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A B S T R A C T 

Introduction 

 

Gastric carcinoma (GC) is an epithelial malignancy with high incidence 

and poor prognosis [1]. About 10% of all GCs worldwide are linked to 

Epstein-Barr virus (EBV) infection, with viral DNA and few gene 

products present in every tumor cell, overall representing about 85,000 

yearly new cases [2, 3-7].  EBV-associated gastric carcinoma (EBVaGC) 

is considered a distinct disease entity according to the new molecular 

classification proposed by The Cancer Genome Atlas, supporting our 

prior clinicopathological observations [5, 7, 8]. EBVaGC most 

frequently occurs in young males and is often located to the proximal 

stomach, arising from the cardia but also from the fundus and body of 

the stomach. Post-surgery gastric remnant carcinomas are more 

frequently positive for EBV (~35%), and nearly all gastric 

lymphoepithelial carcinomas carry latent EBV [9].  

 

Background: Epstein-Barr virus associated gastric carcinoma (EBVaGC) is considered a distinct GC 

disease entity, with the virus persisting in a latent phase. Treatment with Epirubicin, Capecitabine and 

Cisplatin (ECC combination) showed survival benefit in patients with GC in clinical trials (MAGIC study 

and CRITICS study) when compared to chemotherapy with Capecitabine and Cisplatin (GCb/Cis). Current 

treatment protocols for GC do not consider virus involvement. 

Methods: In this study, we tested a CytoLytic Virus Activation (CLVA) strategy consisting of the ECC 

combination or GCb/Cis together with the HDAC inhibitor Valproic acid (VPA) to define whether EBV 

reactivation and subsequent antiviral treatment with Ganciclovir (GCV) could be used as virus-targeted 

therapy for EBVaGC.  Drug combinations with VPA and GCV were evaluated in multiple cell lines and in 

an EBVaGC mouse model based on human naturally EBV-infected SNU-719 cells. 

Results: EBV reactivation was demonstrated by lytic mRNA transcripts and proteins in treated cells, and 

the virus-reactivating capacity of different CLVA drug combinations was compared in C666.1, AGS-BX1 

and SNU-719 cell lines. In an EBVaGC mouse model, GCb/Cis with VPA and GCV strongly reduced tumor 

volume and showed the highest potential for EBV-reactivation. Upon a single round of CLVA treatment, 

EBV DNA levels in circulation decreased, and loss of EBV-positive cells in treated tumors was observed. 

In vivo EBV-reactivation was revealed by the presence of lytic gene transcripts and proteins in tumor tissues 

6 days after treatment. 

Conclusion: In EBVaGC model systems, CLVA treatment showed a more potent virus reactivation and 

killing of tumor cells when compared to standard chemotherapy alone, suggesting that addition of VPA plus 

GCV to the ECC or GCb/Cis combination should be considered in future clinical studies. 
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Current treatment options are limited and consist of chemotherapy with 

or without radiation followed by radical gastric dissection, but many 

patients have a non-resectable and recurrent disease [1, 10]. Several large 

clinical trials have established a treatment consensus for GC, including 

combinations of chemotherapeutic agents as used in the CRITICS study 

and the MAGIC study, namely the ECC combination consisting of 

Epirubicin, Capecitabine (precursor of 5-FU) plus Cisplatin or the 

combination of Gemcitabine/Cisplatin (GCb/Cis) [11-16].  

 

Specific immune microenvironment with abundant inflammatory 

infiltrate of CD8+ and CD4+ T cells and macrophages is one of the 

hallmarks of EBVaGC, and currently, multiple immunotherapeutic 

strategies are being investigated [7, 17-19].  Recently, results of a large 

international retrospective study confirmed that EBV-positive GC 

patients have significantly better survival, which is in line with our 

previous findings and data by Truong et al [6, 7, 20, 21]. 

 

EBV is present in every tumor cell of EBVaGC having a restricted 

latency type II gene expression pattern, in which non-coding EBERs and 

miR-BART microRNAs, EBNA-1, BARF1, and sometimes LMP-2A, 

but not LMP-1 protein or any of the lytic genes are expressed [2, 22, 23]. 

In recent years an EBVaGC cell line was established, named SNU-719, 

which stably maintains the EBV genome and shows the correct restricted 

latent EBV gene expression profile as found in EBVaGC tumor tissues 

[22, 24, 25]. Our previous findings in nasopharyngeal carcinoma (NPC) 

showed that latent EBV in tumor cells could be targeted and reactivated 

into the lytic stage by a specific chemotherapy combination, the so-

called Cytolytic Virus Activation Therapy (CLVA).  

