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Abstract 

 

Cancer immunotherapy, such as immune checkpoint blockade (ICB), has been 

successful for many types of cancer including melanoma; however, 

unresponsiveness to ICB remains as a major obstacle to realizing further clinical 

benefit. While the primary immune resistance of cancer cells might be caused by 

their low immunogenicity and/or expression of immune-suppressive phenotypes, 

an acquired immune resistance mechanism against cancer immune therapy has 

not been well understood. Among factors involved in cancer cells escaping from 

immune responses, an intrinsic defect in the IFN- response is considered as one 

of the major players allowing cancer cells to evade host immunity. In this study, I 

aim to understand an acquired resistance mechanism of melanoma cells to 

antigen-specific anti-tumor immunity. 

Firstly, to understand the immunological status of tumor antigen-specific 

CD8+ T cells in the tumor microenvironment during tumor progression, we 

established a bioluminescence imaging model to monitor the interplay between 

occult immunogenic tumor and host anti-tumor immunity. Using mouse B16 

melanoma cells expressing ovalbumin (OVA) and luciferase (B16OVA-Luc2 

cells), we monitored the status of B16OVA-Luc2 melanoma cells in mice 

immunized with a model tumor antigen ovalbumin (OVA). We found that the cell 

growth was biphasic during tumor progression: initial progression, suppressed by 

a CD8+ T cell-dependent immune response, and thereafter showed secondary 

progression by escaping from host immunity in OVA-immunized mice. 

We next generated cell lines after in vivo passage through distinct 

immunological conditions. B16OVA-Luc2 tumors exposed to OVA-specific CD8+ 

T cell immunity in OVA-immunized B6 mice were isolated, and we established 

five variants (IMM1, 2, 5, 6, and 8 cell lines). For comparison, B16OVA-Luc2 

tumors from non-immunized naïve B6 mice or OVA-immunized IFN--deficient 

mice were also isolated, and we established four variants, namely NIMM (1, 3, 4, 

5) cell lines or GKO-IMM (1, 2, 3, 4) cell lines, respectively. To test the capacity 

of those different variants for immunogenicity, those cell lines were re-challenged 
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in OVA-immunized B6 mice. In contrast to NIMM and GKO-IMM cell lines, IMM 

cell lines showed progressive growth in OVA-immunized mice upon re-challenge 

and specifically lost their OVA antigen expression. Furthermore, we found that 

IMM cell lines gained resistance to the IFN--induced oxidative stress response. 

By subjecting those different cell lines to DNA microarray analysis, we found the 

expression of glutathione-S-transferase alpha 4 (Gsta4) was highly up-regulated 

in the IMM cells compared to the parental or other control (NIMM or GKO-IMM) 

cell lines. To further determine the functional role of Gsta4 in protecting the IMM 

cells from oxidative stress, we established the B16OVA cell line overexpressing 

Gsta4 (GSTA4 OE) or IMM cell line knocking down Gsta4 (shGSTA4). GSTA OE 

cell lines showed resistance to the IFN--induced-oxidative stress. In addition, 

shGSTA4 cell lines showed to be sensitive to IFN--induced oxidative stress 

responses. In addition, the growth of GSTA4 OE cells was more aggressive than 

that of parental B16OVA cells in the OVA-immunized B6 mice. Furthermore, 

shGSTA4 cells reinvigorated the responsiveness to anti-PD-1 treatment in vivo. 

Importantly, melanoma patients with low GSTA4 expression were better 

responders and showed better progression-free survival rates to anti-PD-1 

therapy. 

Collectively, these studies show how to identify the immunological status of 

tumor antigen-specific CD8+ T cells in the tumor microenvironment during tumor 

progression and highlight a novel mechanism whereby cancer cells escape from 

host immunity by acquiring resistance to oxidative stress responses through the 

upregulation of Gsta4. 
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1. Introduction 

Cancer is a disease where normal cells grow abnormally without control and 

potentially invade other body parts (1). It was known that cancer shares six 

distinct main hallmarks; 1. sustaining proliferative signaling, 2. evading growth 

suppressors, 3. activating invasion and metastasis, 4. enabling replicative 

immortality, 5. inducing angiogenesis, and 6. resisting cell death (2). Moreover, it 

is now appreciated that avoiding immune destruction is one of the characteristics 

of cancer cells (3), indicating the ability of cancer cells to evade the immune 

system response to maintain its proliferation capacity. 

The interplay between cancer and immune cells is complex and has been 

debated extensively. It was first hypothesized under the cancer 

immunosurveillance concept that the immune system can recognize and 

eradicate the growth of cancer cells before clinically detected (4–6). However, 

apart from the importance of eliminating cancer cells, there is growing evidence 

that immunity not only eliminates the tumor cells but also sculpts the 

immunogenic phenotype of tumors to evade the immune control (7). This process 

is called cancer immunoediting and consists of three phases: elimination, 

equilibrium, and escape. The immune system recognizes and destroys cancer 

cells in the elimination phase, which refers to the immunosurveillance concept. 

Some of the cancer cells might not be entirely eliminated and thus enter the 

equilibrium phase where it will be maintained with the immune system. However, 

due to the constant and high immune pressure, the immune system shapes the 

cancer cells to generate new tumor variants that can be detected in the escape 
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phase (8). There are many known mechanisms of how cancer cells escape from 

immunity, and one of the mechanisms is the defect of the interferon- (IFN-) 

signaling pathway (9,10). 

