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ABSTRACT 

Green tea catechin, (-)-epigallocatechin gallate (EGCG), and green tea are well 

known effective non-toxic cancer preventives. To understand the mechanisms of action 

of EGCG that results in wide beneficial effects on cancer prevention, I studied whether 

EGCG enhances anti-tumor immunity by focusing on the immune checkpoint. 

Programmed cell death-ligand 1 (PD-L1) in tumor cells is an immune checkpoint 

molecule involved in immune evasion of tumor: It inhibits the immune response of T cells 

by binding to PD-1 on T cells. The PD-L1 expression is induced by cytokines and growth 

factors in the inflammatory tumor microenvironment. In this thesis, I studied the effects 

of EGCG on inducible PD-L1 expression in human lung cancer cells, and the stimulation 

of T-cell functions, examined by the model experiment using tumor specific cluster of 

differentiation 3 positive (CD3+) T cells co-cultured with F10-OVA cells. 

First, I found that PD-L1 protein levels varied among human lung cancer cell 

lines: Lu99 cells showed the highest PD-L1 expression, A549 cells were moderate, and 

H1299 were very low. Treatment with interferon gamma (IFN-γ) increased cell-surface 

PD-L1 level in A549 and H1299 cells as determined by flow cytometry, but not in Lu99 

cells. However, treatment with epidermal growth factor (EGF) increased PD-L1 

expression in Lu99 cells. Pretreatment with EGCG and green tea extract (GTE) for 3 h 

dose-dependently reduced IFN-γ-induced PD-L1 mRNA and cell-surface PD-L1 level in 

A549 and H1299 cells by inhibiting phosphorylation of STAT1. EGCG also inhibited 

EGF-induced PD-L1 expression by inhibiting the AKT pathway in Lu99 cells.  

Next, I examined the relationship between inhibition of PD-L1 expression and 

lung cancer prevention. The intraperitoneal injection of 4-(methylnitrosamino)-1-(3-

pyridyl)-1-butanone (NNK) induced lung tumors in 100% A/J mice in 16 weeks and oral 
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administration of 0.3% GTE reduced the number of tumors per mouse from 4.1 to 2.6. In 

addition, the percentage of positive PD-L1 cells in tumors in NNK + GTE group was 

reduced from 9.6 to 2.9 (70% reduction).   

Finally, I studied whether EGCG enhances anti-tumor immunity. I performed an 

ex vivo co-culture experiment using tumor specific CD3+ T cells with F10-OVA cells, to 

determine restoration of T cells activity: Pretreatment with EGCG reduced PD-L1 mRNA 

level in F10-OVA cells, and it increased IL-2 mRNA expression 1.7-fold. However, 

EGCG had no effect in non-co-cultured T cells. According to the reduction of PD-L1 by 

EGCG, apoptosis of F10-OVA cells was increased 3-fold by co-culture with tumor 

specific CD3+ T cells.  

This is the first finding to show that EGCG and green tea extract act as alternative 

immune checkpoint inhibitors. This new function of EGCG in anti-tumor immune 

response plays a vital role in cancer prevention and enhancement of anti-cancer activities.  

 

 

 

 

 

 

 

 

 

 

 



III 
 

ACKNOWLEDGEMENTS 

 

First, I would like to express my gratitude to my advisor Dr. Masami Suganuma, 

for her continuous support of my Ph.D. study and related research, and also for her 

patience, motivation, and immense knowledge. Her guidance made possible my research 

and writing of this thesis. I cannot imagine having a better advisor and mentor for my 

Ph.D. study, and I hope that one day I will become as good an advisor to my students as 

Prof. Masami Suganuma has been to me. 

 

Besides my advisor, I would like to thank Prof. Emeritus. Drs. Hirota Fujiki and 

Maitree Suttajit for their insightful comments and encouragement, and also for their 

questions, which encouraged me to widen my research from various perspectives. I also 

thank the review committee members, Assoc. Prof. Drs. Shinji Tsukahara, Ichiro Sakata 

and Hiroshi Yoshikawa for their invaluable advice and suggestions. 

 

I also express my gratitude to my fellow labmates for stimulating discussions, 

for the sleepless nights we worked together before deadlines, and for all the fun we have 

had in the last three years. Furthermore, I am grateful to Ms. Miki Kanno, Kaori Suzuki 

and Ikuko Shiotani for their scientific advice. Without their precious support, it would not 

have been possible to conduct this research. In addition, I convey my thanks to Dr. 

Takehiko Kamijo, MD, and all his colleagues at the Research Institute for Clinical 

Oncology, Saitama Cancer Center. Moreover, I am also grateful to Assist. Prof. Drs. 

Duangkamol Kunthalert and Phanchana Sanguansermsri, DVM, for their enlightening me 

the first glance at research. 



IV 

Last but not least, I thank my family: my parents including my father who passed 

away after fighting esophageal cancer during my studies — a very sad time — and my 

older sister, niece, nephew and my partner for supporting me spiritually throughout 

writing this thesis, and in my life in general. 

I take this opportunity to express my special gratitude to the Ministry of 

Education, Culture, Sports, Science and Technology (MEXT), Japan, for awarding me 

the Monbukagakusho scholarship, which enabled me to pursue my studies here in Japan. 

ANCHALEE RAWANGKAN 

Saitama, Japan 



V 
 

TABLE OF CONTENTS 

 

ABSTRACT I 

ACKNOWLEDGEMENTS III 

TABLE OF CONTENTS V 

LIST OF FIGURES VIII 

Chapter 1: General introduction and objectives 1 

1.1. Research background 1 

1.1.1. Characteristics of green tea and green tea catechins 1 

1.1.2. Cancer preventive activity of EGCG and green tea extract (GTE) 

in rodents 

2 

1.1.3 Cancer preventive activity of green tea in human 3 

1.1.4. Synergistic enhancement of anti-cancer activity 5 

1.1.5. Mechanisms of action of green tea catechins for anti-cancer 

activity 

6 

1.1.6. PD-L1/PD-1 immune checkpoint 9 

1.1.7. Promotion of cancer immune escape by PD-L1 expression 11 

1.1.8. Immune checkpoint inhibitors  12 

1.2. Hypothesis and general objectives 14 

Chapter 2: Green tea catechins inhibit PD-L1 expression and lung 

tumor growth as an alternative immune checkpoint inhibitor 

15 

2.1. Introduction 15 

2.2. Materials and Methods 19 

2.2.1. Cell lines and reagents 19 



VI 
 

2.2.2. Treatment with green tea catechins and IFN-γ or EGF 22 

2.2.3. RNA extraction and quantitative real-time RT-PCR (qRT-PCR) 22 

2.2.4. Western blotting 24 

2.2.5. Flow cytometry 25 

2.2.6. NNK-induced lung carcinogenesis experiment in A/J mice 25 

2.2.7. Immunohistochemical staining 26 

2.2.8. Establishment of ovalbumin-expressing B16-F10 (F10-OVA) cells 27 

2.2.9. Isolation of tumor specific CD3+ T cells 27 

2.2.10. Cytotoxic assay with tumor specific CD3+ T cells 28 

2.2.11. Analysis of apoptosis 29 

2.2.12. Statistical analysis 29 

2.3. Results 30 

2.3.1. Green tea catechins inhibited PD-L1 expression and lung tumor 

development 

30 

2.3.1.1. Intrinsic PD-L1 expression levels varied among NSCLCs 30 

2.3.1.2. IFN-γ and EGF inducted PD-L1 mRNA and protein in three 

NSCLC cell lines 

30 

2.3.1.3. Green tea catechins and GTE reduced IFN-γ-induced cell-

surface PD-L1 in A549 cells 

32 

2.3.1.4. EGCG inhibited IFN-γ-induced PD-L1 mRNA and protein in 

A549 and H1299 cells 

32 

2.3.1.5. EGCG inhibited IFN-γ-induced phosphorylation of STAT1 

compared with STAT1- and JAK2-inhibitors 

33 

2.3.1.6. EGCG inhibited EGF-induced PD-L1 mRNA and protein in 34 



VII 
 

Lu99 cells via AKT signal pathway 

2.3.1.7. EGCG inhibited PD-L2 mRNA expression induced by IFN-γ or 

EGF 

34 

2.3.1.8. Oral administration of GTE inhibited lung tumor development 

induced by NNK and reduces PD-L1 positive cells in the tumors 

35 

2.3.2. EGCG stimulated the anti-tumor response of T cells by inhibition 

of PD-L1 expression 

36 

2.3.2.1. EGCG inhibited IFN-γ-induced PD-L1 mRNA and protein in 

B16-F10 mouse melanoma cells 

36 

2.3.2.2. EGCG inhibited PD-L1 expression in F10-OVA cells induced by 

co-cultured with tumor specific CD3+ T cells 

37 

2.3.2.3. EGCG restored IL-2 mRNA expression in tumor specific CD3+ 

T cells co-cultured with F10-OVA cells  

38 

2.3.2.4. EGCG stimulated apoptosis of F10-OVA cells by co-cultured 

with tumor specific CD3+ T cells 

38 

2.4. Discussion 40 

2.5. Conclusion 44 

ABBREVIATIONS 45 

REFERENCES 46 

FIGURES 63 

 

 

 

 



VIII 
 

LIST OF FIGURES 

 

Figure 1. Chemical structures and classifications of tea polyphenols 63 

Figure 2. A schematic illustration of the mechanisms of action of EGCG, 

 the “sealing effects of EGCG” 

64 

Figure 3. Cancer uses PD-L1 for immune escape 65 

Figure 4. Intrinsic PD-L1 expression levels varied among NSCLCs 66 

Figure 5. Time-cause of PD-L1 mRNA expression treated with IFN-γ in 

A549 and H1299 cells or with EGF in Lu99 cells 

67 

Figure 6. IFN-γ and EGF induced expression of PD-L1 mRNA and protein 

in NSCLC cell lines 

68 

Figure 7. mRNA and protein levels of IFN-γ and EGF receptors expressed 

in three NSCLC cell lines 

69 

Figure 8. Inhibition of IFN-γ-induced PD-L1 expression with green tea 

extract (GTE) and green tea catechins in A549 cells 

70 

Figure 9. Inhibition of IFN-γ-induced PD-L1 expression with EGCG in 

A549 cells at the transcription level 

71 

Figure 10. Inhibition of IFN-γ-induced PD-L1 expression with EGCG in 

H1299 cells at the transcription level 

72 

Figure 11. IFN-γ-induced phosphorylation of STAT1 73 

Figure 12. Inhibition of IFN-γ-induced phosphorylation of STAT1 with 

EGCG in A549 and H1299 cells 

74 

Figure 13. Inhibition of IFN-γ-induced phosphorylation of STAT1 with 

EGCG stronger than the STAT1 inhibitor 

75 



IX 
 

Figure 14. Inhibition of IFN-γ-induced phosphorylation of STAT1 with 

EGCG similar with JAK2 inhibitor 

76 

Figure 15. Inhibition of EGF-induced PD-L1 expression with EGCG in 

Lu99 cells at the transcription level 

77 

Figure 16. EGF-induced phosphorylation of AKT in Lu99 cells 78 

Figure 17. Inhibition of EGF-induced phosphorylation of AKT with EGCG 

in Lu99 cells 

79 

Figure 18. Inhibition of IFN-γ- or EGF-induced PD-L2 mRNA expression 

with EGCG 

80 

Figure 19. Oral administration of green tea extract (GTE) inhibited lung 

tumors of A/J mice induced by NNK and reduced the percentage 

of PD-L1 positive cells in the tumors 

81 

Figure 20. IFN-γ strongly induced cell-surface PD-L1 in B16-F10 cells 83 

Figure 21. Inhibition of IFN-γ-induced PD-L1 mRNA and protein with 

EGCG in B16-F10 cells at the transcription level 

84 

Figure 22. EGCG inhibited PD-L1 mRNA induced by co-cultured with 

tumor specific T cells 

85 

Figure 23. EGCG restored IL-2 mRNA expression in tumor specific CD3+ 

T cells co-cultured with F10-OVA cells 

86 

Figure 24. EGCG stimulated apoptosis in F10-OVA cells by co-cultured 

with tumor specific CD3+ T cells 

87 

Figure 25. A schematic illustration of EGCG restores T-cell activity by 

inhibition of PD-L1 expression, resulting in inhibition of lung 

tumor development 

88 



X 
 

  Supplemental Figure 1.  

Lu99 cells expressed high CKLF Like MARVEL 

Transmembrane Domain Containing 6 (CMTM6) mRNA 

expression 

 

89 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



1 
 

Chapter 1  

General introduction and objectives 

 

1.1. Research background  

1.1.1. Characteristics of green tea and green tea catechins  

Green tea or Sencha is the most popular daily beverage brewing tea leaves with 

warm water for almost 800 years in Japan. Green tea plant belongs to Camellia sinensis 

L., O. Kuntze, Theaceae family [1]. The major constituents of green tea are polyphenols, 

including phenolic acids (caffeic acid and gallic acid) and flavonoid. Catechins from 

green tea belong to the family of flavonoids containing flavan-3-ol unit and galloylated 

catechin [2]. Green tea catechins are characterized by the presence of a benzopyran 

structure bearing at least one aromatic ring (Figure 1). One Japanese size cup (120 ml) of 

green tea contains about 150 mg catechins, which include main four catechins (10-15% 

(-)-epigallocatechin gallate (EGCG), 6-10% (-)-epigallocatechin (EGC), 2-3% (-)-

epicatechin gallate (ECG), and 2% (-)-epicatechin (EC). The minor green tea catechins 

include (-)-catechin, (-)-catechin gallate, (-)-gallocatechin, and (-)-gallocatechin gallate 

as shown in Figure 1 [1]. Sencha has the highest content of tea polyphenols whereas 

partially oxidized and fermented oolong tea has lower content, and fermented black tea 

contain more theaflavins and thearubigins than cathechins and polyphenols [2]. 