 

DNA-damage inducing agents, like chemotherapeutic drugs, can provide 

EBV reactivating signals, which are enhanced by the simultaneous use 

of chromatin remodeling agents, such as the HDAC inhibitor valproic 

acid (VPA) [26-29]. By using this CLVA strategy we showed that NPC 

tumor cells could be rapidly and effectively eliminated. Induction of 

EBV lytic gene expression was demonstrated in vitro and in vivo at the 

molecular level in an NPC mouse model, with proven re-expression of 

the lytic switch proteins Zebra (or Zta, BZLF1), Rta (BRLF1), the early 

stage kinases PK (BGLF4) and TK (BXLF1) and the VCA-p18 small 

capsid protein (BFRF3) [28]. Reactivation of EBV is assumed to render 

tumor cells susceptible to immune cell recognition by expression of 

immunogenic viral neo-antigens. In addition, tumor cells with 

reactivated EBV are sensitized for enhanced killing by antiviral therapy 

using (val)ganciclovir (GCV or Valcyte) that is converted by induced 

early viral enzymes PK and TK that convert GCV into the intracellular 

cytotoxic triphosphate form [30, 31]. CLVA therapy was recently 

administered in a phase-I/II trial to end-stage NPC patients showing 

encouraging clinical results [29, 32].  

 

In this study, we investigated whether a CLVA approach, based on 

current standard GC chemotherapeutic protocols (MAGIC and CRITICS 

studies), might be advantageous as a new virus-targeted strategy for 

treating EBVaGC. We assumed that a small modification of current GC 

therapy by adding VPA and GCV to the ECC or GCb/Cis regimen might 

be beneficial and safe to apply. We used 5-FU, the metabolite of 

Capecitabine, in all experiments since Capecitabine is not convertible 

into its cytotoxic form in in vitro conditions. Gemcitabine, 5-FU and 

Cisplatin are capable of inducing EBV lytic induction in latently infected 

NPC cell lines, which can be greatly enhanced by the addition of the 

HDAC inhibitor valproic acid [29, 30, 33]. Cytotoxicity of Epirubicin 

was demonstrated in EBV-transformed LCLs, but not evaluated in EBV-

driven carcinomas, like NPC and EBVaGC [34].  

 

The influence on EBV reactivation of VPA addition to standard 

combination chemotherapy was analyzed in several in vitro models, 

including a unique patient-derived, naturally EBV infected GC cell line 

SNU-719, as previously described [24, 31, 35]. We used SNU-719 to 

generate an EBVaGC mouse tumor model to study the induction of EBV 

lytic gene products in animals treated with ECC or GCb/Cis plus VPA 

and GCV. The in vitro efficacy of drugs was assessed by analyses of 

lytic EBV transcript/protein signatures, and in the mouse model, effects 

on EBV-reactivation and tumor cells killing were compared for each 

drug combination with or without VPA and GCV. The efficacy of CLVA 

drug combinations was assessed by (reduction of) tumor volume and 

analysis of viral markers in blood and tissue.  

 

Materials and Methods 

 

I Cell Cultures and In Vitro Treatment 

 

The naturally derived EBV-infected gastric carcinoma cell line SNU-

719 was purchased from Korean Cell Line Bank and cultured in RPMI 

1640 medium (Lonza, Maastricht, The Netherlands) with 10% fetal calf 

serum (FCS) and 100 μg/ml penicillin, 100 IU/ml streptomycin and 1 

mM glutamine (P/S/G). AGS-BX1 (kindly provided by L. Hutt-Fletcher) 

and C666.1 cells (kindly provided by D. Thorley-Lawson) were cultured 

as described earlier[24, 29, 35-37]. 

 

The following drug doses were applied in culture medium: 3 M GCb, 

0.3 mM VPA, 90 nM Epirubicin, 6.4 M Cisplatin and 7.5 M 5-FU. In 

AGS-BX1 the ECC treatment (18 nM Epirubicin, 6.4 M Cisplatin, 7.5 

M 5-FU) were used. Cells were treated for 2 (AGS-BX1, C666.1) or 3-

5 days (SNU-719) and harvested for RNA and protein analyses.  

 

II Protein Expression Analysis 

 

Cultured cells were lysed in RIPA buffer (50 mM Tris/HCl pH 7.5, 150 

mM NaCl, 2 mM EDTA, 1% Na-DOC, 1% Triton-X100) in the presence 

of a protease inhibitor cocktail (Roche, Netherlands) for 30 min at 4°C 

and total protein concentration was determined with a BCA protein assay 

kit (Pierce, Waltham, MA). SDS-PAGE, western blotting and protein-

detection were done under standard conditions using anti- Zebra (BZ-1, 

a gift from Dr. Paul Farrell, St. Mary’s hospital, London, UK), anti-PK 

(mAb2616, a kind gift of J.T. Wang National Taiwan University, Taipei, 

Taiwan), anti-Tubulin HRP (Abcam, UK) and anti-β-Actin HRP (C4; 

Santa Cruz, Dallas, TX) antibodies as described earlier [29]. 

