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Abstract 35 

 36 

Cancer-associated fibroblasts (CAFs) in the tumor microenvironment are associated with the 37 

establishment and progression of peritoneal metastasis. This study investigated the efficacy of 38 

replicative oncolytic adenovirus-mediated p53 gene therapy (OBP-702) against CAFs and 39 

peritoneal metastasis of gastric cancer (GC). Higher CAF expression in the primary tumor 40 

was associated with poor prognosis of GC, and higher CAF expression was also observed 41 

with peritoneal metastasis in immunohistochemical analysis of clinical samples. And we 42 

found transcriptional alteration of p53 in CAFs relative to normal gastric fibroblasts (NGFs). 43 

CAFs increased the secretion of cancer-promoting cytokines including interleukin 6 and 44 

gained resistance to chemotherapy relative to NGFs. OBP-702 showed cytotoxicity to both 45 

GC cells and CAFs, but not to NGFs. Overexpression of wild-type p53 by OBP-702 infection 46 

caused apoptosis and autophagy of CAFs and decreased the secretion of cancer-promoting 47 

cytokines by CAFs. Combination therapy using intraperitoneal administration of OBP-702 48 

and paclitaxel synergistically inhibited the tumor growth of peritoneal metastases and 49 

decreased CAFs in peritoneal metastases. OBP-702, a replicative oncolytic adenovirus-50 

mediated p53 gene therapy, offers a promising biological therapeutic strategy for peritoneal 51 

metastasis, modulating CAFs in addition to achieving tumor lysis. 52 

 53 

 54 

 55 

 56 

 57 

 58 
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Introduction 59 

 60 

The most frequent form of distant metastasis and recurrence in advanced gastric cancer 61 

(GC) is peritoneal metastasis, which is considered an independent predictor of poor prognosis 62 

and lacks curative treatment options1. Although peritoneal metastasis is caused by 63 

dissemination of cancer cells from the primary site into the peritoneal cavity and implantation 64 

onto mesothelial cells, the tumor microenvironment including extracellular matrix, cancer-65 

associated fibroblasts (CAFs) and immune cells and their interactions enhance cancer 66 

progression, metastasis, and the form of peritoneal metastasis.2-4 CAFs are one of the 67 

important components of the tumor mesenchyme and are known to enhance cancer 68 

progression and metastasis.2,5 CAFs differ from normal fibroblasts (NFs) in various structural 69 

and functional aspects. The expression and function of p53 are downmodulated in CAFs and 70 

transcriptional alteration of p53 converts NFs to CAFs, which become cancer-supporting 71 

rather than cancer-inhibiting.6-8 Mutation of the p53 gene is considered to occur in over 50% 72 

of all human cancers, because p53 plays tumor-suppressive roles and maintains genome 73 

integrity and cellular homeostasis by regulating cell-cycle arrest, senescence, apoptosis, and 74 

autophagy.9,10 Gene therapy to introduce the tumor suppressor p53 gene is a promising 75 

antitumor strategy that could lead to the efficient induction of tumor cell death.11 Clinical 76 

trials using a p53-expressing replication-deficient adenovirus vector (Ad-p53) have been 77 

performed in patients with various types of cancers and its feasibility has been confirmed.12-14 78 

Moreover, p53-expressing conditionally replicating adenovirus vectors represent promising 79 

agents in the cancer treatment. 80 

We have previously developed a telomerase-specific replication competent oncolytic 81 

adenovirus, OBP-301 (suratadenoturev), which drives the E1A and E1B genes for viral 82 
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replication under control of the human reverse transcriptase promoter and have confirmed its 83 

anti-tumor effects in various human tumor cells.15-17 We have recently shown that 84 

intraperitoneal (i.p.) administration of OBP-301 synergistically suppressed the peritoneal 85 

metastasis of GC in combination with paclitaxel (PTX).18 In phase I clinical studies, OBP-86 

301 was well tolerated by patients with various cancers.19,20 We have further developed OBP-87 

702 as a modification of OBP-301 that expresses the wild-type p53 gene, so OBP-702 can 88 

suppress the viability of various types of tumor cells more efficiently compared to OBP-301 89 

via exogenous p53 overexpression in tumor cells.21-23 The i.p. administration of anti-tumor 90 

agents is advantageous for peritoneal metastasis compared to systemic therapy because these 91 

agents can reach the peritoneal cavity directly in high concentrations.24 In several phase III 92 

trials, i.p. chemotherapy showed superior survival benefits compared with systemic 93 

chemotherapy in patients with peritoneal metastasis of ovarian cancer.25-27 Recently, i.p. 94 

chemotherapy showed the possibility of improved survival compared to systemic 95 

chemotherapy in a phase III trial for patients with peritoneal metastasis of GC.28 96 

In this study, we found that transcriptional alteration of p53 in CAFs contributed to the 97 

tumor-supportive features of CAFs in peritoneal metastasis of GC. Furthermore, i.p. 98 

administration of OBP-702 showed significant anti-tumor effects against peritoneal 99 

metastasis by modulating CAFs in addition to tumor lysis via exogenous p53 overexpression. 100 