IFN- is the lone member of type II interferon (11). It is produced mainly 

by natural killer (NK) cells and natural killer T (NKT) cells in the innate immune 

system, and a subset of CD4+ T cells and CD8+ T cells are the producers in the 

adaptive immune system (12). IFN- regulates its effector function by engaging 

with the IFN- receptor (IFN-R) and activated the downstream receptor-

associated Janus kinase, JAK 1 and JAK 2. The phosphorylation of JAK 1/2 will 

activate the signal transducer and activator of transcription-1 (STAT-1), which 

then form a complex and bind to the interferon- activated sequence (GAS) to 

induce the transcription of various genes (13–15). The activation of IFN- plays 

crucial role in the host defense and immune regulation and the importance of IFN-

 in eradicating tumor cells has been long-term appreciated (16). The first 

indication to show that IFN- is important for generating antitumor immune 

response was done by showing the rejection of tumor growth in the presence of 

neutralizing monoclonal antibodies specific for IFN- in the Meth A-fibrosarcoma 

tumor model (17). In addition, mice lacking the IFN- receptor and/or the STAT1 

were shown to be more sensitive to methylcoanthrene-induced carcinogenesis. 

The experiment was supported by discovering that melanoma and lung 

melanoma adenocarcinoma cell lines had inactivating mutations in the IFN-

 pathway, suggesting that cancer cells might avoid the cancer surveillance by 

becoming insensitive to IFN- (18). The effect of IFN- have been found to 
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stimulate the expression of MHC class I genes, which increases tumor 

immunogenicity and makes the tumor cells more sensitive to tumor recognition 

and destruction (19–22). IFN- also known to exhibit direct antitumor effect by 

inducing tumor cell cycle arrest by enhancing the expression of cell cycle inhibitor 

proteins p27Kip, p16, or p21 (23–25).  Moreover, IFN- also found to stimulate 

mitochondria-derived reactive oxygen species (mROS) which inducing 

autophagy-associated apoptosis that is dependent on the activation cytosolic 

phospholipase A2 (26). Furthermore, it has been reported that IFN- induces 

cellular senescence in cancer cells by enhancing the reactive oxygen species 

(ROS) and DNA damage response (27). In addition, a recent study demonstrated 

that IFN- released from CD8+ T cells promotes tumor cell lipid peroxidation and 

induces ferroptosis, an oxidative stress-related programmed cell death (28). 

Taken together, the above evidence suggests the importance of IFN- in the 

mediated antitumor immune response. 

On the other hand, it was discovered that IFN- also contributed to the 

growth and progression of tumor cells. It is reported that IFN- has the capacity 

to induce carcinogenesis and metastasis through inducing inflammatory 

responses and immunosuppression mechanisms (29–31). IFN- signaling has 

been reported to induce melanocyte activation and mediates the pro-tumorigenic 

effect of UVB-induced melanoma cells, where those effect was abolished by the 

use of IFN- blocking antibody (32). Furthermore, IFN- signaling is reported to 

induce PD-L1 expression in tumor cells, which is one of the escape strategies of 

cancer cells from immunity (33). The increase of PD-L1 expression has been 
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reported to the resistance to NK cell killing activity, while the blocking of IFN-

 signaling leads to an increase in the lysis capacity of NK cells (34). IFN- has 

been known to select tumor cells through constant immune pressure, which leads 

to the escape of tumor cells from immunity and those escaped cells have been 

found to lose antigen expression (35). It was shown that IFN- promotes tumor 

escape in the colon carcinoma mouse model by downregulating the endogenous 

antigen gp70, correlated with an increased tumor incidence in mice (36). In 

addition to IFN--induced antigen loss, IFN--treated melanoma cells was 

reported to have a loss of the Melan-A and gp100 antigen, which enable the 

tumor cells to evade the cytotoxic-T-lymphocytes (CTL) (37). In this regard, we 

also recently reported that antigen-specific immunity by CTL and IFN- increases 

genomic instability to select cancer cells for evading immunity. We observed 

copy-number alterations (CNA) related to DNA damage response and modulation 

of DNA repair gene as a consequence of in vivo exposure of tumors expressing 

immunogenic antigen to CTL-producing-IFN-. This was not only due in part to 

the loss of tumor-antigen but also accumulated during immunological selection, 

thereby contributing to intra-tumor heterogeneity (38).  

In this study, we investigated how tumor cells escape from the IFN--

dependent immune response through the immunoediting process by analyzing 

originally established immune-escape variants of melanoma cells. We found that 

the immune-escape melanoma variants gained resistance to the IFN--induced 

oxidative stress response, and glutathione-Ѕ-transferase-4 (GSTA4) was a 

critical molecule in this process. Considering the importance of GSTA4 in 
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controlling the IFN- responsiveness, our results highlight a novel mechanism 

whereby cancer cells escape from host immunity by acquiring resistance to 

oxidative stress responses through the upregulation of Gsta4. 
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2. Materials and Methods 

 

Reagents 

4-hydroxynonenal (4-HNE) was purchased from EMD MIlipore (#393204; 

Darmstadt, Germany). IFN- was purchased from Pepro Tech (Rocky Hills, NJ, 

USA). Gsta4 and -actin primers were purchased from Invitrogen (Carlsbad, CA, 

USA). An antibody against GSTA4 was obtained from EMD Millipore (#ABS1652, 

Darmstadt, Germany), an antibody against Flag-tag was obtained from Sigma-

Aldrich (#F1804, Saint Louis, MO, USA), and an antibody against -actin was 

obtained from Santa Cruz Biotechnology (#sc-47778; Santa Cruz, CA, USA). 

WST-8 was purchased from Nacalai Tesque (#07553-44; Kyoto, Japan). Cell 

ROXTM Deep Red Flow Cytometry Assay kit was purchased from Invitrogen 

(#C10491; Carlsbad, CA, USA). Pgl4.50 [luc2P/CMV-RE-Hygro] vector and D-

luciferin were obtained from Promega (Sunnyvale, CA, USA). Lipofectamine 

2000 was purchased from Invitrogen (Carlsbad, CA, USA). Hygromycin B was 

obtained from Nacalai Tesque (Kyoto, Japan). 