 

III Establishment of EBVaGC Mouse Model  

 

The animal model, its handling and sampling were similar as recently 

described for the NPC mouse model [28]. Six-week-old female Balb/c 

athymic nude mice were purchased from Harlan (Zeist, The 

Netherlands). Animal experiments were performed in accordance with 

the Dutch law on animal experimentation, and the protocol was approved 

by the committee on animal experimentation of the VU University 
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Medical Center. Animals were injected subcutaneously (SC) with 4 

million SNU-719 cells premixed (1:1) with matrigel (BD Biosciences, 

Erembodegem, Belgium) in both left and right flank. Tumor volume 

(TV) was measured twice a week using a caliper. Blood sampling from 

the tail vein was performed weekly. Drugs were administered when 

tumor size reached 100-400 mm2. Animals were randomized before 

treatment administration. At the end of experiments, half of the tumor 

was snap frozen in liquid nitrogen for molecular analysis, and the other 

half was formalin-fixed, and paraffin-embedded (FFPE) for 

histopathology and immunohistochemistry examinations.   

 

IV In Vivo Treatment  

 

Supplementary Figure 1 shows the experimental protocol of the 

EBVaGC animal studies. After reaching the appropriate TV, mice were 

randomized, and 3 parallel treatment regimens were initiated on day 24 

(D24): the complete CLVA therapy (GCb/VPA/GCV), ECC 

combination (Epirubicin, 5-FU (Capecitabine precursor) and Cisplatin) 

and the combination of Gemcitabine with Cisplatin (GCb/Cis). Drug 

doses were carefully selected based on prior in vivo studies in mice and 

administration schedule was designed based on in vivo human studies, 

mimicking one cycle of CLVA therapy in the clinical setting except for 

the GCb treated mice, which received after 4 days a second GCb 

injection as was done in our NPC mouse tumor model to prevent GCb 

toxicity [28].  All drugs, except VPA, were administered by IP injections 

(each drug separately) [28, 29, 38, 39].  

 

The CLVA treatment consisted of 120 mg/kg GCb (Frensius Kabi 

Oncology Plc., Hampshire, UK) administered IP and 300 mg/kg VPA 

(Sigma-Aldrich, Zwijndrecht, The Netherlands) was administered daily 

starting from D24 in fresh drinking water, followed by daily IP treatment 

with 100 mg/kg Ganciclovir (GCV; Sigma-Aldrich) starting from D29. 

The ECC treatment consisted of 5 mg/kg Epirubicin Hydrochloride, 100 

mg/kg 5-FU and 6 mg/kg Cisplatin (Accord Healthcare, UK).  The 

GCb/Cis treatment consisted of 50 mg/kg of Gemcitabine together with 

6 mg/kg Cisplatin. VPA was administered in drinking water daily 

starting from D24 followed by daily IP GCV treatment as described 

above. Animals were treated for 10 days, sacrificed, tumors from both 

flanks were harvested and blood and tumor tissues collected for 

molecular and (immuno) histological analyses. One group of animals 

was used for EBV-RNA profiling and immunohistochemical analysis 

and sacrificed earlier, on D30, after 6 days of treatment. 

 

V EBV DNA Load in Whole Blood Before and During 

Treatment 

 

Every week starting from day 6 (D6) after tumor inoculation, 50 µl 

whole blood (WB) was obtained from the tail vein and collected in 

lithium heparin-coated microvettes (Sarstedt Ag & Co. Nümbrecht, 

Germany). Aliquots were mixed well with 450 µl NucliSens lysis buffer 

(BioMérieux, France) and stored at -80oC. DNA was isolated as 

described earlier [40]. Viral DNA load was determined by quantitative 

real-time PCR using the LightCycler480 (Roche, Penzburg, Germany) 

as described before [28, 29]. All samples were tested in duplicate and 

spiked with 1000 copies of EBV plasmid to analyze potential PCR 

inhibition. Data were analyzed with the absolute quantification method 

using a 2nd Derivative Max LC480 software (Roche). The amount of 

human tumor cell equivalent per sample was defined by PCR for the 

human -globin gene, as defined before [41]. 

