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Abstract 

Objectives: No immunotherapeutic protocol has yet been established in never-smoking patients with 

lung cancer harboring driver oncogenic mutations, such as epidermal growth factor receptor (EGFR) 

mutations. The immunostimulatory effect of Ad-REIC, a genetically engineered adenovirus vector 

expressing a tumor suppressor gene, reduced expression in immortalized cells (REIC), has been 

investigated in clinical trials for various solid tumors. However, the immunostimulatory effect of the 

Ad-REIC in EGFR-mutant lung cancer with a non-inflamed tumor microenvironment (TME) has not 

been explored. 

Materials and methods: We used a syngeneic mouse model developed by transplanting Egfr-mutant 

lung cancer cells into single or double flanks of C57BL/6J mice. Ad-SGE-REIC, a 2nd-generation 

vector with an enhancer sequence, was injected only into the tumors from one flank, and its antitumor 

effects were assessed. Tumor-infiltrating cells were evaluated using immunohistochemistry or flow 

cytometry. The synergistic effects of Ad-SGE-REIC and PD-1 blockade were also examined. 

Results: Injection of Ad-SGE-REIC into one side of the tumor induced not only a local antitumor 

effect but also a bystander abscopal effect in the non-injected tumor, located on the other flank. The 

number of PD-1+CD8+ T cells increased in both injected and non-injected tumors. PD-1 blockade 

augmented the local and abscopal antitumor effects of Ad-SGE-REIC by increasing the number of 

CD8+ T cells in the TME of Egfr-mutant tumors. Depletion of CD8+ cells reverted the antitumor effect, 



 

 

suggesting they contribute to antitumor immunity.  

Conclusion: Ad-SGE-REIC induced systemic antitumor immunity by modifying the TME status from 

non-inflamed to inflamed, with infiltration of CD8+ T cells. Additionally, in Egfr-mutant lung cancer, 

this effect was enhanced by PD-1 blockade. These findings pave the way to establish a novel 

combined immunotherapy strategy with Ad-SGE-REIC and anti-PD-1 antibody for lung cancer with 

a non-inflamed TME. 

Keywords: EGFR mutation, non-small cell lung cancer, antitumor immunity, non-inflamed tumor, 

Ad-SGE-REIC, gene therapy, PD-1 

  



 

 

1. Introduction 

Immunotherapy with immune checkpoint inhibitors (ICIs), such as anti-programmed cell death-1 

(PD-1) or anti-PD-1 ligand 1 (PD-L1), induces sustained cancer remission in a subset of non-small 

cell lung cancers (NSCLCs) [1]. The incidence of lung adenocarcinoma in patients who never smoke 

has been increasing in the past 20 years [2]. In these patients, the epidermal growth factor receptor 

(EGFR) is the most frequently mutated driver oncogene [3,4]; however, standard care with EGFR-

tyrosine kinase inhibitors (TKIs) provides transient tumor remission for only 1–2 years in lung cancer 

harboring EGFR mutations [5–8]. Furthermore, clinical studies have revealed the poor effect of ICIs 

in lung cancer with EGFR mutations in contrast to that related to smoking [9]. Lung cancer with EGFR 

mutations is characterized by low immunogenicity or non-inflamed tumor microenvironment (TME), 

with only a small number of tumor-infiltrating CD8+ T cells, and these characteristics might limit the 

effect of ICIs [10]. Oncogenic EGFR signaling contributes to the immunosuppressed TME status and 

its inhibition is crucial to induce antitumor immune responses [10,11]. However, clinical trials on lung 

cancers harboring EGFR mutations have not revealed promising results for the strategy based on the 

dual blockade of EGFR and PD-1/PD-L1 [12]. Therefore, an alternative approach is required to 

develop effective immunotherapies against EGFR-mutant lung cancers. 

Currently, few gene therapies have been approved for use as anticancer drugs, including 

recombinant herpes virus modified to express GM-CSF/CSF2, talimogene laherparepvec for 



 

 

malignant melanoma (in the United States and other countries), oncolytic herpes virus G47Δ for 

malignant glioma (in Japan), and recombinant adenovirus modified to express tumor suppressor gene 

p53 (Ad-p53) for head and neck cancer (in China) [13–15]. Pre-clinical studies revealed that ectopic 

induction of tumor suppressor genes not only exerted direct antitumor effects but also activated 

systemic antitumor immunity [16,17], suggesting that gene therapy may have the potential to 

transform non-inflamed TME into inflamed TME. Consequently, the combination of tumor-

suppressing gene therapy and PD-1 blockade has been also explored in clinical trials for the treatment 

of solid tumors (NCT02842125 and NCT03544723). However, the efficacy of gene therapy in EGFR-

mutant lung cancer with a noninflamed TME, has not been assessed. 

