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ABSTRACT

Checkpoint blockade therapy has been proven efficacious in lung
cancer patients. However, primary/acquired resistance hampers
its efficacy. Therefore, there is an urgent need to develop novel
strategies to improve checkpoint blockade therapy. Here we
tested whether dual inhibition of cyclooxygenase-2 (COX-2) and
epidermal growth factor receptor (EGFR) by flavonoid melafolone
improves program death 1 (PD-1) checkpoint blockade therapy
through normalizing tumor vasculature and PD-1 ligand (PD-L1)
downregulation. Virtual screening assay, cellular thermal shift
assay, and enzyme inhibition assay identified melafolone as a
potential inhibitor of COX-2 and EGFR. In Lewis lung carcinoma
(LLC) and CMT167 models, dual inhibition of COX-2 and EGFR by
melafolone promoted survival, tumor growth inhibition, and
vascular normalization, and ameliorated CD8™ T-cell suppression,

accompanied by the downregulation of transforming growth
factor-B (TGF-B), vascular endothelial growth factor (VEGF), and
PD-L1 in the tumor cells. Mechanistically, dual inhibition of COX-
2 and EGFR in lung cancer cells by melafolone increased the
migration of pericyte, decreased the proliferation and migration
of endothelial cells, and enhanced the proliferation and effector
function of CD8™ T cells through VEGF, TGF-8, or PD-L1 down-
regulation and PI3K/AKT inactivation. Notably, melafolone im-
proved PD-1 immunotherapy against LLC and CMT167 tumors.
Together, dual inhibition of COX-2 and EGFR by melafolone
improves checkpoint blockade therapy through vascular nor-
malization and PD-L1 downregulation and, by affecting vessels and
immune cells, may be a promising combination strategy for the
treatment of human lung cancer.

Introduction

Lung cancer remains one of the leading causes of cancer
mortality in the world (Siegel et al., 2016). Even after maximal
safe resection and chemoradiation, the 5-year survival rate is
dismal (Raju et al., 2018). Checkpoint blockade therapy,
including monoclonal antibodies against programmed cell
death 1 (PD-1) and its ligand (PD-L1), is a breakthrough for
multiple types of cancer, including non—small cell lung
cancer (NSCLC) (Meyers et al., 2018). Unfortunately, a
significant subset of patients does not respond to immuno-
therapy and another subset eventually develops resistance
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after the initial response (O’Donnell et al., 2017). Thus, it is
of great importance to develop novel strategies to improve
checkpoint blockade therapy for lung cancer.

The infiltration of cytotoxic CD8* T lymphocytes in
tumors is a prerequisite for successful cancer immunother-
apy (Chowdhury et al., 2018). However, high abnormalization
of tumor blood vessels hinders the CD8™ T-cell infiltration into
tumor parenchyma and thus promotes tumor escape from
immune attack (Wallin et al., 2016). Moreover, the abnor-
mal tumor vasculature establishes a hypoxic microenviron-
ment that induces immune regulatory proteins such as
PD-1 and PD-L1 (Siemann and Horsman, 2015; Ruf et al.,
2016). The PD-L1/PD-1 upregulation suppresses CD8"
T-lymphocyte activation and proliferation, and thereby
promotes the progression of solid tumors (Chen et al.,
2015). Conversely, tumor vessel normalization with low-
dose tumor necrosis factor-a substantially promotes the
infiltration of CD8" T lymphocytes and thereby im-
proves antitumor vaccination or adoptive T-cell therapy in

ABBREVIATIONS: CFSE, carboxyfluorescein succinimidyl ester; CM, conditioned media; COX-2, cyclooxygenase-2; EGFR, epidermal growth
factor receptor; ELISA enzyme-linked immunosorbent assay; EP4, prostaglandin E2 receptor 4; GzmB, granzyme B; IFN-v, interferon-vy; IL-2,
interleukin-2; LLC, Lewis lung carcinoma; Mel, melafolone, 2-methyl-butyric acid 2,4-dihydroxy-3,6-dimethoxy-5-[(E)-(3-phenyl-acryloyl)]-phenyl
ester; NSCLC, non-small cell lung cancer; PD-1, programmed cell death 1; PD-L1, programmed cell death ligand 1; PGE;, prostaglandin E,; TAMs,
tumor-associated macrophages; TGF-g, transforming growth factor-8; VEGF, vascular endothelial growth factor.
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a preclinical model of insulinoma (Johansson et al., 2012).
Normalization of tumor vasculature also enhanced extrav-
asation of adoptively transferred T cells into tumors and
improved adoptive cell transfer-based immunotherapy in
B16 melanoma (Shrimali et al., 2010). However, whether
tumor vascular normalization improves the anti-PD-1
immunotherapy for lung cancer has not been elucidated.

Cyclooxygenase-2 (COX-2) and its metabolite prostaglandin
Ey (PGE,) upregulate PD-L1 in myeloid-derived suppressor
cells and tumor-associated macrophages (TAMs) in murine
MBT-2 bladder tumor (Prima et al., 2017). COX-2 expression
is correlated with PD-L1 expression in resected tissue speci-
mens of human lung adenocarcinoma (Shimizu et al., 2017).
However, COX-2 inhibition had no impact on PD-L1 expres-
sionin the in vitro cultured NSCLC cells (Shimizu et al., 2018),
suggesting that single blockade of COX-2 pathway may be
insufficient to modulate PD-L1 in NSCLC. Epidermal growth
factor receptor (EGFR) is frequently overexpressed in human
lung cancers and correlates with poor patient outcome
(Selvaggi et al., 2004; Arfaoui et al., 2014; Gately et al., 2014).
The oncogenic EGFR signaling upregulates PD-L1 in lung
cancer, whereas EGFR inhibition downregulates PD-L1 in
NSCLC (Wang et al., 2017b; Li et al., 2018). Increasing
evidence demonstrates that interactions between EGFR and
COX-2 pathways affect tumor growth, angiogenesis, and
metastasis in lung cancer (Li et al., 2016; Shi et al., 2017).
Dual EGFR and COX-2 inhibition exerts additive antitumor
growth and antiangiogenesis effects in lung cancer (Li et al.,
2016). However, whether dual EGFR and COX-2 inhibition
expands the benefit of anti-PD-1 immunotherapy in lung
cancer is largely unknown.

There is growing interest in exploring dietary flavonoids as
antitumor immunity candidates (Lewandowska et al., 2016;
Takac et al., 2018). We previously reported that flavonoid
CH625 normalizes vasculature while accompanied by in-
creased antitumor immunity in C6 and GL261gliomas (Wang
et al., 2018). A recent study from another group demonstrated
that flavone apigenin suppresses expression of PD-L1 and
enhances proliferation of T cells in breast cancer (Coombs
et al., 2016). However, whether the flavonoid improves the
anti-PD-1 checkpoint blockade therapy has not been in-
vestigated. In this study, we demonstrated that melafolone
(Mel, 2-methyl-butyric acid 2,4-dihydroxy-3,6-dimethoxy-5-
[(E)-(3-phenyl-acryloyl)]-phenyl ester), one of the pharma-
cologically active flavonoids from Polygonum lapathifolium,
improves anti-PD-1 immunotherapy through vascular normal-
ization and PD-L1 downregulation via a COX-2 and EGFR-
dependent mechanism. Our results may lead to a potential
combination strategy to facilitate checkpoint blockade therapy
in human lung cancer.

