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AE Adverse events
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RT Radio therapy

SAE Serious adverse event

SAHA Suberoylanilide hydroxamic acid

SD Stable disease

SP Specificity protein

TCGA The cancer genome atlas

TK Thymidine kinase

TNM Tumor, node, metastasis

TPA/PMA Phorbol esters

TSA Trichostatin A

142370-Novalic_BNW.indd   8 25-02-20   07:59



VCA Viral capsid antigen

VPA Valproic acid

WB Western blot; whole blood

WHO World Health Organization

ZEB Zinc finger E box binding homeobox protein

ZRE Zebra responsive element

142370-Novalic_BNW.indd   9 25-02-20   07:59



142370-Novalic_BNW.indd   10 25-02-20   07:59



CHAPTER 1 Introduction and outline of the thesis
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Introduction

EPSTEIN-BARR VIRUS

The Epstein–Barr virus (EBV) was discovered by Epstein, Barr and Achong in 1964 using electron

microscopy of lymphoblastoid cells cultured from Burkitt's lymphoma tissue (Figure 1). EBV is a

ubiquitous human herpesvirus (HHV4) that belongs to the Herpesviridae family, subfamily

Gammaherpesvirinae [Epstein et al., 1964]. Different strains have been identified and currently,

based upon genetic differences in the Epstein–Barr nuclear antigens (EBNAs) sequence EBV is divided

into EBV type I (B95-8 strain) and EBV type II (AG876 strain), also known as type A and type B. Recent

whole genome sequencing studies have confirmed the basic EBV type-I/-II distinction, but also

revealed considerable underlying geographic variation of EBV isolates worldwide [Correia et al.,

2017, 2018].

Figure 1. Epstein-Barr virus
Electron microscopic image of two EBV virions shows round capsids,
representing protein-encased genetic material, loosely surrounded
by the membrane envelope.
Adapted from: PLoS Biol. 2005; 3: e430.

 EBV is a DNA virus with dual tropism for B lymphocytes and epithelial cells, persistently infecting

about 95% of the adult population worldwide, as defined by serological screenings [Kieff and

Rickinson, 2007; Middeldorp, 2015]. The virus is transmitted from host to host by saliva and infection

is mostly unnoticed in young children but in adolescents and adults infection can lead to infectious

mononucleosis (IM), also known as glandular fever or kissing disease [Yao et al., 1985; Crawford et

al., 2006]. IM is the most common and well-known medical condition associated with EBV and is

considered rather benign in most occasions [Cohen 2000; Balfour et al., 2015]. However, EBV

infection can also proceed into or at least be considered as pathogenic risk factor for a number of

chronic and autoimmune diseases [Kimura and Cohen, 2017; Ascherio and Munger, 2015]   and the

role of EBV in development of several types of lymphomas and carcinomas is firmly established

[Kutok and Wang, 2006; Young and Rickinson, 2004; Sugden, 2014; Jha et al., 2016]. EBV is

considered to be causally involved in 1-2% of all human cancers [Khan and Hashim, 2014], and

therefore the World Health Organization proclaimed EBV as a “Class 1 human carcinogenic virus”

[https://monographs.iarc.fr/wp-content/uploads/2019/04/mono100B-6_new.pdf]. All EBV-

associated malignancies share the unique feature of harboring clonal (latent) EBV genome(s) within

12
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1
the malignant cells, expressing only a limited set of viral genes [zur Hausen 1970; Kieff and Rickinson,

2007; Sugden 2014; Shannon-Lowe and Rickinson, 2017]. In healthy individuals, the virus establishes

a persistent, lifelong asymptomatic latent infection in memory B-lymphocytes that is well-controlled

by EBV-specific cytotoxic T-lymphocytes (CTLs) [Young and Rickinson, 2004; Thorley-Lawson, 2005,

2015]. However in immunocompromised individuals, like transplant recipients and HIV-infected

persons, a reduced cell-mediated immunity leads to disruption of the equilibrium between EBV

infection and EBV-specific CTLs  which frequently results in outgrowth of EBV-driven B-cells,

ultimately manifesting as  malignant lymphoma [Crawford et al., 2006].

During primary infection EBV-DNA is first detected at low level in circulating B-cells and subsequently

in mucosal epithelia and saliva, suggesting oropharyngeal B-cells are the primary target for incoming

EBV, which subsequently spreads to the epithelia [Dunmire et al., 2015]. This sequence of events

reflects the composition of virus-encoded glycoproteins in the viral envelope, which have increased

B-cell tropism when produced in epithelial cells (i.e. in saliva) and increased epitheliotropism when

produced in B-cells (in lymphoid tissue), due to differential incorporation of the gp42 protein in the

virion [Hutt-Fletcher 2007]. EBV virions in saliva are enriched in envelope gp42 [Jiang et al., 2006].

Gp42 acts as cell-specific co-receptor for EBV entry via binding to MHC-II molecules next to CD21

which is targeted by the major gp350/220 envelope glycoprotein. When expressed in B-cells, gp42

comlexes with endosomal MHC-II, preventing its incorporation in the virion envelope and yielding

virus defective in gp42, whereas expressed in epithelial cells devoid of MHC-II, no complexation

occurs, yielding viruses carrying gp42 on the envelope. Both CD21 and MHC-II are nearly absent on

normal epithelial cells in the oral-nasal cavity but are selectively expressed on tonsillar crypt

epithelial cells thus providing a selective site for EBV entry [Jiang et al., 2008; Hutt-Fletcher, 2016].

Whereas gp350 and gp42 are essential for cell-specific binding and entry, additional virion envelope

proteins mediate random cell contact through binding to heparan sulphate and integrins, i.c. gp150,

BFLF1 and BLRF2 [Lake and Hutt-Fletcher 2004], and serve in membrane fusion events following

initial specific binding (i.c. gH/gL,gM complex and gB) [Chesnokova et al., 2014; Möhl et al., 2019].

Circulating memory B-cells are considered the main reservoir of latent EBV and tend to home to the

head and neck region [Laichalk et al., 2002] where they can be triggered into plasma cells and

transfer EBV to nearby epithelial cells [Laichalk and Thorley-Lawson, 2005].  Cell-cell transmission is

considered the main route of “persistent” EBV spread and is about 800-fold more efficient than

spread of cell-free virus [Imai et al., 1998]. Therefore, EBV production and salivary secretion is

maintained despite the presence of neutralizing antibodies, although genetic drift in gp350 sequence

may also contribute to this observation [Weiss et al., 2016].

Epithelial cells in the oro-nasopharynx are considered as main site of lytic replication of EBV, driving

13
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virus-shedding in the saliva [Hadinoto et al., 2009; Thorley-Lawson, 2015; Hutt-Fletcher 2016].

