in
treating cancers. Targeted therapies could induce deep responses
in NSCLC patients by blocking actionable mutations that are
essential for tumor cell growth and progression21,22. Interestingly,
patients carried driver mutations in NSCLC cells like EGFR, ALK,
and KRAS show limited benefits from immunotherapy, suggests
that these oncogenes induce changes in the tumor microenviron-
ment to escape from tumor immuno-surveillance51,52. As a result,
significant efforts are ongoing to identify and develop combina-
tions that could harness the non-overlapping mechanisms of action
of targeted agents and immunotherapy to broaden and increase the
durability of responses in clinic.

ERK exerts its activity primarily through the MAPK, mTOR/
AKT, and JAK/STAT signaling pathways, which are also
involved in the regulation of PD-L1 expression24,25,53. The
PD-L1 expression in tumor cells is associated with poor overall
survival11. Therefore, it is conceivable that PD0325901 could
have an impact on PD-L1 expression in tumor cells and thus
enhanced the efficacy of the PD-1 antibody on tumor growth.
Consistent with this hypothesis, significant concentration- and
time-dependent decreases of PD-L1 expression were observed in
NSCLC cells upon PD0325901 treatment. The PD0325901
treatment mediated PD-L1 downregulation on cell membranes in
tumor cells. Further analysis showed that ERK inhibitor
inhibited the ERK activation, resulting in the reduction of PD-L1
mRNA level in NSCLC cells. The PD0325901-mediated mod-
ulation of PD-L1 expression correlated with the blockade of
ERK activation, as demonstrated by the decreases of p-ERK,
suggesting that the simultaneous blockade of several ERK
downstream pathways might be required to achieve the full
magnitude of PD-L1 expression modulation. Downregulation of
ERK1/2 via shRNAs also led to the downregulation of PD-L1
protein and mRNA levels. These findings implied that
activated ERK1/2 signaling pathway was required and sufficient
for tumor cells to potentially evade the immune system through
the upregulation of PD-L1 expression. The ERK1/2 signaling
pathway has been shown to regulate PD-L1 expression in various
tumor models54,55, PD-L1 is transcribed in response to the
activation of multiple signaling pathways, and some transcrip-
tion factors, such as HIF1-a, Myc, STATs, c-JUN and AP-1,
have been reported to bind and transactivate PD-L1 gene56e59.
Further supporting this idea, the PD-L1 expressions in the
NSCLC cells and tumor specimens were positive correlated with
the p-ERK activation, respectively. Downregulation of PD-L1
expression in tumor cells was consistent with a shift towards a
less immunosuppressive tumor microenvironment that was more
permissive to T cells infiltration, because the PD-L1 expression
on either tumor cells or host immune cells could lead to tumor
escape from immune control60. We also tested whether
PD0325901 affected the activity of PD-1 antibody in vitro. In the
co-culture system, the combination treatment of PD0325901
with PD-1 antibody caused more tumor cell lysis than that
treated with PD-1 antibody alone. PD0325901-treated tumors
exhibited lower PD-L1 expression which could attract more
T-cell infiltration60. There were significant increases of TNF-a,
IFN-g and IL-6 (T-cell activation marker) secretion in the co-
culture system treated with combination treatment compared to
PD-1 antibody or PD0325901 alone. A similar result was
observed in PBMCs co-culturing with ERK1- or ERK2-knock-
down cells treated by PD-1 antibody, suggesting that inhibition
of ERK1/2 pathway would create a more inflamed tumor
favorable to be identified and killed by lymphocytes. Previous
studies proved that blockade of the ERK phosphorylation could
increase the constitutive expression of MHC-I31, and reduce the
apoptosis of T cells and increase the production of cytokines
associated with lymphocyte activation61.