 

VI EBV-RNA Profiling in Tumor Tissue  

 

Liquid nitrogen snap-frozen tumor tissues were sliced in 5x10 mm 

sections, homogenized in 1 ml Trizol reagent (Life Technologies, Breda, 

The Netherlands) and samples were stored at -80oC prior to RNA 

isolation. RNA was treated with RQ RNase-free DNase 

(Promega,Venlo, The Netherlands) according to manufacturer’s 

protocol, followed by RNA precipitation using 1 l of 3 M sodium 

acetate (pH 5.3), 2.5 g linear acrylamide (Ambion, Bleiswijk, The 

Netherlands) and 25 l 100% ethanol (EtOH). Reverse transcription by 

target-specific cDNA synthesis was performed as described in detail 

recently [25]. cDNA was diluted 10 times or higher for use in SYBR 

Green based Real-Time PCR quantification of each target gene 

(LightCycler480, Roche). To determine the exact number of molecules 

per sample, serial dilutions of a plasmid pool containing all target genes 

were used to obtain a standard curve. Melting temperatures were 

analysed for the specificity of the PCR products. Quantification was 

performed by Absolute Quantification /2nd Derivative Max LC480 

software (Roche). Additionally, the specificity of the amplicon size was 

checked for size by running PCR products on a 1% agarose gel. Cellular 

housekeeping gene (U1A) was used as RNA quality standard and for 

normalizing transcript levels [25, 28].  

 

Correction for remaining viral DNA in the DNase-I treated RNA extracts 

was done for all non-spliced targets (Rta, PK, TK, VCA-p18) to exclude 

genomic EBV DNA contamination, as described in detail before. For 

this, we used EBNA1-based qPCR targeting a 99bp EBV genomic 

region not included in the cDNA sequences as described above [25].  

 

VII Immunohistochemistry and EBER-RISH 

 

Tumor FFPE sections were deparaffinized, hydrated, and endogenous 

peroxidase activity was blocked with 0.3% hydrogen peroxidase solution 

for 30 min. For antigen retrieval, tissues were pre-treated with 10 mM 

citrate buffer (0.05% Tween 20, pH 6.0) for 10 min at 98°C. Sections 

were incubated with the anti-BZLF1, Zebra (BZ-1, 1: 100) for 1 h at RT 

in a humidified chamber or over-night at 4°C. The Envision HRP anti-

rabbit/anti-mouse detection system (Dakopatts, Glostrup, Denmark) was 

used according to the manufacturer’s instruction. Colours were 

developed with the diaminobenzidine tetrachloride (DAB) substrate kit 

(Vector Laboratories, Burlingame, CA, U.S.A.) followed by 

Hematoxylin-Eosin (HE) staining. EBER-RISH was performed on 3 μm 

FFPE tumor tissue sections using a EBER peptide nucleic acid (PNA) 

probe (DAKO) as described [42].  

 

Results  

 

Initial screening of different drug combinations for their capacity to drive 

EBV-lytic reactivation was done in NPC-derived C666.1 cells carrying 

EBV with a stable latency-II profile  and compared to the well-studied 

GCb/VPA-based CLVA treatment in this cell line [28, 29]. The strongest 

virus reactivation in this cell line was observed upon ECC/VPA 

treatment (Figure 1). Subsequently, the ECC combination treatment was 

applied to artificial EBVaGC cell line AGS-BX1 and the natural 
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EBVaGC line SNU-719, which was further explored in vivo as a mouse 

tumor model.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: EBV lytic induction in 2 days treated C666.1 cells.  

A) & B) Strong EBV reactivation by ECC regimen in C666.1 cells as 

indicated by high levels of lytic proteins, and C) transcripts. 

 

I Lytic Induction In Vitro 

 

EBV reactivation in C666.1 cells treated with GCb or ECC with or 

without VPA for 2 days was analyzed to determine and compare the 

levels of viral lytic mRNA and protein expression (Figure 1). Lytic 

induction was confirmed for both GCb and ECC by appearance, and 

increased levels of the immediate early (IE)-Zebra and late lytic protein 

VCA-p18 by (quantitative) immunoblot analysis, with most enhanced 

IE-Zebra and VCA-p18 levels in the ECC/VPA treated cells (Figures 1A 

& 1B). EBV mRNA profiling by multiplex RT-PCR in parallel samples 

revealed stronger upregulation of Zebra transcripts by ECC/VPA 

treatment when compared to the standard GCb/VPA (Figure 1C).  

 

EBV reactivation in the EBVaGC model cell line AGS-BX1 cells treated 

for 2 days with either GCb, Cis or ECC combination with or without 

VPA is presented in (Figure 2). This cell model already has spontaneous 

baseline EBV lytic gene expression, explaining the initial positive 

signals for Zebra (Figures 2A, 2D & 2G) [35]. Additionally, increased 

strong Zebra protein expression was detected after GCb/VPA (Figures 

2A-2B, 2D-2E, 2G-2H), Cis/VPA (Figures 2D & 2E) and ECC (Figures 

2G & 2H) treatment. Correspondingly, the level of Zebra transcripts 

increased strongly upon GCb/VPA (Figure 2C), Cis/VPA (Figure 2F) 

and ECC/VPA (Figure 2I) treatments. Furthermore, robust Zebra and PK 

protein expression was detected by immunoblot analysis in 

GCb/Cis/VPA and GCb/VPA treated AGS-BX1, whereas the VPA 

addition to the ECC combination resulted in low to moderate Zebra and 

PK expression (Figure 3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: EBV lytic induction in 2 days treated AGS-BX1 cells.  