Repeated triggering of abnormal lytic replication by endogenous or exogenous factors is considered

to drive the development of EBV-associated carcinomas and is paralleled by increasing IgA responses

to defined EBV lytic proteins [Guo et al., 2019]. It is the latent form of infection with very restricted

viral gene expression,  where the EBV-encoded latency proteins and miRNAs exert their oncogenic

potential by modulating multiple cellular signaling pathways and contributing to the malignant

transformation of hijacked cells [reviewed in Middeldorp et al., 2003; Rickinson and Kieff, 2007;

Thorley-Lawson, 2015; Dong et al., 2019]. These include latent membrane proteins (LMPs) which are

the key players in EBV-associated carcinogenesis, EBV nuclear antigens (EBNAs) that are crucial for

viral genome maintenance and act as transcription factors, and non-coding RNAs including the highly

abundant EBV-encoded small nonpolyadenylated RNAs (EBERs) and EBV encoded microRNAs (miR-

BARTs). All these latency-associated products are involved in modulating/enhancing cell growth and

metastasis, apoptosis resistance and immune cell evasion. Epigenetic mechanisms play a crucial role

in host cell deregulation and malignant transformation, especially in the early stages [Price and

Luftig, 2014; Niller et al., 2016; Frost and Gewurz, 2018]. An example is the LMP1-driven upregulation

of cellular DNA methyltransferase 1 (DNMT1) which leads to promoter hypermethylation and results

in silencing of viral and cellular genes and EBNA3C-mediated methylation of the BIM1 promotor,

limiting apoptotic cell death [Paschos et al., 2009].

The life cycle of EBV

Primary site of EBV infection is the oropharynx and the virus is capable of infecting both B cells and

epithelial cells. In the host, EBV can establish two types of infection known as latent and lytic phase.

Latent phase

During latency, only a limited number of viral genes are expressed, viral genome is heavily

methylated and present in the nucleus of host as episomal non-integrated covalently closed circular

DNA [Tempera and Lieberman, 2014; Niller et al., 2016].  EBV latent genes (Figure 2) include the viral

nuclear antigen family (EBNA): EBNA1, EBNA2, EBNA3A, EBNA3B, EBNA3C and EBNA-LP (also named

EBNA 1-6); latent membrane proteins (LMP): LMP1, LMP2A, LMP2B; BARF1 protein, expressed in

EBV-driven carcinoma but not in EBV-associated lymphoma; two small non-polyadenylated non-

coding transcripts named EBER1 and EBER2 and a complex family of spliced BamHI A rightward

transcripts (BARTs), encoding 40 different miRNAs.

Based on  EBV gene expression patterns in different malignant diseases, EBV latent infection has

14
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1
been classified into three types: latency type I (found in Burkitt Lymphoma), type II (in Hodgkin

Lymphoma, T-/NK- and B-cell non-Hodgkin Lymphomas,  Gastric and Nasopharyngeal Carcinoma) and

type III, characteristic for EBV transformed lymphoblastoid cell lines (LCL) in vitro and B-cell

lymphomas arising in immunocompromised patients, such as Post-Transplant Lymphoproliferative

Disease (PTLD) and AIDS-associated B-cell lymphomas [Kieff and Rickinson, 2007].

Overall, 4 distinct patterns of latent viral gene expression are defined, although occasional mixed

patterns can be detected: null (true) latency where only EBERs and BART miRNAs are expressed, as

observed in circulating benign EBV-infected memory B-cells; latency type I, characterized by

expression of EBNA1 protein, besides EBERs and BART miRNAs; latency type II, -also known as

default program- characterized by expression of EBNA1 and LMPs (LMP1, 2A, 2B), together with

EBERs and BART miRNAs (plus BARF1 protein which is expressed selectively as latent protein in EBV-

driven carcinomas); latency type III where in addition to EBERs and miRNAs, all EBNAs (-LP, 1, 2,

3A,B,C) and all LMPs (LMP1, 2A, 2B) are expressed.  The expression of latent viral oncogenes and

non-coding RNAs is under a strict epigenetic control via DNA methylation and histone modifications

that results either in a nearly complete silencing of viral genome in memory B cells, or in a cell-type

dependent utilization of latent promoters in defined tumor cells, germinal center B cells, and LCLs

[Price et al. 2017; Niller et al., 2016].

The presence of clonal (episomal) viral DNA molecules in all tumor cells and expression of one or

more EBV gene products is considered key evidence for a causal role of EBV in the oncogenic process.

EBV latent gene products are considered essential mediators of tumorigenesis, although the

relevance for and contribution of individual gene products and their expression (level) to the

oncogenic process may be variable. Each EBV latent gene product has a distinct function contributing

to the overall tumorigenesis depending on the cellular background of the infected cell [Middeldorp

et al., 2003; Kieff and Rickinson, 2007].

The EBNA1 protein, expressed in all forms of viral latency and all EBV-associated cancers, mediates

the anchoring of EBV-episomes onto AT-rich regions of host chromosomes and -in dividing cells-

ensures reliable copying and segregation of the circular EBV genome into daughter cells [Sears et al.,

2004; Frappier, 2015]. EBNA1 expression is self-regulated and EBNA1 also acts as transactivator of

host gene transcription [Tao et al., 1998; Davenport and Pagano, 1999].   The EBNA2 protein is

essential for initial B-cell transformation and interacts with the host RBP-Jk transcription factor to

drive transcriptional activation of multiple host genes as well as the viral LMP1 protein [Wang et al.,

1990]. EBNA2 is only active as oncogene in the B-cell environment and not involved in epithelial

transformation. The EBNA 3-6 proteins are competing with EBNA2 for RBP-Jk binding and can

limit/reduce the initial transforming effects of EBNA2 [Price and Luftig, 2014]. The LMP1 protein is a

15
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true viral oncogene in both B-cell and epithelial cell backgrounds and modulates multiple host

signaling pathways involved in immortal growth, apoptosis resistance and immune evasion [Wang et

al., 2017]. LMP1 protein is also secreted from EBV transformed B-cells and tumor cells into exosomes

and functions to modulate the microenvironment of the infected cells [Middeldorp and Pegtel,  2008;

Meckes et al., 2010; Verweij et al., 2011]. Interestingly, whereas LMP1 is expressed in EBV-driven

lymphomas and most NPC tumors, it is virtually absent in EBV-positive gastric cancers [Khabir et al.,

2005; Luo et al., 2005].  LMP2A is expressed in most lymphomas and carcinomas and interferes with

normal cell surface signaling but does not have transforming functions on its own [Pang et al., 2009;

Cen and Longnecker, 2015]. The latent BARF1 protein has oncogenic and immune modulatory

properties and is secreted as a hexameric protein [Hoebe et al., 2013].  BARF1, encoded in the

BamHI-A rightward reading frame 1, is selectively expressed in EBV-driven carcinoma cells, but barely

or not in lymphoma, because its promotor is regulated by the epithelial transcription factor deltaN-

P63 [Hoebe et al., 2018]. Upon activation of the lytic phase in latently infected B-cells or epithelial

cells, BARF1 expression can also be driven by IE-transcription factor Rta [Hoebe et al., 2012], which

explains why BARF1 originally was considered an early lytic gene. EBER1 and EBER2 are 160-174 nt

non-coding RNA molecules, highly abundant in all EBV-infected cells, enhancing and stabilizing the

transformed state thus increasing oncogenicity [Ruf et al., 2000]. They are considered to interfere

with antiviral signaling inside the infected cell and possibly have pro-inflammatory functions in the

extracellular milieu as well [Iwakiri 2014; Baglio et al., 2017]. EBV encodes more than 44 microRNAs,

4 of which are encoded in the BamHI-H rightward reading frame (BHRF) and 40 in the BARF region

(miR-BART) which have multiple functions by modulating host mRNA expression (stability),

translation and cell signaling [Dong et al., 2019]. Different EBV-associated tumors and latently

infected memory B-cells display distinct EBV miRNA patterns which may have pathogenic and

diagnostic relevance that remains to be explored [Qiu et al. 2011; Ramayanti et al., 2019].