Tumor suppressor genes with reduced expression in immortalized cells (REIC) are generally 

downregulated in a variety of cancers, including EGFR-mutant lung cancer [18,19]. Previous 

preclinical studies revealed that in prostate cancer, malignant mesothelioma and lung squamous cell 

carcinoma cells, ectopic expression of REIC leads to endoplasmic reticulum (ER) stress-induced 

apoptosis and immunogenic cancer cell death (ICD), inducing a systemic antitumor immune response 

in vivo [19–23]. Ad-REIC is a 1st-generation vector which consists of a gene-engineered replication-

deficient adenovirus expressing the REIC gene. An early phase clinical study assessing its anticancer 

efficacy in patients with advanced prostate cancer showed its potential to activate systemic antitumor 

immunity [24]. Subsequently, a 2nd-generation vector with enhancer sequence Ad-super-gene-



 

 

expression (SGE)-REIC was created; its levels of expression of REIC gene were substantially higher 

than those of the 1st-generation Ad-REIC [25]. The safety and antitumor effects of Ad-SGE-REIC 

alone have been evaluated in patients with liver cancer or malignant glioma [26,27], and the 

combination therapy of Ad-SGE-REIC and anti-PD-1 antibody, nivolumab, has been investigated in 

patients with malignant mesothelioma (NCT04013334). Previous pre-clinical studies confirmed the 

direct antitumor effect of Ad-SGE-REIC in EGFR-mutant lung cancer cells [19,28]; however, its 

immunostimulatory effect has not yet been investigated in vivo.  

Currently, few in vivo preclinical models can be used to assess antitumor immunity in lung cancer 

harboring EGFR mutations. Thus, we previously developed a genetically engineered mouse (GEM) 

that spontaneously develops lung adenocarcinoma owing to EGFR mutations in type II pneumocytes 

[29]. We also developed a syngeneic mouse model by the subcutaneous transplantation of lung tumor 

cells from GEM into wild-type C57BL/6 mice [30]. Consequently, using the syngeneic Egfr-mutant 

lung cancer mouse model, we sought to investigate the immunostimulatory effect of Ad-SGE-REIC 

and the effect of the combination of Ad-SGE-REIC and anti-PD-1 antibody.  

 

2. Materials and methods 

2.1 Reagents and antibodies 

For the in vivo experiments, anti-PD-1 antibody (clone 29F.1A12) was purchased from BioXcell 



 

 

(Lebanon, NH, USA). Anti-CD8α (53-6.7) and rat IgG2a (RTK2758) antibodies were purchased from 

BioLegend (San Diego, CA, USA). The primary antibody for Western blotting against dkk3 

(EPR15611) was purchased from Abcam (Cambridge, UK). GAPDH (14C10) and caspase-3 (#9662) 

were purchased from Cell Signaling Technology (Danvers, MA, USA). Anti-rabbit IgG horseradish 

peroxidase-linked whole antibody (donkey; NA934) was purchased from GE Healthcare Biosciences 

(Piscataway, NJ, USA). The primary antibodies for immunohistochemistry (IHC) against CD8α 

(EPR21769) were purchased from Abcam. CD11c (D1V9Y), PD-L1 (D5V3B), PD-L2 (D6L5A), and 

Granzyme B (E5V2L) were purchased from Cell Signaling Technologies. EnVision+ System-labeled 

polymer-horseradish peroxidase anti-rabbit antibody (DakoCytomation, Glostrup, Denmark) was used 

as secondary antibody. Flow cytometry (FCM) antibodies against CD8α (53-6.7), CD4 (GK1.5), CD25 

(PC61.5), CD3 (17A2), Foxp3 (FJK-16s), and PD-1 (RMP1-30) were purchased from Thermo Fisher 

Scientific (Waltham, MA, USA). The Zombie NIR Fixable Viability Kit (#423105) and rat IgG2b 

(RTK4530) were purchased from BioLegend. 

2.2 Adenovirus vectors 

For in vivo experiments, we used Ad-SGE-REIC, which is an adenoviral vector expressing the tumor 

suppressor, with reduced expression in immortalized cells (REIC)/Dickkopf-3 (Dkk-3), based on the 

CMV promoter-driven SGE system [25]. Ad-CAG-LacZ, an adenoviral vector carrying the LacZ gene 

with CAG (cytomegalovirus immediate early enhancer/beta-actin promoter), was used as the control 



 

 

vector. Ad-SGE-REIC and Ad-CAG-LacZ were provided by Momotaro-Gene Inc. (Okayama, Japan) 

under material transfer agreement. 

2.3 Syngeneic Egfr-mutant lung cancer mouse models 

Female C57BL/6J mice aged 6–8 weeks were purchased from Jackson Laboratory Japan, Inc. 

(formerly Charles River Laboratories Japan, Inc.) (Yokohama, Japan). All mice were provided with 

sterilized food and water and were housed in a barrier facility maintained at an air-conditioned 

temperature of 22 ± 2 °C with constant humidity under a 12/12-h light/dark cycle. We previously 

generated GEM expressing the delE748-A752 mutant version of mouse EGFR driven by the SP-C 

promoter, which is equivalent to the delE746-A750 mutation found in lung cancer patients [29]. We 

also developed a syngeneic mouse model by subcutaneously transplanting lung tumor cells from GEM 

into wild-type C57BL/6 mice [30]. Subcutaneous Egfr-mutant lung cancer tumors were passaged 

using C57BL/6J mice. The model was created as described previously [11,30]. Egfr-mutant lung 

cancer cells were subcutaneously transplanted into the left flank of C57BL/6J mice. Mice with tumors 

were randomly assigned to each group when the average volume reached approximately 50-100 mm3. 