 101 

Results 102 

 103 

Higher CAF expression is a poor prognostic factor and is essential for peritoneal 104 

metastasis 105 

To investigate the clinical impact of CAFs in GC, we evaluated associations with 106 
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prognosis in 280 consecutively enrolled cases of GC. CAFs in primary tumor were identified 107 

as stromal cells expressing αSMA using immunohistochemistry. The mean value was 108 

calculated as an αSMA area index. Area index was calculated in three sites for each tissue 109 

and the average was calculated (Fig. 1A). Similarly, 11 non-cancerous gastric tissues were 110 

investigated their αSMA area index as the basal level of αSMA expression in the stomach. 111 

The mean αSMA area index of non-cancerous gastric tissues was 1.52 ± 0.71 %. We 112 

evaluated the relationship between CAFs and the prognosis of patients with GC. Patients with 113 

high αSMA expression showed significantly shorter overall survival than those with low 114 

expression (Fig. 1B). These results suggest that CAFs in the tumor microenvironment are 115 

related to worse prognosis of GC. 116 

To explore the tumor microenvironment in peritoneal metastasis of GC, we conducted 117 

immunohistochemical analysis of surgically resected peritoneal disseminated nodules from 118 

17 GC patients. In all samples, α-SMA and FAP (as known CAF markers) and IL-6 were 119 

highly expressed in the fibroblasts surrounding cancer cells (Fig. S1). CAF expression in 120 

peritoneal metastasis was calculated according to the analysis of the primary tumor. Similarly, 121 

non-metastatic peritoneal tissue was investigated as the basal level of αSMA expression. The 122 

mean αSMA area index of 5 non-metastatic peritoneal tissues was 0.51 ± 0.29 %, which was 123 

considerably low, whereas higher CAF expression was confirmed in all 17 patients with 124 

peritoneal metastasis (Fig. 1C). These results suggest that CAFs are related to tumor 125 

progression, metastasis, and the form of peritoneal metastasis. 126 

 127 

Transcriptional alteration of p53 regulates CAF-specific properties 128 

To investigate CAF-specific properties, we isolated paired NGFs and CAFs derived 129 

from the excised stomach wall of the same GC patients (NGF1 and CAF1: poorly 130 



Ogawa et al., page 7 

differentiated adenocarcinoma; NGF2 and CAF2: signet ring cell carcinoma) and cultured in 131 

vitro. These established fibroblasts were confirmed by immunofluorescence and Western 132 

blotting analysis to express not an epithelial marker, but the mesenchymal marker vimentin, 133 

which is highly expressed in CAFs (Fig. 2A, B). CAF markers such as α-SMA and FAP were 134 

highly expressed in the established CAFs (Fig. 2C). Secretion of IL-6 was significantly 135 

increased in CAF1 and CAF2 compared to NGFs respectively. Moreover, we isolated two 136 

more paired NGFs and CAFs (CAF3: poorly differentiated adenocarcinoma, CAF4: poorly 137 

differentiated adenocarcinoma), and compared IL-6 secretion between NGFs and CAFs. 138 

After all, IL-6 secretion was significantly increased in CAFs (Fig. 2D). NGF2 activated by 139 

CM obtained from MKN7 or TGF-β also showed CAF-like properties (Fig. S2). To explore 140 

what causes these CAF-specific properties, we investigated the phosphorylation of p53 in 141 

CAFs and NGFs using phos-tag. The cellular functions of p53 are thought to be mainly 142 

controlled by posttranslational modifications such as phosphorylation. Interestingly, the 143 

phosphorylation of p53 was decreased in CAFs compared to NGFs (Fig. 2E, F). The 144 

decreased p53 phosphorylation was associated with altered protein conformation. This result 145 

suggests that transcriptional alteration of p53 in CAFs might contribute to their specific 146 

properties. 147 

 148 

Synergistic antitumor effect of OBP-702 and PTX on human gastric cancer cells 149 

OBP-702 is a modified oncolytic adenovirus, in which wild-type p53 gene was inserted 150 

into the E3 region in OBP-301. To evaluate the antitumor effects of OBP-702 and PTX, 151 

MKN45 or NUGC4 cells that are resistant to OBP-301 (Fig. S3) were treated with OBP-702 152 

or PTX. Cell death was induced in both MKN45 and NUGC4 cells in a dose-dependent 153 

manner following treatment with OBP-702 or PTX (Fig. 3A). OBP-702 infection induced 154 
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apoptosis (as confirmed by the accumulation of cleaved PARP) and stimulated autophagy (as 155 

confirmed by p62 downregulation) in human GC cells (Fig. 3B). The XTT cell viability assay 156 

demonstrated that combination therapy using OBP-702 and PTX induced cancer cell death in 157 

a dose-dependent manner. Calculation of the combination index indicated a synergistic 158 

antitumor effect of combination therapy in both types of human GC cells (Fig. 3C). We 159 

reported the chemosensitizing effect of OBP-301, which has the same basic structure as OBP-160 

702 except for p53 in several types of human malignant tumor cells.29,30 We recently showed 161 

that PTX enhanced the replication efficiency of OBP-301 in cancer cells and combination 162 

therapy increased the mitotic catastrophe of cancer cells, resulting in synergistic antitumor 163 

effects.18 These results suggest that the combination of OBP-702 and PTX has a stronger 164 

synergistic antitumor effect on human GC cells. 165 

 166 

OBP-702 has a CAF-selective cytotoxic effect via wild-type p53 167 

Although PTX shows cytotoxicity to NGF in a dose-dependent manner, CAFs were 168 

confirmed to acquire chemo-resistance in an XTT cell viability assay (Fig. 4A). The OBP-169 