Depending on the cellular background and differentiation status of the infected cell, the EBV latent

gene products, either alone (like EBNA1 and LMP1) or in combination are all considered crucial for

and contributing to oncogenic transformation and tumorigenesis. The establishment of a state of

EBV genome stability and clonality in growing cells is a prerequisite for tumor formation and is

reflected by the consistent finding of clonal episomal genomes in EBV-associated cancers [Tsang et

al., 2012].

Lytic phase

The lytic phase is an essential part of EBV life cycle as production of infectious viral particles is

necessary for virus transmission from cell to cell and host to host [Hadinoto et al., 2009]. A

combination of various cell-intrinsic and extrinsic “stress” factors or conditions (detailed in Chapter

16
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1
2) can influence the balance of the (normally quiescent) latent virus-host interaction. These include

host cell differentiation status, cell cycle, epigenetic regulation, signal transduction, DNA-damage,

transcriptional control and post-transcriptional modifications etc. [Reusch et al., 2015; Hau and Tsao,

2017].  These conditions control whether EBV infection remains latent or becomes lytic, i.e.

progresses from latency to a state of (partial) viral reactivation and replication [Murata and Tsurumi,

2014]. In vivo, lytic reactivation is not always result in full viral DNA replication and virion synthesis

and, depending on the host cell metabolic and activation state, EBV reactivation may be halted at

intermediate stages, which is called abortive reactivation [Ramayanti et al., 2017]. In addition,

reactivating EBV-infected cells may be effectively eliminated by strong immune responses against

EBV gene products expressed in the earliest stages of reactivation, preventing endogenous viral

spread [Hislop et al., 2015; Taylor et al., 2016]. The expression of late genes can be blocked or

decreased by certain viral DNA synthesis inhibitors, which form the basis for antiviral therapy, as will

be detailed later on.

Upon initiation of the viral lytic cycle, virus gene expression follows a strict temporal and sequential

3-step cascade sequence, typical for herpesvirus lytic replication. The EBV lytic genes can be

classified into 3 groups according to this cascade sequence (Figure 2) [Serio et al., 1997; McKenzy and

El-Guindy, 2015]: immediate-early (IE), early (E) and late genes (L).

Figure 2. The life cycle of Epstein-Barr virus (adapted from Tsurumi et al., 2005)

In the host cell EBV can establish two modes of its life cycle, the so-called latent or lytic phase. The state of viral
latency is variable and involves selective viral gene expression with defined latency RNA profiles (latency types)
from the heavily methylated episomal (circular) viral genome as described in detail the text here above. The
switch from latency to the lytic phase is known as EBV lytic induction and can result in partial (abortive) or full
lytic gene expression, ultimately leading to synthesis linear non-methylated viral genomes, viral particle
assembly and release of viral progeny. Full lytic replication is regulated by a 3-step cascade process (IE E L)
that is characteristic for all human herpesviruses. Details of lytic switch activators are described in chapter 2.

17
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In the first phase, IE gene products are are expressed directly upon lytic induction signals and

comprise 2-3 virus-encoded RNA transcription activating factors that act on (methylated) host and

viral promotor sequences to induce (viral) gene expression. Early lytic genes (E) are directly induced

by IE-factors and involved in RNA stabilization, alternative splicing and transport, nucleotide

metabolism, viral kinase activity, nuclear replication complex formation and viral DNA synthesis and

are expressed before virus particle assembly. Late genes (L) are expressed latest in the cascade,

depend on expression of early EBV DNA polymerase encoded in BALF5 and synthesis of new

unmethylated viral DNA templates and mostly comprise the virion structural proteins (core, capsid,

tegument and envelope). EBV-encoded protein kinase, PK (encoded from early lytic gene BGLF4) and

thymidine kinase TK (encoded in BXLF1) are important for phosphorylation of nucleosides for

incorporation in nascent viral DNA molecules. The synthesis of late viral genes and formation of

virion particles can be inhibited by selective antiviral agents, such as Ganciclovir (GCV) and acyclovir,

or their oral formulations with added valine (valGCV; Valcyte). These are guanine nucleoside

analogues that need to be monophosphorylated by viral PK and TK enzymes before being converted

into triphosphate nucleotides for incorporation into growing viral DNA. When incorporated in

growing DNA chains they cause DNA-chain termination, thus preventing late gene expression and

virion assembly [Meng et al., 2010]. These drugs are highly virus-specific and have limited side

effects. Phosphonoformate (PFA, Foscarnet) or -acetate (PAA) are small molecular inhibitors of EBV-

DNA synthesis that directly block the active center of the (viral and host) DNA-pol enzymes,

representing a different pathway of antiviral treatment, but associate with more side-effects [Kerr,,

2019].  The EBV early genes critical for viral replication also include a number of DNA binding

proteins that form intranuclear DNA replication complexes and unique virion assembly factories

inside the host nucleus [Decaussin et al., 1995; Zeng Y et al., 1997; El-Guindy et al., 2010]. Formation

of these is crucial for viral assembly and their constituents form a new target for antiviral therapies

[Nagaraju et al., 2019]. The linear non-methylated viral DNA is replicated by the virus-encoded DNA-

pol enzyme (BALF5) via a rolling circle model from Ori-Lyt positions in the genome into long

concatemeric molecules which are cleaved by viral DNAse (BGLF5) in the terminal repeats (TR) and

packaged into assembling capsids [Machón et al., 2019]. Virion DNA is variable in length due to

random cleavage at the TR ends. This viral DNA replication is distinct from the episomal form of

latent EBV DNA replication, initiated at Ori-P elements in the viral genome and is mediated by the

host DNA-pol-II complex and involved a proof-reading 1:1 copying alongside the host chromosomes,

leading to identical new DNA episomes in dividing cells. This difference in viral DNA structure allows

the identification of clonal cell/virus origin in EBV-driven tumors and distinction from lytic EBV in

saliva [Raab-Traub and Flynn, 1986].  From the non-methylated new genomes, late viral transcripts

originate that code for the structural virion proteins. These are in part complexed into virion capsids

18
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1
in the nuclear assembly factories described above, and subsequently transported through the

nuclear membrane into cytoplasmic secretory Golgi-derived membranes to acquire the virion

envelope containing the glycoproteins (e.g. gp350, gB(gp125), gL/gH, gp150, gp42) needed for

receptor binding and penetration of newly infected cells. Currently, most EBV vaccine efforts are

directed to induce virus-neutralizing antibody responses against these glycoproteins, in order to

neutralize EBV infectivity and protect humans from new EBV infection(s). Whether this will prove a

successful strategy is still a matter of debate [Cohen, 2018; Snijder et al., 2018].

Overall full virus lytic replication and virion spread is considered to occur exclusively at the mucosal

epithelia in the oro-nasopharynx, involving both differentiated plasma B-cells and epithelial

[Hadinoto et al., 2009], whereas replication of episomal DNA is limited to the latently infected B-cells

and EBV-associated tumor cells.