 

Cells 

The murine B16 melanoma cell line expressing ovalbumin (MO4:B16OVA) was 

kindly provided by Dr. Shinichiro Fujii (RIKEN). To establish B16OVA cells stably 

expressing luciferase (B16OVA-Luc2), B16OVA cells were transfected with a 

pGL4.50 vector and cloned by limiting dilution as described previously (39). 

Malme3M, UACC62 (obtained from National Cancer Institute), and MeWo 
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(obtained from American Type Culture Collection) were cultured in RPMI1640 

(Nissui, Japan). The media were supplemented with 2 mM L-glutamine, 10% fetal 

bovine serum, 100 U/mL penicillin, and 100 g/mL streptomycin. The cells were 

maintained at 37C in a humidified atmosphere with 5% CO2. 

 

Mice 

Six to eight-week-old wild-type C57BL/6J (WT) mice were purchased from Japan 

SLC, Inc. (Hamamatsu, Japan). IFN--/- (IFN--KO) mice were kindly provided by 

Dr. Y. Iwakura (Tokyo University of Science, Chiba, Japan) and maintained at 

Laboratory Animal Research Center, Institute of Medical Science, University of 

Tokyo. All experiments were approved (A2016INM-9, A2019INM-4) and 

performed according to the Care and Use of Laboratory Animals of the University 

of Toyama guidelines and the Animal Care and Use Committee of the Insitute of 

Medical Science of the University of Tokyo. 

 

Bioluminescence imaging of in vivo cancer cell growth 

Mice were inoculated subcutaneously (sc) with B16OVA-Luc2 cells and tumor 

growth was monitored by bioluminescence imaging. To obtain bioluminescence 

images, mice were injected with D-luciferin (Promega, 150 mg/kg, i.p), and 

luminescence was measured with an in vivo imaging system (IVIS Lumina II, 

Perkin Elmer, MA, USA) 20 min after the D-luciferin injection. Regions of interest 

analyses were performed using Living Image 4.2 Software (Caliper Life Science, 

Hopkinton, MA, USA) to determine the light emitted from the tumor. For each 
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mouse, all values were determined as photons per sec (photon/sec). The group 

of mice received sc injections of 100 g of chicken ovalbumin protein (OVA, 

Sigma) emulsified in complete Freund's adjuvant (CFA, Sigma) or incomplete 

Freund's adjuvant (IFA, Sigma) 14 d (OVA-CFA) or 7 d (OVA-IFA) before tumor 

inoculation. In some experiments, mice were treated with ip injections of 250 g 

of anti- IFN- (clone H-22, Bio X Cell), anti-CD8 (clone 53.6.2, Bio X Cell), or anti-

NKG2D (clone HMG2D, Bio X Cell).  

 

Establishment of immune-escape variants of B16OVA cells 

To prepare cells with different in vivo immunological experiences, B16OVA-Luc2 

cells (105) were used to subcutaneously (s.c) inoculate to WT untreated, WT 

vaccinated, or IFN--KO vaccinated mice. Twelve (untreated WT or IFN--KO 

vaccinated mice) or 19 (vaccinated WT mice) days after inoculation, 

approximately same-sized tumors (~400 mm3) were aseptically harvested, 

dissected, and digested with 2 mg/mL collagenase (Roche Diagnostics GmbH) 

and 0.1 mg/mL DNase I (Roche Diagnostics GmbH) in serum‐free RPMI 1640 for 

1 h at 37°C. Isolated tumor cells were named ‘NIMM’ if prepared from tumors 

from WT untreated mouse, ‘IMM’ if prepared from WT vaccinated mouse tumors, 

and ‘GKO-IMM’ if prepared from IFN--KO vaccinated mouse tumors. All newly 

established cell lines were cultured in vitro for at least 3 weeks before in vivo 

characterization. 
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Establishment of Gsta4 overexpresses cell lines 

To establish the overexpressed cells, we first subcloned the flag-tagged mouse 

Gsta4 sequence, synthesized by Thermo Fisher Scientific (Massachusetts, USA), 

into the pENTR1A vector. The flag- Gsta4 subcloned into pENTR1A, which was 

enzymatically cut by restriction enzyme; BamHI and NotI, using polymerase chain 

reaction (PCR) with PrimeSTAR® HS DNA Polymerase (Takara, Kyoto, Japan). 

The PCR reaction conditions were 98C for 10 seconds, 57C for 15 seconds, 

72C for 1 minute, and 40 cycles. The PCR products were confirmed by gel 

electrophoresis. The detected band in the agarose gel was cut out and purified 

by QIAquick Gel Extraction Kit (Qiagen, Hilden, Germany) according to the 

manufacturer's protocol. The PCR products were assembled using NEBuilder 

HiFi DNA Assembly (New England BioLabs, Ipswich, MA) at 50C for 15 minutes. 

Then, the plasmid was transformed into E. coli, and the selected colonies were 

picked up and cultured in LB with ampicillin at 37C, 200 rpm, overnight. Next, 

plasmids were extracted using Nucleospin® Plasmid QuickPure (Takara, Kyoto, 

Japan) according to the manufacturer's protocol. Plasmids were then verified with 

the restriction enzyme, PstI, and underwent sequencing analysis. 

The mGsta4 fragment was then subcloned into pLenti CMV Hygro DEST 

vector (w117-1), which was a gift from Dr. Campeau E. and Dr. Kaufman P. 

(Addgene plasmid #17454) (40), by Gateway™ LR Clonase™ II Enzyme mix 

(Thermo Fisher Scientific, Massachusetts, USA). The plasmids were transformed 

into E. coli, and the selected colonies were picked up and cultured in LB with 

ampicillin at 37C, 200 rpm, overnight. Next, plasmids were extracted using 

Nucleospin® Plasmid QuickPure (Takara, Kyoto, Japan) according to the 
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manufacturer's protocol. After large-scale amplification, plasmids were prepared 

using HiSpeed® Plasmid Midi Kit (Qiagen, Hilden, Germany) according to the 

manufacturer's protocol. 