Materials and Methods

Plant Material and Mel Preparation. In this study, the root of
Polygonum lapathifolium collected in Yili Prefecture, Xinjiang Prov-
ince, China, was authenticated by Dr. Mingxi Jiang from Wuhan
Institute of Botany, Chinese Academy of Sciences. The Mel was
isolated, purified, and identified according to a previously described
method (Ezhilan and Neelamegam, 2012). The purity of Mel measured
by high-performance liquid chromatography was higher than 99%. For
in vivo studies, liposomal Mel was made by mixing cholesterol,
1,2-dimyristoyl-sn-glycero-3-phosphocholine and Mel at a mole ratio
of 5:5:1, according to previously described method (Wang et al., 2018).

For in vitro studies, Mel was dissolved in dimethyl sulfoxide as a stock
solution (80 mM), stored at —20°C, and the serial dilution was
performed in cell culture medium (final dimethyl sulfoxide
concentration =1%o).

Cell Culture and Lentiviral Transduction. The human A549
lung cancer cells, mouse Lewis lung carcinoma (LLC) cells, mouse
endothelial cells MS1, mouse pericyte-like cell 10T1/2, and human
umbilical vein endothelial cells (HUVEC) were obtained from the
American Type Culture Collection (ATCC, Manassas, VA). Murine
CMT167 lung cancer cell line was purchased from the Cancer
Research UK Central Cell Service (Clare Hall, Middlesex, UK).
Human CD8™ T cells were isolated from the blood of healthy volunteers
in accordance with the Helsinki Declaration. All volunteers gave
written informed consent, and the experiment was approved by the
Institutional Review Board of the Wuhan University. Mouse tumor
cells and CD8* T cells were isolated and purified from tumors with a
mouse tumor cell or CD8" T-cell isolation kit (Miltenyi Biotech,
Auburn, CA). The cells were grown in RPMI 1640 or Dulbecco’s
modified Eagle’s medium with 10% fetal bovine serum in the
humidified incubator. Mycoplasma testing for all cell lines was
performed every 3 months using the MycoAlert Mycoplasma De-
tection Kit (Lonza, Slough, UK).

LLC and A549 cells were placed in a six-well tissue culture plate at
the density of 2 x 10°. Cells at 80% confluence in the plate were
transduced with COX-2, PD-L1, or Akt lentiviral activation particles
(Santa Cruz Biotechnology) for 24 hours. The negative control lentivirus
was transduced in the cells as control. The protein expression COX-2,
PD-L1, and Akt was determined by Western blot.

Molecular Docking Study. Structure-based virtual screening
was performed in accordance with a previously described method
(Sogabe et al., 2012; Liu et al., 2018). Briefly, human EGFR (PDB id:
3W2S) and COX-2 (PDB id: 5IKT) crystal structures were obtained
from the protein data bank (PDB). The active sites were defined by the
cocrystallized inhibitors of the COX-2 and EGFR. The candidates were
filtered by Lipinski’s rule of five utilizing SYBYL-X 2.0 (Tripos, St.
Louis, MO). The SYBYL software was used to assign the standard
Assisted Model Building with Energy Refinement (AMBER) atomic
partial charges on the COX-2 and EGFR proteins and the Gasteiger-
Hiickel atomic partial charges on the ligand candidates to be docked.
After these procedures, the docking was carried out in SYBYL
software under default setting, and the figures were obtained by
utilizing PyMol (http://www.pymol.org).

Cellular Thermal Shift Assay. Cellular thermal shift assay
(CETSA) was conducted using cell lysates as previously described
(Dai et al., 2018). For the temperature-dependent thermal shift assay,
50 ul oflysates (3 mg/ml) from A549 cells were incubated with 20 uM of
Mel at each temperature point from 36°C to 80°C for 4 minutes. The
supernatant and pellet were separated from the above samples by
centrifugation at 20,000g for 10 minutes. Twelve microliters of the
supernatant was mixed with 3 ul of 5 x loading buffer and then
separated on a 10% SDS-PAGE for immunoblotting analysis of COX-2
or EGFR. For the dose-dependent thermal shift assay, 50 ul of lysates
(3 mg/ml) were incubated with various concentrations of Mel (between
0.001 and 1000 uM) at 52°C for 4 minutes. Supernatants were isolated
by centrifugation and subjected to immunoblotting analysis of COX-2
or EGFR as described above.

Tumor Model and Treatment Regimen. C57BL/6 mice (male,
6-8 weeks old, 16—20 g) were provided by the Center for Disease
Control and Prevention (Hubei, China). The mice were housed in the
pathogen-free environment on a 12-hour dark and 12-hour light cycle
with ad libitum access to water and food. The animal experiments
were carried out in accordance with the guidelines of the animal ethics
committee of the Animal Research Committee of Wuhan University.

In the LLC or CMT167 subcutaneous tumor model, LLC (2 x 10%) or
CMT167 (2 x 10°) cells were subcutaneously injected in the right flank
of C57BL/6 mice. Seven days later when the tumors had reached a size
of about 100 mm?®, the mice were intraperitoneally administered Mel
(20 and 40 mg/kg daily) or vehicle. The dose of Mel was selected
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according to the preliminary experiments. For the combination
experiments, mice were administered anti-PD-1 antibody (cat. no.
BE0146; Bio X Cell, West Lebanon, NH; 200 ug/mouse every 3 days,
i.p.), Mel (20 mg/kg daily, i.p.), anti-PD-1 antibody plus Mel, or vehicle.
The dose of anti-PD-1 antibody was selected according to previous study
(Tan et al., 2018). One-half of the mice in the LLC or CMT167 models
were sacrificed on day 15 or day 21 after tumor implantation, and the
tumor tissues and the peripheral blood were collected and analyzed. The
remaining mice were used for the survival study. Mice were sacrificed
when they became moribund or when the tumor length reached 2 cm.
Survival was assessed from the 1st day of implantation until death.

Tumor Perfusion Measurement. Laser Doppler analysis of
tumor perfusion was carried out according to previously described
method (Wang et al., 2018). Briefly, 0.6% pentobarbital was used to
anesthetize the LLC tumor-bearing mice described above. We then
placed the mice on the 37°C heating pad and carefully excised the skin
capsule over the tumor to protect the vascular network. Tumor
perfusion in mice administered Mel or vehicle at days 0, 2, 4, 6, and
8 was blindly determined by utilizing the laser Doppler analyzer
(LDPI; Moor Instruments, Axminster, UK). The tumor perfusion in
arbitrary perfusion units was monitored graphically.

Analysis for Serum Biochemical Parameters. The peripheral
blood from the mice administered anti-PD-1 antibody (200 pg/mouse),
Mel (20 mg/kg), anti-PD-1 antibody plus Mel, or vehicle was collected.
Complete blood counts, including red blood corpuscles, white blood
corpuscles, platelet, mean cell volume, and hematocrit levels, were
measured by Sysmex XE-2100 (TOA Medical Electronics, Kobe,
Japan), and the blood urea nitrogen, plasma alanine aminotransfer-
ase, aspartate aminotransferase, creatine kinase-MB, and creatine
levels were measured by Beckman 1.X20 (Beckman-Coulter, Brea, CA)
according to a previous study (Li et al., 2013).

Immunofluorescence. The tumor tissues from the mice admin-
istered Mel or vehicle were incubated with anti-CD31 (1:100, ab24590;
Abcam, Cambridge, MA) and anti—-smooth muscle actin (1:100,
ab32575; Abcam) antibodies at 4°C overnight. Tissues were then
hatched with secondary antibodies conjugated with Alexa Fluor
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594 or 488 for 1 hour. After a washing, the tissues were mounted with
fluorescent mounting medium containing DAPI. Each section was
observed by an Olympus BX51 microscope.