EBV transactivators (lytic switch regulators)

During latency in resting B-cells, the complex promotor/enhancer region of the EBV lytic switch

regulators Zp and Rp is silenced by heavy CpG methylation and binding of host factors such as IK1

(Ikaros), Pax5 and Oct2 [Robinson et al., 2012; Raver et al., 2013; Lempridee et al., 2014; Wille et al.,

2015], promoting viral quiescent persistence. In addition, histone modifications are known to control

lytic infection of EBV [Chang et al., 2000; Countryman et al., 2008], as depicted in Figure 3. This

silencing of the viral genome can be reversed by various chemical (de-methylating and de-

acetylating) and natural physiological stimuli, including B-cell to plasma cell differentiation and DNA

damage responses, as will be detailed in Chapter 2.  In an epithelial cell background EBV infection

induces more global gene silencing by CpG methylation [Nishigawa et al., 2017] and -when compared

to latently infected B-cells- different mechanisms may operate to keep EBV into latency or drive the

switch to EBV lytic gene expression, such as hypoxia induced factor (HIF1a) and differentiation signals

such as KLF4 and BLIMP-1 [Wille et al., 2015; Nawandar et al., 2015; Kraus et al., 2017; Eichelberg et

al., 2019].
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Figure 3. Epigenetic control of EBV lytic reactivation

a) During latency the large and complex EBV lytic promoter/enhancer regulatory sequences Zp and Rp are
silenced by host- and virus-driven CpG-DNA methylation (meZRE; red dot) and by repressive histone
modifications and tight DNA-histone folding (red colouring). In this situation the EBV IE-promotor/enhancer
region Zp/Rp is non-accessible for (host) transcription factors, ensuring viral latency. However, leaky or
exogenous (i.c. transfected) ZEBRA protein itself (Zta) directly and preferentially binds to methylated Zebra
Responsive Elements (meZREs) in viral lytic promoters to initiate “spontaneous” gene expression and
replication from this epigenetically repressed state. b) Cell damage, danger or differentiation signals may relax
the repressive histone modifications and tight DNA-histone folding (red colouring) by modifying methyl (me) or
acetyl (ac) positions on defined lysine (K) residues in the histones (Kme/Kac; indicated by red tri-dots and blue
triangle flags)and induce defined host proteins (blue dots) that lead to DNA relaxation, unfolding and opening
of DNA-histone clusters, creating accessibility of the Zp/Rp region for transcription factors.
H3K27 stands for 27th amino acid in DNA packing protein Histone H3, which is a lysine (written as K). H3K27me3
(red) indicates tri-methylation at the 27th lysine residue of H3. H3K27ac (blue) indicates posttranscriptional
modification (acetylation). Both EBV latent and IE proteins contribute to the reprogramming of the viral and
cellular epigenome. Adapted from Li et al., 2016.

EBV IE genes BZLF1 and BRLF1 encode two transcriptional activator proteins (transactivators) ZEBRA

(BamHI-Z encoded, Epstein-Barr virus Replication Activator, EB1 or Zta) and Rta (R transactivator).

Both are essential for the switch from latency to lytic infection and expressed simultaneously within

two hours of induction, but ZEBRA is considered the master switch protein of EBV lytic induction

[Countryman and Miller, 1985; Zalani et al., 1996; Feederle et al., 2000; Croft et al., 2009]. Lytic genes
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can be classified in three groups based on their responsiveness to viral transactivators, i.e. (1) directly

activated by ZEBRA, (2) regulated by Rta or (3) synergistically induced by both ZEBRA and Rta

[Ragoczy et al., 1998]. BZLF1 expression is controlled by the complex Zp promoter/enhancer region

on the viral genome, which is regulated by multiple cellular and viral gene products.

 The ZEBRA protein itself is a sequence-specific DNA-binding protein and binds to both methylated

and unmethylated EBV DNA. The ZEBRA protein activates target genes by binding to Z-responsive

elements (ZREs), which are located in the promoters of several EBV genes, including its own

promoter (Zp) and BRLF1 promoter (Rp), creating a self-enhancing loop of activation, as well as

activating ZREs in promotors of defined early and late viral genes [ Serio et al., 1997; Kieff and

Rickinson, 2007]. In addition to activating EBV lytic gene expression, ZEBRA can down-regulate the

latency associated promoters Cp and Wp to coordinate switch from latency to lytic cycle [Sinclair et

al., 1992]. Rta induces a cellular senescence program in the host cell favouring lytic viral DNA

replication [Chen et al., 2009]. The Rta has been shown to up-regulate lytic BARF1 expression in the

epithelial background, possibly stimulating immune escape [Hoebe et al., 2018].

A third immediate early protein called EB2 or SM, which is highly conserved within the herpesvirus

family, is crucial in regulating stability and accumulation, splicing and nuclear-cytoplasmic transport

of newly synthesized viral mRNA molecules and is essential for progression of the full lytic cycle

[Batisse et al., 2005; Thompson et al., 2015].  Under ideal conditions in model systems, IE protein

expression is detectable within 1-2 hours post infection, whereas E proteins become detectable at 3-

4 hours and expression of late proteins, including structural viral capsid antigens (VCA) and envelope

glycoproteins, is achieved within 12-24 hours upon Zta and Rta expression, depending on the host

cell type, which reflects the need for cellular factors in preparing the host cell for viral DNA

replication.

Concept of cytolytic virus activation (CLVA)

Multiple agents have been described to trigger EBV lytic induction, such as radiation and various

demethylating and DNA modifying/damaging,(chemotherapeutical) agents - alone or in combination

with Histone DeACetylase inhibitors (HDACi-s) [Li et al., 2000; Feng et al., 2002; Chan et al., 2004;

Ghosh et al., 2012; Westphal et al., 2000]. Deacetylation of histones is leading to de-condensation

(loosening or opening) of chromatin resulting in modified gene transcription (for example up-

regulation of tumor suppressor genes and DNA repair genes) [Li et al., 2010; Perri et al., 2017].
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Therefore, in addition to chemotherapeutic agents, HDACi-s are currently being investigated in many

studies for their anti-cancer properties [Eckschlager et al., 2017; Nehme at al., 2019].

Understanding of epigenetics and identifying key players for triggering EBV lytic induction paved the

road for developing virus-targeting therapy, which is known as CytoLytic Virus Activation (CLVA), a

unique strategy to treat EBV-associated malignancies (Figure 4).

Figure 4. Schematic representation of Cytolytic Virus Activation Therapy

The latent phase of EBV (left side) is characterized by expression of EBNA1 (red circles) and LMPs (green dots)
allowing EBV+ tumor cells to grow and escape immune control as detailed in the text.  Lytic induction of EBV
triggers rapid expression of highly immunogenic immediate early and early proteins; i.e.EBV neoantigens
(orange dots), that stimulate the host immune system to recognize and eliminate reactivating tumor cells (EBV-
specific CTLs). In addition, viral early enzymes including the kinases PK and TK (yellow dots) are induced as well.
The early induction phase is followed by synthesis of new, non-methylated linear EBV DNA as depicted by red
wavy lines (right side). Anti-viral therapy with Ganciclovir (GCV), which is converted to its active, cytotoxic
phosphorylated form specifically by PK and TK enzymes in reactivating tumor cells, leads to termination of
newly synthesized EBV and host DNAs chain, blocking virus production and will induce specific killing of EBV-
reactivating tumor cells. In addition, active phosphorylated GCV easily diffuses resulting in additional,
bystander killing of neighboring proliferating tumor cells.

The concept of CLVA is based on two steps: (1) triggering of EBV reactivation and (2) subsequent

antiviral treatment. EBV is not sensitive to antiviral treatment during latent infection [Kerr, 2019].