In animal study, there was no significant difference between
control and PD0325901 treatment in tumor growth inhibition in
NSG mice, but the tumor volumes were obviously decreased in
PD0325901 treatment alone in immune-competent C57BL/6
mice, suggesting that the combination treatment in C57BL/6
mice was a result of enhanced immune clearance. The treatment
with anti-mouse PD-1 monotherapy resulted in obvious tumor
control, or survival benefit, but the effect was not nearly as
effective as the combined group, suggesting that there might be
other mechanisms of resistance. Primary resistance to PD-1
blockade may be a consequence of ERK alterations in tumor
cells driving an immune-suppressive tumor microenvironment.
Consistently, the combination with PD0325901 overcame the
immunosuppressive microenvironment, allowing for T-cell
infiltration and specific antitumor responses which led to a
significant survival advantage in mice model. The enhanced
survival benefit by combination treatment could also be attrib-
uted to a more complete shutdown of the PD-1/PD-L1 axis via
PD0325901-mediated inhibition of PD-L1 expression in tumor
cells and PD-1 antibody mediated blockade of PD-1 in host
immune cells. PD-1 antibody in combination with PD0325901
led to additional changes in the immune tumor microenviron-
ment, including increased CD3þ T cells abundance, and a
higher proliferative, activated state of granzyme Bþ T cells
relative to PD-1 antibody alone as assessed by immunohisto-
chemistry analysis. High tumor-infiltrating lymphocytes’ pres-
ence was associated with superior prognosis in multiple solid
tumors13,60. Lack of response to immunotherapy was charac-
terized by several factors, such as a non-inflamed tumor
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microenvironment with limited infiltrating T cells and/or the
presence of immunosuppressive cell types. It is conceivable that
the survival benefit observed in the combination-treated mice
could result from the PD-1 antibody mediated enhancement of
antitumor responses primed by PD0325901 induced cell killing.
A trend of increased T cell infiltration may be essential in the
combination-treated mice to trigger deeper antitumor responses,
especially in the context of cancers with limited tumor antigens.
The shift in the microenvironment of combination-treated tu-
mors towards a more productive inflammatory milieu likely
supports and/or enhances antitumor immune responses.
Consistent with these data, it has been shown that direct killing
of tumor cells with targeted agents such as BRAF and MEK
inhibitors cause immunogenic cell death and enhance immu-
nogenicity by driving re-expression of tumor antigens and T-cell
infiltration, ultimately leading to increased sensitivity to
checkpoint blockade29,62. In our study, the patients with high p-
ERK activation were associated with poor survival and high
response rate of progressive disease after PD-1/PD-L1 antibody
treatment. The patients who obtained stable disease rather than
progressive disease from PD-1/PD-L1 inhibitors presented low
p-ERK activation and abundant CD3þ and CD8þ T cells infil-
tration. These data pointed out that the activation of the ERK
pathway was associated with non-T cell-inflamed tumors
resistant to checkpoint blockade, suggesting that the inhibition
of ERK activation may be employed as a way to elicit T-cell
infiltration. Moreover, the patients with stable disease have
higher PD-L1 expression in tumor tissue than that of patients
who got progressive disease, as previously reported, the patients
with positive high PD-L1 expression presented better responses
to PD-1/PD-L1 blockage therapy63. Limited studies to date have
studied the effect of ERK pathway modulation on the immune
subsets. Preclinical and clinical evidences showed that the ERK
activation activated by EGFR signaling inhibited the activity of
cytotoxic T cells and reduced the number of tumor infiltrating
CD8þ lymphocytes64,65. More importantly, inhibiting the
EGFR/MEK/ERK pathway by EGFR-tyrosine kinase inhibitors
could reduce the apoptosis of T cells and increase the produc-
tion of IFN-g61. Therefore, the mechanisms through which ERK
inhibition alone or in combination with PD-1 blockade alter
specific immune subsets in the tumor microenvironment such as
tumor associated macrophages, dendritic cells, NK and B cells
remain to be explored further.

5. Conclusions

We demonstrate that the PD0325901, an ERK1/2 small molecule
inhibitor, enhances the efficacy of PD-1 blockade on the inhibition
of tumor growth in vivo and in vitro. Our study shows that
PD0325901 treatment could drive T-cell infiltration and activation
that was likely critical to induce productive antitumor immune
responses. These data provide a rationale for the clinical evalua-
tion of PD0325901 in combination with PD-1/PD-L1 blocking
agents in the treatment of NSCLC.
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