Normally, not exceeding 1 μM EGCG reached in plasma within 2 h after drinking 

of green tea and cleared from the blood with a half-life of 5 h in humans. Oral 

administration of 525 and 1600 mg EGCG of green tea extract reached 4.4 and 7.4 μM 

EGCG in plasma, respectively. EGCG is present mainly in the free form about 80% in 

plasma, whereas other catechins are highly conjugated with glucuronic acid and/or sulfate 
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groups. Moreover, EGCG has a wide range of target organs by distributed throughout the 

body including the digestive tract, blood, brain, liver, kidney, and spleen. Green tea 

catechins are metabolized to glucuronidation, sulfation, methylation, and ring-fission by 

hepatic and intestinal enzymes, and intestinal microorganism normal flora. EGCG is 

mainly excreted through the bile into the feces, whereas EGC, ECG, and EC are excreted 

through both bile and urine [2]. Therefore, green tea catechins might accumulate in the 

organs and induce cancer preventive effects through multi-mechanism of action in the 

cells after drinking a lot of green tea. 

 

1.1.2. Cancer preventive activity of EGCG and green tea extract (GTE) in rodents 

Green tea catechins are well-known non-toxic cancer preventives. In 1983, 

Fujiki H and Suganuma M began to study green tea within the program of cancer 

chemoprevention in Japan. The term “cancer chemoprevention” defined as “prevention 

of the occurrence of cancer by administration of one or more compounds” was coined by 

Sporn M B in 1976. To look for Japanese original cancer preventive agents, they studied 

various tannins or polyphenols including EGCG derived from medicinal plants in 

collaboration with Okuda T at Okayama University. Based on their study of tumor 

promotion, they thought that inhibitors of tumor promotion were suitable for cancer 

prevention rather than inhibitors of initiation. So, they found that EGCG inhibited 3H-12-

O-tetradecanoylphorbol-13-acetate (3H-TPA) binding to phorbol ester receptor, and dose-

dependently inhibited activation of protein kinase C [3,4,5].  

In 1987, cancer preventive activity of EGCG in rodents is the first finding report 

by Yoshizawa S and their colleagues in Fujiki’s group [6]. They found that EGCG 

inhibited tumor promotion induced by teleocidin, a TPA type tumor promoter, in a two-
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stage carcinogenesis experiment on mouse skin initiated with 7,12-

dimethylbenz[a]anthracene (DMBA) as an initiator inhibited tumor promotion by 

teleocidin. EGCG also inhibited tumor promotion of okadaic acid on mouse skin initiated 

with DMBA. Okadaic acid is a potent inhibitor of protein phosphatases 1 and 2A (PP1 

and PP2A). It is important to note that EGCG inhibits tumor promotion mediated through 

two different mechanisms: Activation of protein kinase C and inhibition of PP1 and PP2A 

[7]. After their finding, many scientists reported inhibitory effects of EGCG and GTE on 

tumor developments in various organs that induced by various chemical carcinogen in 

rodents, for example, digestive tract including esophagus, stomach, duodenum, colon and 

also liver, lung, pancreas, mammary gland, skin, bladder, and prostate [8]. Thus, EGCG 

and GTE have a wide range of target organs for their preventive effects. The study by 

administration of 3H-EGCG into the mouse stomach revealed the wide distribution of 3H-

EGCG into the various organs, in which EGCG shows inhibitory effects of tumor 

development. Furthermore, duplicate administration of 3H-EGCG enhances incorporation 

of 3H-EGCG 4-6 times in blood, brain, lung, liver, pancreas, and bladder, indicating that 

drinking more green tea get the higher concentration of EGCG in the target organs [4,9]. 

Furthermore, 0.05% EGCG in drinking water inhibited metastasis of mouse melanoma 

cells into lung [10]. It is important to note that EGCG and GTE were not toxic for rodents. 

Thus, EGCG and GTE are effective cancer prevention in wide range of target organs in 

rodents. 

 

1.1.3. Cancer preventive activity of green tea in human 

Most Japanese drink green tea every day. Especially, people who live in the tea 

producing area, such as Saitama Prefecture, drink a lot of Sencha. The epidemiology 
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study in Saitama revealed cancer preventive activity in humans. The first finding cancer 

preventive activity of green tea in humans was reported by Imai K and Nakachi K [11]. 

The prospective cohort study with 8,552 individuals aged over 40 in Saitama Prefecture 

revealed that cancer onset for female patients who consumed more than 10 Japanese-size 

cups (equivalent to 2.5 g green tea extract) of green tea per day was delayed 7.3 years for 

females and 3.2 years for males compared with that for those who consumed less than 3 

cups per day. It is important to note that the weaker preventive effects among males are 

partly due to higher tobacco consumption. This study also revealed that higher 

consumption of green tea most effectively reduced relative risk of lung cancer to 0.33, 

followed by liver (0.53), colon (0.56), and stomach (0.69) [12].  

Green tea is effective for cancer prevention of primary cancer before cancer 

onset and prevention of recurrence of cancer after treatment. The case-control study at 

Saitama Cancer Center Hospital, Japan showed the preventive effect of recurrence of 

breast cancer. Among stages I and II of total 472 breast cancer patients, the group that 

consumed 8 cups of green tea per day showed a lower recurrence rate (16.7 %), and a 

longer disease-free period (3.6 years), than the group that consumed 3 cups per day 

(24.3 % of recurrence rate and 2.8 years of disease-free period) [13].  

Cancer preventive activity of green tea was proved by phase II clinical trial. A 

double-blind randomized clinical phase II colorectal adenoma recurrence in patients who 

have no polyps after the polypectomy were conducted in Gifu University, Japan. And 

drinking 10 cups of green tea supplemented with GTE tablets reduced the recurrence of 

colorectal adenomas determined by the end-point colonoscopy [14]. The results showed 

that the recurrence rate of the control group (without GTE tablets) that maintained their 

usual daily consumption of green tea was 31 %, and that of the GTE tablets group that 
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drank at least 10 cups of green tea per day supplemented with GTE tablets was 15 %, a 

51.6 % prevention [14]. These treatment used GTE tablet produced by the Saitama 

Prefectural Tea Research Institute that reduced the caffeine content from 5% to less than 

3% [1]. A similar trial was conducted at Seoul National University, Korea by determined 

the preventive effect of GTE on metachronous colorectal adenomas. The subject who had 

complete removal of colorectal adenomas by endoscopic polypectomy were randomized 

into 2 groups: control group (without GTE supplementation) and supplementation group 

(with 0.9 g GTE per day for 1 year). The results showed that the incidence of 

metachronous colorectal adenomas were reduced 44.2 % at the end-point colonoscopy, 

by 42.3% in the control group and 23.6% in supplementation group. Moreover, the 

number of relapsed adenomas were also decreased in the supplementation group [15]. 

Furthermore, GTE showed the prevention effect of metachronous adenoma recurrence in 

Germany [16]. Moreover, treatment with green tea catechins showed the prevention of 

prostate cancer development in patients who had high-grade prostate intraepithelial 

neoplasia in Italy [17], as well as the prevention of oral premalignant leukoplakia in USA 

[18]. Therefore, green tea catechins are effective cancer preventive compounds in humans. 

 

1.1.4. Synergistic enhancement of anti-cancer activity 

Up to now, EGCG shows synergistic enhancement of anticancer activity in in 

vitro experiments by the combination of EGCG and 46 anticancer compounds in 58 

human cancer cell lines via various mechanism pathways, and the synergistic inhibition 

of tumor volume of 13 combination experiments using xenograft mouse models in in vivo 

experiments [19]. Recently, our group have been reported the new finding of the 

combination of EGCG and a new synthetic retinoid Am80, a drug for treatment of acute 
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promyelocytic leukemia, showed strong induction of lung cancer cell apoptosis compared 

with Am80 alone or EGCG alone through down-regulation of histone deacetylases-4, -5, 

and -6. These combination changed the acetylation status in non-histone proteins and 

enhanced apoptosis via both p21waf1 apoptotic pathway and growth arrest and DNA 

damage gene 153 (GADD153)-death receptor 5 (DR5) apoptotic pathway [20].  

A treatment of head and neck cancer patients with erlotinib in the combination 

with GTE tablets are now going on in the USA [21]. Since there are many healthy cancer 

patients following treatment in Japan and around the world, therefore, the combination of 

green tea catechins and anticancer compounds is opening a new era in cancer therapeutic 

strategy [1,4,5,7,21,22]. 

 

1.1.5. Mechanisms of action of green tea catechins for anti-cancer activity 

It is important to determine how a simple compound like EGCG or a mixture of 

green tea catechins induce numerous beneficial effects on cancer in humans, such as 

prevention of cancer development, inhibition of recurrence, and synergistic anticancer 

effect. Numerous studies indicate that EGCG and green tea catechins have 

multifunctional effects. Green tea catechins are a tannin and therefore have a high affinity 

with many biomolecules, including phospholipids, proteins, and nucleic acids [23].  

As I aforementioned, EGCG inhibits two different pathways of tumor 

promotion: Activation of protein kinase C by TPA-type tumor promotion and inhibition 

of PP1 and PP2A by okadaic acid. Study of receptor binding using 3H-TPA and 3H-

okadaic acid shows that TPA binds to the phorbol ester receptor, whereas okadaic acid 

binds to PP1 and PP2A on membrane fraction of mouse skin. The specific binding of 3H-

TPA and that of 3H-okadaic acid showed decreasing immediately and reached a minimum 
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in 5 to 10 min after treatment with 5 mg EGCG on mouse skin. The results suggested that 

EGCG treatment inhibited the interaction of tumor promoters with their receptors 

resulting in inhibition of tumor promotion [7]. This is named “Sealing effect of EGCG.” 

Furthermore, Yoshikawa’s group evaluated the physical interactions of catechin 

derivatives–membrane interactions with the cell membrane model and found that green 

tea catechins with galloyl moiety are form aggregates in aqueous solutions and their 

adsorption onto the membrane surface resulting in stiffening of lipid membranes [24]. 

Atomic force microscope (AFM) is a physical biochemical tool used for cells stiffness 

(large elasticity) measurement [7,25,26]. AFM revealed that the low value of Young’s 

moduli, indicating low cell stiffness, is associated with the high potential of cell 

migration and metastasis in various cancer cells. Gimzewski’s group at The University 

of California, Los Angeles (UCLA) first found that treatment of metastatic tumor cells 

(obtained from the pleural effusion of patients with pancreas, lungs, ovary, and breast 

cancers) with GTE dramatically increased cell stiffness. However, GTE did not affect the 

cell stiffness of normal cell mesothelial cells in pleural effusions [7]. Since cell motility 

and cell stiffness are closely related to metastatic activity of cancer cells, Takahashi A et 

al. reported that EGCG inhibited molecular phenotypes of epithelial-mesenchymal 

transition (EMT), such as inhibition of cell motility and increase cell stiffness in highly 

metastatic human lung cancer cells, H1299 and Lu99 cells. EGCG showed inhibition of 

EMT phenotypes similar to methyl-β-cyclodextrin, a reagent to deplete cholesterol in the 

plasma membrane, suggesting that EGCG induces inhibition of EMT phenotypes by 

alteration of membrane organization resulting in cancer prevention [26]. Moreover, 

reflection interference contrast microscopy (RICM) is also used for measure the 

biophysical property of cancer cells. The self-assembled monolayer (SAM)-pattern 
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substrate and RICM visualizes the adhesion of cancer cells by physical contacts between 

a cell and substrate that optimized the diameter of a cell. The evaluation of time-lapse 

RICM revealed that highly metastatic mouse melanoma B16-F10 cells has slightly larger 

tight contact area than lowly metastatic B16-F1 cells. Treatment with EGCG decreased 

the tight contact area, resulting in that the reduction of adhesion in cancer cells treated 

with EGCG plays a mechanistic role in the inhibition of metastasis. So, the interaction of 

green tea catechin with lipid membrane alters adhesion of cancer cells [27]. 

The “sealing effects of EGCG” is prevention of the interaction of ligands with 

their receptors by covering the cell surface or competing ligands for binding to it receptors 

by EGCG (Figure 2) [28], and also the suppression of lipid raft-associated signaling 

proteins by lipid rafts disruption in the plasma membrane. Lipid rafts are dynamic of 

plasma membrane structures containing cholesterol and sphingolipids that regulate the 

cellular signaling mechanism by protein-protein interaction, receptor activation, and 

cellular signaling. And EGCG is able to modify and change the organization of lipid in 

the plasma membrane that causes the rearrangement of lipid rafts resulting in preventing 

the activation of cell surface receptors. The binding of a growth factor or a cytokine to 

the extracellular domain of receptor tyrosine kinases induces the dimerization and 

autophosphorylation on specific tyrosine residues and the activation of downstream 

intracellular signaling that includes Ras/extracellular-signal-regulated kinase (ERK)/ 

mitogen-activated protein kinases (MAPK) and phosphoinositide 3-kinase (PI3K)/AKT 

activation triggers a cascade of molecular events involving enzymes, proteins, and 

transcription factors. For example, EGCG inhibits the binding of epidermal growth factor 

(EGF) to the EGF receptor (EGFR) and the subsequent dimerization and activation of the 

EGFR by altering membrane organization [29]. Moreover, EGCG and green tea catechins 
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prevented by the interaction between receptor and ligand through membrane 

internalization [7]. EGFR is quickly internalized inside endosomal vesicles in human 

colon cancer cells treated with EGCG (1 µg/ml for 30 min). EGCG can induce 

internalization of EGFRs into endosomes, which can recycle back to the cell surface. The 

internalization makes the receptor inaccessible to EGF and abrogates receptor tyrosine 

kinases signaling cascade [30].   