Activation of EBV lytic cascade by genotoxic agent(s) alone or combined with HDACi leads to

expression of viral enzymes thymidine and protein kinases (TK and PK respectively). This sensitizes

EBV-reactivating tumor cells to antiviral treatment, i.c. using agents that can be specifically converted

to their active-cytotoxic form only in the presence of viral kinases, resulting increased cytotoxicity

and selective killing of tumor cells without formation of new virions [Moore et al., 2001; Chen et al.,

2002]. Furthermore, viral proteins expressed in lytic phase (viral neo-antigens) are highly

immunogenic and can be recognized and targeted by the immune system increasing tumor cell

elimination by cytotoxic T cells [Hislop et al., 2015; Taylor et al., 2015].
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In recent years novel approaches for EBV lytic induction have been developed and initial tumor

therapy trials have been conducted in both EBV driven lymphomas and carcinomas, with promising

results as will be detailed further on in this thesis. Interestingly, currently most treatments of EBV-

related malignancies are based on combinations of non-specific chemoradiation therapy, which do

not consider EBV involvement nor aim at specific EBV targeting [Hutajulu et al., 2014]. However, we

now begin to realize that such non-specific treatments may induce latent EBV into its lytic cycle.

Thus, stratification for EBV presence may be relevant for creating virus-targeted treatment using

(oral) antiviral agents added to current non-specific tumor therapy protocols. In addition, adding

non-toxic small molecule HDACi to the current tumor treatment(s) may also increase their efficacy by

increasing EBV reactivation. This concept is should be further explored and is addressed in detail in

this thesis.

EBV-ASSOCIATED MALIGNANCIES

EBV driven cancers are defined by having a clonal EBV genome(s) in all tumor cells with active

expression of non-coding small RNAs and defined sets of viral latency-associated RNA transcripts and

proteins, as detailed above. These cancers can either originate from lymphoid cells or epithelial cells

reflecting the dual cell tropism of EBV and present as malignant lymphomas or carcinomas. Overall,

EBV associated malignancies comprise about 2% of all cancer in man worldwide [Khan and Hashim,

2010].

EBV associated lymphoma

EBV is implicated in a wide spectrum of lymphoproliferative lesions and malignant lymphomas,

mostly originating from B cells but also from T and NK cells [Kutok and Wang, 2006; Sugden, 2014;

Jha et al., 2016; Shannon-Lowe et al., 2017]. The B-cell originating malignancies include Burkitt

lymphoma (BL), classic Hodgkin lymphoma (HL), post-transplant and immunosuppression-related

lymphoproliferative disorders (PTLDs), AIDS-associated non-Hodgkin lymphomas and some forms of

diffuse large B-cell lymphoma (DLBCL), especially occurring in elderly persons [Castillo et al., 2016]. T-

cell lymphomas include extranodal nasal-type NK/T-cell lymphomas, aggressive NK-cell leukemia, and

angioimmunoblastic T-cell lymphoma (AITL). Most of these EBV-positive NK/T-cell lymphomas have a

cytotoxic phenotype (Granzyme B positive) [Brink et al., 2000] and may be a consequence of

uncontrolled chronic active EBV infection [Murata et al., 2019; Cohen et al., 2019].
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EBV associated epithelial malignancies (carcinomas)

EBV is also associated with various benign epithelial proliferative conditions and carcinomas.  Oral

hairy leukoplakia (OHL) is an epithelial cell hyperplasia occurring in immunosuppressed persons and

is the only EBV-driven disease showing both latent and lytic viral gene expression [Lau et al., 1993;

Webster-Cyriaque et al., 2000]. EBV is also linked to the pathogenesis of a number of rather rare

lymphocyte-rich lymphoepithelial-like carcinomas (LELC), occurring in different organ sites, such as

lung, colon, stomach, thyroid, salivary glands, breast and cervix, which are characterized by EBV-EBER

positive undifferentiated carcinoma-cell clusters surrounded by dense lymphocytic infiltrates [Cheng

et al., 2015; Li et al., 2018; Hong et al., 2019; Yeh et al., 2019].

The association of EBV with two rather prevalent epithelial malignancies, i.e. nasopharyngeal

carcinoma (NPC) and a subset of gastric cancers (EBVaGC), which are the focus of this thesis, is firmly

established and will be discussed here below in more detail.

EBV ASSOCIATED NASOPHARYNGEAL CARCINOMA

Anatomy and pathology

NPC is a malignancy of the stratified squamous epithelium of nasopharynx. This is the part of the

pharynx behind the nasal fossae and extends inferiorly as far as the level of the soft palate. NPC

 typically originates from the fossa of Rosenmuller (lateral nasopharyngeal recess), Figure 5.

Figure 5. Anatomy of nasopharynx

(adapted from http://www.health.am/cr/cancer-of-the-nasal-cavity/
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Upon primary EBV infection in oropharynx and establishment of  latent persistence in lymphoid

tissues – tonsils, lymph nodes and circulating B cells and the virus remains mostly in lymphoid tissues

of the Waldeyer ring (includes pharyngeal and lingual tonsil), thymus, nasal and oropharingeal

mucosa, intestines, and liver [Chen and Hudnall, 2006]. From its primary site, NPC can spread from

nasopharynx to the other lateral wall and/or postero-superiorally to the base of the skull or the

palate, nasal cavity or oropharynx and typically metastases to cervical lymph nodes in the neck.

Distant metastasis may occur in bones, lungs and liver. Cervical lymphadenopathy is common at

initial presentation and for NPC diagnosis lymph node biopsy is needed. NPC is different from other

head and neck squamous cell cancers in epidemiology, histology, clinical presentation and response

to treatment. Although NPC is a radiosensitive tumor, long-term survival of patients with advanced

NPC remains poor [Chua et al., 2016; Chen et al., 2019].

Histoclassification

Based on the current classification of World Health Organization (WHO), NPCs are categorized into 3

histotypes: type I - keratinizing squamous cell carcinoma, type II - non-keratinizing differentiated

carcinoma and type III - non-keratinizing undifferentiated carcinoma. Type III is the most common

NPC type and virtually always associated with EBV-genome presence in the tumor cells. Type I is

typically found in the older adult population in western countries and mostly linked to smoking and

drinking habits and not EBV-associated. Type II and III are associated with increased EBV antibody

titers [Neel et al., 1984] and characterized by inflammatory infiltrate of lymphocytes, plasma cells

and eosinophils [Krueger and Wustrow, 1981].

Clinical presentation

Since NPC is painless and located in a hidden area, disease is usually asymptomatic in the start phase

of tumor formation. The early symptoms such as epistaxis, nasal obstruction, and hearing loss are not

specific for NPC and therefore the tumor remains unnoticed until a relatively advanced stage is

reached. The most common presenting symptom is cervical lymphadenopathy (a painless mass in the

neck found in 70% patients) followed by nasal and neural dysfunction [Ng et al., 2007; Adham et al.,

2012]. Other, milder symptoms are epistaxis, nasal obstruction and nasal discharge caused by the

presence of tumor mass locally in the nasopharynx. Dysfunction of the Eustachian tube due to

obstruction by the tumor mass leads to (unilateral) otitis media, tinnitus and hearing loss. Skull base

erosion and palsy of the 5th and 6th nerve by tumor growth is causing symptoms such as headache,

diplopia, facial pain and numbness [Lee at al., 1997; Wei, 2005; Adham et al., 2012].
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Epidemiology

EBV-associated nasopharyngeal carcinoma (NPC) is a relatively rare type of head and neck cancer

arising from epithelial cells close to the ring of Waldeyer, which forms the immune system of the

nasopharynx. EBV-associated NPC is a unique malignancy and currently the 23rd most common

cancer worldwide [https://www.wcrf.org/dietandcancer/cancer-trends/nasopharyngeal-cancer-

statistics); Khan and Hashim, 2014]. It is characterized by a distinct geographical distribution being

the most prevalent in the regions of Southeast Asia - especially Southern China, Indonesia, Vietnam,

Thailand and Malaysia, Northern Africa and in Inuit population of Alaska and Canada. In Southern

China, NPC is highly prevalent with an incidence 20-40 cases per 100.000 persons [Ji MF et al., 2019],

occasionally also reported in nearby Asian countries [Devi et al., 2004]. In 2012-2018, Brunei, the

Maldives, Singapore and Indonesia reported intermediate frequencies of NPC (9.9, 6.7 and

6.2/100.000, resp.) [Adham et al., 2012]. Typically, men (age 40-50; M/F-ratio 3:1) are affected,

which represents serious economic burden to families. However, in most parts of the world NPC is a

rare malignancy affecting 1/1,000,000 individuals [Yu, 2002; Chang, 2006; Cao et al., 2011; Jemal et

al., 2011]. In the Netherlands, 40 to 80 new cases are registered per year [Arnold et al., 2013].