Lentivirus particles were produced as described previously (41). The 

prepared pLCMVh_mGSTA4 pMD2.G, psPAX2 was transfected into Lenti-X 

293T cells (Takara, Kyoto, Japan). The amount of virus was titrated for near 

quantitative infection with <5% toxicity of non-template virus. For lentiviral 

delivery, 105 cells were plated on Day 1 in 6-well plates, infected to B16OVA on 

the following day, and cells were selected in 1 g/mL puromycin. 

  

Establishment of Gsta4 knockdown cell lines 

The shRNAs targeting mouse Gsta4 (TRCN0000103430, TRCN0000103431, 

TRCN0000103432, TRCN0000103433, and TRCN0000103434) or luciferase 

were purchased from Dharmacon (Colorado, USA).  

The shRNA plasmids with pMD2.G and psPAX2 were transfected into 

Lenti-X 293T cells (Takara, Kyoto, Japan). Lentivirus particles were produced as 

described previously (41). The amount of virus was titrated for near quantitative 

infection with <5% toxicity of non-template virus. For lentiviral delivery, 105 cells 

were plated on Day 1 in 6-well plates, infected to B16OVA on the following day, 

and cells were selected in 1 g/mL puromycin. 

DNA microarray analysis 

Total RNA was extracted from cells using the RNeasy Mini kit (Qiagen, Valencia, 

CA). Gene expression was analyzed using a GeneChip® system with GeneChip™ 

Mouse Gene 2.0 ST Array (Affymetrix, Santa Clara, CA, USA), as described 
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previously (42). In this study, a total of four arrays were used: one for parent cells 

and three for IMM cells (IMM 1, 2, and 8). Comparison of gene expression levels 

was conducted using Transcriptome Analysis Console software (Thermo Fisher 

Scientific, Massachusetts, USA). The microarray dataset was deposited to Gene 

Expression Omnibus (GEO) with accession number GSE199573. The top 10 and 

bottom 10 genes were picked up for Figure 9 based on their fold change values. 

 

Cell viability assay 

Cells were seeded at a final concentration of 5 x 103 cells/well (24 h) or 103 

cells/well (72 h) in a 96-well plate. After 4 h incubation, cells were treated with 4-

HNE for 24 h or IFN- for 72 h (37°C, 5% CO2). After treatment, 10 L of WST-8 

reagent was added and incubated for another 2 h. The absorbance was 

measured in a microplate reader at 450/620 nm. Cell viability was determined 

from the absorbance of soluble formazan dye generated by the living cells. 

 

Quantitative polymerase chain reaction (qPCR) 

Cells were seeded at a final concentration of 105 cells/well in 6-well plates for 48 

h and incubated in a humidified atmosphere (37°C, 5% CO2). Total RNAs were 

prepared using the RNeasy Plus Mini kit (Qiagen, Hilden, Germany). Expression 

of Gsta4 was quantitatively determined by real-time PCR using an ABI Prism 

7300 sequence detection system (Life Technologies Corporation, Carlsbad, CA, 

USA). The expression level of Gsta4 mRNA was normalized to the -actin gene. 

The primers used were: 5’-TGA TTG CCG TGG CTC CAT TTA-3’ (forward) and 

5’-CAA CGA GAA AAG CCT CTC CGT-3’ (reverse) for Gsta4 mRNA and 5’-GGC 
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TGT ATT CCC CTC CAT CG-3’ (forward) and 5’-CCA GTT GGT AAC AAT GCC 

ATG T-3’ (reverse) for -actin mRNA. The expression level of antigen (Ova, 

gp100, Trp1, Trp2, Mart1) mRNA was normalized to the Gapdh gene. The 

primers used were: 5’-CCT TGA GCA GCT TGA GAG TATA A-3’ (forward) and 

5’-CCA TCT TCA TGC GAG GTA AGT-3’ (reverse) for Ova mRNA, 5’-AGC ACC 

TGG AAC CAC ATC TA-3’ (forward) and 5’-GTT CCA GAG GGC TGT GTA GT-

3’ (reverse) for gp100 mRNA, 5’-TGG GGA TGT GGA TTT CTC TC-3’ (forward) 

and 5’-AGG GAG AAA GAA GGC TCC TG-3’ (reverse) for Trp1 mRNA, 5’-AGG 

TAC CAT CTG TTG TGG CTG GAA-3’ (forward) and 5’-AGT TCC GAC TAA 

TCA GCG TTG GGT-3’ (reverse) for Trp2 mRNA, 5’-ATT GCT CTG CTT ATC 

GGC TGC T-3’ (forward) and 5’-CAC CAT TCC TCC AAT ATC CCT CT-3’ 

(reverse) for Mart1 mRNA, 5’-AAA TGG TGA AGG TCG GTG TG-3’ (forward) 

and 5’-TGA AGG GGT CGT TAG ATG C-3’ (reverse) for Gapdh mRNA. 

 

Western blotting 

Cells were grown at a final concentration of 105 cells/well in 6-well plates for 48 

h and incubated in a humidified atmosphere (37°C, 5% CO2). Cells were collected, 

washed with PBS, and lysed in lysis buffer (1 M DTT, 1 M sodium orthovanadate, 

1 M -glycerophosphate, 10 mg/mL aprotinin, 10 mg/mL leupeptin, 0.1 M PMSF). 

The cell lysates were separated by 10% SDS-PAGE and transferred to PVDF 

membranes. After blocking with 0.1% Tween® 20 in PBS-5% BSA for 1.5 h at 

room temperature, the membranes were incubated overnight with primary 

antibodies and then for 1 h with the secondary antibodies. Primary antibodies 
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were used at a dilution of 1:1000. Secondary antibodies were used at a dilution 

of 1:2000 and visualized with an enhanced chemiluminescence system. 

 

ROS measurement 

Cells were seeded at a final concentration of 5 x 104 cells/well in 6-well plate. 