The mice were treated with phosphate-buffered saline (PBS) (100 µL, injected intratumorally [i.t.]), 

Ad-SGE-REIC (1.0×109 inclusion forming units [ifu], i.t.), Ad-CAG-LacZ (1.0×109 ifu, i.t.), the 

combination of PBS and anti-PD-1 antibody (200 µg/body, injected intraperitoneally [i.p.]), or the 

combination of Ad-SGE-REIC and anti-PD-1 antibody. Egfr-mutant lung cancer cells were 



 

 

transplanted subcutaneously into the contralateral right flank of mice after the initiation of treatment. 

For the depletion of CD8+ cells, either anti-mouse CD8α antibody (250 µg/body, i.p.) or IgG2a isotype 

control (250 µg/body, i.p.) was administered. Tumor volume (width2 × length/2) was determined 

periodically. The experimental protocol was approved by the Animal Care and Use Committee of the 

Okayama University, Okayama, Japan (OKU-2021073). All animal experiments complied with the 

provisions of ARRIVE guidelines and were carried out in accordance with Guideline for Proper 

Conduct of Animal Experiments. 

2.4 Western blotting analysis 

Mouse tumors and lung tissues were collected and immediately frozen in liquid nitrogen. The frozen 

tissue was pulverized using a cryo-press and incubated for 30 min in lysis buffer [1% Triton X-100, 

0.1% SDS, 50 mmol/L Tris-HCl (pH 7.4), 150 mmol/L NaCl, 1 mmol/L EDTA, 1 mmol/L EGTA, 10 

mmol/L β-glycerol phosphate, 10 mmol/L NaF, and 1 mmol/L sodium orthovanadate-containing 

protease-inhibitor tablets (Roche Applied Sciences, Mannheim, Germany)]. The suspension was 

centrifuged at 4 °C and 15,000 rpm for 30 min. Proteins were separated by sodium dodecyl sulfate–

polyacrylamide gel electrophoresis and transferred onto membranes, which were then incubated with 

the indicated primary and secondary antibodies. Chemiluminescence was detected using the Prime 

western blotting Detection Reagents (Cytiva, Marlborough, MA, USA). Bands were detected using 

Amersham ImageQuant 800 (Cytiva). 



 

 

2.5 Immunohistochemistry analysis (IHC) 

IHC was conducted as previously described [11]. The sections were incubated overnight at 4° C with 

an antibody, as described above, followed by incubation with a secondary antibody for 20 min. Finally, 

the sections were counterstained with hematoxylin. The specimens were photographed using a BZ-

8100 microscope (KEYENCE, Osaka, Japan). The number of cells and percentage of positive areas 

were measured using the ImageJ software (version 1.53). 

2.6 Flow cytometry (FCM) analysis 

The tumor tissues were collected from the mice and dissociated into single-cell suspensions using a 

Tumor Dissociation Kit mouse (catalog no. 130-096-730, Miltenyi Biotec, Bergisch Gladbach, 

Germany) according to the manufacturer’s protocol. Red blood cells were removed using the red blood 

cell lysis solution. All cells, including tumor-infiltrating lymphocytes (TILs) and tumor cells, were 

stained with the indicated fluorescence-labelled antibodies, and subjected to FCM analysis. Cells were 

washed and incubated with monoclonal antibodies for 30 min at 4 °C in 2 mM EDTA and PBS 

containing 0.5% (w/v) bovine serum albumin (FACS staining buffer). The monoclonal antibodies 

described above were used for cell surface marker and intracellular Foxp3 staining. Cells were 

processed for intracellular staining using the Foxp3 staining buffer set (Thermo Fisher Scientific). The 

Zombie NIR Fixable Viability Kit was used to assess the live or dead status. The samples were 

analyzed using a MACS Quant flow cytometer (Miltenyi Biotec) and the data were analyzed using 



 

 

FlowJo software (version 10.8.1, TreeStar, Ashland, OR, USA). 

2.7 Statistical analysis  

Statistical analyses were performed using GraphPad Prism 9.4.1 (GraphPad Software, San Diego, CA, 

USA). Two-sided Student’s t-test was used for comparison of the means of data between two groups, 

and one-way ANOVA with post-hoc Tukey’s test was used for comparisons among multiple 

independent groups, unless otherwise specified. Statistical significance was set at P levels < 0.05. 