301 and OBP-702 oncolytic adenoviruses can replicate selectively only within human cancer 170 

cells via hTERT promoter. OBP-301 and OBP-702 did not affect the viability of NGFs, 171 

which are normal cells. Interestingly, although OBP-301 did not show cytotoxicity to CAFs, 172 

OBP-702 was cytotoxic to CAFs in a dose-dependent manner in an XTT cell viability assay 173 

(Fig. 4A, S4). NGF2 activated by TGF-β showed CAF-like properties, which were OBP-702-174 

sensitive and PTX-resistant (Fig. S5). Seventy-two hours after OBP-702 infection at 100 175 

MOI, the number of living CAFs was also decreased compared to NGFs in the morphological 176 

observation (Fig. 4B) although hTERT expression was similar between NGFs and CAFs in a 177 

real-time PCR assay (Fig. S6). OBP-702 infection to CAFs were confirmed by the 178 
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accumulation of viral E1A protein in a dose-dependent manner and OBP-702 infection 179 

induced the phosphorylation of p53, resulting in the induction of apoptosis and autophagy in 180 

CAFs (Fig. 4C). With the cell death of CAFs caused by OBP-702, secretion of IL-6 from 181 

CAFs was decreased, although this was not observed in OBP-301 infection (Fig. 4D). 182 

Similarly, secretions of other cancer-promoting cytokines such as C-X-C motif chemokine 183 

ligand (CXCL)5, CXCL1, CCL8 and CCL7 from CAFs were decreased by OBP-702 184 

infection, although these cytokines were increased in CAFs compared to NGFs (Fig. 4E). 185 

These results suggest that OBP-702 has selective cytotoxic effects on CAFs by the induction 186 

of wild-type p53. 187 

 188 

Intraperitoneal virotherapy combined with PTX for peritoneal metastasis 189 

Next, we examined whether i.p. administration of OBP-702 combined with PTX could 190 

eradicate peritoneal metastasis using a MKN45-Luc xenograft mouse model. OBP-702 or 191 

PBS was intraperitoneally injected 10 days after tumor inoculation. PTX was 192 

intraperitoneally injected 2 days after OBP-702 injection for only one cycle (Fig. 5A). The 193 

combination of OBP-702 and PTX significantly suppressed intraperitoneal tumor growth 194 

compared to PBS or monotherapy with either OBP-702 or PTX (Fig. 5B, C). This result 195 

suggests that intraperitoneal virotherapy using OBP-702 combined with PTX has a stronger 196 

anti-tumor effect on peritoneal metastases from GC. 197 

 198 

Combination therapy using OBP-702 and PTX eradicates peritoneal metastasis by 199 

suppressing both cancer cells and CAFs 200 

To evaluate whether CAFs contribute to tumor growth in the peritoneal cavity, we 201 

inoculated cancer cells (MKN45-Luc) or co-inoculated cancer cells and CAF (MKN45-Luc + 202 
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CAF2) into the peritoneal cavity of BALB/c nu/nu mice and compared the tumor growth of 203 

MKN45-Luc between groups. CAFs enhanced tumor growth in the peritoneal cavity (Fig. 204 

6A). Next, we evaluated the effects of combination therapy with OBP-702 and PTX for a 205 

peritoneal metastasis model co-inoculated with CAF. OBP-702 was intraperitoneally 206 

administered 3 times each week and PTX was also intraperitoneally administered 2 days after 207 

OBP-702 administration (Fig. 6B). Combination therapy significantly suppressed total tumor 208 

weight in the peritoneal cavity (Fig. 6C). Whereas OBP-301 treatment did not suppress tumor 209 

weight significantly (Fig. S7). Furthermore, immunohistochemical analyses demonstrated 210 

that combination therapy significantly decreased the α-SMA-expressing fibroblasts in 211 

peritoneal tumors compared to monotherapy (Fig. 6D, E). These results suggest that i.p. 212 

combination therapy using OBP-702 and PTX has multipotent therapeutic effects for the 213 

peritoneal metastasis of GC by the suppression of both cancer cells and CAFs. 214 

 215 

Discussion 216 

 217 

In the TME of peritoneal metastasis, CAFs are stromal fibroblasts on adjacent cancer 218 

cells that play important roles in implanting cancer cells and tumor growth [2-4]. Suppressing 219 

noncancerous cells such as CAFs in addition to cancer cells is important to eradicate 220 

intractable peritoneal metastasis. This study demonstrated that CAFs acquired tumor-221 

supportive properties by the transcriptional alteration of p53 in CAFs. Furthermore, we 222 

showed the therapeutic potential of i.p. administration of OBP-702 in combination with PTX 223 

for peritoneal metastasis of GC by modulating CAFs in addition to tumor lysis. 224 

Although peritoneal metastasis is the typical and most frequent pattern of metastasis 225 

and recurrence in advanced GC, the mechanisms underlying peritoneal metastasis remain 226 
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unclear. The ‘seed and soil’ theory has become established as the fundamental theory of 227 

peritoneal metastasis.31,32 In this theory, cancer cells are compared to “seeds” and the TME in 228 

the peritoneal site to “soil”. The key factors interacting in the TME are CAFs and 229 

immunocytes such as tumor-associated macrophages (TAMs).32,33 We have previously shown 230 

that intraperitoneal TAMs play important roles in the formation and progression of peritoneal 231 

metastasis of GC via secreted IL-6. CAFs have also been reported as the major sources of IL-232 