Western blot analysis shows virus reactivation in AGS-BX1 cells by 

different treatment combinations. A), B), D), E), G) & H) Zebra and 

VCA-p18 protein levels, and C), F) & I) lytic transcripts of EBV 

detected in corresponding samples. ECC* indicates 18 nM Epirubicin 

was used. 
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Figure 3: Zebra and PK protein expression in 2 days treated AGS-BX1 

cells.  

Western blot analysis shows virus reactivation in AGS-BX1 cells by 

different treatment combinations. The presence of VPA is indicated as 

+/-. 

 

 

 

 

 

 

 

 

 

 

Figure 4: Induction of lytic EBV mRNA in treated SNU-719 cells. 

EBV RNA profiling revealed strong upregulation of lytic transcripts 

after 3 days of treatment. Transcripts were calculated as target 

molecules/cell and normalized to human cellular housekeeping U1A. 

The fold change was determined by normalization to the level in the 

untreated cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5:  Zebra and PK protein expression in 5 days treated SNU-719. 

A) Western blot analysis, and B) quantification, shows virus reactivation 

in naturally infected SNU-719 cells by GCb/Cis treatment, but not by 

ECC treatment. The presence of VPA is indicated as +/-. 

 

EBV reactivation in the natural EBVaGC-derived SNU-719 cells treated 

for 3-5 days is presented in (Figures 4 & 5). In 3-days treated SNU719 

cells, mRNA transcripts of Zebra, Rta, PK, TK, and VCA-p18 appeared 

to be present in high copy numbers indicating viral lytic induction due 

to GCb/Cis and GCb/Cis/VPA treatment, whereas ECC-based treatment 

induced a lower number of EBV lytic transcripts (Figure 4). In the 

untreated cells, only negative or very low baseline levels were 

detectable, which were normalized to 1.  By immunoblot analysis, PK 

protein was found to be strongly expressed at 5-days in GCb/Cis and 

GCb/Cis/VPA, but not in ECC treated cells, in parallel with the Zebra 

protein (Figures 5A & 5B). Late lytic mRNA was hardly detected, 

although VCA-p18 protein was elevated in GCb/Cis induced cells with 

or without VPA. In ECC-treated SNU-179 cells, VCA-p18 protein and 

mRNA were hardly detected. We found that EBV lytic proteins are not 

easy to induce in the natural SNU-719 cells, especially when compared 

to the very reactive recombinant AGS-BX1 cells, which show lytic 

expression already in unstimulated condition. This is in agreement with 

recently published data [35]. Latent-phase specific EBV RNA transcripts 

(only BARTS and LMP1) were quantified as well, and the expression 

pattern corresponded to the GC-specific EBV latency type-II without 

LMP1 expression, as defined before (data not shown) [25]. 

 

II CLVA Treatment Reduces SNU-719 Tumor Volume   

 

The EBV positive GC mouse model was used to investigate the 

biological effects in vivo of CLVA-based treatments for EBV lytic 

induction and to show additive cytotoxicity of the antiviral compound 

GCV. Supplementary Figure 1 shows a schematic presentation of the 

animal treatment protocol. Drug combinations were well tolerated, and 

no significant loss of body weight was observed. From D6 after SNU-

719 cells inoculation, tumor volumes (TV) increased rapidly (Figures 6A 

& 6B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: Tumor volume. 

Tumor volumes of both left and right flanks together are represented as 

average (mean value) per group (n=5 or 7). Arrows indicate 

administration of GCb, i.e. 24 and 28 days after tumor inoculation; grey 

bar represents GCV administration and the 1st arrow corresponds to 

single administration of all other chemotherapeutic agents, A) the ECC 

or B) GCb/Cis combinations. 
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Treatments were started in randomly selected animals on D24 after 

tumor inoculation. In mice treated with GCb/VPA/GCV a rapid decrease 

occurred upon 2nd dose of GCb (Figures 6A & 6B). ECC treatment 

resulted in TV decrease only when combined with VPA and GCV 

(Figure 6A). Also, a robust decrease in TV was observed as a result of 

GCb/Cis treatment only when combined with VPA and GCV (Figure 

6B). These in vivo results match with the in vitro results (Figure 4), 

indicating that EBVaGC SNU-179 cells are poorly responsive to the 

ECC protocol. ECC induces only partial EBV reactivation with Zebra 

and Rta expression, but no further expression of early and late EBV 

genes. On the other hand, SNU-179 cells are well responsive to the 

GCb/Cis protocol, with good enhancement by the addition of VPA and 

apparent induction of virus-encoded PK and TK enzymes providing the 

additional cytolytic treatment effect by the addition of GCV. 