 

3. Results 

3.1 Ad-SGE-REIC exerted local antitumor effects in Egfr-mutant lung cancer 

First, we examined the expression of the REIC protein in the syngeneic Egfr-mutant lung cancer 

mouse model. Consistent with the findings in clinical studies on lung cancer tissues [19], the 

expression of the REIC protein was substantially lower in the Egfr-mutant lung cancer subcutaneous 

tumors than in lung tissue from C57BL/6J mice (Suppl. Fig. S1A). Intra-tumoral injection of Ad-SGE-

REIC induced a higher expression of the REIC protein than PBS or Ad-CAG-LacZ (Suppl. Fig. S1B). 

Next, we assessed the local antitumor effect of Ad-SGE-REIC in vivo. Egfr-mutant lung cancer cells 

were transplanted subcutaneously into the left flank of C57BL/6J mice; PBS or Ad-SGE-RIEC was 

injected into the tumors, and tumor growth was subsequently observed (Fig. 1A). The treatment with 

Ad-SGE-REIC significantly suppressed the tumor growth compared with PBS or Ad-CAG-LacZ (Fig. 



 

 

1B and Suppl. Fig. S1C-D).  

Second, the impact of Ad-SGE-REIC on the TME was assessed using IHC or FCM analysis. CD8+ 

cells, CD11c+ cells broadly expressed in murine dendritic cells [31], or granzyme B as a marker of T 

cell activation were evaluated by IHC analysis, revealing that the number of CD8+ cells, or the positive 

area of CD11c or granzyme B, were significantly increased in tumors treated with Ad-SGE-REIC 

compared with those treated with PBS (Fig. 1C-D and Suppl. Fig. S2A-B).  FCM analysis showed 

that the number of CD8+ T cells or PD-1+CD8+ T cells and the ratio of PD-1+CD8+ T cells/PD-1+Tregs 

was significantly increased in the tumors treated with Ad-SGE-REIC compared with those treated with 

PBS (Fig. 1E, Suppl. Fig. S2C), suggesting clonal expansion of tumor reactive CD8+ T cells [32,33]. 

IHC analysis showed that PD-L1 expression was not increased in tumor or stromal cells of tumors 

treated with Ad-SGE-REIC compared with those treated with PBS. In contrast, PD-L2 expression was 

increased in the TME of tumors treated with Ad-SGE-REIC compared to those treated with PBS (Fig. 

1C-D). IHC staining of serial sections indicated that in Ad-SGE-REIC-treated tumors, the locations of 

PD-L2+ and CD11c+ cells were almost identical; in contrast, the location of PD-L2+ cells was not close 

to that of the tumor or CD8+ cells (Suppl. Fig. S3A). Considering the TME altering induced by Ad-

SGE-REIC and the previous reports showing that Ad-SGE-REIC induced immune activation 

following apoptosis in non-Egfr-mutant cancer models [19,23,28], we evaluated the expression of 

cleaved caspase-3, a marker of apoptosis. Consistent with previous studies, the apoptosis marker was 



 

 

increased in the tumors treated with Ad-SGE-REIC, compared with those treated with PBS (Suppl. 

Fig. S3B). Taken together, these results suggest that in the Egfr-mutant lung cancer model, the 

apoptosis and the infiltration of TME with PD-1+CD8+ T cells and PD-L2+CD11c+ dendritic cell-like 

cells might be involved in the local antitumor effect of Ad-SGE-REIC. 

3.2 Local injection of Ad-SGE-REIC induced abscopal antitumor effects in Egfr-mutant lung 

cancer 

Next, we investigated whether local injection of Ad-SGE-REIC in the tumor could induce an abscopal 

effect in Egfr-mutant lung cancer. The Egfr-mutant lung cancer cells were transplanted subcutaneously 

into the contralateral right flank of mice (defined as 2nd tumor: non-injected tumor) after initiation of 

Ad-SGE-REIC treatment of the tumor in the left flank of the mice (defined as 1st tumor: injected 

tumor). PBS or Ad-SGE-RIEC was injected into the 1st tumor, and growth of the 2nd tumor was 

observed (Fig. 2A). The growth of 2nd tumor was significantly lower in mice bearing the Ad-SGE-

REIC-injected 1st tumor than in those bearing the PBS- or Ad-CAG-LacZ-injected 1st tumor (Fig. 2B 

and Suppl. Fig. 4A-B). Next, 2nd tumors were collected to assess the TME without direct injection of 

reagents. FCM analysis revealed that the number of CD8+ T cells or PD-1+CD8+ T cells, and the ratio 

of PD-1+CD8+ T cells/PD-1+Tregs was significantly higher in the 2nd tumor of mice bearing the Ad-

SGE-REIC-injected 1st tumor than in those bearing the PBS-injected 1st tumor (Fig. 2C). IHC analysis 

also showed that the number of CD8+ or CD11c+ cells was significantly higher in the 2nd tumor of mice 



 

 

bearing the Ad-SGE-REIC-injected 1st tumor than in those bearing PBS-injected 1st tumor (Fig. 2D-

E). Additionally, PD-L2 but not PD-L1 expression, was increased and the locations of PD-L2+ and 

CD11c+ cells were almost identical in the 2nd tumor of mice bearing Ad-SGE-REIC-injected 1st tumor 

compared with those in the 2nd tumor of control groups (Fig. 2D-E). Thus, similar findings were 

identified in both 1st and 2nd tumors, even the former received direct treatment while the latter did not. 