Therefore, EGCG and green tea catechins bring multi-mechanisms of action via 

the “sealing effects of EGCG” that interfere directly or indirectly with the formation of 

the ligand-receptor complex of several cell surface receptors, resulting in cancer 

prevention, inhibition of metastasis and synergistic activity with the combination (Figure 

2). 

 

1.1.6. PD-L1/PD-1 immune checkpoint  

The immune checkpoint is a negative regulator of the immune activation for 

inhibition of T cell immune response to maintain normal immune homeostasis. It is a kind 

of co-stimulatory and the co-inhibitory signal of antigen and T cell receptor (TCR) 

recognition of immune response, resulting in promotes T-cell apoptosis, anergy, and 

exhaustion. Normally, antigen and T cell recognition requires 2 signals, first are TCR 

triggered by the major histocompatibility complex (MHC)-antigenic peptide complex, 

and the second signal is co-stimulation signal. It provides by co-stimulatory molecules 

expressed on the surface of antigen presenting cells (APC) and T cells, such as cytotoxic 

T-lymphocyte–associated antigen 4 (CTLA-4) and programmed cell death-ligand 1 (PD-

1) molecules. Recently, PD-L1/PD-1 immune checkpoint pathway is an important 

mechanism utilized by tumors to escape antitumor response.  
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PD-1, a 50-55 kDa type I transmembrane protein, was discovered by Honjo T 

and his colleagues at Kyoto University [31]. The PD-1 (Pdcd1) gene is a CD28 family 

member that is a member of the immunoglobulin gene superfamily, locates on 

chromosome 2q.37.3. PD-1 is expressed on a variety of immune cells including T 

lymphocytes, B lymphocytes, natural killer (NK) T cells, activated monocytes, and 

dendritic cells. PD-1 is only expressed on the surface of activated T lymphocytes and not 

resting T cells. PD-1 is essential for the inhibitory function of TCR signaling [32,33]. PD-

1 specifically binds to two known ligands, PD-L1 and PD-L2.  

PD-L1 is also known as B7-H1 (CD274), is a mainly cell surface protein of B7 

family member. PD-L1 is a 40 kDa type 1 transmembrane protein that encoded by the 

CD274 (Pdcd1-l1) gene and the full length of cDNA is 870 base pair [34]. Human PD-

L1 gene is located on chromosome 9p24.1. PD-L1 is expressed on almost all types of 

lymphohematopoietic cells and APCs at varying levels and is constitutively expressed on 

T cells, B cells, macrophages and dendritic cells which involve in immune tolerance to 

prevent an autoimmune response. PD-L1 is abundant in various human cancer cells and 

finding appears to be important for cancer immunotherapy. The PD-L1 ligand is further 

upregulated and strongly induced by mitogenic stimulation and IFN-γ, which is activated 

of PD-1 receptor expression [35,36,37].  

PD-L2 or PDCD1 ligand 2 is also known as butyrophilin B7-DC or CD273. It is 

a transmembrane protein encoded by programmed cell death 1 ligand 2 (PDCD1LG2) 

gene and is structurally similar to PD-L1. The PD-L2 gene is localized on human 

chromosome 9p24.1 same as PD-L1 gene. The PD-L2 expression is very limited in 

antigen-presenting cells, such as dendritic cells and macrophage. Induction of PD-L2 

expression in other immune and non-immune cells by various microenvironmental 
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stimuli is lower than that of PD-L1 [35]. Although PD-L1 is the dominant ligand for PD-

1, PD-L2 can bind to PD-L1 about 2- to 6-fold higher than that of PD-L1. However, the 

role of PD-L2 in mediating immunosuppression and in the human tumor 

microenvironment has not been clearly established [38]. 

 

1.1.7. Promotion of cancer immune escape by PD-L1 expression  

Recent studies showed that tumor cells “edit” host immunity in several ways to 

evade immune defenses in the tumor microenvironment. This phenomenon is called 

“cancer immune escape.” The tumor immune escape mechanisms are; Tumor has low 

immunogenicity; Tumor induces antigenic modulation; Tumor induces immune 

suppression; Tumor induces privileged site, and Tumor expresses “Don't eat me” signal 

on the cell surface or immune checkpoint. One of the most important molecular for 

immune escape is an immune checkpoint mediated by the PD-L1/PD-1 interaction. 

[39,40]. PD-L1 overexpression on tumor cells bind to PD-1 on activated T cells, leading 

to induce cancer to escape from the immune response by suppresses signal for regulating 

the antigen recognition of TCR, and then promotes T cell apoptosis, anergy and functional 

exhaustion (Figure 3) [41,42,43]. Therefore, blockade the PD-L1/PD-1 interaction is the 

potential basis for new cancer immunotherapy.  

PD-L1 is varied levels expressed on the surface of various human cancers, 

including urothelial cancers [44], gastrointestinal cancers [45], breast cancer [46], 

melanoma [47], ovarian cancer [48,49], especially lung cancer [38,50,51,52] as well as 

on tumor-infiltrating immune cells in the tumor microenvironment [53]. PD-L1 is up-

regulated by various proinflammatory cytokines, such as IFN-γ [54,55] and TNF-α 

[56,57] and growth factors [58] in the tumor microenvironment. The IFN-γ is the most 
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potential PD-L1 inducer secreted by infiltrating lymphocytes and tissue-recruiting 

immune cells under inflammatory conditions upon cancer. IFN-γ secreted from tumor-

infiltrating CD8+ lymphocytes upregulates PD-L1 and promotes tumor progression in 

ovarian cancer cells [48]. PD-L1 is induced in tumor cells by exposure to hypoxia via the 

transcription factor hypoxia-inducible factor-1α (HIF-1α), leading to increased apoptosis 

of cytotoxic T lymphocytes [59]. Induction of PD-L1 expressions are involved by various 

signal pathways, such as nuclear factor κ-light-chain-enhancer of activated B cells (NF-

κB), MAPKs, PI3K, mammalian target of rapamycin (mTOR), and Janus kinase/signal 

transducers and activators of transcription (JAK/STAT) mediated by the molecules 

triggers the nuclear translocation of various transcription factor [55]. Membrane 

expression of PD-L1 in NSCLC associated with PI3K/AKT-mTOR activation which 

plays a central role in the initiation of cytokines and growth factor stimulated gene 

translation [60]. Moreover, PD-L1 overexpression in subpopulation melanoma cells 

demonstrated that enhance tumorigenicity by modulates downstream effectors of mTOR 

signaling [61].  

  

 1.1.8. Immune checkpoint inhibitors 

Immune checkpoint inhibitor is a type of immunotherapy using a monoclonal 

antibody. It blocks the interaction of immune checkpoint proteins and stops the immune 

system to attack the cancer cells. CTLA-4 antibodies were the first of immunotherapeutics 

to achieve US Food and Drug Administration (FDA) approval. The powerful CTLA-4 

monoclonal antibodies are ipilimumab (Yervoy) and tremelimumab that have shown 

evidence of an anticancer effects to melanoma, lung, kidney, prostate, cervical, colorectal, 

gastric, pancreatic, ovarian and urothelial cancers. The immune checkpoint monoclonal 
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antibodies that block the activity of PD-1, Nivolumab (Opdivo) and pembrolizumab 

(Keytruda), are effective for treatment the cancer of lung, kidney, bladder, head and neck, 

liver, skin, colon, as well as relapsed or refractory classical Hodgkin’s lymphoma. In 

particular, checkpoint inhibitors targeting PD-L1, atezolizumab (Tecentriq), avelumab 

(Bavencio) and durvalumab (Imfinzi), have demonstrated beneficial clinical activity in 

lung, bladder and Merkel cell skin cancers [43,62,63,64]. One of the inhibitors that 

succeed to cure advanced melanoma is Opdivo. Treatment melanoma with Opdivo, a PD-

1 immune checkpoint inhibitor, increase the overall survival rate at 1 year by 73%, more 

effective than treatment with dacarbazine, an anti-cancer drug of melanoma, by 42% [65]. 

Moreover, treatment with Opdivo in patients with advanced NSCLC and high PD-L1 

expression was associated with significantly longer progression-free and overall survival 

and with fewer adverse events compared with those with platinum-based chemotherapy 

[66,67].  
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1.2 Hypothesis and general objectives 

 To understand mechanism of the wide beneficial effects of EGCG to cancer 

preventives, I hypothesized that the “sealing effects of EGCG” could enhance the anti-

tumor immunity via down-regulation of PD-L1 expression in lung cancer. Because the 

interaction of EGCG and lipid membrane reflects in stiffening of the cell membrane by 

alteration of membrane organization, it results in inhibition the interaction of various 

ligands to their receptors, probably including PD-L1 ligand. To investigate the functions 

of EGCG in anti-tumor immune response resulting in cancer prevention, I first examined 

the inhibitory effect of EGCG and green tea catechins on PD-L1 expression in vitro by 

using NSCLCs. Then, I examined the inhibition of PD-L1 expression in NNK-induced 

lung tumors in A/J mice by oral administration of GTE in vivo lung carcinogenesis 

experiment. Finally, I studied the effect of EGCG on restoring action of T cells activated 

by an ex vivo co-culture model experiment with tumor specific CD3+ T cells and F10-

OVA cells, a model of tumor cells. 
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Chapter 2  

Green tea catechins inhibit PD-L1 expression and lung tumor growth 

as an alternative immune checkpoint inhibitor 

 

2.1. Introduction 

In Japan, lung cancer is the leading cause of cancer deaths that caused by 

smoking [68]. Lung cancers, especially NSCLCs, are known well highly PD-L1 

expression [38,69,70] which were induced by smoking [71]. Mutations of EGF receptor 

(EGFR), KRAS, and anaplastic lymphoma kinase (ALK) genes in NSCLC patients are 

also induced PD-L1 expression via activation of S6K/elF4B transcription factor 

[60,72,73]. The KRAS mutations up-regulates PD-L1 expression via AKT–mTOR, MEK 

or ERK signaling pathway [60,74,75]. The deletions exon-19 and L858R mutation in 

EGFR showed induction of PD-L1 expression through the p-ERK1/2/p-c-Jun pathway in 

NSCLC patients [76]. The PD-L1 expression is induced by smoking and a tobacco 

contains a variety of carcinogens, such as NNK, polycyclic aromatic hydrocarbons, 

nitrosamines, and aromatic amines. Among these carcinogens, NNK strongly induced 

PD-L1 expression in a mouse model of NSCLC driven by a mutation in KRAS or EGFR 

via AKT-mTOR pathway [60]. Moreover, NNK induces immune suppression in A/J mice; 

The NNK-induced lung adenomas/adenocarcinomas showed an increase in the number 

of tumors following the depletion of NK cells, suggesting that NNK might inhibit NK 

cells in lung cancer. NNK is also shown effect on cytotoxic T cells lymphocyte (CTL) 

activation by modulating adhesion molecule expression and reducing memory 

programming [77,78]. In tumor microenvironment, IFN-γ is the most potent stimulator 

of PD-L1 expression via IFN-γ receptor-associated Janus kinase (JAK) 1/JAK2/STAT 
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signaling cascade and activation of interferon regulatory factor (IRF) transcription factor 

in NSCLCs [48,79,80]. Among the members of the STAT family, STAT1 and STAT3 are 

the main PD-L1 gene up-regulators [81]. Therefore, NNK, EGF, and IFN-γ are important 

inducers of PD-L1 expression in NSCLCs.  

PD-1 and its ligand PD-L1 are the most promising targets in immunotherapies 

for NSCLC. The interaction between PD-1 and PD-L1 inhibits the proliferation and 

activation of T cells, leading to the immune escape of tumor cells. Blocking the PD-

L1/PD-1 pathway can enhance the antitumor immunity by restoring the action of T cells, 

such as CTLs activity and IL-2 production [82,83,84,85]. It is important to note that IL-

2 is strictly required in the process of CTL induction and its survival. While PD-1 

inhibitors, nivolumab, and pembrolizumab, have been approved for treatment of NSCLC, 

atezolizumab is the first PD-L1 inhibitor to receive FDA approval for metastatic NSCLC 

patients who have progressed on frontline chemotherapy [86]. However, treatment of 

cancers with PD-L1/PD-1 inhibitors is high costs and can lead to immune-related adverse 

events, which could be serious and even fetal [87]. Therefore, small molecule inhibitors 

of PD-L1 expression other than the monoclonal antibodies are possible promising and 

effective cancer preventives. Recently, bromodomain and extraterminal (BET) protein 

inhibitors were reported as PD-L1 inhibitors by directly binding to BRD4, which regulate 

PD-L1 gene, resulting in the inhibition of PD-L1 expression at the transcription level. 

And inhibition of BRD4 suppresses PD-L1 expression and increases CTL activity to limit 

tumor progression in vivo in ovarian cancer models [88]. Apigenin, a flavonoid class of 

phytochemicals, is also a PD-L1 inhibitor to enhance T cell proliferation and anti-tumor 

immune response in breast cancer [85]. The combination of Strongylocentrotus nudus egg 

polysaccharide (SEP), a D-glucan containing an α-1,4-linked backbone and α-1,6-linked 
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branches from Strongylocentrotus nudus eggs (Sea urchins, known as Uni in Japanese), 

with PD-L1 monoclonal antibodies had potent activity in promoting T cells proliferation 

and cytokines secretion including IL-2 and IFN-γ by activating MEK/ERK pathway in 

melanoma [89]. Thus, development of small-molecules blocking PD-1/PD-L1 signaling 

is actively being investigated.  