6 in TME, similar to TAMs.34,35 In immunohistochemical analyses of surgically resected 233 

peritoneal disseminated nodules of GC patients, we demonstrated that both CAFs and IL-6 234 

were highly expressed in all cases, suggesting that CAFs are indispensable to establish 235 

peritoneal metastasis (Fig. 1). CAFs stimulated by some cytokines secreted by cancer cells 236 

also release several tumor progressive cytokines such as IL-6.4,36 IL-6 in the TME has been 237 

reported to play an important role in tumor progression and chemoresistance via activation of 238 

the JAK/STAT3 pathway.37,38 In our study, CAFs established from clinical samples showed 239 

higher αSMA expression and IL-6 secretion compared to NGFs (Fig. 2). Originally, normal 240 

fibroblasts tend to suppress tumor progression and maintain tissue homeostasis. In addition, 241 

p53 plays a tumor-suppressive role in fibroblasts by inhibiting the production and secretion of 242 

tumor-progressive factors.39,40 However, continued interaction with cancer cells converts 243 

adjacent fibroblasts into CAFs.2 The distinctive cancer-supportive properties of CAFs have 244 

been attributed to epigenetic modifications.6-8 Although CAFs are commonly believed to not 245 

have p53 mutations, p53 is functionally compromised in CAFs.8,41 We have shown that CAFs 246 

revealed selective reductions in phosphorylated forms of p53 (Fig. 2). This alteration of p53 247 

phosphorylation in CAFs might contribute to transcriptional reprograming of the normal 248 

tumor-suppressive nature of p53 into its tumor-supporting nature in CAFs. As p53 is one of 249 

the most frequent targets for mutational inactivation in the various cancers,10 targeting p53 by 250 



Ogawa et al., page 12 

gene therapies would be an effective treatment strategy that could influence not only cancer 251 

cells, but also CAFs in TME. An oncolytic adenovirus, OBP-702 expresses the wild-type p53 252 

gene and so induces apoptosis and autophagy in various types of cancer cells.21,22 Since p53 253 

is a strong inducer of autophagy as well as apoptosis, OBP-702 also induced apoptosis and 254 

autophagy in CAFs via the induction of wild-type p53 (Fig. 4C). Although replication of the 255 

oncolytic adenovirus we used is driven by the hTERT promoter, expression of hTERT in 256 

CAF was similar to that in NGFs (Fig. S4). Moreover, OBP-301 did not affect the viability of 257 

either NGFs or CAFs in vitro and could not suppress peritoneal metastasis in vivo. These 258 

results suggest that induction of wild-type p53 by OBP-702 leads to apoptosis and autophagy 259 

in CAFs. 260 

In preclinical studies, we found that oncolytic adenovirus enhanced the anti-tumor 261 

effects of chemotherapeutic agents in several human cancer cells.31,42-44 In particular, PTX is 262 

suitable for combination use with oncolytic adenovirus, as DNA synthesis in host cells is not 263 

inhibited. Recently, we have shown that the combination of PTX and oncolytic adenovirus 264 

had synergistic anti-tumor effects in GC cells, because PTX enhanced the replication efficacy 265 

of oncolytic adenovirus and combination therapy increased the induction of mitotic 266 

catastrophe, a distinctive process of cell death caused by abnormal mitosis in cancer cells.18 267 

PTX is also a suitable chemotherapeutic agent administered intraperitoneally for peritoneal 268 

metastasis, given PTX can be retained in the peritoneal cavity for a long time due to its 269 

molecular characteristics. A phase III trial using i.p. administration of PTX has suggested the 270 

possibility of improved survival in GC patients with peritoneal metastasis.28 In this study, 271 

combination therapy using i.p. administration of PTX and OBP-702 significantly suppressed 272 

the tumor growth of peritoneal metastasis. 273 

A phase I clinical trial of intratumoral injection of OBP-301 was conducted in patients 274 



Ogawa et al., page 13 

with a variety of advanced solid tumors in the United States, and the safety and feasibility of 275 

OBP-301 have already been confirmed.19 We recently reported that intratumoral OBP-301 276 

injection with radiotherapy was feasible and showed clinical benefits in patients with 277 

esophageal cancer unfit for standard treatments.20 Some phase I trials of i.p. administration of 278 

oncolytic virus for patients with ovarian cancer have been conducted and the safety profiles 279 

also confirmed.45,46 In a preclinical study, we confirmed that oncolytic adenovirus 280 

administered intraperitoneally is distributed to intraperitoneal metastatic nodules in a 281 

xenograft model.18 In this study, i.p. administration of OBP-702 combined with PTX 282 

suppressed the proliferation of CAFs in addition to tumor growth in the peritoneal cavity. The 283 

combination of OBP-702 and PTX might be an optimal treatment strategy for cases showing 284 

peritoneal metastasis of GC, as this combination therapy could not only affect cancer cells, 285 

but also CAFs adjacent to cancer cells. 286 

In conclusion, we demonstrated that transcriptional alteration of p53 in CAFs might 287 

regulate tumor-supportive properties. OBP-702 suppressed not only cancer cells, but also 288 