After 4-h incubation, cells were treated with IFN- 20 U/mL for 72 h and incubated 

in a humidified atmosphere (37°C, 5% CO2). In brief, the cells were harvested 

and stained with CellROX™ Deep Red reagent or medium for the unstained cells. 

After that, cells were incubated for another 1 h in a humidified atmosphere (37°C, 

5% CO2). Flow cytometric analysis was performed using FACSCanto II (BD 

Biosciences). FlowJo ver. 10 software (Tree Star, Ashland, OR, USA) was used 

to quantify intracellular oxidative stress. 

 

Flow cytometry 

For characterizing melanoma in response to IFN-, cells were seeded at a final 

concentration of 105 in a 6-well plate. After 4 h incubation, cells were treated with 

IFN- 20 U/mL for 48 h and incubated in a humidified atmosphere (37˚C, 5% 

CO2). The cells were stained with antibodies against MHC Class I (28-14-8, 

eBioscience) and CD274/PDL1 (MIH5, eBioscience). For the analysis of tumor-

infiltrating lymphocytes, after 14 days of transplantation, tumor samples were 

prepared as previously described (43). After incubating the cells with anti-

CD16/32 (2.4G2), the cells were then incubated with antibodies against CD3 

(17A2), CD4 (GK1.5), and CD8(2.43). Flow cytometry was performed with 
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FACSCanto II (BD Biosciences) and data were analyzed with FlowJo ver. 10 

software (Tree Star, Ashland, OR, USA). 

 

In vivo tumor model 

For the subcutaneous tumor model, cells were injected subcutaneously (s.c., 105) 

and tumor growth was assessed by measuring the tumor diameter every two days. 

In some experiments, the group of mice received s.c injections of 100 g of 

chicken ovalbumin protein (OVA, Sigma) emulsified in complete (CFA, Sigma) or 

incomplete (IFA, Sigma) Freund’s adjuvant 14 (OVA-CFA) or 7 (OVA-IFA) days 

prior to tumor inoculation. In some experiments, anti-PD-1 antibody (RMP1-14, 

250 g/mouse, BioXCell) was administered intraperitoneally on Days 3, 6, and 9 

after tumor inoculation. The tumor volume was calculated by the formula (major 

axis) x (minor axis)2 x 0.52. Mice with no confirmed tumor were excluded from 

the data.  

Statistical analysis 

All the data are expressed as the mean ± SEM and represent at least two 

independent experiments unless otherwise stated. The groups of 5-10 mice were 

used to perform all in vivo experiments. Significance was analyzed using 

Student’s t-test for comparisons between 2 groups. One-way analysis of variance 

(ANOVA) with Bonferroni correction was used to compare 3 or more groups. p < 

0.05 was considered significant. 

 



 21 

Data availability 

The microarray dataset was deposited to Gene Expression Omnibus (GEO) with 

accession number GSE199573. The GSTA4 expression in human melanoma in 

this study was obtained from Cancer Cell Line Encyclopedia. The human 

melanoma response to anti-PD-1 treatment in correlation with GSTA4 expression 

is publicly available in the ROC plotter database. The human melanoma survival 

rates data in response to anti-PD-1 therapy are publicly available in the KM plotter 

database.  
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3. Results 

3.1. Establishment of immune-escape variants of B16OVA cells 

To establish cancer cells escaping from host immunity, we created a murine 

B16 melanoma cell line expressing ovalbumin (B16OVA) and used it to 

inoculate to mice immunized with OVA. To precisely monitor the immune 

control phase of tumor growth by antigen-specific T cells, we first developed 

a bioluminescence imaging model under different immunological conditions. 

We use murine B16 melanoma cells expressing ovalbumin (OVA) as a model 

tumor antigen and firefly luciferase gene to enable tumor growth monitoring 

by bioluminescence imaging (B16OVA-Luc2 cells). Thus, we implanted the 

cells in wild-type B6 mice (control), or B6 mice vaccinated with OVA to 

introduce antigen-specific immune response. By monitoring the 

luminescence expression of B16OVA-Luc2 cells, we found that the tumor 

cells grow progressively in the control B6 mice. However, in the OVA-

vaccinated B6 mice, the growth of the B16OVA-Luc2 cells showed biphasic 

increase where it showed initial progression on days 2 to 8, then regressed 

by the immune control on days 10 to 12, and then showed subsequent lethal 

progression by escaping from host immunity (Fig. 1).  

We found that such biphasic growth might be controlled by CD8+ T 

cells and host IFN- production because it was compromised in OVA-

vaccinated WT mice treated with IFN--blocking antibody (Fig. 2) or OVA-

vaccinated WT mice treated with a depleting anti-CD8 antibody (Fig. 3). 

These results strongly indicated that the biphasic in vivo growth of B16OVA-
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Luc2 tumors in OVA vaccinated mice was controlled by IFN- and CD8+ T-

cell-dependent anti-tumor immune responses. 

Using this model, we then established cell lines after in vivo passage 

through distinct immunological conditions (Fig. 4A). B16OVA tumors exposed 

to OVA-specific CD8+ T cell immunity in OVA-immunized B6 mice were 

isolated, and we established five variants of cell lines (IMM 1, 2, 5, 6, and 8). 

As a comparison, we isolated B16OVA tumors from non-immunized naïve B6 

mice or OVA-immunized IFN--knock-out mice were also isolated, and we 

generated four variants, namely NIMM (1, 3, 4, and 5) cell lines or GKO-IMM 

(1, 2, 3, and 4) cell lines, respectively. To test the ability of those distinguished 

variants to provoke tumor antigen-specific immunity, we re-challenged IMM, 

NIMM, or GKO-IMM cell lines in OVA-immunized B6 mice. We discovered 

that IMM cell lines showed progressive growth in OVA-immunized mice upon 

re-challenge, but this phenomenon could not be seen in NIMM and GKO-

IMM cell lines. Furthermore, IMM cell lines, but not NIMM and GKO-IMM cell 

lines, specifically lost their OVA antigen expression but not for the other 

melanoma antigens (Fig. 5). These results suggest that IMM cell lines acquire 

the ability to evade the OVA-specific anti-tumor immune response. 