Recently, human cancer stem cells (CSCs) are a target for cancer prevention 

using EGCG, and that EGCG inhibits the self-renewal of CSCs and the expression of 

epithelial-mesenchymal transition (EMT) phenotypes by alteration of membrane 

organization, such as stiffening of the cell membrane [5,26,90]. Although various 

biochemical and molecular biological effects with green tea catechins have been reported, 

their effects on anti-tumor immunity were not well known. NNK induced PD-L1 protein 

in lung tumors [60] and oral administration of GTE inhibited NNK-induced lung tumor 

development in A/J mice [91]. Furthermore, the prospective cohort study revealed that 

lung cancer is the most effective target organ in humans [11]. Based on these results, I 

think EGCG might bring additional clinical benefits through immunological interactions, 

PD-L1/PD-1 pathway, based on the “sealing effects of EGCG” which green tea catechin 

has the capacity to bind to various proteins and nucleic acids [7,92].  

To clarify the effect of GTE and green tea catechins on PD-L1 expression in 

NSCLCs, I established an in vitro experiments of IFN-γ- and EGF-induced PD-L1 

expression. This is because IFN-γ is the strongest stimulator of PD-L1 expression, and 

EGF and EGF-receptor (EGFR) mutations induce PD-L1 expression with lung cancer 

progression [93,94,95]. I then examined whether EGCG inhibited PD-L1 expression 

induced by IFN-γ or EGF along with an investigation of the mechanisms on signaling 

pathway. I found that EGCG inhibited PD-L1 expression by blocking the IFN-γ-induced 
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JAK2/STAT1 signaling pathway and EGF-induced EGFR/AKT signaling pathway. I next 

examined whether oral administration of GTE reduced PD-L1 expression in NNK-

induced lung tumors in A/J mice, in vivo, by immunohistochemistry with a specific PD-

L1 antibody. And I found that oral administration of GTE showed a reduction in the 

average number of tumors per mouse and the percentage of PD-L1 positive cells in the 

lung tumors in A/J mice treated with NNK. I next clarify whether EGCG restores anti-

tumor immune escape mediated through enhanced T cells activity and IL-2 expression, 

an indicator of activated T cells. I conducted a co-culture experiment with mouse 

melanoma ovalbumin-expressing B16-F10 (F10-OVA) cells and tumor-specific CD3+ T 

cells isolated from the spleen of F10-OVA-immunized C57BL/6, an ex vivo model that 

determine the induction of effective T cells [96]. I found that pretreatment with EGCG 

restored T-cells activity by reduced PD-L1 mRNA level in F10-OVA cells, and increased 

IL-2 mRNA expression in T cells and also enhanced apoptosis of F10-OVA cells. This is 

the first report that EGCG and GTE act as immune checkpoint inhibitors for lung cancer 

development.
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2.2. Materials and Methods 

2.2.1. Cell lines and reagents  

   NSCLCs cell lines A549, H322, H1703, and H1299 were obtained from the American 

Type Culture Collection, RERF-LC-AI (LC-AI) and Lu99 cell lines were from Riken 

Bioresource Center (Ibaraki, Japan). Mouse B16-F10 melanoma was kindly provided by 

Dr. Shun’ichiro Taniguchi at Shinshu University, Japan. Cells were cultured in Roswell 

Park Memorial Institute (RPMI) 1640, Minimum Essential Medium (MEM) (for LC-AI) 

(Nissui, Tokyo, Japan) or Dulbecco's Modified Eagle Medium (DMEM) (Nissui, Tokyo, 

Japan) medium containing 10% heat-inactivated fetal bovine serum (FBS) (Nichirei 

Biosicence Inc., Tokyo, Japan), 5.7 units/ml of penicillin and streptomycin (Gibco Brl, 

CA, USA), 1 mM L-glutamine (Sigma Aldrich, STL, USA), and 23.8 mM sodium 

bicarbonate (Gibco Brl, CA, USA). The cells were maintained at 37°C and 95% relative 

humidity with 5% CO2 level. EGCG (more than 99% purity) was purified from Japanese 

green tea leaves, and GTE was extracted by a similar procedure to make green tea infusion 

(Sencha) as described previously [22]. Green tea leaves were cultivated at Saitama 

Prefectural Tea Institute, Saitama, Japan, and processed to make Sencha. After brewing 2 

kg of green tea leaves (Sencha) in 70 L of hot water (85°C) for 15 min, the green tea 

infusion was filtrated and freeze-dried. About 500 g GTE was obtained. This GTE 

contained 14% EGCG, 8% ECG, 3% EGC, and 3.5% EC and 3.3% caffeine as analyzed 

by HPLC. ECG (>99%), EGC (>99%) and EC (>99%) were purchased from Funakoshi 

Co. Ltd., Tokyo, Japan. 
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Reagents used are as follows: 

Reagents Company 

Recombinant human IFN-γ R & D Systems, MN, USA  

Recombinant mouse IFN-γ R & D Systems, MN, USA  

Recombinant human EGF  Peprotech, London, UK 

Recombinant human TNF-α R & D Systems, MN, USA 

Recombinant mouse Interleukin-2 (IL-2) Cell Signaling Technology, MA, USA 

Fludarabine Selleck Chem, TX, USA 

G418 sulfate Calbiochem, CA, USA 

MEM non-essential amino acids Gibco Brl, CA, USA 

Mitomycin C Cell Signaling Technology, MA, USA 

SB-203580 EMD Millipore, MA, USA 

Sodium pyruvate Gibco Brl, CA, USA 

TG-101348 Funakoshi, Co. Ltd., Tokyo, Japan 

UO-126 Funakoshi, Co. Ltd., Tokyo, Japan 

Wortmannin Sigma Aldrich Technology, MO, USA 
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All antibodies used are as follows:  

Antibodies Company Dilution Anti-IgG 

Human PD-L1 Abcam, MA, USA 1:1000 in 3% skim milk Rabbit 

STAT1 BD Bioscience, NJ, UK 1:1000 in 5% BSA Mouse 

Phospho-STAT1 BD Bioscience, NJ, UK 1:1000 in 5% BSA Mouse 

STAT3 BD Bioscience, NJ, UK 1:2500 in 5% BSA Mouse 

Phospho-STAT3 BD Bioscience, NJ, UK 1:500 in 5% BSA Mouse 

p44/42 MAPK Cell Signaling Technology, 

MA, USA 

1:1000 in 5% BSA Rabbit 

Phospho-p44/42 

MAPK 

Cell Signaling Technology, 

MA, USA 

1:1000 in 5% BSA Rabbit 

Akt Cell Signaling Technology, 

MA, USA 

1:1000 in 5% BSA Rabbit 

Phospho-Akt Cell Signaling Technology, 

MA, USA 

1:1000 in 5% BSA Rabbit 

p-38 MAPK Cell Signaling Technology, 

MA, USA 

1:1000 in 5% BSA Rabbit 

Phospho-p-38 MAPK Cell Signaling Technology, 

MA, USA 

1:1000 in 5% BSA Rabbit 

IκB-α Santa Cruz Biotechnology, 

CA, USA 

1:200 in 5% BSA Rabbit 

GAPDH Trevigen, MD, USA 1:4000 in 3% skim milk Rabbit 
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Anti-IgG horseradish peroxidase (HRP) conjugated antibody is were used as a 

secondary of western blotting as follows: 

Antibodies Company Dilution 

Anti-rabbit IgG GE Healthcare, 

Hertfordshire, UK 

1:2000 in 3% skim milk 

Anti-mouse IgG Santa Cruz, CA, USA 1:2000 in 3% skim milk 

 

2.2.2. Treatment with green tea catechins and IFN-γ or EGF 

NSCLCs 5 x 105 cells/3.5 ml appropriate medium containing 1% FBS were 

seeded into 6 cm dish and then incubated for overnight. EGCG or other green tea 

catechins (ECG, EGC, and EC) at 25 mM were dissolved in 20% ethanol in phosphate 

buffered saline (PBS). Freshly prepared catechins were diluted with appropriate medium, 

and then 500 μl solution was added to the cells. Three hours after incubation, IFN-γ or 

EGF were added. 

 

2.2.3. RNA extraction and quantitative real-time RT-PCR (qRT-PCR) 

Total RNA of NSCLC cell lines were extracted with ISOGEN (Nippon Gene Co. 

Ltd., Tokyo, Japan). Complementary DNA (cDNA) was synthesized from total RNA 

using Oligo(dT)16 and MuLV reverse transcriptase (Thermo Fisher Scientific, MA, USA). 

Gene expression was quantified using SYBR Green I (LightCycler 480, Roche 

Lifescience, Basel, Switzerland) using specific primers as follows: 
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Primer name 5'- nucleotide sequence-3' 

Human PD-L1 Forward GGACAAGCAGTGACCATCAAG 

Reverse CCCAGAATTTACCAAAGTGAGTCCT 

Human PD-L2 Forward ATTGCAGCTTCACCAGATAGC 

Reverse AAAGTTGCATTCCAGGGTCAC 

Mouse PD-L1 Forward GCTCCAAAGGACTTGTACGTG 

Reverse TGATCTGAAGGGCAGCATTTC 

Mouse PD-1 Forward CCAAGGCGCAGATCAAAGAGA 

Reverse AGGACCCAGACTAGCAGCA 

Mouse IL-2 Forward TTGTCGTCCTTGTCAACAGC 

Reverse CTGGGGAGTTTCAGGTTCCT 

Human GAPDH Forward TGGTATCGTGGAAGGACTCATGAC 

Reverse ATGCCACTCAGCTTCCCGTTCAGC 

Mouse GAPDH Forward TGGCATTGTGGAAGGGCTCATGAC 

Reverse ATGCCAGTGAGCTTCCCGTTCCAGC 

Ovalbumin Forward AGAAATGTCCTTCAGCCAAGCTC 

Reverse GCCCATAGCCATTAAGACAGATGTG 

 

The PCR program used: 95°C for 5 min, then 45 cycles: 95°C for 15 sec, melting 

temperature (Tm) 60°C for 5 sec, 72°C for 10 sec. Relative PD-L1 mRNA expression 

was normalized by GAPDH mRNA expression as an internal control. Results were 

obtained from at least 3 independent experiments. 
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2.2.4. Western blotting 

After treatment with IFN-γ or EGF with or without green tea catechins, cells 

were washed with ice-cold PBS. Whole cell lysates are obtained by 

radioimmunoprecipitation assay (RIPA) buffer containing 50 mM Tris-HCl (pH 7.4), 1% 

NP-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS), 150 mM sodium 

choline, 2mM ethylenediaminetetraacetic acid (EDTA), 10 μg/ml aprotinin, 10 μg/ml 

leupeptin, 1 mM phenylmethanesulfonyl fluoride, 2.5 mM sodium pyrophosphate, 1 mM 

sodium orthovanadate and 2.5 mM sodium fluoride. Then, cell lysate was sonicated for 5 

min on ice and centrifuged at 12,000 rpm at 4°C. The supernatant was used as the whole 

cell lysate. The cell lysate proteins were kept at -20°C. Protein concentration was 

determined using bovine serum albumin (BSA) by Bradford protein assay. The lysate was 

dissolved in SDS-sample buffer and denatured by boiling at 92°C for 5 min, and stored 

at -20°C. 

Lysates were applied onto 8, 10 or 12% (depended on the molecular weight of 

the target protein) SDS-polyacrylamide gel and separated by electrophoresis (SDS-

PAGE), then transferred onto nitrocellulose membranes. The membranes were incubated 

with 3% skim milk in 20 mM Tris-HCl (pH 7.6) and 150 mM NaCl with 0.1% Tween 20 

(TBS-T) for 2 h, then incubated with appropriate primary antibody overnight at 8°C. After 

washing with TBS-T 3 times, a membrane was incubated with HRP-secondary antibody 

against rabbit IgG or mouse IgG, the bound antibody was detected with Immunostar LD 

(Wako Pure Chemical Industries, Ltd., Osaka, Japan) using C-DiGit Chemiluminescent 

Western Blot Scanner (LI-COR Biosciences Inc., NE, USA). GAPDH protein expression 

was used as an internal control. The values are the average fold changes for non-treated 

cells obtained from at least 3 independent experiments. 
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2.2.5. Flow cytometry 

After treatment with IFN-γ or EGF with or without green tea catechins, A549, 

H1299 and Lu99 cells (5 x 105 cells) were harvested by trypsinization and followed by 

centrifugation at 3,000 rpm at 4°C for 3 min. Suspended cells were stained with the anti-

PD-L1 antibody (1:200) in 100μl of PBS containing 2% FBS and 0.02% EDTA for 30 

min, on ice. After washing with 500 μl PBS, cell were centrifuged at 2,000 rpm at 4°C 

for 2 min, and then cells were suspended with Alexa Fluor 488 goat anti-rabbit IgG [H+L] 

(Invitrogen, CA, USA) (1:200) in 100μl of PBS containing 2% FBS and 0.02% EDTA for 

20 min on ice in dark. After washing, cell pellets were suspended with 500 μl PBS and 

filtrated by Corning™ Falcon™ polystyrene round-bottom tube with cell strainer snap 

cap (Stemcell Technologies, Vancouver, Canada). Finally, cells were analyzed by using 

FACS flow cytometry (FACSCanto II, BD Biosciences, NJ, USA). The data were 

analyzed by the Flowjo ver.10 software (FlowLo, LLC, OR, USA). The cell-surface PD-

L1 levels were determined by subtracting the Median Fluorescence Intensity (MFI) of 

control (cells stained with a secondary antibody without the first antibody). The 

experiments were performed at least three times, and data were expressed mean ± 

standard deviation (SD). 