Consequently, in the Egfr-mutant lung cancer mouse model, local injection of Ad-SGE-REIC induced 

the infiltration of CD8+ cells and exerted an antitumor effect in distant tumors. 

3.3 PD-1 blockade augments CD8+ T cell-dependent responses triggered by Ad-SGE-REIC in 

Egfr-mutant lung cancer 

Given that the presence of PD-1+CD8+ T cells or PD-1+CD8+ T cells/PD-1+Tregs ratio predicts the 

beneficial effect of ICIs in patients with NSCLC [33,34], we investigated the effect of PD-1 blockade 

in Egfr-mutant lung cancer tumors treated with Ad-SGE-REIC. Anti-PD-1 antibody was administered 

intraperitoneally to mice bearing Egfr-mutant lung cancer tumors in which PBS or Ad-SGE-RIEC 

were injected, and tumor growth was observed (Fig. 3A). Consistent with a previous report [11], anti-

PD-1 antibody with/without intra-tumoral injection of PBS showed no antitumor effect in Egfr-mutant 

lung cancer tumors. (Fig. 3B and Suppl. Fig. S5A-B). In contrast, the combination of Ad-SGE-REIC 

and anti-PD-1 antibody induced a significant local antitumor effect compared to monotherapy with 

PBS, Ad-SGE-REIC, or the combination of PBS and anti-PD-1 antibody (Fig. 3B). To assess the TME 



 

 

status, tumors were collected from mice treated with PBS +/- anti-PD-1 antibody or Ad-SGE-REIC+/- 

anti-PD-1 antibody. The number of CD8+ cells was significantly increased in tumors treated with a 

combination of Ad-SGE-REIC and anti-PD-1 antibody compared with those treated with PBS 

injection +/- anti-PD-1 antibody or Ad-SGE-REIC injection alone (Fig. 3C-D). FCM analysis also 

showed that the number of CD8+ T cells increased significantly in tumors treated with the combination 

of Ad-SGE-REIC and anti-PD-1 antibody compared to those treated with PBS injection or Ad-SGE-

REIC injection alone (Fig. 3E). To investigate the antitumor effect of CD8+ cells in the syngeneic 

mouse model, we assessed the impact of CD8+ cell depletion in tumors treated with a combination of 

Ad-SGE-REIC and anti-PD-1 antibody. As expected, the administration of the anti-CD8 antibody 

diminished the tumor inhibitory effect in mice treated with the combination of Ad-SGE-REIC and 

anti-PD-1 antibody compared with the isotype control (Fig. 3F). Consequently, these results indicate 

that the addition of anti-PD-1 antibody to Ad-SGE-REIC augmented a local antitumor effect in Egfr-

mutant lung cancer by enhancing CD8+ cell-related immunity. 

3.4 PD-1 blockade augments the abscopal effect triggered by Ad-SGE-REIC in Egfr-mutant lung 

cancer 

Lastly, using the syngeneic mouse model, we investigated whether PD-1 blockade had an inhibitory 

effect on the growth of 2nd tumor in mice bearing Ad-SGE-REIC-injected 1st tumor. PBS or Ad-SGE-

RIEC were injected into the 1st tumor, and an anti-PD-1 antibody was administered intraperitoneally 



 

 

to C57BL/6J mice (Fig. 4A). In mice bearing the PBS-injected 1st tumor, administration of the anti-

PD-1 antibody did not show a superior inhibitory effect on the growth of the 2nd tumor when compared 

with the lack of its administration; however, in mice bearing the Ad-SGE-REIC-injected 1st tumor, the 

anti-PD1 antibody significantly suppressed the growth of the 2nd tumor compared with the lack of its 

administration (Fig. 4B). No body weight loss was observed in mice treated with combination therapy 

(Suppl. Fig. S6). IHC analysis revealed that in the 2nd tumor collected from the mice bearing the Ad-

SGE-REIC-injected 1st tumor, the number of CD8+ cells significantly increased after treatment with 

anti-PD-1 antibody compared with the lack of its administration (Fig. 4C-D). To determine whether 

CD8+ cells contributed to the abscopal effect against the 2nd tumor, we examined the impact of CD8+ 

cell depletion on the growth of the 2nd tumor in mice bearing Ad-SGE-REIC-injected 1st tumor treated 

with anti-PD-1 antibody. As expected, the administration of the anti-CD8 antibody diminished the 

antitumor effect against the 2nd tumor in these mice compared with the isotype control (Fig. 4E). 

Consequently, these results indicate that in Egfr-mutant lung cancer model, PD-1 blockade augmented 

the abscopal effect induced by Ad-SGE-REIC through enhancement of CD8+ cell-related antitumor 

immunity.  