Staging

According to the most recent, 8th edition of the American Joint Committee on Cancer (AJCC) staging

system, tumor, node, and metastasis (TNM) classification is used to determine the NPC tumor stage

[https://www.cancer.org/cancer/nasopharyngeal-cancer/detection-diagnosis-staging/staging.html]

and there are five different stages of NPC (I, II, III, IVA, IVB) [Pan et al., 2019]. Tumor stage has

important implications for choice of therapy. Early (I-IIa) stage NPC may be cured by radiotherapy

alone or by using photodynamic therapy, whereas more advanced stages (IIb-IV) require combined

radio-chemotherapy [Ali and Al-Sharaf, 1999; Stoker et al., 2013].

Etiology and risk factors

Several studies confirmed that EBV, genetic susceptibility and environmental factors are associated

with development of NPC. Currently, rapid progress in DNA sequencing has resulted in discovery of

many new EBV genome sequences.  Across the world a different EBV strains and genotype variants

have been isolated and much effort is made to correlate genetic variants with geographical

distribution/disease association [Correia et al., 2017, 2018; Neves et al., 2017]. Recently, high risk

variants of EBV associated with NPC have been identified in endemic area of Hong Kong and China

[Feng et al., 2015; Tu et al., 2017; Xu et al., 2019; Hui et al., 2019]. In general, Southeast Asian EBV
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strains seem to be more prone to reactivation, which is triggered influenced by environmental

factors in food en air [Hildesheim and Wang, 2012; Tsai et al., 2013].

EBV was first suspected to be associated with NPC based on the observation that sera from NPC

patients contain specifically IgA antibodies against proteins in EBV-infected BL cells [Old et al., 1966].

In more recent years, large scale serological studies using molecular defined EBV antibody tests

showed and confirmed that EBV-specific IgG and IgA abnormalities (increased antibody diversity and

levels) precede NPC occurrence and can be used for population risk screening with high accuracy [Ji

et al., 2007, 2011, 2019; Coghill et al., 2014; Li et al., 2018; Ramayanti et al., 2019] .

Genome-wide genetic analyses (GWAS)  of NPC tumor biopsies revealed alterations on multiple

chromosomes (deletions of 11q, 13q,14q, and 16q regions) especially chromosome 3 to be

associated with NPC both in endemic and non-endemic regions [Hui et al., 1999; Sung et al., 2000; Lin

et al., 2014; Bei et al., 2016; Chen et al., 2012]. Deletion of short arm of chromosome 3 affecting

tumor suppressor genes is the most common karyotypic defect in NPC [Chen et al., 2012]. DNA

methylation changes found in regions of 3p21.3, 6p22.1 6p21.3 and 9p21 suggest that EBV acts an

epigenetic driver in NPC tumorogenesis [Niller et al., 2016; Dai et al., 2016]. A large case-control

study in subjects of Cantonese origin combined epidemiological and genetic data and proposed a risk

assessment model based on environmental risk factors, family history of NPC and genetic variants

[Ruan et al., 2013]. The study of Guo et al. revealed association of GABBR1, HLA-F, HLA-A and HCG9

loci with NPC in Han Chinese population of Southern China, independently of environmental risk

factors [Guo et al., 2014]. Consumption of salted fish, exposure to domestic wood cooking fires and

to occupational solvents for extended time are found to be the most significant risk factors

associated with NPC development in a high-risk population of Southern China [Guo et al., 2009].

Several studies identified formaldehyde, tobacco smoking, poor oral hygiene, use of certain herb

drugs and nasal balms or oils, exposure to volatile nitrosamines and nitrite intake during childhood,

preserved foods and insufficient intake of fresh fruit and vegetables [Zou et al., 1994; Farrow et al.,

1998; Lin et al., 1973; Ward et al., 2000; Liu et al., 2016; Chang et al., 2017; Kwon et al., 2018] as risk

factors. Interestingly, these environmental factors have all been shown to induce EBV replication in

vitro and enhance EBV-driven oncogenesis in mice [Fang et al., 2012].

Therefore early-life infection of humans with EBV, followed by repeated endogenous (inflammation)

and/or exposure to environmental (chemicals) triggers of latent EBV into (local?) lytic replication in

B-cells, genetic susceptibility, factors contributing to upregulation of CD21 and ensuring EBV genome

stability in epithelial cells (p16 deletion or Cyclin D1 gene amplification) comprise of the complex of

factors allowing NPC tumorigenesis to initiate [Hutajulu et al., 2014].
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EBV infection in nasopharyngeal (NP) epithelial cells and tissue

EBV infects epithelial cells and B-lymphocytes of the Waldeyer’s ring, which represent the reservoir

for life-long viral persistence [Hadinoto et al., 2009]. Infection of NP epithelium is considered to occur

by cell-to-cell virus transmission from activated sub-epithelial plasma B-cells, rather than from saliva,

as detailed earlier in this section.

Chronic inflammation in the NP-region, exposure to environmental factors that trigger lytic EBV

replication and possible EBV strain variants combined with host susceptibility factors increase the

chance of EBV-epithelial infection to go uncontrolled, leading to dysplasia and carcinoma

[Pathmanatan et al, 1995; Hildesheim and Wang, 2010; Tsao et al.,2018].

After entering the host cell, the linear virion DNA circularizes via hybridization of the terminal repeats

(TR) to form an episomal molecule that attaches to AT-rich domains of the host cell chromosomes via

EBNA1 [Raab-Traub, 1986; Sears et al., 2004; Frappier, 2015]. Discrimination between the replicative

and latent phase of EBV infection can be determined by the length of the EBV-specific TRs, which is

generally used for viral clonality analyses, showing that NPC tumors contained a homogeneous clonal

population of EBV episomes. In addition, defining the methylation status of EBV-DNA in tumor cells

and tissues may also differentiate between lytic replication and latent persistence [Ramayanti et al.,

2016; Zheng et al., 2019]. To persist in the epithelial cell environment, the viral genome must be

stabilized. Upregulation of cyclin D1 and telomerase activity have been shown to contribute to

establishment of persistent EBV infection and genome stability in the epithelial background [Tsang et

al., 2016; Rac et al., 2016]. Recently new genome sequencing analysis identified EBV subtypes

associated with high risk of NPC, which may provide more insights in the putative carcinogenic

properties of NPC-derived strains [Hui et al., 2019; Xu et al., 2019]. EBV driven NP carcinogenesis is a

multistep process involving virus driven methylation of tumor suppressor genes, virus driven

proliferation, apoptosis resistance, metastasis and immune evasion as recently reviewed by Tsao and

colleagues [Tsao et al., 2017].