 

III EBV DNA Load in Mouse Whole Blood 

 

Viral DNA levels in whole blood (WB) gradually increased with the rise 

of tumor volume until the start of treatment (D24) and were monitored 

in parallel to the treatment response (Figure 7). A rapid increase of EBV 

DNA load in all groups with ECC-based treatment was measured and 

only in the ECC/VPA treated group a small reduction was seen from D31 

(Figure 7A). On the other hand, combined GCb/Cis treatment with VPA 

and GCV (or with VPA alone) strongly reduced the EBV DNA load, 

starting from day 31 (D31).Treatment with two other combinations 

(GCb/Cis alone or with GCV) resulted in a lower decrease of the viral 

load (Figure 7B).  Thus, circulating EBV-DNA load in the blood reflects 

the macroscopic tumor behaviour, as measured by tumor volume (Figure 

6). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: EBV DNA load in circulation. 

EBV DNA load in circulation is represented as average (mean value) per 

group (n=5 or 7). Arrows indicate administration of GCb, i.e. 24 and 28 

days after tumor inoculation; grey bar represents GCV administration 

and the 1st arrow corresponds to single administration of other 

chemotherapeutic agents, A) the ECC or B) GCb/Cis combinations. 

IV CLVA Treatment Results in Strong Reduction of EBER-

Positive Tumor Cells  

 

Tumor tissues collected after the various treatments were examined for 

the presence of EBV-positive cells using the EBER-RNA in situ 

hybridization assay (EBER-RISH, Figure 8). In the untreated group of 

animals, large lobular fields of tightly packed vital tumor cells 

(about70%) were surrounded by tumor stroma, as indicated by strong 

EBER-positive staining (Figure 8A). In tumors from animals treated 

with ECC/VPA, approximately 60% of cells were EBER-positive 

(Figure 8B), and 50 % in ECC/VPA/GCV treated (Figure 8C). In 

GCb/VPA/GCV treated animals, smaller fields of tumor cells were 

present, and the number of EBER-positive tumor cells was reduced to 

20-25% (Figure 8D). The GCb/Cis/VPA treatment resulted in an even 

more pronounced decrease of tumor cells, and about 10% of EBER-

positive cells were detected (Figure 8E). The most significant tissue 

architectural changes were observed in GCb/Cis/VPA/GCV treated 

group, where only 5-10% of EBER-positive cells still remained (Figure 

8F). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8: EBER-RISH in mouse tumors. 

A) EBER in situ hybridization was performed on tumors taken from 

control tumor bearing mice, or B) from mice treated for 6 days with 

ECC/VPA, C) ECC/VPA/GCV, D) GCb/VPA/GCV, E) GCb/Cis/VPA 

or F) GCb/Cis/VPA/GCV. In untreated tumors large fields of EBER-

positive (blue) tumor cells were detected (A), typically seen as compact 

lobular areas (detailed in Supplementary Figure 2). In particular the GCb 

and Cis-based treatments resulted in strong reduction the number of 

tumor cells (D-F), but also in appearance of necrotic tissue with fluid 

leakage, affecting the quality of tissue sections. 

 

V EBV Lytic Transcripts in Tumors After 6 Days of Treatment  

 

EBV-RNA profiling by multiplex RT-PCR was performed in RNA 

extracts of frozen tumors from 6-days treated animals and from untreated 

mice at 30 days after tumor inoculation (Figure 9). In the untreated 

control group, only negative or very low base-levels of lytic transcripts 

were detectable. In treated mice, mRNA transcripts of Zebra, Rta, PK, 

TK and VCA-p18 appeared to be present in high numbers indicating 

induction of viral lytic gene expression in response to the treatment. 

Latent-phase specific EBV-RNA transcripts were detected in all tumor 

tissues, and the expression pattern corresponded to the GC-specific 

restricted EBV latency type II, with BARF1 but without LMP1 mRNA 

expression (data not shown). 
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Figure 9: Lytic EBV-RNA detected in mouse tumors. 

Lytic transcripts of EBV detected in tumors of 6 days treated mice (n=2, 

both left and right flank tumors analysed); the immediate early Zebra, 

Rta, early PK, TK, and late VCA-p18 transcripts were calculated as 

target molecules/cell and normalized to human cellular housekeeping 

U1A. Fold change was determined by normalization of the average level 

of each specific mRNA per treated group to the level of that mRNA in 

the untreated group. 