Western Blot Analysis. Proteins in the LLC, CMT167, A549, or
human and mouse CD8" T cells were extracted, and protein concen-
trations were measured according to the Bradford method. Protein
extracts were resolved by SDS-PAGE and transferred to polyvinyli-
dene fluoride membranes. The membranes blocked by 5% nonfat milk
were probed with antibodies against EGFR (1:5000, ab52894; Abcam),
p-EGFR (1:3000, ab182618; Abcam), hypoxia-induced factor (HIF)-1«
(1:1000, sc-13515; Santa Cruz Biotechnology, Dallas, TX), PD-L1
(1:1000, ab213480; Abcam), granzyme B (GzmB) (1:1000, ab53097;
Abcam), IFN-y (1:5000, ab133566; Abcam), interleukin-2 (IL-2)
(1:2000, ab180780; Abcam), prostaglandin E2 receptor 4 (EP4; 1:
1000, sc-55596; Santa Cruz Biotechnology), Akt (1:500, ab8805;
Abcam), p-Akt (1:1000, ab38449; Abcam), or B-actin (1:3000,
ab227387; Abcam) at 4°C overnight. After a washing, the blots
were stained with peroxidase-conjugated antibody, and the en-
hanced chemiluminescence kit was used for chemiluminescence
detection.

Analysis of Gene Expression. Total RNA was isolated with
Trizol (Invitrogen, Carlsbad, CA), and reverse-transcribed to cDNA by
a PrimeScript RT Reagent Kit with gDNA Eraser (Takara, Dalian,
Liaoning, China) according to the manufacturer’s protocol. The
reaction of real-time PCR mixtures containing SYBR Green was
composed in accordance with the manufacturer’s instructions (Takara).
Quantification was carried out utilizing the 2~ **°* method. The
primers of vascular endothelial growth factor (VEGF), transforming
growth factor-B8 (TGF-B), PD-L1, GzmB, IL-2 and IFN-y were designed
on the basis of previously published sequences (Allen et al., 2017; Chen
et al., 2017a; Tan et al., 2018). Primers used in this study were shown
in Supplemental Table 1. Target gene expression level was normalized
to GAPDH (Duan et al., 2018).

Conditioned Media Preparation. The conditioned media (CM)
from LLC and A549 cells was made in accordance with a previously
described method (Chen et al., 2017a). Briefly, the LLC and A549 cells
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Fig. 1. Binding modes of melafolone with COX-2 and EGFR. (A) Proposed molecular model of Mel binding with COX-2. Mel is shown as a yellow stick.
(B) Proposed molecular model of Mel binding with EGFR. Mel is shown as a yellow stick. (C—F) The A549 cells were treated with dimethyl sulfoxide or
Mel (20 uM) with increasing temperature (36-80°C, interval temperature: 4°C) or drug concentration at 52°C. (C and D) The thermal stability of COX-2
in cell lysates was measured by the temperature or concentration-dependent cellular thermal shift assay. (E and F) The thermal stability of EGFR in cell
lysates was measured by the temperature or concentration-dependent CETSA. Each value represents the mean + S.E.M. of five independent triplicate

experiments. *P < 0.05; **P < 0.01 vs. control.
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in six-well plates were administered Mel (10 and 20 uM) or vehicle for
24 hours. The cell supernatants from the above-treated cells were then
centrifuged and filtered through an Amicon Ultra-4 filter to exclude
the trace of Mel. The retentate was gathered as CM.

Enzyme-Linked Immunosorbent Assay. TGF-8, VEGF, or
PGE,; levels in the LLC and CMT167 cells isolated from the Mel
(20 and 40 mg/kg)-treated LLC and CMT167 tumors and the culture
supernatants from Mel (10 and 20 uM)-treated LLC and A549 cells
were determined using enzyme-linked immunosorbent assay (ELISA)
kits. IFN-y, GzmB, and IL-2 in the CD8" T cells isolated from the Mel-
treated LLC and CMT167 tumors and the culture supernatants from
the human and mouse CD8" T cells were determined by ELISA kits
(R&D Systems, Minneapolis, MN).

Flow Cytometry. T cells were stained with FITC-labeled anti-
CD8 antibody and allophycocyanin (APC)-labeled anti-CD3 antibody
(BD Biosciences, San Jose, CA). FACS data were obtained on the
FACS Aria III flow cytometer and evaluated by utilizing the FlowdJo
software (Tree Star, Ashland, OR). The proliferation of CD8™ T cells
was measured by flow cytometry in accordance with the manufac-
turer’s instructions (BD Biosciences). Plate-bound anti-CD28 anti-
body and anti-CD3 antibody were used to stimulate T cells. After
stimulation, the T cells were treated with the CM from LLC and
A549 cells for 24, 48, and 72 hours. CD8" T cells were determined by
carboxyfluorescein succinimidyl ester (CFSE) dilution.

Cell Proliferation Assay. The cell proliferation assay was car-
ried out according to a method described previously (Wang et al.,
2017a). LLC and A549 cells were placed in 96-well plates at a density
of 1 x 10%*well. The cells were collected after exposure to serial
concentrations of Mel for 24 hours. Cell viability was measured by
MTS (CellTiter 96 AQueous Assay reagent; Promega, Madison, WI) in
accordance with the manufacturer’s protocol. 5-Bromo-2’-deoxyuridine
(BrdU) incorporation was measured with a cell proliferation ELISA kit
(Roche Diagnostics, Indianapolis, IN) in accordance with the manufac-
turer’s instructions. HUVEC or MS1 (1 x 10%well) seeded in 96-well
plates was incubated with the CM from LLC or A549 cells for

24 hours. The cell viability was determined in accordance with the
instruction of MTS.

Migration Assay. The migration assay was carried out in accor-
dance with a method described previously (Wang et al., 2018). Human
brain vascular pericytes (HBVP), 10T'1/2, HUVEC, or MS1 (1 x 10* /well)
were placed in the upper chamber, and 0.6 ml CM from LLC or A549 cells
was placed in lower chamber. The nonmigrated cells in the upper
chamber were removed. The cells migrating through the pores to the
lower chamber were fixed and stained with 0.1% crystal violet blue. The
stained cells in the lower chamber were counted.

Statistical Analysis. The Kolmogorov-Smirnov test was used to
evaluate normal distribution of the data. Normal distributed data
were then tested by one-way analysis of variance (ANOVA) followed by
two-tailed Student’s ¢ test or Student-Newman-Keul’s test. One-way
repeated measures ANOVA and Bonferroni’s post-hoc test were
performed to evaluate the statistical significance of changes over
time. The Kaplan-Meier method and the log-rank test were used to
estimate the survival rates. Data are presented as mean + S.E.M., and
P values of 0.05 or less were regarded as statistically significant.