 

3.2. Immune-escape melanoma variants resistant to IFN--induced 

cytostatic effect and ROS production 

IFN- is a critical effector molecule of tumor antigen-specific CD8+ T cells, and 

cancer cells often escape from anti-tumor immunity by losing their 
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responsiveness to IFN- (44). Therefore, we next examined the response of 

IMM variants to IFN- in vitro. IFN- treatment for 72 h showed a dose-

dependent cytostatic effect in parental B16OVA, NIMM3, or GKO-IMM1 cells; 

however, IMM2 showed significant resistance to in vitro IFN- treatment 

together with the capacity to escape the OVA-specific anti-tumor immune 

response in vivo (Fig. 6A). In addition, we confirmed that resistance to IFN- 

treatment in all IMM cell lines, but not in NIMM or GKO-IMM cell lines (Fig. 

6B). Importantly, IMM cell lines responded to in vitro IFN- treatment by 

upregulating their expression of MHC class I (H-2Kd) or PD-L1 (Fig. 7); 

therefore, such resistance to IFN- -induced cytostatic effect is not due to the 

lack of their responsiveness to IFN-. These results suggest that the ability of 

IMM cell lines to escape from anti-tumor immunity could result from acquiring 

resistance to the IFN--induced cytostatic effect and not a loss of IFN--

dependent signaling. 

It has been reported that IFN- induces reactive oxygen species (ROS) 

and subsequent oxidative stress response to exert its cytostatic effect (27); 

then, we examined the oxidative stress response in IMM cell lines upon IFN-

-treatment. In parental B16OVA cells, IFN- treatment induced ROS 

production, whereas IFN--induced ROS production was weak in IMM cell 

lines (Fig. 8). Therefore, we conclude that immune-resistant melanoma cell 

variants did not respond to the IFN--induced cytostatic effect due to acquiring 

resistance to the IFN--induced oxidative stress response. 
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3.3. Functional upregulation of Gsta4 in immune-resistant melanoma 

variants 

To comprehend the molecular mechanism by which IMM cell lines acquire 

resistance to the IFN--induced oxidative stress response, we performed a 

comprehensive DNA microarray analysis of the gene expression of those cell 

lines. Amongst the gene upregulated in IMM cell lines compared with the 

parental B16OVA cells, the most upregulated gene in IMM lines was a 

glutathione S-transferase alpha 4 (Gsta4, Fig. 9). To confirm the expression 

of Gsta4 in previous microarray analysis, we used qPCR analysis and found 

that IMM cells express higher Gsta4 compared to the parental B16OVA cells 

(Fig. 10A). In addition, western blot analysis confirmed that the protein level 

of GSTA4 is higher in IMM cells in comparison to the parental B16OVA cells 

(Fig. 10B). 

To examine the functional importance of Gsta4 in IMM cells, we tested 

the cells with 4-hydroxynonenal (4-HNE), an oxidative lipid mainly catalyzed 

and detoxified by Gsta4. We discovered that IMM cell lines showed a relatively 

lower response to 4-HNE but not parental B16OVA cells or other variants (Fig. 

11A). We further confirmed that all of the IMM cell lines established similarly 

responded to 4-HNE (Fig. 11B). These results indicate that immune-resistant 

melanoma variants specifically upregulated the expression of functional 

Gsta4. 
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3.4. Importance of Gsta4 for restraining immune-resistant melanoma 

variants to IFN--induced oxidative stress response 

To investigate the functional role of Gsta4 in protecting immune-resistant 

cancer cells from the IFN--induced oxidative stress response, we 

established either B16OVA over-expressing Gsta4 or IMM2 with knockdown 

of Gsta4. First, to establish the overexpressed cells, we subcloned the flag-

tagged mouse Gsta4 sequence into the pENTR1A vector. The mGsta4 and 

pENTR1A were amplified using polymerase chain reaction (PCR), and the 

product site was confirmed by electrophoresis (Fig. 12A). After assembling 

the flag-Gsta4 into the pENTR1A vector, the plasmid was transformed, and 

the colonies were established the next day (P1 and P2). After purifying the 

DNA, the plasmid was enzymatically cut by restriction enzyme, PstI, and 

confirmed by gel electrophoresis (Fig. 12B). The plasmid sequences were 

read by sequencing, and the insert P2 was selected. The established 

pENTR1A_Gsta4 fragment was subcloned into the pLenti CMV Hygro E2-

Crimson vector and named pLCMVh_mGsta4. The plasmid was transformed 

into E. coli, and after purifying the DNA, gel electrophoresis was performed 

to confirm the product by gel electrophoresis. From the results, 

pLCMVh_mGsta4 #2 was selected (Fig. 12C). The prepared 

pLCMVh_mGsta4 was transfected into Lenti-X 293T cells and infected to 

B16OVA cells on the following day and selected in puromycin. After the 

single-cell clones, we confirmed the overexpression of GSTA4 in B16OVA by 

checking the protein expression on western blot analysis, which was later 

named GSTA4 OE#1 and GSTA4 OE#2, respectively (Fig. 13). 
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Second, to establish the knockdown Gsta4 cells, we use shRNA 

targeting mouse Gsta4. After the large culture of the plasmid in the LB 

medium and purifying the DNA, the plasmid was transfected into Lenti-X 

293T cells and infected to IMM2 cells on the following day and selected in 

puromycin. We confirmed the knockdown of Gsta4 in IMM2 by checking the 

mRNA level on qPCR analysis. The shGsta4 #31 and shGsta4 #34 showed 

the most decrease of Gsta4 in IMM2 cells, later named IMM2-shGSTA4 #1 

and IMM2-shGSTA4 #2, respectively (Fig. 14). 