  

2.2.6. NNK-induced lung carcinogenesis experiment in A/J mice 

  The animal experiments were performed in accordance with a protocol approved 

by the Institutional Animal Care and Use Committee of the Research Institute for Clinical 

Oncology, Saitama Cancer Center. Seven-week-old female A/J mice (Japan SLC Inc., 

Shizuoka, Japan) were given a single intraperitoneal (i.p.) injection of NNK (100 mg/kg 

body weight, Toronto Research Chemicals Inc., Ontario, Canada). Two days later, 15 
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mice received drinking water containing 0.3% GTE and 20 mice received untreated 

drinking water. Mice continued to receive the indicated drinking water for 16 weeks 

[97,98]. GTE solution was prepared twice per week. After 16 weeks, lungs were kept in 

10% buffered formalin solution. Lung tumors measuring 0.8 mm or more in diameter 

were counted. 

  

2.2.7. Immunohistochemical staining 

  Lung tissue sections in paraffin block were deparaffinized and rehydrated 

through xylene and serial dilutions of ethanol and distilled water. They were then 

incubated with 3% H2O2 for 10 min to block endogenous peroxidase activity. The sections 

were subjected to antigen retrieval using pressure cooking in antigen activating solution 

(pH 9.0, 98°C) for 45 min and followed by slow cooling for 20 min. The sections were 

incubated with Protein Block (Dako, CA, USA) at room temperature for 5 min before 

incubation with anti-PD-L1 antibody at 37°C for 40 min. The secondary antibody (N-

Histofine Simple Stain MAX-PO (Multi), Nichirei Bioscience Inc., Tokyo, Japan) was 

treated at 37°C for 20 min, and followed by staining with 3, 3’-diaminobenzine 

tetrahydrochloride as a chromogen and Mayer’s hematoxylin as a counterstain (DAKO 

Liquid DAB+, Agilent Pathology Solutions, Dako, CA, USA), as described previously 

[99]. PD-L1 protein presented in a plasma membrane were counted as positive cells 

individually by three investigators. The percentage of positive cells were calculated with 

total cells as below. Results were expressed as average percentage of PD-L1 positive cells 

± standard error (SE). 

% of PD-L1 positive cells = 

PD-L1 positive cells 

x 100 

Total number of cells 
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2.2.8. Establishment of ovalbumin-expressing B16-F10 (F10-OVA) cells 

F10-OVA cells that expressing ovalbumin were established by transfection of 

pcDNA3-OVA plasmid (Addgene, MA, USA) using Lipofectamine® 3000 Transfection 

Reagent (Invitrogen, Thermo Fisher Scientific, CA, USA) to B16-F10 cells. F10-OVA 

cells were maintained with 2 mg/ml G418 sulfate in DMEM containing 10% FBS. The 

F10-OVA clones were confirmed by ovalbumin gene expression using PCR. 

 

2.2.9. Isolation of tumor specific CD3+ T cells 

  The animal experiments were performed in accordance with a protocol approved 

by the Institutional Animal Care and Use Committee of Saitama University. All efforts 

were made to minimize animal suffering and to reduce the number of animals used in the 

experiments. Female C57BL/6 mice (Japan SLC Inc., Shizuoka, Japan) at 6-8 weeks-old 

were used for isolation of tumor specific CD3+ T cells by immunization of mice with 

F10-OVA.  

F10-OVA (1 x 107) cells/ml were treated with 25 µg/ml of mitomycin C in 

DMEM containing 10% FBS, then incubated for 20 min at 37°C, in dark. And then cells 

were washed with 10 ml DMEM medium for 3 times and centrifuged at 1,000 rpm for 3 

min. Mitomycin C-treated F10-OVA (5 x 106) cells were suspended in 100 µl saline (0.9% 

of sodium chloride), and i.p. injected into the female C57BL/6 mouse. Fourteen days later, 

three mice were euthanized by i.p. injection with 300 µl of 26% sodium pentobarbital and 

their spleens were kept in RPMI medium containing 10% FBS on ice. Making a single 

cell by cut and mince using glass slides, and then passed through the cells as gently by 

using needle No. 18G, 24G, and 27G, sequentially. After that, the cells suspension were 
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filtrated by using Fisherbrand™ sterile cell strainers 40 μm (Fisher Scientific, NH, USA). 

The cells were collected after centrifugation at 1,000 rpm for 10 min. The cells were 

suspended with 20 ml red blood cell lysis buffer (Quicklysis™, Cytognos SL, Salamanca, 

Spain), and then incubated for 10 min at room temperature in dark. The reaction was 

stopped by the addition of 30 ml PBS and count the total number of T cells by the trypan 

blue exclusion method. 

Next, the tumor specific CD3+ T cells were isolated from the splenic T 

lymphocytes using CD3+ MicroBead kit with MS column miniMACSTM separator 

(Miltenyi Biotec GmbH, Bergisch Gladbach, Germany), according to the manufacturer’s 

instructions. Fresh tumor specific CD3+ T cells were maintained in sensitization medium; 

Iscove's Modified Dulbecco's medium (IMDM) containing 1 mM sodium pyruvate and 

x1 nonessential amino acids, in the presence of 30 units/ml IL-2 and 10% FBS (Lot No. 

AHJ9164, HyClone road Logan, Utah, USA).  

 

2.2.10. Cytotoxic assay with tumor specific CD3+ T cells 

For cytotoxicity assay, tumor specific CD3+ T cells were used as effector and 

F10-OVA cells were used as targets. Mitomycin C-treated F10-OVA cells (2 x 105) in 

DMEM containing 1% FBS were seeded in 6 cm dish, and then changed to IMDM 

medium containing 10% FBS, 1 mM sodium pyruvate, x1 nonessential amino acids and 

30 units/ml IL-2. After F10-OVA cells were treated with EGCG at various concentrations 

for 3 hrs, CD3+ T cells (2 x 106 cells) were added to F10-OVA cells and incubated for 48 

h at 37 °C. The ratio of target cells (F10-OVA) and effector cells (CD3+ T cells) was 1:20. 

After co-culture in the absence or presence of EGCG for 48 h, T cells were collected and 

counted by Trypan blue exclusion method. Then, all T cells were kept in ISOGEN 

https://www.fishersci.com/shop/products/fisherbrand-cell-strainers-4/p-3599344
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solution for mRNA extraction. Co-cultured F10-OVA cells were harvested by 

trypsinization for apoptosis analysis and also kept in ISOGEN solution for mRNA 

extraction. 

 

2.2.11. Analysis of apoptosis  

    Apoptosis was examined by flow cytometry of propidium iodide (PI)-stained 

cells. After co-cultured with tumor specific CD3+ T cells, trypsinized F10-OVA cells 

were fixed in ice-cold 70% ethanol, then treated with 50 µg/ml PI (Sigma-Aldrich 

Technology, MO, USA) for 30 min at room temperature. After filtration by strainer snap 

cap (Stemcell Technologies, Vancouver, Canada), PI-stained cells were analyzed using a 

FACS Flow cytometer (FACSCanto II, BD Biosciences, NJ, USA), as described 

previously [20]. Percentages of sub-G1 phase cells corresponding to apoptotic cells were 

analyzed by using FlowJo ver.10 (FlowJo, LLC, OR, USA). 

 

2.2.12. Statistical analysis 

    Statistical analyses for differences of experiments were evaluated by one-way 

ANOVA followed by Dunnett’s Multiple Comparisons Test, and that for the in vivo lung 

carcinogenesis experiments were conducted using non-parametric analysis with 

Wilcoxon-Mann-Whitney or Student’s t-test. The p-value < 0.05 was considered to be 

statistically significant. Independent experiments were conducted at least 3 times, and 

values are expressed as the mean ± SD or ± SE (for animal experiments). Statistical 

analyses were performed using KaleidaGraph Ver. 4.1J (Synergy Software, Reading, PA, 

USA). 
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2.3. Results 

2.3.1. Green tea catechins inhibited PD-L1 expression and lung tumor development 

2.3.1.1. Intrinsic PD-L1 expression levels varied among NSCLCs 

I examined the basal level of PD-L1 mRNA expression by qRT-PCR and total 

PD-L1 protein by western blotting in six human NSCLC cell lines; two adenocarcinomas 

(A549 and H322), two squamous cell carcinomas (H1703 and LC-AI) and two large cell 

carcinomas (H1299 and Lu99), and found that Lu99, LC-AI, and A549 cells show higher 

PD-L1 mRNA expression than that H322, H1299 and H1703 cell lines did (Figure 4A). 

And PD-L1 protein levels were similar to mRNA expression (Figure 4B). However, A549 

cells showed low PD-L1 protein although PD-L1 mRNA levels were high. I classified 

these cell lines as follows: LC-AI and Lu99 cell lines showed the highest PD-L1 

expression. A549 and H322 cell lines were medium, and H1703 and H1299 were very 

low. Three representative cell lines, Lu99 for high PD-L1 expression, A549 for medium, 

and H1299 for low expression were used for the further experiments. Their cell-surface 

PD-L1 levels were confirmed protein levels by flow cytometry (Figure 4C). The average 

MFI values of Lu99, A549, and H1299 cells show 3998.7, 1200.0, and 484.7, respectively. 

These results demonstrated that intrinsic PD-L1 expression levels were depended on its 

mRNA levels.    

 

2.3.1.2. IFN-γ and EGF induced PD-L1 mRNA and protein in three NSCLC cell 

lines  

Since it is well known that IFN-γ, produced by activated T cells, stimulates PD-

L1 expression in tumor microenvironment [93,94], and activation of EGFR signaling by 

EGF and EGFR mutations also drove PD-L1 expression in NSCLC cells [60,95], so I 
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chose IFN-γ and EGF as PD-L1 inducer. Both IFN-γ and EGF increase PD-L1 protein 

expression through activation of mTOR signaling in NSCLC cells [60]. I found IFN-γ 

and EGF rapidly induced the expression of PD-L1 mRNA at an early time point, 3 h after 

treatment with IFN-γ in A549 and H1299 as well as treatment with EGF in Lu99 cells. 

PD-L1 mRNA level was decreased after 10 h treatment and kept until 48 h (Figure 5).   

PD-L1 mRNA expression after in three cell lines was examined treatment with 

IFN-γ or EGF for 24 h. Treatment with 10 and 20 ng/ml IFN-γ significantly increased 

PD-L1 mRNA expression about 3-fold in A549, 6-fold in H1299 and 3-fold in Lu99 cells. 

On the other hand, treatment with 5 and 10 ng/ml EGF increased PD-L1 mRNA 

expression about 2.5-fold in A549 and 3-fold in Lu99 cells but did not in H1299 cells 

(Figure 6A). Total PD-L1 proteins were also increased by treatment with 20 ng/ml IFN-

γ, 2-fold in A549 cells and 2.8-fold in H1299 cells, and slightly increased in Lu99 cells. 

On the other hand, treatment with 5 ng/ml EGF increased 2.4-fold in Lu99 cells and 

slightly increased in A549 cells, but did not change in H1299 cells (Figure 6B).  

Cell-surface PD-L1 levels examined by flow cytometry analysis showed IFN-γ 

dose-dependently stimulated cell-surface PD-L1 expression in A549 and H1299, but not 

Lu99 cells (Figure 6C). And EGF stimulated cell-surface PD-L1 only Lu99 cells (Figure 

6D). Therefore, I chose IFN-γ for A549 and H1299 cells and EGF treatment for Lu99 

cells, and the 10 ng/ml of IFN-γ and EGR to increase cell-surface PD-L1 about 2.5-fold, 

for examination of the inhibitory effect of green tea catechins.   

When I examined IFN-γ receptor 1 (IFNGR1) and IFNGR2 mRNA level and 

EGFR mRNA and protein levels in three cell lines, I found that IFNGR1 and IFNGR2 

mRNA are similarly expressed among three cell lines (Figure 7A), but EGFR mRNA and 

protein were different. H1299 cells showed the lowest EGFR mRNA and protein levels 
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followed by A549 cells (3-fold) and Lu99 cells (10-fold), respectively (Figure 7B and 

7C).  

 

2.3.1.3. Green tea catechins and GTE reduced IFN-γ-induced cell-surface PD-L1 in 

A549 cells 

Frist, I examined whether pretreatment with GTE and four catechins (EGCG, 

ECG, EGC, and EC) inhibit IFN-γ-induced cell-surface PD-L1 expression in A549 cells. 

I found GTE significantly reduced cell-surface PD-L1 in a dose-dependent manner. GTE 

100 μg/ml strongly reduced cell-surface PD-L1 about 50%, and 50 μM EGCG, ECG, and 

EGC reduced cell-surface PD-L1 about 40-60%, but EC, an inactive catechin, did not 

(Figure 8). It is important to note that pretreatment with GTE and green tea catechins does 

not affect the viability of A549 cells. These results demonstrated that GTE, which 

contains several catechins, show strong inhibition IFN-γ-induced-cell-surface PD-L1 

expression.  