Results

Mel is a Potential Inhibitor of COX-2 and EGFR. To
explore the potential application of COX-2 and EGFR as
drug targets, traditional Chinese medicine database (TCM
Database@Taiwan) was used to perform virtual screening.
We narrowed our focus from the 36,043 total compounds to
the 15 top flavonoids as potential COX-2 and EGFR
inhibitors (Supplemental Table 2). Among the 15 hits, Mel
(ZINC14640449) showed strong interaction with COX-2 and
EGFR with the docking energies of 5.52 and 9.92, respec-
tively. COX-2/EGFR inhibitors interact with TYR355 and
ALA527 of COX-2 and PHES856 of EGFR (Blobaum and
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Fig. 2. Melafolone prolongs survival and delays tumor growth in Lewis lung carcinoma and CMT167 tumors. (A) LLC (2 x 10°) were injected
subcutaneously into the right flank of C57BL/6 mice. When tumors had reached a size of about 100 mm?, Mel was administered intraperitoneally at a
dose of 20 and 40 mg/kg in mice once daily for 7 days. Tumor weight was measured in the LLC model. (B) CMT167 cells (2 x 10°) were injected
subcutaneously into the right flank of C57BL/6 mice. When tumors had reached a size of about 100 mm?® Mel was administered intraperitoneally at the
dose of 20 and 40 mg/kg in mice once daily for 14 days. Tumor weight was measured in the CMT167 model. (C and D) The survival time of the mice
treated with Mel (20 and 40 mg/kg) or vehicle was measured in the LLC and CMT167 subcutaneous models. (E) PGE; in the tumor cells from the LLC
and CMT167 tumors treated with Mel (20 and 40 mg/kg) or vehicle was determined by ELISA. (F) p-EGFR and EGFR in the tumor cells from the LLC
and CMT167 tumors by Western blot. The values are presented as the mean = S.E.M., n = 8, *P < 0.05; **P < 0.01 vs. control.
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Marnett, 2007; Li et al., 2012; Alanazi et al.,, 2015). We
demonstrated that Mel formed a hydrophobic interaction with
the key catalytic-site residue TYR355 and interacted with the
ALA527 of COX-2 through a hydrogen bond (H-bond) (Fig. 1A).
Mel formed H-bonds with LYS745 and ASP837 and had a
lipophilic interaction with PHE856 of EGFR (Fig. 1B). To
further validate the binding of Mel to Cox-2 and EGFR, we
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performed the CETSA in human A549 cells. The thermal
stability of human EGFR and COX-2 in the Mel-treated A549
cells was enhanced with increased temperatures (36°C-80°C)
and Mel concentration (0.001-1000 uM) (Fig. 1, C-F), suggest-
ing a direct interaction between Mel and human COX-2 or
EGFR. Previous studies had shown that human EGFR and
mouse EGFR are highly homologous (Ebben et al., 2016;
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10%) or CMT167 cells (2 x 10°) were

injected subcutaneously into the right flank of C57BL/6 mice. When tumors had reached a size of about 100 mm?®, Mel was administered intraperitoneally at
the dose of 20 and 40 mg/kg in mice once daily for 7 or 14 days, respectively. (A) Tumor perfusion at days 0, 2, 4, 6, and 8 of treatment was measured using a
laser Doppler analyzer in the LLC tumor model. Scale bar, 2 mm. The quantitative analysis showed the relative levels of tumor perfusion in the LLC tumors.
(B) Double staining for CD31 (red) and a-smooth muscle actin (a-SMA; green) in the LLC tumor tissues was shown. Scale bar, 50 um. (C) Quantitative
analysis of CD31" vessels in the LLC tumor tissues. (D) Quantitative analysis of CD31" a-SMA™ vessels in the LLC tumor tissues. (E) Double staining for
CD31 (red) and a-SMA (green) in the CMT167 tumor tissues was shown. Scale bar, 50 um. (F) Quantitative analysis of CD31* vessels in the CMT167 tumor
tissues. (G) Quantitative analysis of CD31* a-SMA™ vessels in the CMT167 tumor tissues. (H) Hypoxia-induced factor (HIF)-1« in the LLC and CMT167
tumor tissues was determined by Western blot. (I) VEGF and TGF-8 in the tumor cells from LL.C and CMT167 tumors were measured by ELISA. The values

are presented as the mean + S E.M., n = 8, *P < 0.05; **P < 0.01 vs. control.
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Fig. 4. Melafolone downregulates PD-L1 and enhances the infiltration and effector function of CD8" T cells in the Lewis lung carcinoma and CMT167
tumors. (A) PD-L1 in tumor cells from the LLC and CMT 167 tumors treated with Mel (20 and 40 mg/kg) or vehicle was measured by Western blot. (B)
The number of CD8" T cells in the LL.C and CMT167 tumors treated with Mel (20 and 40 mg/kg) or vehicle was determined by flow cytometry. (C and D)
GzmB, IFN-y, and IL-2 in the CD8" T cells from the LLC tumors were determined by quantitative PCR and Western blot. (E and F) GzmB, IFN-y,
and IL-2 in the CD8" T cells from the CMT167 tumors were determined by quantitative PCR and Western blot. The values are presented as the mean =

S.E.M., n =8, *P < 0.05; **P < 0.01 vs. control.

Kikuchi et al., 2016). We found that the human and mouse
EGFR have 92% query coverage and 90% identity, and the human
and mouse COX-2 have 97% query coverage and 87% identity
according to NCBI Protein BLAST. The thermal stability of mouse
EGFR and COX-2 in the Mel-treated LLC cells was also enhanced
compared with the control (Supplemental Fig. 1). Furthermore,
we found that Mel inhibited COX-2-catalyzed PGE, production,
with an IC; value of 13.2 uM, and EGFR phosphorylation, with
the IC5o value of 17.4 uM, in A549 cells. Enzyme kinetic analysis
showed that Mel is a competitive inhibitor of COX-2, since the K,
value was enhanced but the V., was unchanged (Supplemental
Fig. 2). Together, these results indicate that Mel is a potential
inhibitor of COX-2 and EGFR.

Mel Prolongs Survival and Delays Tumor Growth in
the LLLC and CMT167 Tumors. The mice bearing sub-
cutaneous LL.C and CMT167 tumors were administered Mel

(20 and 40 mg/kg) or vehicle. We found that Mel 40 mg/kg
significantly reduced LLC and CMT167 tumor weight but Mel
20 mg/kg did not (Fig. 2, A and B). Mel (20 and 40 mg/kg)
significantly increased survival in the LLC or CMT167-
bearing mice compared with control mice (Fig. 2, C and D).
Furthermore, Mel (20 and 40 mg/kg) decreased the level of
PGE, and p-EGFR in tumor cells from LLC and CMT167
tumors without influencing EGFR (Fig. 2, E and F). These
data indicate that Mel prolongs survival and delays tumor
growth in the LLC and CMT167 tumors.

Mel Promotes Vascular Normalization and Amelio-
rates CD8" T-Cell Suppression in LLC and CMT167
Tumors. Previous studies showed that normalization of
tumor vasculature delays tumor growth, and functional nor-
malization is an essential element in the vascular normaliza-
tion paradigm (Qin et al., 2015). Thus, we used laser Doppler
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Fig. 5. Melafolone blocks VEGF, TGF-B, and PD-L1 production through the downregulation of COX-2 and EGFR in lung cancer cells. (A) PGE; in
culture supernatants from the Mel (10 and 20 M) or vehicle-treated Lewis lung carcinoma and A549 cells were determined by ELISA. (B) p-EGFR and
EGFR in the LLC and A549 cells treated with Mel (10 and 20 M) or vehicle for 24 hours were determined by Western blot. (C and D) VEGF and TGF-8
in culture supernatants was determined by ELISA. (E) PD-L1 in the LLC and A549 cells treated as described in Fig. 5B was measured by quantitative
PCR. (F) The effects of COX-2 overexpression on COX-2 protein levels in LLC and A549 cells were measured by Western blot. Each value represents the
mean + S.E.M. of five independent triplicate experiments. *P < 0.05; **P < 0.01 vs. negative control lentivirus (LV-NC). (G) Parental and COX-2"ie"
LLC and A549 cells were treated with Mel (20 uM) or vehicle for 24 hours, followed by treatment with or without PGE, (1 uM) or EGF (20 ng/ml) for
another 24 hours. VEGF and TGF-8 in culture supernatants were determined by ELISA. (H) PD-L1 in the LLC and A549 cells treated as described in
Fig. 5G was measured by Western blot. Each value represents the mean = S.E.M. of five independent triplicate experiments. *P < 0.05; **P < 0.01

vs. control, *P < 0.05; **P < vs. Mel (20 uM)-treated group.