CAFs by inducing wild-type p53. Further, i.p. administration of OBP-702 and PTX showed 289 

significant antitumor effects against peritoneal metastasis in an orthotopic xenograft model 290 

by suppressing both cancer cells and CAFs. Our oncolytic adenovirus-mediated p53 gene 291 

therapy in combination with PTX offers promise as a biological therapeutic strategy for 292 

peritoneal metastasis from GC. 293 

 294 

Materials and Methods 295 

 296 

Patients and immunohistochemistry in clinical samples 297 

A total of 280 patients with GC who received gastrectomy at Okayama University 298 
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Hospital between 2002 and 2009 were retrospectively investigated and reviewed. Seventeen 299 

patients with peritoneal metastasis of GC who underwent resection of peritoneal nodules 300 

between 2014 and 2018 were investigated. First, the presence of tumor was confirmed using 301 

hematoxylin and eosin staining. Sectioned tissues were incubated with rabbit anti-α-SMA 302 

monoclonal antibody (mAb) (Sigma-Aldrich, St. Louis, MO, USA), rabbit anti- fibroblast 303 

activation protein (FAP) polyclonal antibody (pAb), or mouse anti-IL-6 mAb (Abcam, 304 

Cambridge, MA, USA) for immunohistochemistry. CAFs were defined as spindle-shaped 305 

cells expressing αSMA, and αSMA scoring was evaluated using an "area index," calculated in 306 

low-magnification fields by ImageJ software (http://rsb.info.nih.gov/ij/). Four fields including 307 

stromal cells per sample were carefully selected to evaluate CAFs. The mean value obtained 308 

from each sectioned tissue was defined as the αSMA area index. All evaluations were 309 

performed by an independent pathologist blinded to clinical information. Immunoreactive 310 

signals were visualized with a 3,39-diaminobenzidine tetrahydrochloride solution, and nuclei 311 

were counterstained with hematoxylin. Sections were observed under light microscopy 312 

(BX50; Olympus, Tokyo, Japan). 313 

 314 

Cell lines 315 

This study used the four human gastric cancer cell lines, MKN7, NUGC4, MKN45 and 316 

MKN45-Luc, which were transfected with the firefly luciferase plasmid vector. These cells 317 

were purchased from the Japanese Collection of Research Bioresources Cell Bank and 318 

maintained in RPMI-1640 medium supplemented with 10% heat-inactivated fetal bovine 319 

serum (FBS) (Sigma-Aldrich). Primary human esophageal fibroblasts, designated FEF3, were 320 

isolated from human fetal esophagus as described previously.47 CAFs were established from 321 

the surgically excised gastric wall of the tumor and normal gastric fibroblasts (NGFs) were 322 
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from non-tumoral gastric wall tissue. CAFs and NGFs were maintained in Dulbecco’s 323 

modified Eagle medium with 10% FBS and 0.5 mM sodium pyruvate. Written informed 324 

consent was obtained from patients prior to the study. All media were supplemented with 100 325 

U/ml penicillin and 100 mg/ml streptomycin. Cells were routinely maintained at 37°C in a 326 

humidified atmosphere with 5% CO2. 327 

 328 

Recombinant adenovirus and reagents 329 

The recombinant, telomerase-specific, replication-competent adenovirus vector OBP-330 

301 (suratadenoturev) has been described and characterized previously.15-17 OBP-702 is an 331 

adenovirus variant that inserts a human wild-type p53 gene expression cassette under control 332 

of the Egr-1 promoter into the E3 region in OBP-301. E1A-deleted adenovirus vector lacking 333 

a cDNA insert (dl312) and wild-type adenovirus type 5 were also used as control vectors. 334 

Viruses were purified by ultracentrifugation using cesium chloride step gradients. Viral titers 335 

were determined by a plaque-forming assay using 293 cells, and the virus was stored at -80°C. 336 

PTX was purchased from Nippon Kayaku Co. (Tokyo, Japan) and dissolved in phosphate-337 

buffered saline (PBS). Recombinant human transforming growth factor-β1 (TGF-1) was 338 

obtained from Sigma-Aldrich. 339 

 340 

Cell viability assay 341 

All cells were seeded on 96-well plates at a density of 1 ×103 cells/well and cultured for 342 

24 or 72 h before viral infection or administration of PTX. Cell viability was examined 96 h 343 

after cell seeding using a Cell Proliferation Kit II (Roche Molecular Biochemicals, 344 

Indianapolis, IN, USA), which is based on a sodium 3’-[1-(phenylaminocarbonyl)-3,4-345 

tetrazolium]-bis(4-methoxy-6-nitro) benzene sulfonic acid hydrate (XTT) assay, according to 346 
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the protocol from the manufacturer. The combination index was calculated with CalcuSyn 347 

software (BioSoft, Cambridge, UK). Computation of the combination index was based on the 348 

methods of Chou and Talalay.48 349 

 350 

Immunofluorescence 351 

Cells were seeded at a density of 2 ×104 cells/ml for 24 h. Following three washes with 352 

PBS, cells were fixed in 100% methanol for 30 min at room temperature (RT). After blocking 353 

endogenous peroxidases, cells were incubated with Alexa Fluor® 647 anti-vimentin antibody 354 