We found that GSTA4 OE#1 and GSTA4 OE#2 became resistant to 

the IFN--induced cytostatic effect compared with the mock control cell 

B16OVA line (Fig. 15). Such resistance to IFN- partly corresponded to the 

reduction of ROS production (Fig. 16). In addition, IMM2-shGSTA4#1 and 

IMM2-shGSTA4#2 showed restored responsiveness to the IFN--induced 

cytostatic effect similar to their parental B16OVA cells (Fig. 17). In response 

to IFN-, IMM2-shGSTA4#2 cells showed increased intracellular ROS levels 

(Fig. 18), similar to the parental B16OVA cells. Collectively, these results 

clearly indicate the critical involvement of GSTA4 in regulating the IFN--

induced oxidative stress response in melanoma cells. 

3.5. Gsta4 governs the immune-resistance ability of melanoma cells 

To verify the relevance of Gsta4 in IMM variants to evade the tumor-specific 

immune response by acquiring the resistance to the IFN--induced oxidative 

stress response, we performed two different in vivo experiments using either 

Gsta4 over-expressing cell line or Gsta4 knockdown cell line. First, we 
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inoculated OVA-immunized mice B6 mice with parental B16OVA or B16OVA 

cells overexpressing Gsta4 (GSTA4 OE#2) and monitored tumor growth. As 

shown in Figure 19, GSTA4 OE#2 cell growth was more aggressive than the 

parental B16OVA cells. Second, mice bearing IMM2 cells or IMM2-

shGSTA4#2 cells were treated with anti-PD-1 to initiate tumor-specific 

immunity in vivo. In contrast to IMM2 cells, which exhibited no response (Fig. 

20A), Gsta4 knockdown in IMM2 cells regained the responsiveness to anti-

PD-1 therapy in vivo (Fig. 20B). Given that there was no difference in T cell 

infiltration between IMM2-shCTRL and IMM2-shGSTA4 #2 tumors (Fig. 21A 

and B), these findings strongly suggest that Gsta4 is the gene responsible for 

melanoma cells acquiring resistance to anti-tumor immunity. 

 

3.6. Relevance of GSTA4 expression in IFN- responsiveness of human 

melanoma 

To evaluate the clinical relevance of our findings in murine melanoma cells, 

the response of three distinct human melanoma cell lines with particular 

GSTA4 gene expression status to IFN- treatment was evaluated. According 

to the Cancer Cell Line Encyclopedia (45), mRNA expression of GSTA4 was 

high, medium, and low in Malme3M, UACC 62, and MeWo, respectively. In 

addition to the expression of GSTA4, Malme3M was more resistant to IFN- 

treatment in vitro than the other two cell lines (Fig. 22). Importantly, melanoma 

patients with low GSTA4 expression were better responders (Fig. 23A) and 

had better progression-free survival rate (Fig. 23B) to anti-PD-1 therapy 

(samples were taken pre-and on-treatment) (46,47). These results strongly 
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support the clinical relevance of our findings and suggest the importance of 

the GSTA4 expression status in human melanoma in responsiveness to 

immunotherapy.   
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4. Discussion 

 

In this study, we demonstrated that melanoma cells acquired resistance to IFN-

-dependent host immunity by up-regulating Gsta4 expression to manage cellular 

oxidative stress responses. Therefore, manipulation of the oxidative stress 

response in cancer cells may be a new therapeutic target to overcome immune-

resistance.  The glutathione S-transferases (GSTs) are a family of phase II 

detoxification enzymes that catalyze the conjugation of glutathione (GSH) to a 

variety of endogenous and exogenous electrophilic compounds, and play an 

important role in cellular oxidative stress responses (48). In cancer, GSTs are 

considered as therapeutic targets because specific isozymes of GSTs are 

overexpressed in various tumors, and also involved in regulating oncogenic 

signals and anti-cancer drug resistance (49). As with other GSTs, Gsta4 is 

expressed in a variety of normal tissues, but its specific function is to catalyze the 

conjugation of reduced glutathione to 4-HNE (50); therefore, Gsta4 protects cells 

from the oxidative stress response. During tumor development, the diverse 

mechanisms are often seen in cancer cells to escape from immune surveillance 

(51), and it is likely that management of the oxidative stress response by a cellular 

redox system may play a substantial role. In this context, a recent study reported 

that increased tumor cell lipid peroxidation by immunotherapy-activated CD8+ T 

cells led to tumor ferroptosis promoted by IFN- (28), suggesting the importance 

of the cellular redox system to regulate the tumor response to IFN-. Considering 

that Gsta4 overexpression cannot fully protect B16OVA cells from the oxidative 

stress response induced by IFN-, Gsta4 cannot be solely responsible for 
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protecting immune-escape variants from oxidative stress responses. In our gene 

expression analysis, we also identified the upregulation of AKR1B8 and NQO1 

genes that are known to be involved in the cellular redox system (52,53), and 

those genes may have some redundant role in collaboration with Gsta4 to fully 

protect immune-escape variants from IFN--induced oxidative stress responses. 

There are several limitation remains to clear in this study. Firstly, it is quite 

important to clarify whether those immune escape variants with high Gsta4 

expression were generated a result of selection of pre-existing population, or 

induced by a genetic evolution during immune-editing process. Although we 

could not directly answer to this question in this study, we previously reported the 

relevant findings that antigen-specific immunity by CTL and IFN- increases of 

genomic instability to immunoedit cancer cells for escaping from immunity (38). 