analysis to measure the tumor perfusion. As shown in Fig. 3A,
Mel (20 and 40 mg/kg) notably enhanced LLC tumor perfusion
compared with the control. Tumor perfusion in the control
mice rose by 4.5% at day 2, and rose higher, by 9.7%, at day 4,
and increased slighter by 5.0% at day 8 compared with tumor
perfusion measured at day 0. Mel (20 and 40 mg/kg) steadily
increased tumor perfusion until day 4 (25.6% and 34.0%,
respectively), and increased tumor perfusion slightly at day 8
(15.7% and 19.4%, respectively) compared with tumor perfu-
sion measured at day 0. However, tumor perfusion measured
at day 8 showed a rapid decline when compared with that
measured at day 4. These data indicate that Mel could create a
short-lived time window of about 5 days when tumor vessels
could normalize transiently. We then double-stained the
pericyte marker a-smooth muscle actin («-SMA) and the
endothelial cell marker CD31 and found that Mel (20 and
40 mg/kg) reduced microvessel density but enhanced vessel
pericyte coverage in LLC and CMT167 tumors (Fig. 3, B-G).
Furthermore, the expression of HIF-la was significantly
decreased in response to Mel (Fig. 3H). We also observed the
downregulated TGF-8 and VEGF in the tumor cells from LLC
and CMT167 tumors by Mel treatment (Fig. 3I).These data
suggest that Mel promotes vascular normalization in the LL.C
and CMT167 tumors.

Next, we measured the effects of Mel on CD8* T-cell
suppression in LLC and CMT167 tumors. As shown in Fig. 4,
A and B, Mel (20 and 40 mg) significantly reduced the expression
of PD-L1 in the tumor cells and enhanced the number of CD8™"
T cells in LLC and CMT167 tumors. We then examined the
effector function of CD8" T cells upon Mel treatment and found
that Mel increased the expression of GzmB, IL-2, and IFN-y
(Fig. 4, C-F). These results indicate that Mel downregulates
PD-L1 in tumor cells and enhances the infiltration and
effector function of CD8™ T cells in LL.C and CMT167 tumors.

Mel Downregulates VEGF, TGF-B, and PD-L1 in
Lung Cancer Cells through COX-2 and EGFR Inhibi-
tion. We investigated next whether Mel downregulated
VEGF, TGF-8, and PD-L1 in lung cancer cells through both
COX-2 and EGFR inhibition. We found that Mel (10 and
20 uM) did not affect the proliferation of mouse LLC and
human A549 lung cancer cells (Supplementary Fig. 3) but
decreased the level of PGEy and p-EGFR with the down-
regulated VEGF, TGF-B, and PD-L1 in the LLC and A549
cells (Fig. 5, A-E). By contrast, overexpression of COX-2 or
exogenous addition of PGE, or EGF attenuated these effects
(Fig. 5, F-H). These data suggest that Mel downregulated
tumor cell-derived VEGF, TGF-B, and PD-L1 through COX-2
and EGFR inhibition.
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Fig. 6. COX-2 and EGFR inhibition by melafolone increases the migration of pericyte cells and decreases the proliferation and migration of
endothelial cells through downregulation of VEGF and TGF-8. (A and B) Lewis lung carcinoma and A549 cells were treated with Mel (10 and 20 uM) or
vehicle for 24 hours. The condition medium from each group was added to the lower chamber. Pericyte cells (mouse pericyte-like cells, 10T1/2, and
human brain vascular pericytes, HBVP) (A) or endothelial cells (mouse endothelial cells, MS1, and human umbilical vein endothelial cells, HUVEC) (B)
were added to the upper chamber and then incubated overnight. The cells that migrated to the lower chamber were counted. MS1 or HUVEC was plated
at 1l x 1(_)4 per well in 96-well culture plates and then treated with the CM. Cell proliferation was measured using MTS assays (B). (C and D) Parental and
COX-2%e" 11,C and A549 cells were treated with Mel (20 uM) or vehicle for 24 hours, followed by treatment with or without PGE, (1 uM), EGF
(20 ng/ml), VEGF (20 ng/ml), or TGF-B (10 ng/ml) for another 24 hours. The CM from each group was added to the lower chamber. Pericyte cells (10T1/2
and HBVP) (C) or endothelial cells (MS1 and HUVEC) (D) were added to the upper chamber and then incubated overnight. The cells that migrated to the
lower chamber were counted. MS1 or HUVEC were plated at 1 x 10* per well in 96-well culture plates and then treated with the CM. Cell proliferation
was measured using MTS assays (D). Each value represents the mean = S.E.M. of five independent triplicate experiments. *P < 0.05; **P < 0.01 vs.

control, *P < 0.05; **P < 0.01 vs. Mel (20 uM)-treated group.

COX-2 and EGFR Inhibition by Mel Enhances the
Migration of Pericyte Cells and Reduces the Pro-
liferation and Migration of Endothelial Cells through
VEGF and TGF-B Downregulation. Inhibition of TGF-8
and VEGF derived from tumor cells contributes to tumor
vessel normalization (Joseph et al., 2013; Wouters et al.,
2013).We demonstrated that the CM from Mel (10 and
20 uM)-treated lung cancer cells increased pericyte cell
migration and reduced endothelial cell proliferation and
migration (Fig. 6, A and B). However, overexpression of
COX-2 and exogenous addition of PGE,, EGF, TGF-g, or
VEGF attenuated these effects (Fig. 6, C and D). These
data indicate that COX-2 and EGFR inhibition by Mel
in lung cancer cells enhanced the migration of pericyte
cells and reduced the proliferation and migration of
endothelial cells through the downregulation of VEGF
and TGF-B.

COX-2 and EGFR Inhibition by Mel Increases the
Proliferation and Effector Function of CD8* T Cells
through PD-L1 Downregulation. Because PD-L1 in tumor
cells induces CD8* T-cell anergy and exhaustion (Ramjiawan
et al., 2017), we sought to determine whether Mel ameliorates
CD8™" T-cell suppression via PD-L1 regulation. We observed
enhanced proliferation of CD8" T cells and expression of its
effector cytokine GzmB, IFN-y, and IL-2 when Mel-treated
LLC and A549 cells were cocultured with CD8" T cells (Fig. 7,

A and B). By contrast, overexpression of COX-2 or PD-L1 and
exogenous addition of EGF or PGE, partially reversed
these effects (Fig. 7, C and D). These results indicate that COX-
2 and EGFR inhibition by Mel increases the proliferation
and effector function of CD8" T cells through PD-L1
downregulation.

PI3K/Akt Signal Contributes to Mel-Mediated VEGF,
TGF-B, and PD-L1 Downregulation. We found that Mel
(10 and 20 uM) reduced EP4 expression and Akt phosphory-
lation in the A549 cells (Fig. 8A). Conversely, overexpression
of COX-2 or exogenous addition of PGE, or EGF attenuated
the effect of Mel on Akt phosphorylation (Fig. 8B) To study
whether Mel downregulates VEGF, TGF-8, and PD-L1 via
PI3K/Akt, we overexpressed Akt in the A549 cells (Fig. 8C). As
shown in Fig. 8, D and E, Akt overexpression reversed Mel
(20 uM)-induced upregulation of TGF-8,VEGF, and PD-L1 in
A549 cells. The CM from the Mel (20 uM)-treated A549 cells
enhanced pericyte cell migration and reduced endothelial cell
proliferation and migration, which was reversed by Akt over-
expression (Fig. 8, F—H). Of note, Akt overexpression partially
reversed Mel (20 uM)-induced increase in CD8" T-cell number
and production of GzmB, IL-2, and IFN-y (Fig. 8, I and J).
These data suggest that Mel downregulates VEGF, TGF-g,
and PD-L1 in lung cancer cells mainly via PI3K/Akt signal.