 

4. Discussion 

No immunotherapeutic protocol has been established yet for the treatment of lung cancer harboring 



 

 

EGFR mutations, which is the subset of lung adenocarcinoma with the highest prevalence in patients 

that never smoked. To the best of our knowledge, this is the first report to demonstrate that gene 

therapy activates systemic antitumor immunity in Egfr-mutant lung cancer in vivo. Additionally, we 

found that PD-1 blockade augmented not only local tumor inhibition, but also the abscopal effect 

induced by Ad-SGE-REIC in non-inflamed tumors.  

 The cancer-immunity cycle is a fundamental process in activating cancer immunity [35]. Considering 

the characteristics of EGFR-mutant lung cancer - low tumor mutation burden and non-inflamed TME, 

the step of “recognition of cancer cells by T cells” might not be satisfactory in the patient with this 

subset of lung cancer. Consistently with this hypothesis, a previous study revealed that resident 

memory CD8+ T-like cells were significantly lower in EGFR- mutant human lung cancer than in EGFR 

wild-type lung cancer [36]. Therefore, gene therapy that induces ICD and prompts immune cells to 

recognize cancer antigens may be a reasonable strategy for this subset of lung cancer. A clinical study 

showed that Ad-REIC induced long-term sustained systemic antitumor effects for over 2 years in 

patients with chemotherapy-refractory, metastatic castration-resistant prostate cancer [24]. Moreover, 

a multiple S-cationized antigen bead array assay confirmed that serum antibodies against cancer testis 

antigens, such as MAGE2, were increased following treatment with Ad-REIC [37], suggesting that 

gene therapy with Ad-REIC could prompt the cancer-immunity cycle in clinical practice as well as in 

preclinical settings. In addition, Ad-SGE-REIC showed the potential inducer of ICD in several types 



 

 

of cancer models, including lung squamous cancer or malignant mesothelioma in vivo [19,23]. In the 

present study, the number of PD-1+CD8+ T cells was increased in tumors treated with Ad-SGE-REIC; 

thus, in Egfr-mutant lung cancer, gene therapy modified the TME status from non-inflamed to 

inflamed. High expression of PD-1 on CD8+ T cells indicates the clonal expansion of tumor-reactive 

CD8+ T cells [32,33] and strongly predicts a survival benefit in patients with NSCLC treated with PD-

1 inhibitors [33,34]. Consistently, addition of anti-PD-1 antibody to Ad-SGE-REIC gene therapy 

augmented antitumor immunity, and the depletion of CD8+ cells reversed the antitumor effect in our 

mouse model, suggesting that PD-1+CD8+ T cells contributed to the antitumor effect and were not in 

a terminally differentiated exhausted state [38]. Taken together, our study suggests that Ad-SGE-REIC 

gene therapy could promote the “cancer-immunity cycle” in Egfr-mutant lung cancer tumors with non-

inflamed TME. 

 Our study had several limitations. First, we did not verify the antitumor effect of Ad-SGE-REIC in 

other types of EGFR-mutant cancers, although the type of mutations or co-occurring mutations, such 

as p53, could affect the efficiency of immunotherapy. Second, we assessed only a subset of immune 

cells, CD8+ T cells but did not comprehensively evaluate the role of other immune cells or stromal 

cells in the TME, although Ad-SGE-REIC could affect the complex interactions of the immune 

network. In addition, we did not completely characterize the phenotype of these cells in the TME. 

Single-cell analysis may provide further details or insight into the complex interactions of immune 



 

 

cells, leading to CD8+ T-cell activation, and clarify the characteristics of immune cells (e.g. exhausted 

state of CD8+ T cells or phenotype of CD11c+ cells) in the TME. Furthermore, the local and abscopal 

effect induced by the combination of Ad-SGE-REIC and anti-PD-1 antibody did not result in radical 

cure, suggesting that more potent combinations of drugs or treatment schedules may exist. However, 

our lung cancer model reproduced the clinical features of EGFR-mutant lung cancer compared to 

existing models (e.g., minimum PD-L1 expression, poor effect of ICI monotherapy, and development 

of acquired resistance to EGFR-TKI owing to Egfr mutations similar to human lung cancers [11,30]); 

thus, this study has a potential for clinical applicability in patients with EGFR mutant lung 

adenocarcinoma. 

In conclusion, in Egfr-mutant lung cancer mouse model, Ad-SGE-REIC modified the TME status 

from non-inflamed to inflamed, with infiltration of CD8+ T cells, and induced direct and indirect 

antitumor effects. PD-1 blockade augmented CD8+ T cell-dependent antitumor immunity triggered by 

Ad-SGE-REIC; conversely, monotherapy with anti-PD-1 antibody had little effect on Egfr-mutant 

tumor. These findings pave the way to establish a novel immunotherapy strategy utilizing the 

combination of gene therapy and ICIs for the treatment of EGFR-mutant lung cancer with non-

inflamed TME. Although the administration of Ad-SGE-REIC into the lung is highly challenging, 

clinical trials for other solid cancers have shown the feasibility of administering the Ad-REIC formula 

into tumors using ultrasound or CT guidance [26,39] (NCT04013334). We plan to conduct a clinical 



 

 

trial assessing the effect of the combination of Ad-SGE-REIC and anti-PD-1 antibody, in EGFR-

mutant lung cancer. 
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Figure legends 

Fig. 1: Local antitumor effect of Ad-SGE-REIC in Egfr-mutant lung cancer 

A. Schematic image of the experiment schedule. Egfr-mutant lung cancer cells were transplanted 

subcutaneously to the left flank of C57BL/6J mice, and PBS (100µL) or Ad-SGE-RIEC (1.0×109 

ifu/100 µL) was injected intratumorally on day 1 (when tumors reached around 50-100 mm3) and days 

4 and 7, and subsequently the tumor growth was observed. i.t., intratumoral injection; FCM, flow 

cytometry; IHC, immunohistochemistry.   