 

2.3.1.4. EGCG inhibited IFN-γ-induced PD-L1 mRNA and protein in A549 and 

H1299 cells 

To further understand the inhibitory mechanism of PD-L1 expression with green 

tea catechins, I examined the effect of EGCG on IFN-γ-induced PD-L1 expression at 

mRNA, protein and cell-surface level. As shown in Figure 9, pretreatment with EGCG 

dose-dependently reduced mRNA, total protein and cell-surface PD-L1 levels: 10 and 50 

μM EGCG showed 14 and 86% in mRNA level (Figure 9A), 57 and 80 % inhibition in 

protein level (Figure 9B), and 51 and 68% inhibition in cell-surface PD-L1 level (Fig. 

9C). Similarly, EGCG showed inhibition of PD-L1 expression in H1299 cells. PD-L1 
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expressions were increased 26.3-fold on mRNA by treatment with IFN-γ, 5.4-fold for 

total protein and, 2.9-fold for cell-surface PD-L1 in H1299 cells (Figure 10). Pretreatment 

with EGCG reduced mRNA levels along with protein and cell-surface PD-L1 levels in a 

dose-dependent manner: 10 and 50 μM EGCG showed 63 and 86% inhibition in mRNA 

level (Figure 10A), 65 and 67 % inhibition in protein level (Figure 10B), and 45 and 54% 

inhibition in surface PD-L1 level (Figure 10C). These results clearly indicate that EGCG 

inhibited IFN-γ induced PD-L1 expression at the transcriptional levels. 

 

2.3.1.5. EGCG inhibited IFN-γ-induced phosphorylation of STAT1 compared with 

STAT1- and JAK2-inhibitors 

To understand how EGCG inhibit PD-L1 mRNA expression induced by IFN-γ, 

I first studied the IFN-γ receptor signaling pathway examined by the phosphorylation of 

signaling proteins, including STAT1, STAT3, AKT, MAPK and protein levels of IκB-α 

protein level. After treatment A549 and H1299 cells with IFN-γ for 30 min, I found IFN-

γ strongly induced phosphorylation of STAT1 at tyrosine 701 (Tyr701), and slightly 

increased phosphorylation of AKT at serine 473 (Ser473), whereas IFN-γ did not affect 

phosphorylation of STAT3 and p42/44 MAPK, or IκB-α protein (Figure 11). The results 

indicate that IFN-γ-induced phosphorylation of STAT1 and AKT.  

Pretreatment with EGCG dose-dependently inhibited IFN-γ-induced 

phosphorylation of STAT1 in both A549 and H1299 cells: Fifty μM EGCG showed 85% 

inhibition in A549 cells (Figure 12A), and 60% inhibition in H1299 cells 60% (Figure 

12B), but wortmannin, a PI3K inhibitor, did not. Next, I confirm this using fludarabine, 

SB203580, UO126, and TG-101348. These results indicate that EGCG inhibits IFN-γ-

induced PD-L1 expression via STAT1 signaling. Ten µM EGCG inhibited IFN-γ-induced 
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PD-L1 stronger than 10 µM fludarabine did (about 60%), and also EGCG was stronger 

effect than SB203580 and UO126 inhibitor (Figure 13A and B). Furthermore, 

pretreatment of A549 cells with 1 µM TG-101348, a JAK2 inhibitor, reduced IFN-γ-

induced phosphorylation of STAT1 about 93% reduction (Figure 14A). Also, 1µM TG-

101348 showed reduced cell-surface PD-L1 level about 60% reduction, in a similar 

manner to 50 µM EGCG (Figure 14B), but wortmannin did not. Thus, I conclude that 

EGCG inhibited PD-L1 expression via IFNR-JAK2-STAT1 axis. 

 

2.3.1.6. EGCG inhibited EGF-induced PD-L1 mRNA and protein in Lu99 cells via 

AKT signal pathway  

Lu99 cells constitutively express the cell-surface PD-L1 protein, and treatment 

of 10 ng/ml EGF significantly increased mRNA, total protein and cell-surface PD-L1 

level about 3-fold, as shown in Chapter 2.3.1.2. Pretreatment with 50 µM EGCG for 3 h 

significantly inhibited levels of PD-L1 mRNA and protein by 50% and 37%, respectively 

(Figure 15A and 15B), and EGCG slightly inhibited cell-surface PD-L1 level to 2.3-fold 

(20% reduction) from 2.7-fold (Figure 15C). Treatment of Lu99 cells with EGF increased 

phosphorylated AKT about 3-fold, but not p-STAT1, p-STAT3 or p-p42/44 MAPK, and 

IκB-α protein was not affected (Figure 16) in Lu99 cells. Pretreatment with 50 µM EGCG 

reduced p-AKT by 35% and 1 µM wortmannin completely reduced the phosphorylation 

of AKT (Figure 17). Although the effects of EGCG on the EGFR/AKT axis were not 

strong, EGCG was able to inhibit the production of EGF-induced PD-L1 via AKT axis. 

 

2.3.1.7. EGCG inhibited PD-L2 mRNA expression induced by IFN-γ or EGF 

Although PD-L1 is the predominant of ligand PD-1, PD-L2 is also acting as a 
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ligand for PD-1 [35]. I found that treatment with IFN-γ increased PD-L2 mRNA 

expression in A549 and H1299 cells. So, I examined the effect of EGCG on PD-L2 

expression. Pretreatment with 50 μM EGCG showed 77% and 88% reduction of PD-L2 

mRNA level in A549 (Figure 18A) and H1299 (Figure 18B), respectively. In contrast, 

EGF did not induce PD-L2 mRNA expression in Lu99 cells (Figure 18C). 

 

2.3.1.8 Oral administration of GTE inhibited lung tumor development induced by 

NNK and reduced PD-L1 positive cells in the tumors 

To clarify the relationship between inhibition of PD-L1 expression and lung 

cancer prevention with green tea catechins in vivo, I conducted lung carcinogenesis 

experiment with NNK, a tobacco-specific carcinogen, in A/J mice. Experimental groups 

have consisted of two groups: NNK and NNK + GTE groups. In the NNK group, 20 mice 

were injected NNK (100 mg/kg body weight) intraperitoneally and given water for 16 

weeks. And in NNK + GTE group, 15 mice were given 0.3% GTE in a drinking water 2 

day after NNK injection. Lung tumors were developed in all mice of both groups. The 

number of tumors larger than 0.8 mm in a diameter were counted. I found that oral 

administration of GTE reduced average numbers of tumors per mouse from 4.1 ± 0.5 to 

2.6 ± 0.4, a decrease of 37%. GTE clearly inhibited lung tumor development by NNK.  

Immunohistochemical staining with specific anti-PD-L1 antibody revealed that 

PD-L1 protein presented on the plasma membrane and in the cytosol in lung tumor cells 

in both groups (Figure 19A). Numbers of cells expressing PD-L1 protein on the plasma 

membrane were counted as PD-L1 positive cells (Figure 19A and 19B). The NNK group 

had an average 9.6 ± 4.9% PD-L1 positive cells (0.2 % ~ 17.8%), while NNK + GTE 

group had 2.9 ± 2.2% (0% ~ 7.3%), a decrease of 70% (Figure 19 B and 19C). That is, 
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GTE significantly reduced PD-L1 protein in lung tumors in vivo, correlating well with 

inhibition of tumor development. 

It is important to note that 0.3% (3 g/L) GTE containing 0.85 g/L catechins (14% 

EGCG, 8% ECG, 3% EGC and 3.5% EC) and 0.1 g/L caffeine, and is same as green tea 

beverage which Japanese drink every day. This is the first finding that oral administration 

of GTE significantly reduced % of PD-L1 positive cells, probably leading to lung cancer 

prevention. 

  

2.3.2. EGCG stimulated the anti-tumor response of T cells by inhibition of PD-L1 

expression 

2.3.2.1. EGCG inhibited IFN-γ-induced PD-L1 mRNA and protein in B16-F10 

mouse melanoma cells 

To clarify whether inhibition of PD-L1 with EGCG results in stimulation of anti-

tumor immunity of T cells, we conducted the co-culture experiment using ovalbumin 

expressing B16-F10 mouse melanoma cells (F10-OVA cells) and tumor specific CD3+ T 

cells. Before conduced co-culture experiments, I first examined the effect of IFN-γ, TNF-

α, and IL-6 on cell-surface PD-L1 by flow cytometry in B16-F10 cells. Treatment with 

50 ng/ml IFN-γ for 24 h, dramatically increased cell-surface PD-L1 level about 19-fold, 

and 50 ng/ml TNF-α slightly increased 1.5-fold. However, IL-6 did not change the cell-

surface PD-L1 level (Figure 20).  

Treatment with 10 ng/ml IFN-γ highly enhanced expression of mRNA and cell-

surface PD-L1 about 6.5- and 8.5-fold, respectively (Figure 21). Treatment with EGCG 

at a concentration of 1, 10 and 50 μM inhibited 25%, 69% and 86% of IFN-γ-induced 

PD-L1 mRNA level, respectively (Figure 21A). Moreover, treatment with EGCG dose-
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dependently reduced cell-surface PD-L1 protein level to 7.2- (15% inhibition), 3.1- (63% 

inhibition) and 1.2-fold (85% inhibition) by 1, 10 and 50 μM EGCG, respectively (Figure 

21B). But fludarabine, a STAT1 inhibitor, did not show any inhibition. These results were 

very similar to lung cancer cell lines. Thus, EGCG inhibited IFN-γ-induced PD-L1 

expression at transcriptional levels in mouse melanoma cells similar to human lung cancer 

cells. 

 

2.3.2.2. EGCG inhibited PD-L1 expression in F10-OVA cells induced by co-cultured 

with tumor specific CD3+ T cells  

Next, I established F10-OVA cells and examined PD-L1 expression in B16-F10-

OVA cells (target cells) by co-culture with tumor specific CD3+ T cells (effector cells). I 

found that cell-surface PD-L1 level in F10-OVA cells was increased 3.7-fold, 48 h after 

co-culture with tumor specific CD3+ T cells (Figure 22A). Thus, up-regulation of PD-L1 

in melanoma cells is triggered by the presence of tumor specific CD3+ T cells.  

It is important to note that EGCG reduced PD-L1 mRNA expression induced by 

co-culture with tumor specific CD3+ T cells. Co-culture of F10-OVA cells with tumor 

specific CD3+ T cells increased PD-L1 mRNA expression about 1.5-fold compared with 

that of non-co-cultured F10-OVA cells. Pretreatment with EGCG in F10-OVA cells for 3 

h dose-dependently reduced PD-L1 mRNA: 29% reduction by 10 μM EGCG and 40% 

reduction by 30 μM EGCG, whereas treatment with EGCG in F10-OVA cell alone, did 

not affect to mRNA PD-L1 in non-co-cultured F10-OVA cells (Figure 22B). These results 

suggest that EGCG inhibit PD-L1/PD-1 pathway between F10-OVA cells and tumor 

specific CD3+ T cells.  
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2.3.2.3 EGCG restored IL-2 mRNA expression in tumor specific CD3+ T cells co-

cultured with F10-OVA cells  

To clarify whether inhibition of PD-L1 expression in tumor cells with EGCG re-

activates T-cell function, I examined the PD-1 mRNA expression in CD3+ T cells co-

cultured with F10-OVA cells. The results show that of PD-1 mRNA on T cells slightly 

increased, and treatment with EGCG showed decrease tendency (Figure 23A), indicating 

that co-culture with F10-OVA enhanced PD-1 expression in the T cells, and EGCG 

abrogated it. Next, I examined IL-2 mRNA expression as the marker of activated T cells. 

Even though the number of T cells are not changed after co-cultured with F10-OVA for 

48 h (Figure 23B), IL-2 mRNA expression in co-cultured CD3+ T cells was dramatically 

decreased by 24% and recovered to about 40% by treatment with EGCG. However, 

EGCG did not affect IL-2 mRNA expression in non-co-cultured CD3+ T cells (Figure 

23C). These results indicate that EGCG restores T-cell activity by suppressing PD-

L1/PD-1 inhibitory signaling. 

 

2.3.2.4. EGCG stimulated apoptosis of F10-OVA cells by co-cultured with tumor 

specific CD3+ T cells 

Next, I examined stimulation of CTL activity of tumor specific T cells by 

induction of apoptosis F10-OVA cells. Percentage of apoptosis cells was determined as 

sub-G1-phase cells in cell cycles by flow cytometry. Forty-eight h after co-cultured with 

tumor specific CD3+ T cells (1:20). Percent of apoptotic cells in F10-OVA was 8.8%, and 

increased to 19.9% and 34.4% by treatment with 10 and 30 μM EGCG, respectively 

(Figure 24A). However, treatment with EGCG did not increase % of sub-G1-phase cells 

in non-co-culture F10-OVA cells (Figure 24B), indicating that EGCG stimulates CTL 
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activity of tumor specific CD3+ T cells. Apoptosis of F10-OVA cells was induced by CTL 

activity. All results clearly indicate that down-regulation of PD-L1 with EGCG in tumor 

cells restores of T cell function by inhibition of immune escape by the PD-L1/PD-1 

pathway. 
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2.4. Discussion 

In this study, I found a new mechanism showing green tea catechin EGCG 

enhance anti-tumor immune response by inhibition of PD-L1, an immune checkpoint 

molecule. I first found that oral administration of GTE, which corresponds to green tea 

beverage consumed by Japanese people every day, reduced PD-L1 positive cells in lung 

tumors of A/J mice treated with NNK associated with the inhibition of tumor development. 