COX-2 and EGFR Inhibition by Mel Improves Anti-
PD-1 Immunotherapy. We next studied whether dual COX-2
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Fig. 7. COX-2 and EGFR inhibition by Mel increases the proliferation and effector function of CD8" T cells through downregulation of PD-L1. (A and B)
The CD8* T cells were stimulated with 2 ug/ml plate-bound anti-CD3 and anti-CD28 antibodies for 24 hours, and then cocultured with Mel (10 and
20 uM)-treated LLC and A549 cells for the indicated time. (A)The proliferation of CD8* T cells was measured by CFSE dilution. (B) Production of GzmB,
IFN-y and IL-2 in CD8" T cells was determined by ELISA. (C and D) Parental and COX-2"" or PD-L1"&" LLC cells and human A549 lung cancer cells
were treated with Mel (10 and 20 uM) or vehicle for 24 hours, followed by treatment with or without PGE3 (1 uM) or EGF (20 ng/ml) for another 24 hours.
(C) The CD8* T cells were stimulated with 2 ug/ml plate-bound anti-CD3 and anti-CD28 antibodies for 24 hours, and then cocultured with the LLC and
A549 cells for the indicated time. The proliferation of CD8" T cells was measured by CFSE dilution. (D) Production of GzmB, IFN-v, and IL-2 in CD8*
T cells was determined by ELISA. Each value represents the mean * S.E.M. of five independent triplicate experiments. *P < 0.05; **P < 0.01 vs. control,

#P < 0.05; **P < vs. Mel (20 uM)-treated group.

and EGFR inhibition by Mel improves PD-1 blockade
immunotherapy in LLC and CMT167 tumors. As with
previous reports (Lin et al., 2018; Tan et al., 2018), LLC
tumors were resistant to anti-PD-1 immunotherapy (Fig. 9,
A and B). Combined Mel with anti-PD-1 treatment greatly
reduced tumor weight and prolonged survival compared
with the anti-PD-1 therapy (Fig. 9, A and B). In the CMT167
model, tumors were notably restrained, and survival of mice
was extended by anti-PD-1 therapy (Fig. 9, C and D). Mel
synergized with PD-1 antibody in restraining tumor growth
(Fig. 9C) and prolonging survival (Fig. 9D). Compared with
the anti-PD-1 monotherapy, the combination of Mel treat-
ment and PD-1 blockade decreased the production of PGE,
and phosphorylation of EGFR and AKT with the down-
regulated VEGF, TGF-B, and PD-L1 in the tumor cells from
the A549 and LLC tumors (Fig. 9, E-I). The combination
arms also reduced microvessel density, enhanced vessel
pericyte coverage, and increased the number and effector
function of CD8" T cells in the LLC and CMT167 tumors
(Fig. 9, J-M). No significant loss of body weight, impairment
of cardiac function, liver function, renal function, and
hematopoiesis were observed in the mice bearing-CMT167
tumors treated with Mel for 2 weeks. Anti-PD-1 monother-
apy tended to cause impairments of cardiac functions, as
characterized by the increases in plasma aspartate amino-
transferase and creatine kinase-MB levels, though the
difference was not significant. The combination of Mel with
anti-PD-1 treatment did not result in any extra toxicity
compared with the anti-PD-1 monotherapy (Table 1). These
results indicate that dual COX-2 and EGFR inhibition by
Mel improves anti-PD-1 immunotherapy for the LLC and
CMT167 tumors with few side effects.

Discussion

Two novel observations have been made in the present
study. First, we presented direct evidence that dual COX-2
and EGFR inhibition by a novel flavonoid Mel overcomes
resistance to anti-PD-1 immunotherapy in LLC tumors, and
improves efficacy of anti-PD-1 immunotherapy in CMT167
tumors. As far as we know, ours was the first investigation
that directly illustrates the antitumor immunity effect of Mel.
Second, we demonstrated that Mel normalizes tumor vascu-
lature and ameliorates PD-L1-mediated immunosuppression
that occurs via COX-2 and EGFR-PI3K/Akt signaling. These
findings suggest the vital roles of dual inhibition of COX-2 and
EGFR in host antitumor immunity, which could develop into a
novel multitarget agency to improve checkpoint blockade
therapy for human lung cancer.

Flavonoids are polyphenolic compounds that exert potent
antitumor activities with low toxicity (Yang et al., 2015). A
previous study in our group showed that flavonoid CH625
increased survival and decreased tumor burden with en-
hanced antitumor immunity in C6 and GL261gliomas
(Wang et al., 2018). In addition, a recent study from another
group has shown that flavone apigenin inhibits PD-L1
expression and enhances T-cell proliferation in breast
cancer (Coombs et al., 2016). Here we demonstrated that
flavonoid Mel improves anti-PD-1 therapy in the LLC and
CMT167 models with few side effects. There are reports of
clinically significant side effects in patients receiving
nivolumab or pembrolizumab (anti-PD-1 antibody) treat-
ment, including cases of hepatomegaly, interstitial nephritis,
as well as pericarditis (Naidoo et al., 2015; Asnani, 2018).
Previous studies showed that flavonoids extenuate radio-
therapy and chemotherapy-induced toxicities in lung cancer
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Fig. 8. PI3K/Akt signal contributes to melafolone-mediated downregulation of VEGF, TGF-8, and PD-L1. (A) A549 cells were treated with Mel (10 and
20 uM) or vehicle for 24 hours. EP4, p-AKT, and AKT were determined by Western blot. (B) Parental and COX-2"#" A549 cells were treated with Mel
(10 and 20 uM) or vehicle for 24 hours, followed by treatment with or without PGE, (1 uM) or EGF (20 ng/ml) for another 24 hours. p-AKT and AKT were
determined by Western blot. (C) The effects of Akt overexpression on Akt protein levels in A549 cells were measured by Western blot. (D) Parental and
Akt"eR A549 cells treated with Mel (20 M) or vehicle for 24 hours. VEGF and TGF-B in the supernatants were determined by ELISA. (E) PD-L1 in the
A549 cells treated as described in Fig. 8D was measured by quantitative PCR. (F and G) The condition medium from the A549 cells treated as described
in Fig. 8D was added to the lower chamber. Pericyte cells (human brain vascular pericytes, HBVP) or endothelial cells (human umbilical vein endothelial
cells, HUVEC) were added to the upper chamber and then incubated overnight. The cells that migrated to the lower chamber were counted. (H) HUVEC
were plated at 1 x 10% per well in 96-well culture plates, and then treated with CM described in Fig. 8F. Cell proliferation was measured using MTS
assays. (I) The CD8" T cells were stimulated with 2 pg/ml plate-bound anti-CD3 and anti-CD28 antibodies for 24 hours, and then cocultured with the
Ab49 cells treated as described in Fig. 8D for the indicated time. The proliferation of CD8" T cells was measured by carboxyfluorescein succinimidyl ester
dilution. (J) Production of GzmB, IFN-y, and IL-2 in CD8* T cells was determined by ELISA. Each value represents the mean + S.E.M. of five

independent triplicate experiments. *P < 0.05; **P < 0.01 vs. control, *P < 0.05; P < 0.01 vs. Mel (20 uM)-treated group.

(Yin et al., 2012; Hillman et al., 2013). Therefore, further
studies are being carried out to test whether flavonoid Mel
could ameliorate the anti-PD-1-induced toxicities in lung
cancer.