(Abcam) and mouse anti-pankeratin mAb (Cell Signaling Technology, Danvers, MA, USA) 355 

overnight at 4°C. Following three washes with PBS, cells were incubated with Alexa Fluor® 356 

647 (Invitrogen, Carlsbad, CA, USA) as secondary antibody for 60 min at 4°C. After washing, 357 

nuclei were stained with 4',6-diamidino-2-phenylindole (DAPI) (Invitrogen, Carlsbad, CA, 358 

USA) for 3 min. Cells were viewed under light microscopy (IX83; Olympus, Tokyo, Japan). 359 

 360 

Flow-cytometric analysis 361 

Cells were washed with PBS containing 2% FBS and centrifuged at 300×g, 4°C for 362 

5 min, then incubated with primary anti-CAR antibody (Sigma-Aldrich) for 60 min at 4°C. 363 

After washing the same way, cells were incubated with secondary fluorescein-conjugated 364 

anti-mouse antibody (Invitrogen, Carlsbad, CA, USA) for 30 min at 4°C in darkness. As 365 

controls, IgG-isotype control antibodies (Santa Cruz Biotechnology, Dallas, TX, USA) were 366 

used. Cells were analyzed by flow cytometry (FACS Array; BD Biosciences, San Jose, CA, 367 

USA), and data were reanalyzed using Flow Jo software (BD Biosciences, Franklin Lakes, 368 

NJ, USA). 369 

 370 
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Quantitative real-time PCR analysis 371 

Total RNA (48 h after incubation) was isolated from cells using the RNeasy Mini kits 372 

(QIAGEN, Hilden, Germany) according to the instructions from the manufacturer. The 373 

cDNA was synthesized from 1.0 mg of total RNA using Advantage RT PCR-kit (Clontech 374 

Laboratories, Mountain View, CA, USA). Quantitative real-time PCR was performed for 375 

gene expression analysis using the StepOnePlus Real-Time PCR System (Applied 376 

Biosystems, Waltham, MA, USA) with Taqman PCR master mix (Applied Biosystems, 377 

Foster City, CA, USA). The primers were GAPDH (Applied Biosystems) and hTERT 378 

(Applied Biosystems). GAPDH was used as a normalization control. The relative expression 379 

of each mRNA was determined using the ΔΔCt method. 380 

 381 

Time-lapse imaging 382 

NGFs and CAFs were seeded in a 27-mm glass-based dish at a density of 3 ×104 383 

cells/well and stained with 10 µM CellTracker™ Green CMFDA Dye (Invitrogen, Carlsbad, 384 

CA, USA) for 30 min at 37°C in the absence of FBS. After exchange to normal medium, cells 385 

were infected with OBP-702 at 100 multiplicities of infection (MOI). Time-lapse images 386 

were taken serially for 72 h after viral infection using a confocal laser scanning biological 387 

microscope with built-in culture incubator (FV-10i; Olympus, Japan). Green area was 388 

evaluated using an "area index," calculated by ImageJ software (http://rsb.info.nih.gov/ij/). 389 

 390 

Western blot analysis 391 

MKN45 cells seeded in a 100-mm dish at a density of 3 ×105 cells/dish were infected 392 

with OBP-702 at the indicated MOIs for 72 h. Whole-cell lysates were prepared in lysis 393 

buffer (50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1% Triton X-100) containing a protease 394 
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inhibitor cocktail (Complete Mini; Roche Applied Science, Mannheim, Germany) and 395 

phosphatase inhibitor cocktail (PHOSSTOP; Roche Applied Science, Mannheim, Germany). 396 

Proteins were separated by Sodium dodecyl sulfate- polyacrylamide gel (SDS-PAGE) and 397 

transferred to polyvinylidene difluoride membranes (Hybond-P; GE Healthcare, IL, USA). 398 

Membranes were blocked with Blocking-One (Nacalai Tesque, Kyoto, Japan) at room 399 

temperature for 30 min, then incubated overnight at 4°C with the following antibodies: mouse 400 

anti-Ad5 E1A monoclonal antibody (mAb) (BD PharMingen, Franklin Lakes, NJ, USA), 401 

mouse anti-p53 mAb (DO-1), rabbit anti-p-p53 pAb, rabbit anti-PARP pAb, rabbit anti-402 

SQSTM1/p62 pAb, rabbit anti-αSMA mAb, mouse anti-pankeratin mAb (Cell Signaling 403 

Technology), rabbit anti-FAP pAb, rabbit anti-vimentin mAb (Abcam), and mouse anti-β-404 

actin mAb (Sigma-Aldrich). Immunoreactive bands on blots were visualized using enhanced 405 

chemiluminescence substrates (ECL Plus; GE Healthcare). For the phosphorylation of p53 in 406 

NGFs and CAFs, cell lysates were prepared in the lysis buffer containing 407 

ethylenediaminetetraacetic acid (EDTA)-free protease inhibitor cocktail and PHOSSTOP. 408 

Phos-tag (Wako Pure Chemical Industries, Osaka, Japan) gels were prepared and run 409 

according to the protocol from the manufacturer. Mixed antibodies between DO-1 and 410 

PAb1801 (Abcam) were used as primary antibodies of p53. 411 

 412 

Cytokine array 413 

Cells were seeded at a density of 10 ×104 cells/ml and infected with OBP-702 at 100 414 