 

VI EBV Lytic Induction in Tumor Cells In Vivo Revealed by 

Zebra Staining 

 

To visualize virus reactivation in tumor cells, tissues were analyzed by 

IHC, for IE lytic switch protein Zebra using the BZ-1 antibody (Figure 

10). In the tightly packed fields of tumor cells of untreated mice, only 

scattered single cells were spotted occasionally (Figure 10A). Only 

sporadic clusters of Zebra-positive cells were detected in ECC+VPA and 

CGb/Cis+VPA treated animals.  

 

 

 

 

 

 

 

Figure 10: Detection of Zebra-positive cells in tumor tissues. 

A) IHC staining for IE lytic protein Zebra was performed on tumors from 

control, B) ECC/VPA and C) GCb/Cis/VPA treated mice for 6 days. In 

untreated tissues Zebra-positive tumor cells were occasionally detected 

(A). Treatment with ECC and GCb/Cis in combination with VPA 

resulted in slight increase in number of Zebra-positive tumor cells (B, C) 

as illustrated by arrowheads. 20x magnification. 

 

Discussion 

 

The concept of CLVA treatment, previously developed for the treatment 

of NPC, and validated in a clinical Phase-I/II study with promising 

results was tailored after GC-specific chemotherapy regimen in the 

CRITICS-study and here applied as a therapy targeting Epstein-Barr 

virus in EBVaGC, as visualized in the (Supplementary Figure 1) [11, 28, 

29, 32].  

 

Treatment efficacy and virus reactivation was analyzed in multiple NPC 

and GC cell lines and for the first time in a mouse model bearing tumors 

from human SNU-719, a naturally EBV-infected GC cell line. After 

being established and characterized, this unique cell line was used to 

form GC tumors in nude mice and used in vitro to assess the EBV lytic 

induction effects of Taxol, 5-FU and Cisplatin, but otherwise not utilized 

much [24, 31, 36, 37]. When compared to the study of Oh et al., we have 

observed faster tumor growth (200-300mm3 after 21 day from tumor 

inoculation) and a specific multilobular structure (Figure 2), which was 

occasionally seen macroscopically when measuring the size of 

(subcutaneous) tumors. With this mouse model, we were able to 

investigate EBV lytic induction in tumor tissue and compare the 

effectiveness of various drug combinations.  

 

Using EBV-specific RNA-profiling and protein analyses, we first 

compared GCb and ECC treatments in NPC-derived C666.1epithelial 

tumor cells naturally harboring EBV [25, 28]. In this cell line, we clearly 

demonstrated an additive effect of VPA in EBV-reactivation (Figure 1). 

In AGS-BX1 cells, a GC cell model carrying an artificial EBV genome 

and known to be rather leaky for lytic gene expression, VPA-only 

treatment already triggered a strong lytic gene expression (Figure 2) 

[35].When GCb, ECC and GCb/Cis treatments in AGS-BX1 cells were 

compared together, the additive effect of VPA could not be seen except 

for GCb (Figure 3, no quantitative analyses was performed). This might 

be explained by the very high level of lytic induction achieved by these 

drug combinations without VPA.  

 

Further analyses in SNU-719 cells, the natural EBVaGC cell line, 

revealed that spontaneous endogenous virus transcriptome/proteome 

agrees with the predicted expression profile [43]. BARF1 mRNA was 

detected but no LMP1 (or transcripts present at low levels) [25]. We 

clearly demonstrated the increase of EBV lytic genes expression upon 

ECC or GCb/Cis treatment, but the addition of VPA to our surprise did 

not result in stronger EBV reactivation (Figures 4 & 5). ECC treatment 

of SNU-719 cells clearly induced Zebra and some Rta expression, but 

barely affected early (TK, PK) or late gene (VCA-p18) expression, thus 

having limited efficacy for CLVA.  In contrast, the GCb/Cis/VPA and 

GCb/VPA combinations strongly induced full EBV lytic gene 

expression, suggesting these combinations would classify as best 

candidates for CLVA treatment of EBVaGC in vivo. 

 

In animals, SNU-719 tumor growth was limited by standard CLVA 

treatment consisting of GCb/VPA/GCV (NPC protocol), but the 

combination of ECC/VPA/GCV failed to give a pronounced effect, as 

already was observed in the in vitro studies with SNU-179. The 

GCb/Cis/VPA/GCV treatment resulted in a more pronounced reduction 

of tumor growth after 10 days of treatment. In groups where no GCV 

was added, a slight regrowth of a tumor was observed in contrast to 

complete ECC/VPA/GCV, GCb/Cis/VPA/GCV or CLVA treatments, 

indicating an additional cytolytic effect of the antiviral GCV (Figure 6).  