COX-2 expression positively correlates with PD-L1 expres-
sion in human lung adenocarcinoma (Shimizu et al., 2017).
However, COX-2 inhibitor celecoxib did not decrease PD-L1
expression in NSCLC cells (Shimizu et al., 2018), suggesting
another pathway that compensates for the effects of COX-2
inhibition. Here we demonstrated that dual COX-2 and EGFR
inhibition by Mel downregulated PD-L1 in lung cancer cells
in vivo and in vitro. Conversely, these effects were attenuated
by exogenous addition of EGF. Previous studies have shown
that EGFR is overexpressed in NSCLC and upregulates
PD-L1 expression (Gately et al., 2014; Miura and Sunaga,
2018). Increasing evidence indicates a tight connection be-
tween the COX-2 and EGFR pathways in lung cancer (Shi
et al., 2017). These results suggest that a highly activated
EGFR pathway might compensate for the effects of COX-2

blockade on PD-L1. PD-L1-mediated suppression of activated
CD8™ T cells is crucial for tumor escape from immune attack
on cancer progression (Wang et al., 2016). Here we demon-
strated that dual COX-2 and EGFR inhibition by Mel
increases the proliferation and effector function of CD8™
T cells through PD-L1 downregulation. These results suggest
that the dual COX-2 and EGFR inhibition by Mel amelio-
rates PD-L1-mediated immunosuppression and could be a
novel strategy for cancer immunotherapy.

“Vascular normalization” reconditions the tumor immune
microenvironment and enhances immunotherapy including
antitumor vaccination or adoptive T-cell therapy (Shrimali
et al., 2010; Johansson et al., 2012). Here we demonstrated
that dual COX-2 and EGFR inhibition by Mel in lung cancer
cells normalized tumor vasculature and was accompanied by
an increased number of tumor-infiltrated CD8* T cells,
thereby facilitating anti-PD-1 treatment in mice bearing
LLC or CMT167 tumors. Moreover, dual COX-2 and EGFR
inhibition by Mel promoted vascular normalization through

20z ‘g |dy uo seuinor 134SV e Bio'sfeulnofiedse ied | wouy pepeojumoq


http://jpet.aspetjournals.org/

Flavonoid Melafolone Improves PD-1 Immunotherapy 411

LLC CMT167
D 1254

(@)

1254 @ Control <+ Anti-PD-1 -~ Control -+ Anti-PD-1

2. - Mel= Mel +Anti-PD-1 2., 10047=_Mel & Mel + Anti-PD-1
= ~— 1004 = s
(=9 B 209 <
z = 751 z =
.o_ 0.6 #H 2 ‘6 0.6 .5
> -
. iR E ﬁ 5
¥ apl L v ' 9 254 a @
N A Y o 6\ 90
PR AR L 4 04 o W
OO e \,,P“‘ 0 15 30 45 60 75 90 ¢ h““ i
W Time W
E F N N % ouwe movrer G N A $] O wc E cmTi67
_ 2907, T R .
— A "o [ g ? [4
[ ox“(\\’ox"‘o G £ 10 RO T £z
S E pe e et w3 W <5
Q E
S p-EGFR - -130 kDa WG os p-AKT-- S0kDa X°§
[=] s =]
w = =4
peactin [ [N <2 Da s practin [FERINN IS 42 kDa
LLC  CMT167 LLC  CMT167 A
o &° (\‘:‘go
W W o
e
1.5
H ™ ouwe BB CMT167 1 O e E@ CMT167 | . N O LLC E3 CMT167
5 3 A fA el 'g 2
= = vyl 0 e =
i ‘g’ 100 ‘S' 100 P“"‘R @z"’hg\“g ‘;\e\"P ] ‘g’ 10
O o o % Q
5 :. ou [ o £
2 T : a3
= = : 42 kDa
) e pactin [N [N ae
. N LLC  CMT167 B 0o
J CMT167

Anti-PD-1 Mel + Anti-PD-1 Anti-PD-1 Mel + Anti-PD-1

CD31* vessels (%)

CD31 a-SMA

LLC CMT167
K = L M 250 N 250
## —_
= = = i =
@ © 200 # 5S¢ Pk .5 o 200
9 5
3 E £ E 3 E %€
G 5 150 g5 8§ 150 £ 5 150
= O £t © = O c “—_’
%o © 100 —— 8% te B 100] T 36 100
az 5z =] 5=
O8 = oL ©Q = oL s
[ T T 0 T T o
N A A
o 9O .90
o‘\'? o® ‘\W? “\.\2
¥ N L
W @

Fig.9. COX-2 and EGFR inhibition by melafolone improves anti-PD-1 therapy in the Lewis lung carcinoma and CMT167 models. (A) LLC (2 x 10°) were
injected subcutaneously into the right flank of C57BL/6 mice. When tumors had reached a size of about 100 mm?, the mice were treated with anti-PD-1
antibody (200 ug/mouse every 3 days, i.p.), Mel (20 mg/kg daily, i.p.), anti-PD-1 antibody plus Mel, or vehicle for 7 days. The tumor weight of mice was
measured. (B) The survival time of mice was measured. (C) CMT167 (2 x 10°) were injected subcutaneously into the right flank of C57BL/6 mice. When
tumors had reached a size of about 100 mm?, the mice were treated with anti-PD-1 antibody (200 ug/mouse every 3 days, i.p.), Mel (20 mg/kg daily, i.p.),
anti-PD-1 antibody plus melafolone, or vehicle for 14 days. The tumor weight of mice was measured. (D) The survival time of mice was measured. (E)
PGE; in the tumor cells from the LLC and CMT167 tumors was determined by ELISA. (F) p-EGFR and EGFR in the tumor cells from the LLC and
CMT167 tumors by Western blot. (G) p-AKT and AKT in the tumor cells from the LLC and CMT167 tumors by Western blot. (H) VEGF and TGF-g in the
tumor cells from LLC and CMT167 tumors were measured by ELISA. (I) PD-L1 in the tumor cells from LLC and CMT167 tumors was measured by
Western blot. (J) Double staining for CD31 (red) and a-smooth muscle actin (green) in the LL.C and CMT167 tumor tissues was shown. Scale bar, 50 um.
Quantitative analysis of CD31"* vessels and CD31" a-SMA* vessels in the LLC and CMT167 tumor tissues. (K) The number of CD8" T cells in the LLC
tumors was determined by flow cytometry. (L) GzmB, IFN-y, and IL-2 in the CD8"* T cells from the LLC tumors were determined by ELISA. (M) The
number of CD8" T cells in the CMT167 tumors was determined by flow cytometry. (N) GzmB, IFN-vy, and IL-2 in the CD8* T cells from the CMT167
tumors were determined by ELISA. The values are presented as the mean + S.E.M., n = 8, *P < 0.05; **P < 0.01 vs. control. *P < 0.05; *P < 0.01 vs.
anti-PD-1-treated group.
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TABLE 1

Effect of melafolone and anti-PD-1 therapy on body weight profile, biochemical profile and complete blood counts in the CMT167 tumor model

The CMT167 cells (2 x 10°) were injected subcutaneously into the right flank of C57BL/6 mice. Seven days later when tumors had reached a size of about 100 mm?, the mice
were treated with anti-PD-1 (200 ug/mouse every 3 days, i.p.), Mel (20 mg/kg daily, i.p.), anti-PD-1 antibody (200 ng/mouse every 3 days, i.p.) plus Mel (20 mg/kg daily, i.p.), or
vehicle for 14 days. The plasma aspartate aminotransferase (AST), alanine aminotransferase (ALT), blood urea nitrogen (BUN), creatine levels, creatine kinase-MB (CK-MB),
and complete blood counts, including white blood corpuscles (WBC), red blood corpuscles (RBC), hematocrit (HCT), mean cell volume (MCV), and platelet (PLT) levels, were

determined. Data are presented as mean + S EM., n = 8.