MOI 24 h after cell seeding. Supernatants were collected 96 h after virus infection. Cytokine 415 

and chemokine levels were measured using Cytokine Array (Abcam) according to the 416 

protocol from the manufacturer. Immunoreactive spots were visualized using enhanced 417 

chemiluminescence substrates (ECL Plus; GE Healthcare). Comparison between samples was 418 
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performed using ImageJ software. 419 

 420 

Enzyme-linked immuno-sorbent assay (ELISA) 421 

Cells were seeded at a density of 4 ×104 cells/ml and infected with OBP-702 at 100 422 

MOI 24 h after cell seeding. Supernatants were collected 72 h after virus infection. IL-6 423 

levels in cell culture supernatant were measured using a Human IL-6 Quantikine ELISA Kit 424 

(R&D Systems, Minneapolis, MN, USA) according to the protocol from the manufacturer. 425 

 426 

Animal experiments 427 

MKN45-Luc cells (5 ×106 cells) were inoculated into the peritoneal cavity of 7-week-428 

old female BALB/c nu/nu mice (CLEA Japan, Tokyo, Japan), as models of peritoneal 429 

dissemination. Ten days after cell inoculation, 500 μl of solution containing OBP-702 [1 ×105 430 

plaque forming units (PFUs)] or PBS was intraperitoneally injected once and PTX (10 mg/kg 431 

body weight) was also intraperitoneally injected 2 days after OBP-702 injection. Five mice 432 

were used for each group. To monitor tumor progression, the substrate luciferin (Vivo Glo 433 

Luciferin; Promega, Madison, WI, USA) was intraperitoneally injected at a dose of 200 434 

mg/kg body weight. Images were collected in the supine position every few minutes after 435 

luciferin injection with the Lumina in vivo imaging system (IVIS) Imaging System (Caliper 436 

Life Sciences, Cheshire, UK), and photons emitted from the abdominal cavity were 437 

quantified using Xenogen Living Image software (Caliper Life Science). In the co-injection 438 

model, both MKN45-Luc (5 ×106 cells) and CAFs (2.5 ×106 cells) were intraperitoneally 439 

inoculated into nude mice. OBP-702 (1 ×107 PFU) or PBS was intraperitoneally injected 440 

every week (days 7, 14, and 21) and PTX (10 mg/kg body weight) was also injected 441 

intraperitoneally 2 days after virus injection (days 9, 16, and 23). All tumor nodules in the 442 
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peritoneal cavity were resected and total weights were measured on day 28. 443 

Anti-αSMA mAb (Sigma-Aldrich) was used for immunohistochemical investigation of 444 

peritoneal tumor nodules. Immunoreactive signals were visualized with a 3,39-445 

diaminobenzidine tetrahydrochloride solution, and nuclei were counterstained with 446 

hematoxylin. Sections were viewed under light microscopy (BX50; Olympus). 447 

 448 

Statistical analysis 449 

For the area index of αSMA, cut-off was defined using the median value of the high or 450 

low groups. Overall survival (OS) was calculated using the Kaplan-Meier method, with the 451 

log-rank test used for comparisons between subgroups. Student’s t-test was used to identify 452 

statistically significant differences between groups. All data are expressed as means ± 453 

standard deviation (SD). Values of P < 0.05 were considered statistically significant. 454 

Statistical analysis was performed using JMP version 11.2 (SAS Institute, Cary, NC, USA). 455 

 456 

Study approval 457 

This study was conducted in accordance with the ethical standards of the Declaration of 458 

Helsinki and the ethical guidelines for medical and health research involving human subjects. 459 

Studies using clinical samples were approved and reviewed by the institutional review board 460 

of Okayama University Hospital (approval nos. 1707-022 and 1505-023). All animal 461 

experimental protocols were approved by the Ethics Review Committee for Animal 462 

Experiments of Okayama University (approval no. OKU-2020166). 463 
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Figure Legends 654 

 655 

Fig. 1 Analysis of αSMA expression in clinical samples of primary gastric cancer (GC) and 656 

peritoneal metastasis by immunohistochemistry. A) Representative microscopic images with 657 

HE and anti-αSMA staining, with the emphasis image from Image J demonstrating the 658 

evaluation of area index. Mean αSMA-positive rate was calculated as the αSMA area index. 659 

The αSMA area index for each case was plotted as a histogram (black bar, median value). 660 

Scale bars, 200 µm. B) OS curve according to αSMA expression (high or low) in the primary 661 

tumor. The high-αSMA expression group showed significantly worse prognosis (log-rank 662 

test). C) Enumeration of the αSMA area index of resected peritoneal metastasis of 17 GC 663 

patients and non-metastatic peritoneal (NMP) tissue. The value of NMP indicates the mean 664 

αSMA expression of 5 NMP tissues. 665 

 666 

Fig. 2 Hypo-phosphorylation of p53 in CAFs regulates CAF-specific properties. A) 667 

Immunofluorescence analysis of NGFs and CAFs established from clinical specimens. Blue 668 

color indicates the nucleus, green color indicates vimentin and red color indicates pankeratin. 669 

Scale bar, 200 µm. B) Western blotting analysis of NGFs and CAFs established from clinical 670 

specimens, with β-actin as a loading control. C) Expression of α-SMA and FAP, as CAF 671 

markers and p53 proteins in NGFs and CAFs. Beta-actin was used as a loading control. 672 