Since GTE in drinking water shows the same inhibitory effect on lung tumor development 

in NNK-treated A/J mice [91], so EGCG and GTE can probably reduce PD-L1 mRNA 

expression in lung tumors.  I did not determine the local concentration of EGCG or 

catechins in the lung, because EGCG and GTE are easily metabolized in the body and 

excreted, and some metabolized catechins bound to the proteins. However, based on 

epidemiological study and a phase II clinical trial in Japan, we know now that drinking 

10 cups (120 ml/cup) of green tea per day (equivalent to 2.5 g GTE/day) delays cancer 

onset and prevents recurrence of colorectal adenomas [11]. Thus, I estimate that the 

effective amounts for a human correspond to 10 mg GTE/day for a mouse [100]. In this 

experiment, each mouse took 18 mg GTE/day, about 1.8 times higher than the effective 

preventive amount of GTE, and the amounts used for the experiments showed reduction 

of average numbers of tumors per mouse in the NNK + GTE group. Therefore, I 

concluded that intake of EGCG and catechins by mouse are sufficient to inhibit lung 

cancer development and PD-L1 expression. Moreover, the co-culture model experiment 

of F10-OVA (tumor) cells and tumor-specific CD3+ T cells supports that EGCG-

mediated-PD-L1-inhibition results in restoration of T-cell activity by suppressing the PD-

L1/PD-1 pathway.  

EGCG inhibited PD-L1 expression at the transcription level via both 
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IFNR/JAK2/STAT1 and EGFR/AKT signaling pathways, suggesting that EGCG inhibits 

IFN-γ-IFNR and EGF-EGFR signaling by inhibiting the ligand-receptor binding [7]. The 

results are consistent with a recent report that EGCG increased the bending stiffness of 

artificial lipid membranes by adsorption of galloyl catechin aggregates to the lipid 

membrane surface [24]. Our group also reported that stiffening of cancer cell membranes 

with EGCG correlates well with inhibition of EMT, motility and metastasis in lung cancer 

cells and B16-F10 mouse melanoma cells that cause by the “sealing effects of EGCG”  

[7,26]. Further studies need to clarify whether EGCG has potential to inhibit binding PD-

L1 on the cell membrane of tumors to PD-1 on T cells, similar to inhibition of IFNR and 

EGFR signaling pathways. It was also reported that EGCG suppressed indoleamine 2,3-

dioxygenase (IDO), which can enhance immune escape by blocking IFN-γ-induced 

JAK/PKC/STAT1 signaling pathway in oral cancer cells [101]. These results strongly 

indicate that enhancing the effects of EGCG on adaptive immune cells will restrict the 

growth of tumor cells. Membrane lipid, such as cholesterol, regulates T-cell signaling and 

function [102], whether EGCG directly enhance T cell function or acts indirectly requires 

further study. 

PD-L1 expression suppresses CTL function by suppressing IL-2 production in 

melanoma cells [103]. This study showed EGCG inhibited PD-L1 expression induced by 

co-culture with tumor specific CD3+ T cells in F10-OVA cells. Although, I could not 

clarify the factor that induced cell-surface PD-L1 expression in this ex vivo co-culture, I 

think that IFN-γ released from T cells is may be the main cytokine to induce PD-L1 

expression. It was reported that in co-culture of the CD3+ T cells which were isolated 

from peripheral blood mononuclear cells (PBMC) of gastric cancer patients produced 

IFN-γ to induced PD-L1 expression on primary gastric adenocarcinoma epithelial cells, 
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resulting in promoted T cells apoptosis. And blocking of cell-surface PD-L1 with specific 

antibody showed reverse T-cell apoptotic effect [104]. In fact, EGCG inhibited IFN-γ-

induced PD-L1 expression in mouse melanoma B16-F10 cells similar to lung cancer. 

Furthermore, EGCG stimulated CTL activity as showing of increase IL-2 mRNA 

expression in T cells, resulting in apoptosis F10-OVA cells by CTL killing activity 

probably due to the decrease of PD-L1 expression in ex vivo co-culture experiments. 

Importantly, EGCG treatment did not directly affect non-co-cultured T cells. 

Gimzewski’s group reported that GTE increased the cell stiffness of tumor cells isolated 

from the pleural effusion of various cancer patients, but had no effect on normal 

mesothelial cells [105]. In this experiment, EGCG did not effect on IL-2 induction or T 

cell number in non-co-cultured CD3+ T cells. Thus, EGCG indirectly enhanced T cells 

function via inhibition of the PD-L1/PD-1 pathway. Although EGCG can induce 

apoptosis of cancer cells, EGCG treatment did not directly enhanced apoptosis in non-co-

cultured F10-OVA cells: Treatment of EGCG (30 µM) enhanced apoptosis of F10-OVA 

cells co-cultured with tumor specific CD3+ T cells about 3-fold more than that of F10-

OVA cells alone, indicating that EGCG restored CTLs activity via blockade of the PD-

L1/PD-1 pathway. It has recently been reported that multiple microRNAs act as important 

regulators of PD-L1 expression directly or indirectly [106]. Since EGCG up-regulates 

tumor suppressor microRNAs, it is important to determine whether alteration of 

microRNAs levels regulated by EGCG inhibits PD-L1 mRNA expression [107]. 

Expression of tumor cell-associated PD-L1 is induced by overexpression of 

EGFR and mutation of EGFR in lung cancer cells. Three cell lines used in this experiment 

do not have any EGFR mutation, but expression levels of EGFR are different: H1299 

cells show the lowest, followed by A549 cells (3-fold) and Lu99 cells (10-fold) (Figure 
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7B and 7C). In addition, Lu99 cells have the mutation of T1025A in PI3K catalytic 

subunit α (PI3KCA). Therefore, high expression of intrinsic PD-L1 in Lu99 cells may be 

correlated with high EGFR levels and PI3KCA mutation. Recently, CKLF-like MARVEL 

transmembrane containing protein 6 (CMTM6) is found as the cell-surface PD-L1 

regulator, which maintains cell-surface PD-L1 level [108,109]. I found that CMTM6 

mRNA level in Lu99 cells was 1.8-fold higher than those in A549 and H1299 cells 

(Supplemental Figure 1), and that CMTM6 mRNA level is correlated well with difference 

of intrinsic PD-L1 expression. Thus, CMTM6 protein probably maintains cell-surface 

PD-L1 in Lu99 cells, resulting in the weak effect of EGCG treatment. Finding of an 

inhibitor of CMTM6 and clarify of the regulatory mechanism of cell-surface PD-L1 will 

be next important subjects.  

Recent Phase III clinical trials revealed that the combination of chemotherapy 

and immune-checkpoint-targeted antibodies show a superior effect than chemotherapy 

alone, indicating that the use of immune checkpoint inhibitors will likely be extended into 

cancer treatment [110]. Furthermore, chemotherapy, such as paclitaxel or carboplatin, 

induce PD-L1 overexpression in ovarian cancer [111]. EGCG and GTE strongly enhanced 

the efficacy of numerous anti-cancer drugs, including paclitaxel, in various types of 

cancers in vitro and in vivo [90]. Since EGCG and GTE are non-toxic, I believe that the 

inhibitory effects of EGCG on immune checkpoints further support the efficacy of the 

combination of green tea catechins and anti-cancer drugs. 

It is important to note that PD-L1 in tumor cells has additional functions other 

than immune checkpoint to stimulate cancer progression, such as the promotion of EMT, 

acquisition of tumor-initiating potential, resistance to apoptosis [112,113]. Interestingly, 

EGCG and GTE inhibits EMT in lung cancer by increase cell stiffening and inhibit self-
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renew of cancer stem cells (tumor-initiating cells) and induce apoptosis of cancer cells 

[90].   

 

2.5. Conclusion 

This dissertation indicates a new concept: Green tea catechin acts as an immune 

checkpoint inhibitor leading to cancer prevention and treatment. As shown in Figure 25, 

the “sealing effects of EGCG” causes inhibition of IFN-γ- or EGF-induced PD-L1 

expression at transcriptional level, mediated through inhibition of STAT1 or AKT 

signaling pathway in tumor microenvironment, resulting in restoration of CTLs activity. 

Specifically, the increase of IL-2 mRNA expression and T-cell proliferation enhance 

cancer cell apoptosis by EGCG. Thus, EGCG partially restores T-cell activity by 

inhibition of PD-L1/PD-1 signaling, resulting in inhibition of lung tumor growth.  

In 1211, the Japanese Zen priest, Eisai wrote a book entitled “Kitsusa Yojyouki, 

Maintaining health by drinking green tea,” with a famous sentence: Green tea is a 

wonderful drug for maintaining health, and drinking green tea is an excellent strategy for 

a long and healthy life, and he concluded that “I am confident that an excellent doctor 

will elucidate the mechanisms of green tea action in the near future.” My study provides 

new scientific evidence supporting the health benefits of green tea. This new function of 

EGCG in anti-tumor immune response plays a vital role in combination therapies with 

green tea catechins and PD-L1 monoclonal antibodies or anticancer drugs, and will 

further increase benefits for lung cancer therapy.  
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ABBREVIATIONS 

 

CD3+, cluster of differentiation 3 positive 

CTL, cytotoxic T lymphocyte  

EC, (-)-epicatechin  

ECG, (-)-epicatechin gallate 

EGC, (-)-epigallocatechin  

EGCG, (-)-epigallocatechin gallate  

EGF, epidermal growth factor  

EGFR, epidermal growth factor receptor  

EMT, epithelial-mesenchymal transition  

ERK, extracellular-signal-regulated kinase 

F10-OVA, ovalbumin-expressing B16-F10  

GTE, green tea extract  

IFN-γ, interferon gamma  

i.p., intraperitoneal  

JAK, Janus kinase 

MAPK, mitogen-activated protein kinases 

NNK, 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone  

PD-1, programmed cell death 1 

PD-L1, programmed cell death-ligand 1  

PI3K, phosphoinositide 3-kinase 

TPA, 12-O-tetradecanoylphorbol-13-acetate 
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Figure 1. Chemical structures and classifications of tea polyphenols 
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Figure 2. A schematic illustration of the mechanisms of action of EGCG, 

the “sealing effects of EGCG” [7]. 
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Figure 3. Cancer uses PD-L1 for immune escape. In inflammatory tumor 

microenvironment, various cancer cells overexpress PD-L1 induced by proinflammatory 

cytokines, such as IFN-γ, TNF-α, and growth factors. (A) Cancer cell without PD-L1 

expression, cytotoxic T lymphocytes are activated after recognized the tumor antigen on 

MHC by T cell receptor (TCR) and kill cancer cells. (B) Cancer over cell overexpressing 

PD-L1 escape from T cell immune response by binding of PD-L1 to PD-1.  
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Figure 4. Intrinsic PD-L1 expression levels varied among NSCLCs. (A) PD-L1 

mRNA levels in six NSCLCs were measured by qRT-PCR. (B) PD-L1 protein level was 

detected by western blotting with specific antibodies against PD-L1 and GAPDH, then 

quantified the density of each band. Lower graph indicates relative PD-L1 protein level 

normalized by GAPDH as an internal control. (C) The cell-surface PD-L1 level was 

examined by flow cytometry and measured fluorescence intensity (MFI) of total 10,000 

cells as described in Materials and Methods. A dotted line indicates an average of MFI. 

Cell-surface PD-L1 values were calculated an average of MFI by subtracting the 

appropriate control value. All data were performed in three independent experiments; ± 

SD. 
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Figure 5. Time-cause of PD-L1 mRNA expression treated with IFN-γ in A549 and 

H1299 cells or with EGF in Lu99 cells. A549 and H1299 cells were treated with 10 

ng/ml IFN-γ, and Lu99 cells were treated with 10 ng/ml EGF. Fold-change of PD-

L1/GAPDH mRNA level was measured at 0, 3, 6, 10, 24 and 48 h after treatment. Error 

bars show ± SD in three different experiments. 
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Figure 6. IFN-γ and EGF induced expression of PD-L1 mRNA and protein in 

NSCLC cell lines. A549, H1299, and Lu99 cells were treated with IFN-γ 10 or 20 ng/ml 

as well as EGF 5 or 10 ng/ml for 24 h in appropriated medium containing with 1% FBS 

medium. (A) Expression of PD-L1 mRNA in three cell lines determined by qRT-PCR. 

(B) The representative protein level of PD-L1 examined by western blotting. Numbers 

indicate fold-change compared with non-treated cells. (C) Cell-surface PD-L1 in three 

cell lines treated with IFN-γ for 24 h and (D) cell-surface PD-L1 in three cell lines treated 

with EGF for 24 h, determined by flow cytometry. The average MFI ± SD was obtained 

by combining the data from three independent experiments. *p < 0.05, **p < 0.01, ***p 

< 0.001, by one-way ANOVA followed by Dunnett’s Multiple Comparisons Test. NT; 

non-treated cells 
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Figure 7. mRNA and protein levels of IFN-γ and EGF receptors expressed in three 

NSCLC cell lines. (A) IFN-γ receptor 1 (IFNGR1) and IFN-γ receptor 2 (IFNGR2) 

mRNA expression were examined by qRT-PCR. (B) EGF receptor (EGFR) mRNA levels 

were examined by qRT-PCR. (C) EGFR protein level was examined by western blotting. 

Numbers show fold-change ± SD in three different experiments. 
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Figure 8. Inhibition of IFN-γ-induced PD-L1 expression with green tea extract 

(GTE) and green tea catechins in A549 cells. A549 cells were pretreated with 50 and 

100 μg/ml GTE or 50 μM of four catechins including EGCG, ECG, EGC and EC for 3 h 

then treated with 10 ng/ml IFN-γ for 24 h in 1% FBS medium. Cell-surface PD-L1 levels 

was measured by flow cytometry. The representative histograms are shown in the upper 

panel. MFI was calculated fold-change of MFI were calculated by comparison with that 

of non-treated cells. The results show the average ± SD obtained from three independent 

experiments. *p < 0.05, **p < 0.01, ***p < 0.001 one-way ANOVA using Dunnett’s 

Multiple Comparisons Test.  
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Figure 9. Inhibition of IFN-γ-induced PD-L1 expression with EGCG in A549 cells at 

the transcription level. A549 cells were pretreated with 1, 10, 50 μM EGCG for 3 h then 

treated with 10 ng/ml IFN-γ for 24 h in 1% FBS medium. (A) PD-L1 mRNA levels were 

measured by qRT-PCR. (B) PD-L1 protein levels were examined by western blotting 

(upper panel) and normalized by GAPDH (lower panel). (C) Cell-surface PD-L1 levels 

measured by flow cytometry. The representative histograms are shown in the upper panel. 