B. The growth curve of tumors treated with PBS (n=4) or Ad-SGE-REIC (n=5). Data are shown as the 



 

 

mean ± standard error of the mean (SEM). ***p<0.001, Student’s t-test. 

C. Representative images of CD8, CD11c, PD-L2 and PD-L1 immunohistochemistry staining in the 

tumors treated with PBS or Ad-SGE-REIC. Tumors were collected at day 11. Magnification, x100. 

Scale bar, 100 µm. 

D. The number of CD8 positive cells and the area percentage of CD11c, PD-L2, or PD-L1 positive 

cells in the field of view were quantified using ImageJ software. Data are shown as the mean ± SEM 

(n=6/group). ns, not significant. *p<0.05, **p<0.01, Student’s t-test. 

E. Flow cytometry analysis of CD8+T cells (CD3+CD4-CD8+), PD-1+CD8+Tcells (CD3+ CD4-CD8+ 

PD-1+) and the ratio of PD-1+CD8+T cells / PD-1+Tregs (CD3+CD4+CD8-CD25+Foxp3+PD-1+) within 

the dissociated tumors treated with PBS (n=4) or Ad-SGE-REIC (n=5). Tumors were collected at day 

11. Data are shown as the mean ± SEM. **p<0.01, ***p<0.001, Student’s t-test. 

Fig. 2: Abscopal antitumor immunity induced by Ad-SGE-REIC in Egfr-mutant lung cancer 

A. Schematic image of the experiment schedule. Egfr-mutant lung cancer cells were transplanted 

subcutaneously to the left flank of C57BL/6J mice, and PBS (100 µL) or Ad-SGE-RIEC (1.0×109 

ifu/100 µL) was injected in the left-side tumor (defined as 1st tumor) on day 1 (when the tumors 

reached around 50-100 mm3) and days 4 and 7. Then, Egfr-mutant lung cancer cells were transplanted 

subcutaneously to the contralateral right flank of the mice on day 4 which is 3 days after the initiation 

of PBS or Ad-SGE-REIC treatment, and subsequently the growth of the right-side tumor (defined as 



 

 

2nd tumor) was observed. Neither PBS nor Ad-SGE-REIC were injected into the 2nd tumor. i.t., 

intratumoral injection; FCM, flow cytometry; IHC, immunohistochemistry. 

B. The growth curve of 2nd tumor in the mice bearing 1st tumor treated with PBS (n=7) or Ad-SGE-

REIC (n=7). Data are shown as the mean ± SEM. *p<0.05, Student’s t-test. 

C. Flow cytometry analysis of CD8+T cells, PD-1+CD8+Tcells and the ratio of PD-1+CD8+T cells/PD-

1+Tregs using 2nd tumor from the mice bearing 1st tumor treated with PBS (n=5) or Ad-SGE-REIC 

(n=6). 2nd tumors were collected at day 11. Data are shown as the mean ± SEM. ***p<0.001, 

****p<0.0001, Student’s t-test. 

D. Representative images of CD8, CD11c, PD-L2 and PD-L1 immunohistochemistry staining in the 

2nd tumor in the mice bearing 1st tumor treated with PBS or Ad-SGE-REIC. Second tumors were 

collected at day 11. Magnification, x100. Scale bar, 100 µm. 

E. The number of CD8 positive cells and the area percentage of CD11c, PD-L2, or PD-L1 positive 

cells in the field of view were quantified using ImageJ software. Data are shown as the mean ± SEM 

(n=6 / group). ns, not significant. ****p<0.0001, Student’s t-test. 

Fig. 3: Anti-PD-1 antibody boosted the local antitumor immunity induced by Ad-SGE-REIC in 

Egfr-mutant lung cancer 

A. Schematic image of the experiment schedule. Egfr-mutant lung cancer cells were transplanted 

subcutaneously to the left flank of C57BL/6J mice, and PBS (100 µL) or Ad-SGE-RIEC (1.0×109 



 

 

ifu/100 µL) was injected intratumorally on day 1 (when tumors reached around 50-100 mm3 ) and 

days 4 and 7. Additionally, anti-PD-1 antibody (200 µg/body) was injected intraperitoneally on day 1, 

and subsequently, the tumor growth was observed. i.t., intratumoral injection; i.p., intraperitoneal 

injection; FCM, flow cytometry; IHC, immunohistochemistry. 