 

GCV alone is not effective for treating EBV-positive tumors since tumor 

cells do not spontaneously express PK and TK, the viral kinases, which 

are essential for the conversion of GCV into its cytotoxic tri-phosphate 

form [30].  As expected, parallel to rapid tumor growth, the rise of viral 

DNA load in whole blood (WB) of tumor-bearing animals was 

demonstrated (Figure 7). A decrease of WB EBV DNA load paralleled 

treatment-induced reduction of tumor size in GCb/Cis-based treatments, 

where complete GCb/Cis/VPA/GCV resulted in the strongest decrease 

in EBV DNA load. Surprisingly, in ECC-based treatment, an increase of 

WB EBV DNA load was observed, except for the ECC/GCV  treatment 

(Figure 7A), which is in agreement with the low lytic gene induction of 

this regimen in this EBVaGC SNU-719 model (Figure 4).  
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The presence of EBV-positive tumor cells in tissue was visualized by 

EBER-RISH staining (Figure 8). Tumor cells in untreated mice were 

densely packed in characteristic lobular structures (Supplementary 

Figure 2), and a large amount still remained after ECC-based treatments, 

while a massive reduction of EBV-EBER positive tumor cells was seen 

as a result of GCb and Cis based treatments. The analyses of 

GCb/Cis/VPA/GCV treated tumors, where a small number of remaining 

EBER positive tumor cells were detected, clearly indicated the superior 

efficacy of tumor cell killing, which is in line with the reduction of tumor 

volume (Figures 8F & 6B).  

 

As a result of CLVA treatment, these multilobular tumors often appeared 

necrotic and leaky (filled with liquid). The immediate-early protein 

Zebra was occasionally detected in single tumor cells in untreated 

tissues. The analyses of 6 days treated mice revealed induced 

reactivation of virus as a result of GCb/Cis/VPA treatment, whereas with 

ECC/VPA treatment, less Zebra-positive cells were observed, in line 

with the in vitro results (Figures 4 & 10). Although the number of Zebra-

positive cells in tumor tissues of treated mice detected by 

immunohistochemistry was lower than expected, comparisons of Zebra 

mRNA profile in tumors of 6 days treated mice (Figure 9) with 3 days 

treated SNU-719 cells (Figure 4), clearly showed GCb/Cis based 

treatment was superior to ECC based combination for triggering EBV 

reactivation.  

 

In this study, we compared the effects of drug combinations in different 

cell lines and for the first time in a mouse model and demonstrated virus 

reactivation as a prospective strategy for the treatment of EBVaGC [31, 

35]. Importantly, different EBV-positive cell lines show significant 

differences in the efficiency of lytic induction treatment, including the 

effect of VPA, requiring further investigation. As the current treatment 

of GC does not consider EBV presence, a boost in the research for virus-

targeted therapy relevant to EBVaGC is needed to explore the optimal 

effect of different HDAC inhibitors and antiviral drugs as adjuvant 

therapy to the current treatment protocols [18, 27].  

 

Conclusion 

 

Overall, the data presented here provide direct evidence for options to 

modify current GC treatment protocols in order to induce EBV lytic gene 

expression (reactivation) via virus-targeted chemotherapy in EBVaGC 

models. The treatment with GCb/Cis/VPA/GCV proved most efficient 

to induce lytic gene expression in EBVaGC cells in vitro and EBVaGC 

tumor tissue in vivo, in reducing tumor volume after a single drug 

dosage. The treatment effect was reflected in circulating EBV-DNA 

load. GCb/Cis/VPA/GCV-based CLVA treatment was most effective in 

clearing EBER-positive cells in situ as compared to the controls. 

Incorporation of VPA and GCV into the GCb/Cis regimen, currently 

considered standard for GC treatment, might have therapeutic benefits 

in the treatment of EBVaGC in man. 
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Supplementary Figure 1: Experimental design of animal studies. 

Time schedule of drug(s) administration: ECC combination (Epirubicin, 5-FU and Cisplatin) or combination of Gemcitabine with Cisplatin (GCb/Cis) or 

GCb-alone treatment was started on D24 after tumor inoculation (D0) and 4 days later (D28) animals received 2nd dose of treatment of GCb as before (28). 

Valproic acid (VPA) was given to drug-treated animals from D24. Ganciclovir (GCV) was administered daily starting on D29 from tumor inoculation in 

ECC-treated, ECC/VPA-treated, GCb/Cis- treated, GCb/Cis/VPA-treated and GCb/VPA-treated animals. Each group selected for specific treatment 

regimen consisted of 5 animals. 
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Supplementary Figure 2: Multilobular mouse tumors with EBER-

RISH positive tumor cells. 

EBER in situ hybridization revealed large fields of EBER-positive 

SNU-719 tumor cells distributed in lobules, which is characteristic of 

these SNU-719 derived tumors. A) 20x mag, B) 40x mag. A DAB-

based EBER-RISH staining procedure was used giving a red-brown 

colour in EBER-positive nuclei (compared the blue staining in Figure 

8). 
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