Fold-changes of MFI were calculated by comparison with that of non-treated cells (NT). 

The results show the average ± SD obtained from three independent experiments. *p < 

0.05, **p < 0.01 one-way ANOVA using Dunnett’s Multiple Comparisons Test.  
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Figure 10. Inhibition of IFN-γ-induced PD-L1 expression with EGCG in H1299 cells 

at the transcription level. H1299 cells were pretreated with 1, 10, 50 μM EGCG for 3 

hrs then treated with 10 ng/ml IFN-γ for 24 h in 1% FBS medium. (A) PD-L1 mRNA 

levels were measured by qRT-PCR. (B) PD-L1 protein levels were examined by western 

blotting (upper panel) and normalized by GAPDH (lower panel). (C) Cell-surface PD-L1 

levels measured by flow cytometry. The representative histograms are shown in the upper 

panel. Fold-changes of MFI were calculated by comparison with that of non-treated cells 

(NT). The results show the average ± SD obtained from three independent experiments. 

*p < 0.05, **p < 0.01 one-way ANOVA using Dunnett’s Multiple Comparisons Test. 
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Figure 11. IFN-γ-induced phosphorylation of STAT1. A549 and H1299 cells were 

treated with 10 ng/ml IFN-γ in 1% FBS medium for 30 min. Effect of IFN-γ on 

phosphorylation of STAT1, AKT, STAT3, and p42/44 MAPK, or IκB protein level were 

determined by western blotting using indicated specific antibodies.  
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Figure 12. Inhibition of IFN-γ-induced phosphorylation of STAT1 with EGCG in 

A549 and H1299 cells. A549 and H1299 cells were pretreated with 1, 10, 50 µM EGCG 

and 1 μM wortmannin, a PI3K inhibitor, for 3 h then treated with 10 ng/ml IFN-γ in 1% 

FBS medium for 30 min. Phosphorylation of STAT1 at Tyr701 was determined in (A) 

A549 cells and (B) H1299 cells by western blotting (upper panel), and bar graphs (lower 

panel) shows average % intensity of phosphorylation of STAT1 versus STAT1 in three 

independent experiments. GAPDH proteins were shown for internal control. The results 

show the average ± SD obtained from three independent experiments. *p < 0.05, **p < 

0.01, ***p < 0.001 by one-way ANOVA with Dunnett’s Multiple Comparisons Test. 
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Figure 13. Inhibition of IFN-γ-induced phosphorylation of STAT1 with EGCG 

stronger than the STAT1 inhibitor. A549 cells were pretreated with 10 and 50 µM 

EGCG, Flu; 10 µM fludarabine (STAT1 inhibitor), SB: 30 µM SB203580 (p38 MAPK 

inhibitor), UO: 5 µM UO126 (p44/42 MAPK inhibitor) for 3 h, and then treated with 

10 ng/ml IFN-γ for 24 h. (A) PD-L1 protein levels were examined by western blotting 

(upper panel) and normalized by GAPDH (lower panel). (B) Cell-surface PD-L1 levels 

were measured by flow cytometry. Fold-changes of MFI were calculated by comparison 

with that of non-treated cells (NT). The results show the average ± SD obtained from 

three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001 one-way ANOVA 

using Dunnett’s Multiple Comparisons Test.  
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Figure 14. Inhibition of IFN-γ-induced phosphorylation of STAT1 with EGCG 

similar with JAK2 inhibitor. A549 cells were pretreated with of 1, 10 and 50 µM EGCG, 

Wort: 1 μM wortmannin (PI3K inhibitor) and TG: 1 μM TG-101348 (JAK2 inhibitor) for 

3 hrs, and then treated with 10 ng/ml IFN-γ for 24 h. (A) Phosphorylated of STAT1 and 

STAT1 protein were examined by western blotting (upper panel), and bar graphs (lower 

panel) shows the average % intensity of phosphorylation of STAT1 versus STAT1. 

GAPDH proteins were shown for internal control. (B) Cell-surface PD-L1 levels were 

measured by flow cytometry. Fold-changes of MFI were calculated by comparison with 

that of non-treated cells (NT). The results show the average ± SD obtained from three 

independent experiments. *p < 0.05, **p < 0.01 one-way ANOVA using Dunnett’s 

Multiple Comparisons Test. NT; non-treated cells 
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Figure 15. Inhibition of EGF-induced PD-L1 expression with EGCG in Lu99 cells 

at the transcription level. Lu99 cells were pretreated with 1, 10, 50 μM EGCG for 3 h, 

and then treated with 10 ng/ml IFN-γ for 24 h. (A) PD-L1 mRNA levels were measured 

by qRT-PCR. (B) PD-L1 protein levels examined by western blotting (upper panel) and 

normalized by GAPDH (lower panel). (C) Cell-surface PD-L1 levels measured by flow 

cytometry. The representative histograms are shown in the upper panel. Fold-changes of 

MFI were calculated by comparison with that of non-treated cells (NT). The results show 

the average ± SD obtained from three independent experiments. *p < 0.05, **p < 0.01 

one-way ANOVA using Dunnett’s Multiple Comparisons Test. 

 

A B 

C 

 

0

1

2

3

C
e
ll-

su
rf

ac
e
 P

D
-
L
1

(F
o
ld

 c
h
an

ge
 o

f 
M

F
I)

C
o
u

n
ts

PD-L1

EGF

EGCG

-

-

(10 ng/ml)

(μM)

+

-

+

10

+

50

NT

EGF

EGCG 10 μM + EGF

EGCG 50 μM + EGF

*

 

0

1

2

3

4

5

P
D

-L
1

/G
A

P
D

H
 m

R
N

A
 

(F
o

ld
 c

h
a
n
g
e
)

EGF

EGCG

-

-
(10 ng/ml)

(μM)
+

-

+

10

+

50
+

1

* *

 

EGF

EGCG

-

-

(10 ng/ml)

(μM)

+

-

+

1

+

10

+

50

PD-L1

GAPDH

0

1

2

3

4

5

P
D

-
L
1
/
G

A
P

D
H

 
(F

o
ld

 e
xp

re
ss

io
n
)

EGF

EGCG

-

-
(10 ng/ml)

(μM)

+

-

+

1

+

10

+

50

**
*



78 
 

 

 

Figure 16. EGF-induced phosphorylation of AKT in Lu99 cells. Lu99 cells were 

treated with 10 ng/ml EGF for 30 min. Effect of EGF on phosphorylation of STAT1, Akt, 

STAT3, and p42/44 MAPK, or IκB protein level were determined by western blotting 

using indicated specific antibodies. 
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Figure 17. Inhibition of EGF-induced phosphorylation of AKT with EGCG in Lu99 

cells. Lu99 cells were pretreated with 1, 10, 50 µM EGCG and 1 μM wortmannin, a PI3K 

inhibitor, for 3 h, and then treated with 10 ng/ml EGF in 1% FBS medium for 30 min. 

Phosphorylation of AKT at Ser473 was determined by western blotting (upper panel), 

and bar graphs (lower panel) shows the average % intensity of phosphorylation of AKT 

versus AKT in three independent experiments. GAPDH is shown as an internal control. 

*p < 0.05, **p < 0.01, ***p < 0.001 by one-way ANOVA with Dunnett’s Multiple 

Comparisons Test. 
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Figure 18. Inhibition of IFN-γ- or EGF-induced PD-L2 mRNA expression with 

EGCG. After pretreatment with 1, 10, 50 μM EGCG for 3 h. A549, H1299 cells were 

treated with 10 ng/ml IFN-γ, and Lu99 cells were treated with 10 ng/ml EGF for 24 h. 

PD-L2 mRNA expression was examined by qRT-PCR in (A) A549 cells, (B) H1299 cells 

and (C) Lu99 cells. The results show the average ± SD obtained from three independent 

experiments. **p < 0.01 one-way ANOVA using Dunnett’s Multiple Comparisons Test.  
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Figure 19. Oral administration of green tea extract (GTE) inhibits lung tumors of 

A/J mice induced by NNK and reduces the percentage of PD-L1 positive cells in the 

tumors. (A) NNK (100 mg/kg body weight) in 100 µL of saline was injected 

intraperitoneally into two groups of female A/J mice. Two days later, the NNK group 

continued to receive normal drinking water and the NNK + GTE group received only 

drinking water with 0.3% GTE for 16 weeks. Lung tumors larger than 0.8 mm in diameter 

were counted. *p < 0.05, analyzed by Student’s t-test. (A) Representative 
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immunohistochemical staining of lung tumors with anti-PD-L1 antibody in both NNK 

and NNK + GTE groups. Black arrows indicate PD-L1 positive cells on the plasma 

membrane. (B) Percentage of PD-L1 positive cells in individual lung tumors. The 

symbols ● and ○ indicate the percentage of PD-L1 positive cells in individual tumors in 

NNK and NNK + GTE groups, respectively. (C) Summary of average No. of 

tumors/mouse and percent of PD-L1 positive cells. Positive cells were counted 

independently by three investigators. *p < 0.05, analyzed by Wilcoxon-Mann-Whitney 

test. 
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Figure 20. IFN-γ strongly induced cell-surface PD-L1 in B16-F10 cells. Mouse 

melanoma B16-F10 cells were treated with 50 ng/ml IFN-γ, TNF-α or IL-6 for 24 h. Cell-

surface PD-L1 level was examined by flow cytometry. Upper panel shows the 

representative histograms and the lower panel shows fold-change of or MFI values (lower 

panel) compared with non-treated-cells (NT).  
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Figure 21. Inhibition of IFN-γ-induced PD-L1 mRNA and protein with EGCG in 

B16-F10 cells at the transcription level. B16-F10 cells were pretreated with 1, 10, 50 

μM EGCG or 10 μM fludarabine, a STAT1 inhibitor; Flu, for 3 h, and then treated with 

10 ng/ml IFN-γ for 24 h. (A) PD-L1 mRNA expression was examined by qRT-PCR. (B) 

Cell-surface PD-L1 levels measured by flow cytometry. The representative histograms 

are shown in the upper panel. Fold-changes of MFI were calculated by comparison with 

that of non-treated cells (NT). The results show the average ± SD obtained from three 

independent experiments. **p < 0.01, ***p < 0.001 one-way ANOVA using Dunnett’s 

Multiple Comparisons Test.  
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Figure 22. EGCG inhibits PD-L1 mRNA induced by co-cultured with tumor specific 

T cells. CD3+ T cells were isolated from immunized mice with mitomycin C treated F10-

OVA cells as described in Materials and Methods. Mitomycin C-treated F10-OVA cells 

(2 x 105 cells) were co-cultured with tumor specific CD3+ T cells (2 x 106 cells) for 48 h. 

(A) Cell-surface PD-L1 were measured by flow cytometry compared with non-co-

cultured F10-OVA cells. The representative histograms are shown in the upper panel and 

average MFI values are shown in the lower panel. (B) PD-L1 mRNA were examined by 

qRT-PCR. The results show the average ± SD of three independent experiments. *p < 

0.05, one-way ANOVA using Dunnett’s Multiple Comparisons Test.  
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Figure 23. EGCG restored IL-2 mRNA expression in tumor specific CD3+ T cells 

co-cultured with F10-OVA cells. Mitomycin C-treated F10-OVA cells were pretreatment 

with EGCG for 3 h in 10% FBS co-culture medium. Tumor specific CD3+ T cells (2 x 

106 cells) were added to F10-OVA cells (2 x 105 cells) and co-cultured for 48 h. (A) PD-

1 mRNA expression was examined by qRT-PCR. (B) The number of T cells were counted 

by trypan blue exclusion method. (C) IL-2 mRNA expression was examined by qRT-PCR. 

The results show the average ± SD of three independent experiments. *p < 0.05, **p < 

0.01 one-way ANOVA using Dunnett’s Multiple Comparisons Test.  
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Figure 24. EGCG stimulated apoptosis in F10-OVA cells by co-cultured with tumor 

specific CD3+ T cells. Mitomycin C-treated F10-OVA cells were pretreatment with 

EGCG for 3 h in 10% FBS co-culture medium. Tumor specific CD3+ T cells (2 x 106 

cells) were added to F10-OVA cells (2 x 105 cells) and co-cultured for 48 h. (A) The 

representative results of flow cytometry. Percent sub-G1 phase cells indicate % of 

apoptosis cells. (B) Fold-change of apoptosis cells were shown in the graph. The results 

show the average ± SD of three independent experiments. *p < 0.05, one-way ANOVA 

using Dunnett’s Multiple Comparisons Test.  
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Figure 25. A schematic illustration of EGCG restores T-cell activity by inhibition of 

PD-L1 expression, resulting in inhibition of lung tumor development. 
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Supplemental Figure 1. Lu99 cells maintained high CKLF Like MARVEL 

Transmembrane Domain Containing 6 (CMTM6) mRNA expression. The CMTM6 

mRNA level of A549, H1299, and Lu99 cells were analyzed by qRT-PCR. 
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