Diagnosis

The non-specific early symptoms described above makes NPC a disease challenging to diagnose at

early stage. Standard diagnostic methods include clinical examinations such as nasal/nasopharyngeal

endoscopy (to evaluate size/location of visual tissue abnormality), neurological examination of

cranial nerves,  computed tomography (CT)/magnetic resonance imaging (MRI) scan of the head and

neck (to assess erosion of skull base), chest radiotherapy (to determine lung metastasis), bone

scintigraphy with Tc99 diphosphonate (to check bone metastases), full blood count and blood

chemistry analysis [Chen et al., 2019]. Endoscopic biopsy of lymph nodes or primary tumor is
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required for histological confirmation and detection of EBER RNA (EBER-RISH) which is a gold

standard assay to confirm the presence of EBV-driven NPC. A nasopharyngeal brush EBV-DNA load

test may replace the invasive and painful biopsy [Tune et al., 1999; Stevens et al., 2006; Adham et al.,

2013; Ramayanti et al., 2017; Zhang et al., 2018].

EBV-based serology analyses (levels of serum IgA antibodies against EBV early antigen (EA IgA) and

viral capsid antigen (VCA IgA) and EBV DNA load in blood (plasma) may be indicative of EBV driven

NPC at early stage [Lo et al., 1999; Fan et al., 2004; Stevens et al., 2005; Paramita et al., 2009; Ji et al.,

2014; Chan et al., 2017; Ramayanti et al., 2019]. In early phase NPC can be detected by a specific

EBV-IgA antibody pattern in >90% of cases, usually already several years before tumor detection

[Cheng et al., 2002; Ji et al.,2007, 2011, 2018; Guo et al., 2019]. Therefore a simple and cheap ELISA

based assay (using finger-prick drop of blood) is a useful tool for screening and early detection of NPC

in high-risk populations where expensive and complex diagnostics instruments and procedures are of

limited availability [Fachiroh et al., 2008; Paramita et al., 2009; Hutajulu et al., 2012]. EBV-DNA in

blood plasma is fragmented and derived from apoptotic tumor cells [Chan et al., 2003; Stevens et al.,

2005]. Although the level of EBV DNA in plasma is a tumor marker for NPC diagnosis, EBV DNA is not

present in all early stage cases, thus of limited value in NPC screening [Stevens et al., 2005; Ji et

al.,2014; Tay et al., 2019]. However, the (decline of) circulating EBV-DNA load has good prognostic

value and therefore it should be implemented in more clinical trials [Adham et al., 2013; Chan et al.,

2017]. Additional markers, such as EBV encoded miRNA profiles that more directly reflect the tumor

activity, are needed and are currently under development [Gao et al., 2019; Ramayanti et al., 2019].

Treatment

The first choice of treatment for primary NPC is radiotherapy (RT), and combination with

chemotherapy for advanced stage disease (CRT). Currently CRT is the standard treatment for almost

all NPC patients. Despite the radio responsiveness of nasopharyngeal tumors, good long-term

survival is only achieved for patients with early stage disease. Options for treating local recurrent

NPC are brachytherapy, external re-irradiation, stereotactic radiosurgery, photodynamic therapy and

nasopharyngectomy [Stoker et al., 2013; Chen et al., 2019; Perri et al., 2019].

Common treatment strategies for early stage recurrent or persistent NPC are surgery in combination

with external RT, brachytherapy alone or in combination with external re-irradiation or stereotactic

radiosurgery [Law et al., 2002; Kwong et al., 2001, Leung et al., 2000; Chua et al., 2003]. The standard

treatment for advanced stages of recurrent or persistent NPC is chemotherapy followed by re-

irradiation, or concomitant chemo-re-irradiation [Al-Sarraf and Reddy, 2002] but it is still unclear if

addition of induction therapy (pre CRT) or adjuvant therapy (post CRT) would be beneficial [Sun et
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al., 2016; Cao et al., 2017]. Cisplatin and gemcitabine combination is the chemotherapy of choice in

recurrent or metastatic NPC [Zhang et al., 2016].

Despite that NPC is a curable cancer, the lack of sufficient RT facilities and access to RT treatment in

many developing countries, causes treatment outcome to remain poor in these countries, and

alternative treatment options are required [Lam et al., 2016; Hutajulu et al., 2014]. Photodynamic

therapy (PDT) is an alternative treatment option for local primary and recurrent disease (relatively

simple and cost effective) which is based on intranasal illumination of tumor by a 652nm laser beam

using a specially designed nasopharyngeal applicator and a photosensitive drug Foscan® [Nyst et al.,

2007; Wildeman et al., 2009].

Novel strategies and targeted EBV therapy for NPC

After establishment of EBV latent infection multiple cellular signaling pathways are altered,

supporting processes of NPC development and effective evasion of host immune system [Rowe et al.,

2010; Shen et al., 2015; Wang et al., 2016; Chen et al., 2017; Zuo et al., 2017; Tsao et al., 2018].

Based on the new insights of tumorigenesis at molecular level, novel treatment modalities for NPC

have been introduced with focus on targeting intracellular signal transduction and angiogenesis

(inhibitors of EGFR, VEGF, mTOR and tumor hypoxia), modulation of gene expression and especially

immunotherapy (inhibitors of PD-L1) but majority of clinical studies are limited to phase I-II and only

a few reached phase III [Hutajulu et al., 2014; Liu et al., 2017; Peng et al., 2018;

https://www.centerwatch.com/clinical-trials/listings/condition/813/nasopharyngeal-

cancer/?phase=3&page=2]. Strategies based on immune-targeting EBV involve increasing

antigenicity of tumor cells (more specific recognition of tumor cells), stimulating stronger and longer

lasting immune responses (passive or active vaccination) and minimizing immune escape of tumor

cells (checkpoint therapy).  One of the strategies for achievement of stronger immune response in

NPC is active therapeutic vaccination with NPC tumor-associated EBV antigens [Taylor and Steven,

2016] or infusion of ex-vivo cultured and activated cytotoxic T lymphocytes (CTLs) directed to these

antigens. Infusion of autologous EBV-specific CTLs, targeted to EBV antigens such as EBNA1, LMP1,

LMP2 is feasible but tumor response is hampered by the immuno-suppressive microenvironment

which is limiting tumor cell recognition/accessibility in tissues [Yoshizaki et al., 2018; Huang et al.,

2017; Jain et al., 2016; Taylor and Steven, 2016]. It is hard to expect a broadly effective therapeutic

effect of EBV-specific CTL against EBV-harboring tumor cells because of low antigenicity of proteins

expressed in latency. However, lytic EBV proteins are highly immunogenic, for example Zta, Rta and

BARF1. Therefore, EBV lytic induction therapy combined with immunotherapy would be a preferred

treatment option [Faè et al., 2016; Hutajulu et al., 2014]. Novel approaches for adjusting current

30

142370-Novalic_BNW.indd   30 25-02-20   07:59



1
standard CRT for  inducing EBV lytic cycle gene expression in NPC tumor cells are being developed

and currently in clinical trials,  as will be detailed further in this thesis [Wildeman et al., 2012; Choi et

al., 2015; Hui et al., 2016; Ramayanti et al., 2018].