Groups Control Anti-PD-1 Mel Mel+ Anti-PD-1
Body weight (g) 26.3 = 0.6 26.6 = 0.6 26.6 = 0.5 27.1 = 0.7
ALT (IUAN) 35.6 = 1.8 359 = 2.1 351+ 1.7 379+ 1.8
BUN (mg/dl) 26.4 = 2.7 269 = 2.1 28.3 = 3.2 275 = 2.1
Creatine (mg/dl) 0.5*=0.1 0.5+ 0.0 0.5*+0.1 05 =0.1
AST (TUN) 97.8 + 4.3 118.0 * 8.8 98.1 = 3.9 1045 *+ 3.6
CK-MB (TU/) 119.1 + 11.2 155.9 = 12.9 114.6 = 9.1 122.2 + 10.1
RBC (x 10'/1) 83+ 0.3 8.2 + 0.2 8.1+0.1 8.1+ 0.2
WBC (x 10%) 3.8 + 0.2 3.6+ 0.3 3.8+ 02 3.6 +0.2
HCT (%) 454 + 2.9 43.0 = 3.6 443 + 25 473 =25
MCV (fl) 456 = 2.4 443 = 4.1 432 + 4.9 469 = 2.5
PLT (x 10%1) 722.4 + 38.5 694.4 + 23.3 689.6 = 13.8 710.4 + 48.0

VEGF or TGF-B8 downregulation in lung cancer cells. We
previously reported that the downregulated TGF-g and VEGF
in endothelial progenitor cells (EPCs) and TAMs contributes
to gliomal vascular normalization (Wang et al., 2017a).
Therefore, we conclude that COX-2 and EGFR inhibition by
Mel normalizes tumor vasculature through VEGF or TGF-8
downregulation in cells other than tumor cells in a tumor
microenvironment. Further research is being conducted to
explore the possibilities.

PI3K/Akt is a crucial signal in tumor angiogenesis (Chen
et al., 2017b). We previously reported that the downregulation
of PI3K/Akt in TAMs and EPCs promotes gliomal vascular
normalization (Wang et al., 2017a). Here we found that dual
COX-2 and EGFR inhibition by Mel reduced proliferation
and migration of endothelial cells and enhanced migration of
pericyte cells through PISK/Akt downregulation. PI3SK/Akt
activation upregulates PD-L1 expression in human lung
cancer cells (Zhang et al., 2017), and inhibition of PI3K/Akt
signaling exerts antitumor immunity (O’Donnell et al.,
2018). In this study, we demonstrated that dual COX-2
and EGFR inhibition by Mel decreased PD-L1 expression in
lung cancer cells and increased effector function of CD8"
T cells, whereas Akt overexpression attenuated these ef-
fects. These data indicate that dual COX-2 and EGFR
blockade by Mel induces vascular normalization and ame-
liorates PD-L1-mediated immunosuppression via PI3K/Akt
pathway.

In summary, dual inhibition of COX-2 and EGFR by
flavonoid Mel improves anti-PD-1 therapy through vascular
normalization and PD-L1 downregulation via the PISK/Akt
pathway. We identify flavonoid Mel as the dual inhibitor of
COX-2 and EGFR, by which Mel improves anti-PD-1 therapy
with few side effects. Our results may lay a solid foundation for
the development of Mel as a novel candidate agent against
resistance to checkpoint blockade therapy for human lung
cancer.
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Supplemental Fig. 1. The cellular thermal shift assay (CETSA) of COX-2 and EGFR in Lewis
lung carcinoma (LLC) cells. (A-D) The LLC cells were treated with DMSO or melafolone (Mel) (20
uM) with increasing melting temperature (40 C-76 T, interval temperature: 4 <C) or drug
concentration at 52 <C. (A and B) The thermal stability of COX-2 in cell lysates was measured by the
temperature or concentration-dependent CETSA. (C and D) The thermal stability of EGFR in cell
lysates was measured by the temperature or concentration-dependent CETSA. Each value represents

the mean =+S.E.M. of five independent triplicate experiments. "P < 0.05, ~P < 0.01 vs. control.
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Supplemental Fig. 2
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Supplemental Fig. 2. Mel is a substrate-competitive inhibitor of COX-2. Enzyme kinetics assay
were performed with varying concentrations of arachidonic acid (AA). Double-reciprocal plots of
initial velocities (Lineweaver—Burk plots) showing competitive inhibition by Mel toward AA as a
substrate (A). Vmax (B) and Km (C) values for COX-2 under varying concentrations of Mel. Each
value represents the mean £S.E.M. of five independent triplicate experiments. *P < 0.05, **P < 0.01

vs. control.
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Supplementary Fig. 3
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Supplemental Fig. 3. The effects of Mel on the in vitro proliferation of Lewis lung carcinoma
(LLC) and A549 cells. (A) LLC and A549 cells were treated with different concentrations of Mel for
24 h, and cell proliferation was measured by 3-(4,
5-dimethylthiazol-2yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay.
(B) LLC and A549 cells were treated with Mel (10 and 20 uM) for 24 h, and cell proliferation was
measured by 5-bromo-2’-deoxyuridine (BrdU) incorporation assay. Each value represents the mean =+

S.E.M. of five independent triplicate experiments. P < 0.05, P < 0.01 vs. control
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Supplemental table 1.

Supplemental table 1. Primers used for quantitative real-time RT-PCR to detect the mMRNAs of target

genes.
Primers Forward primer Reverse primer

Human

PD-L1 TGGCATTTGCTGAACGCATTT TGCAGCCAGGTCTAATTGTTTT

IFN-y TGCAGGACCCATATGTAAAAGA TCAAAATGCCTAAGAAAAG

IL-2 ATGTACAGGATGCAACTCCTGTCTT GTCAGTGTTGAGATGATGCTTTGAC
GzmB TGAAGCCAGGGCAGACATGC GCCTCCAGAGTCCCCCTTAA

GADPH AGGGCTGCTTTTAACTCTGGT CCCCACTTGATTTTGGAGGGA

Mouse

TGF-p TGAGTGGCTGTCTTTTGACG TCTCTGTGGAGCTGAAGCAA

VEGF GCACATAGAGAGAATGAGCTTCC CTCCGCTCTGAACAAGGCT

PD-L1 GACGCAGGCGTTTACTGCT GCGGTATGGGGCATTGACTTT

IFN-y GCAACAGCAAGGCGAAAAAG AGCTCATTGAATGCTTGGCG

IL-2 TGATGGACCTACAGGAGCTCCTGA GAGTCAAATCCAGAACATGCCGCAG
GzmB TGCTCTGATTACCCATCGTCC GCCAGTCTTTGCAGTCCTTTATT
GADPH AGATGGTGATGGGCTTCCC GGGAAATTCAACGGCACAGT

Abbreviations: Transforming growth factor-p, TGF-p; Vascular endothelial growth Factor, VEGF;

Programmed cell death 1 ligand 1, PD-L1; Interferon-y, IFN-y; Interleukin-2, IL-2; Granzyme B,

GZMB
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Supplemental table 2

Supplementary table 2. The Total-Score of natural molecules with the active sites of COX-2 and

EGFR.
No ZINC ID Structure Total-Score
COX-2 EGFR Average
1
95919428 7.31 10.62 8.97
2
85633011 7.71 9.63 8.67
3
05854640 8.26 9.06 8.66
4
13108861 7.52 9.56 8.54
5
95909868 8.35 8.56 8.46
6
17060877 7.66 8.27 7.97
7 Me Me
14806886 8.24 7.34 7.79




JPET # 254359

10

11

12

13

14

15

14819255

14640449

03651278

95919427

85632999

33378784

14437310

85633018

8.10

5.52

7.09

6.67

6.92

7.67

6.73

6.29

7.46

9.92

8.31

8.67

8.41

7.47

8.36

8.67

7.78

7.73

7.70

7.67

7.66

7.57

7.54

7.48