B. The growth curve of tumors treated with PBS (n=22), combination of PBS and anti-PD-1 antibody 

(n=21), Ad-SGE-REIC (n=23) or combination of Ad-SGE-REIC and anti-PD-1 antibody (n=24). The 

results of three independent identical experiments were pooled. Data are shown as the mean ± SEM. 

**p<0.01, one-way ANOVA with post-hoc Tukey’s test. 

C. Representative images of CD8 immunohistochemistry staining in the tumors treated with PBS, 

combination of PBS and anti-PD-1 antibody, Ad-SGE-REIC or combination of Ad-SGE-REIC and 

anti-PD-1 antibody. Tumors were collected at day 11. Magnification, x100. Scale bar, 100µm. 

D. The number of CD8 positive cells in the field of view is quantified using ImageJ software. Data are 

shown as the mean ± SEM (n=6 / group). ns, not significant. *p<0.05, ****p<0.0001, one-way 

ANOVA with post-hoc Tukey’s test. 

E. Flow cytometry analysis of CD8+T cells within the dissociated tumors treated with PBS (n=5), Ad-

SGE-REIC (n=5) or combination of Ad-SGE-REIC and anti-PD-1 antibody (n=5). Tumors were 

collected at day 11. Data are shown as the mean ± SEM. *p<0.05, ****p<0.0001, one-way ANOVA 

with post-hoc Tukey’s test. 



 

 

F. The growth curve of tumors in mice treated with combination of Ad-SGE-REIC and anti-PD-1 

antibody. The experiment schedule for the transplantation of cancer cells and treatments with Ad-SGE-

REIC and anti-PD-1 antibody are the same as in Figure 3A. Anti-CD8 antibody (250 µg/body, n=8) 

or isotype control (250 µg/body, n=8) was intraperitoneally injected on days -3,1,4,7 and 10. In day -

3, cancer cells were subcutaneously transplanted into the left flank. Data are shown as the mean ± 

SEM. *p<0.05, Student’s t-test. 

 

Fig.4: Anti-PD-1 antibody augmented the abscopal antitumor immunity induced by Ad-SGE-

REIC in Egfr-mutant lung cancer 

A. Schematic image of the experiment schedule. Egfr-mutant lung cancer cells were transplanted 

subcutaneously to the left flank of C57BL/6J mice, and PBS (100 µL) or Ad-SGE-RIEC (1.0×109 

ifu/100 µL) was injected in the left-side tumor (defined as 1st tumor) on day 1 (when 1st tumor reached 

around 50-100 mm3) and days 4 and 7. Additionally, anti-PD-1 antibody (200 µg/body) was injected 

intraperitoneally on day 1. Then, Egfr-mutant lung cancer cells were transplanted subcutaneously to 

the contralateral right flank of the mice on day 2 (1 day after the initiation of PBS or Ad-SGE-REIC 

treatment), and subsequently the growth of the right-side tumor (defined as 2nd tumor) was observed. 

Neither PBS nor Ad-SGE-REIC were injected into the 2nd tumor. i.t., intratumoral injection; i.p., 

intraperitoneal injection; IHC, immunohistochemistry. 



 

 

B. The growth curve of 2nd tumor in the mice bearing 1st tumor treated with PBS (n=22), combination 

of PBS and anti-PD-1 antibody (n=21), Ad-SGE-REIC (n=23) or combination of Ad-SGE-REIC and 

anti-PD-1 antibody (n=24). PBS or Ad-SGE-REIC was injected to 1st tumor. The results of three 

independent identical experiments were pooled. Data are shown as the mean ± SEM. ***p<0.001, 

****p<0.0001, one-way ANOVA with post-hoc Tukey’s test. 

C. Representative images of CD8 immunohistochemistry staining in the 2nd tumor in the mice bearing 

1st tumor treated with PBS, combination of PBS and anti-PD-1 antibody, Ad-SGE-REIC or 

combination of Ad-SGE-REIC and anti-PD-1 antibody. The 2nd tumors were collected at day 11. 

Magnification, x100. Scale bar, 100 µm. 

D. The number of CD8 positive cells in the field of view is quantified using ImageJ software. Data are 

shown as the mean ± SEM (n=6/group). ns, not significant. **p<0.01, ***p<0.001, ****p<0.0001, 

one-way ANOVA with post-hoc Tukey’s test. 

E. The growth curve of 2nd tumor in mice bearing 1st tumor treated with combination of Ad-SGE-

REIC and anti-PD-1 antibody. The experiment schedule for transplantations of cancer cells and 

treatments with Ad-SGE-REIC and anti-PD-1 are the same as in Figure 4A. Ad-SGE-REIC was 

injected to 1st tumor. Anti-CD8 antibody (250 µg/body, n=8) or isotype control (250 µg/body, n=8) 

was intraperitoneally injected on days -3,1,4,7 and 10. In day -3, cancer cells were subcutaneously 

transplanted into the left flank. Data are shown as the mean ± SEM. **p<0.01, Student’s t-test. 