Therefore, we presume that the bearing high Gsta4 expression in immune-

escape variants should be a result of genetic modification during the 

immunoediting process. Secondary, our presented results are mostly concluded 

from different variants of B16 melanoma cell lines, and other human melanoma 

cell lines. Although the clinical relevance of our findings in human melanoma 

patients were shown, we could not conclude a general importance of Gsta4 in 

immune-resistance of other cancer types. Nevertheless, our results suggest a 

novel mechanism whereby melanoma cells escape from host immunity by 

acquiring resistance to oxidative stress responses through the upregulation of 

Gsta4. 
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5. Conclusion 
 

In this study, we demonstrated how to identify the immunological status of tumor 

antigen-specific CD8+ T cells in the tumor microenvironment during tumor 

progression by developing a bioluminescence imaging model under different 

immunological conditions. Further, by using the generated model, we highlight a 

novel mechanism whereby cancer cells escape from host immunity by acquiring 

resistance to oxidative stress responses through the upregulation of Gsta4. 
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7. Figure and legend 

 

Figure 1. Identification of three phases of B16OVA-Luc2 growth in OVA-
vaccinated mice

B16OVA-Luc2 cells were subcutaneously injected (105 cells/mouse) into untreated

(Control) or OVA-vaccinated (Vaccinated) B6 mice, and the growth of B16OVA-Luc2

cells was monitored by bioluminescence imaging.
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Figure 2. IFN-g control B16OVA-Luc2 growth in OVA-vaccinated mice

B16OVA-Luc2 cells (105 cells/mouse) were subcutaneously implanted into into

untreated (Control) or OVA-vaccinated (Vaccinated) B6 mice. To block IFN-g, mice
were treated with anti-IFN-g (250 µg, i.p) every three days starting from day -1 (day 0

= tumor inoculation). Bioluminescence of the B16OVA-Luc2 tumor was monitored
every other day and normalized by luminescence measured for an individual tumor

on day 0. ** p<0.01, NS: not significant.
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Figure 3. CD8+ T cells control B16OVA-Luc2 growth in OVA-vaccinated mice

B16OVA-Luc2 cells (105 cells/mouse) were subcutaneously implanted into into

untreated (Control) or OVA-vaccinated (Vaccinated) B6 mice. To deplete CD8+ cells,

mice were treated with anti-CD8 (250 mg, i.p) on days -3, -1, and 7 (day 0 = tumor

inoculation). Bioluminescence of the B16OVA-Luc2 tumor was monitored every other
day and normalized by luminescence measured for an individual tumor on day 0. **

p<0.01.
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Figure 4. Establishment of immune-escape variants of B16OVA cells

Schematic illustration of the process to establish immune-escape variants, as well as

other control variants, of B16OVA cells (A). Either naïve or OVA-immunized B6 mice

were subcutaneously inoculated with the indicated cells (105 cells/mouse) and the

growth of tumors was monitored by measuring the bioluminescence.
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Figure 6. Resistance of immune-escape melanoma variants to IFN-g-induced
cytostatic effect

The indicated cell lines were treated with different concentrations of IFN-g (A) or 20

U/mL of IFN-g (B) for 72 h. Cell viability (A, B, % of untreated control) was evaluated.
Data are shown as mean± SEM. ** p<0.01, * p<0.05, ns: not significant.
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Figure 7. Responsiveness of immune-escape variants of B16OVA cells to IFN-g

The indicated cells were treated with or without IFN-g (20 U/mL) for 48 h, and the
expression of H-2Kd MHC class I (A) or PD-L1 (B) was examined by flow cytometry.
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immune-escape variants of B16OVA cells

The indicated cell lines were treated with 20 U/mL of IFN-g for 72 h. The intracellular

ROS expression (A. histogram, B. fold change to untreated control of mean
fluorescent intensity) are shown. Data are shown as mean± SEM. ** p<0.01.
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Figure 9. Differential gene expression status of immune-resistant B16
melanoma variants

The top 10 genes up- and downregulated in immune-resistant melanoma variants
(IMM) compared with parental B16OVA are listed.
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Figure 10. Functional upregulation of GSTA4 in immune-resistant melanoma
variants

(A) Relative mRNA expression (fold change, B16OVA =1) and (B) protein expression
of GSTA4 in the indicated cell lines are shown. Data are shown as mean ± SEM. **

p<0.01, * p<0.05.
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Figure 11. Unresponsiveness of immune-resistant melanoma variants to 4-HNE

The indicated cell lines treated with different concentrations of 4-HNE (A) or 40 μM of

4-HNE (B) for 24 h and cell viability were evaluated as relative to the untreated
control. Data are shown as mean± SEM. ** p<0.01, * p<0.05.
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Figure 12. Establishment of the expression plasmid for Gsta4 gene

The product site of mGSTA4 and pENTR1A (A), P1_pENTR1A seq F/R and

P2_pENTR1A seq F/R (B), and pLCMVh_mGSTA4 #1 and pLCMVh_mGSTA4 #2
(C) was confirmed by gel electrophoresis. M: Molecular weight marker.
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Figure 16. Effect of Gsta4 overexpression in B16OVA cells against IFN-g-

induced intracellular ROS production

Control (Mock) or Gsta4 over-expressing (GSTA4 OE #1 and GSTA4 OE #2)

B16OVA cell lines were treated with the indicated concentrations of IFN-g for 72 h,
and then the intracellular ROS level were determined. Data are shown as mean ±
SEM. ** p<0.01.
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Figure 18. Involvement of Gsta4 in the resistance of IMM2 cells against IFN-g-
induced intracellular ROS production

IMM2 cells transduced with control shRNA (shCTRL) or Gsta4 shRNA (shGSTA4 #1

and shGSTA4 #2) were treated with the indicated concentrations of IFN-g for 72 h,
and then the intracellular ROS level were determined. Data are shown as mean ±
SEM. ** p<0.01.
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Figure 23. Relevance of GSTA4 expression in the responsiveness and survival
probability of anti-PD-1 treatment in human melanoma patients

(A) GSTA4 expression related to the respond of anti-PD-1 treatment of melanoma

patients generated by ROC plotter database is shown. (B) Kaplan Meier survival plot

of melanoma patients treated with anti-PD-1 treatment related to the high or low
GSTA4 expression generated by KM plotter database is shown.
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