D) IL-6 secretion in NGFs and CAFs. Data are shown as mean ± SD. Statistical significance 673 

was defined as p < 0.05 (*). Left, the comparison of IL-6 secretion between two pairs of 674 

NGFs and CAFs. Right, the comparison of IL-6 secretion between the average of four pairs 675 

of NGFs and CAFs. E) Extracts from NGFs and CAFs were separated by standard 676 

SDS/PAGE (top) and 30 μM Phos-tag SDS/PAGE (bottom), followed by Western blot 677 
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analysis with p53 antibodies. Beta-actin was used as a loading control. F) The relative 678 

abundance of each band in the phos-tag gel was compared between NGFs and CAFs. 679 

 680 

Fig. 3 Combination of p53-expressing OBP-702 and PTX shows synergistic antitumor effects 681 

on human gastric cancer cells. A) MKN45 and NUGC4 cells were infected with OBP-702 at 682 

the indicated MOIs for 3 days. Cells were treated with PTX at the indicated doses for 24 h. 683 

Cell viability was quantified using the XTT assay. The cell viability of a mock-treated group 684 

was considered 1.0, and relative cell viabilities were then calculated. Data are expressed as 685 

mean ± SD (n = 5). B) Expression of PARP, C-PARP, p62, p53 and adenoviral E1A proteins 686 

in MKN45 cells infected with OBP-702 at the indicated MOIs. Beta-actin was used as a 687 

loading control. C) The combination index was calculated with CalcuSyn software. 688 

Synergism and antagonism were defined as interaction indices of <1 and >1, respectively. 689 

 690 

Fig. 4 OBP-702 suppresses the function and viability of CAFs by inducing p53. A) NGFs and 691 

CAFs were infected with OBP-702 at the indicated MOIs for 3 days. Cells were treated with 692 

PTX at the indicated doses for 24 h. Cell viability was quantified using the XTT assay. The 693 

cell viability of a mock-treated group was considered 1.0, and relative cell viabilities were 694 

calculated. Data are expressed as mean ± SD (n = 5). B) Time-lapse images of NGF and CAF 695 

infected with OBP-702 for 72 h. Cells were stained by CellTracker™. Relative ratios of the 696 

green area at 72 h after viral infection as compared to 0 h were calculated. C) Expressions of 697 

p53, p-p53, adenoviral E1A, PARP, and p62 proteins in CAFs infected with OBP-702 at the 698 

indicated MOIs. Beta-actin was used as a loading control. D) Amounts of IL-6 secreted from 699 

CAF1 4 days after OBP-301 or OBP-702 infection were quantified by ELISA. Data are 700 

expressed as mean ± SD (n = 3). E) Changes in tumor progressive cytokines secreted from 701 
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CAFs 3 days after infection with 10 MOIs of OBP-702. Cytokines secreted from NGF as the 702 

control were analyzed. Intensities of cytokines were measured by Image J. The amount of 703 

cytokines secreted from NGF was considered as 1.0, then relative amounts of cytokines 704 

secreted from CAF were calculated. 705 

 706 

Fig. 5 Peritoneal metastasis of GC was suppressed by i.p. administration of OBP-702 in 707 

combination with PTX in the orthotopic mouse model. A) Study protocol. Intraperitoneal 708 

tumors of MKN-45-Luc were treated with intraperitoneal OBP-702 (1 ×105 PFU) and/or 709 

intraperitoneal PTX (10 mg/kg body weight). B) Representative photographs of mice with 710 

peritoneal metastasis treated with PBS, OBP-702, PTX, or OBP-702 and PTX. C) 711 

Luminescence in tumor tissues was analyzed using the IVIS system at 15, 18, 21, 24, and 28 712 

days after tumor inoculation. Data are expressed as mean value ± SD (n = 5). Statistical 713 

significance was defined at the level of p < 0.05 (*). 714 

 715 

Fig. 6 Tumor growth was suppressed by i.p. administration of OBP-702 in combination with 716 

PTX via suppression of both cancer cells and CAFs in metastatic sites. A) MKN45-Luc (5 717 

106 cells) or co-inoculated with CAFs (2.5 106 cells) were inoculated into the abdominal 718 

cavity of nude mice. Luminescence in tumor tissue was analyzed using the IVIS system at 5, 719 

8, 14, 17, and 21 days after tumor inoculation. Data are expressed as mean value ± SD (n = 5). 720 

B) Study protocol. Intraperitoneal tumors of MKN-45-Luc and CAFs were treated with OBP-721 

702 (1 107 PFU) intraperitoneally and/or PTX (10 mg/kg body weight) intraperitoneally 722 

three times each week. C) All tumor nodules in the abdominal cavity were resected and total 723 

volume weight was measured on day 28. Data are expressed as mean ± SD (n = 4). Statistical 724 

significance was defined as p < 0.05 (*). D) Histological analysis for α-SMA protein 725 
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expression of peritoneal tumors. Tumor tissues were obtained on day 28. Scale bars, 200 μm. 726 

E) The α-SMA-expressing areas in the peritoneal tumors were evaluated using an “area 727 

index” calculated by Image J software. Data are expressed as mean ± SD (n = 4). Statistical 728 

significance was defined as p < 0.05 (*). 729 