EBV ASSOCIATED GASTRIC CARCINOMA

Gastric cancer is one of the most prevalent forms of cancer worldwide.  EBVaGC appears as a

superficial depressed or ulcerated lesion in the upper stomach (Figure 6) usually arising from non-

antrum part of the stomach [Akiba et al., 2008]. According to recent results from Cancer Genome

Atlas (TCGA) consortium studies [Bass et al., 2014], a novel molecular classification is proposed for

gastric cancer (GC) and a four GC subtypes can be distinguished: EBV-associated GC (EBVaGC),

microsatellite unstable (MSI), genomically stable (GS) and chromosomal instable (CIN).

Figure 6. Features associated with molecular subtypes of GC according to TCGA classification

EBVaGc is preferentially located in the upper part of the stomach and frequent alterations in PIK3CA, extreme
DNA hypermethylation and overexpression of JAK2, PD-L1 and PD-L2 are characteristically found in EBVaGC.
Adapted from Bass et al., 2014.

Based on earlier studies EBV-associated gastric cancer was already considered a distinct form of

gastric cancer [van Beek et al., 2004, 2006]. EBVaGC is the most common malignancy associated with

EBV infection and the most common cause of EBV cancer mortality [Khan and Hashim, 2014]. It is

estimated that 7-10 % of all GCs worldwide are EBV positive [van Beek et al., 2004; Murphy et al.,
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2009; Tang et al., 2012] with a clonal viral genome and a restricted viral gene expression in every

tumor cell [Burke et al., 1990; Fukayama et al., 1994; zur Hausen et al., 2000]. In contrast to NPC

[Padmanathan et al., 1995], displastic and hyperplastic gastric epithelial lesions are not infected by

EBV and thus not considered as precursor lesions for EBVaGC [zur Hausen et al., 2004; Ribeiro et al.,

2019]. Rather, EBV is considered to infect rare pre-malignant displastic gastric epithelial cells that

subsequently can develop into cancerous cells and result in EBVaGC [Shinozaki et al., 2015;

Fukayama et al., 2019].  EBVaGC is characterized by EBV latency type II without expression of LMP1,

but with expression of the carcinoma-specific marker BARF1 [zur Hausen et al., 2000]. Next

generation sequencing (NGS) has revealed a number of molecular features that distinguish EBVaGC

from other GC types, with presence of latent EBV genes, including EBV miRNAs, and heavy

methylation of host tumor suppressor genes as outstanding features [Bass et al., 2014 (Cancer

genome atlas network);  Verma and Sharma, 2018]. Compared to EBV-negative GC, EBVaGC has

specific phenotype and a unique histomorphology characterized by abundant immune cell infiltrate

[Shibata et al., 1992; van Beek et al., 2006; Murphy et al., 2009] and extreme host DNA

hypermethylation which is considered to be caused directly by EBV infection of the gastric epithelial

cells [Kaneda et al., 2012; Zhao et al., 2013; Zeng et al., 2017; Nishikawa et al., 2017]. Interestingly,

patients with EBVaGC have better survival prognosis due to lower frequency of LN metastasis, which

suggest a protective role for (anti-viral?) tumor-infiltrating lymphocytes [van Beek et al., 2006;

Camargo et al., 2014].

Epidemiology

In contrast to BL and NPC which have a characteristic geographical distribution, EBVaGC is a non-

endemic disease but there are some regional differences reported. Several studies reported

predominance in males and relatively younger age [van Beek et al., 2004; Akiba et al., 2008; Murphy

et al., 2009; Moore et al., 2020]. Highest rates are found in Brunei (30.9%), USA and Germany (16-

18%) and lowest in China (4.3%) [Yen et al., 2014; Takada et al., 2000; Camargo et al., 2011], but

more investigation is needed [Bae and Kim, 2016].

Etiology and risk factors

Multiple environmental factors contribute to development of (EBVa)GC, such as diet with high salt

content, tobacco smoking and alcohol consumption [Correa, 1992; de Martel et al., 2013; Camargo et

al., 2014; Shi et al., 2014]. Co-infection with the most GC-associated pathogen Helicobacter pylori

(already induced inflammatory changes in gastric mucosa) may increase the occurrence of EBVaGC

as EBV infection is more likely to occur in inflammation-damaged epithelial cells of the stomach,

32

142370-Novalic_BNW.indd   32 25-02-20   07:59



1
resulting from chronic gastritis [Murphy et al., 2009; Singh and Jha, 2017; Fukayama et al., 2019]. In

recent years NGS has revealed new EBV genomes and defined EBV gene expression profiles in

EBVaGC biopsy materials that indicate a role of lytic EBV in GC tumorigenesis, similar to NPC,

although these findings remain to be confirmed [Borozan et al., 2018].

Diagnosis

For diagnostic purposes and identification of EBVaGC an endoscopic biopsy is required. Current

laboratory diagnostics methods for EBV detection are EBV-encoded small RNA 1 (EBER1)-in situ

hybridization (EBER-RISH) as EBER1 is highly abundant in infected cells and this is considered the

golden standard assay [Burke et al., 1990; van Beek et al., 2004]. Quantification of EBV-DNA load in a

gastric tissue biopsy has proven to be of excellent diagnostic value for detection of EBVaGC [van Beek

et al., 2002; Shuto et al., 2019], which may be confirmed by BARF1 mRNA detection as well as

methylation analysis of defined tumor suppressor genes [zur Hausen et al., 2000; Tsai et al., 2017;

Varma and Sharma, 2019]. Detection of (increased levels of) EBV DNA in the circulation may be used

as diagnostic marker, but early stage cases seem to be missed frequently [Shoda et al., 2017; Qiu et

al., 2019; Shuto et al., 2019]. Patients with EBVaGC also have elevated serum IgG (but not IgA)

antibodies against EBV early antigen and capsid proteins that can be used for diagnosis, although the

sensitivity and specificity are disputed and are not as useful for diagnosing EBVaGC as compared to

NPC [Aragonés et al., 2019; Varga et al., 2018].  EBV microRNA profiling is another method to define

EBVaGC presence and may have prognostic value, although only few studies have addressed this as

yet [Kang et al., 2017]. The new 2014 TCGA classification and related studies [Bass et al., 2014; Varna

and Sharma, 2018] have provided convincing evidence for classification of EBVaGC as a specific type

of GC and introduction of EBV DNA testing in small gastric biopsy samples that can be routinely

performed in clinics is expected to significantly improve selection of patients for adequate virus-

targeted therapy. However, currently no therapy exists that considers or targets EBV in the GC tumor

cells.

Therapies

Current treatment options are depending on tumor stage at diagnosis and its molecular signature. In

the early stage, most tumors are surgically resectable and treatments such as radiation or/and

fluoropyrimidine- and platinum-based chemotherapy are standard. The Cancer of the Stomach

(CRITICS) study [Dikken et al., 2011; Cats et al., 2018] compares peri-operative chemotherapy (CT)

with pre-operative chemotherapy and post-operative chemoradiotherapy (CRT) in patients with

resectable GC (EBVaGC not considered specifically). Treatment with Gembitabine and Cisplatin
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combination (GCb/Cis) [de Lange et al., 2004], and Epirubicin, Capecitabine and Cisplatin (ECC

combination) showed survival benefit in patients with GC in large clinical trials such as MAGIC study

and CRITICS study [Cunningham et al., 2006; Dikken et al., 2011]. From the CRITICS study it was

concluded that post-operative CRT did not improve overall survival compared with post-operative CT

alone in patients with pre-operative CT and surgery and future studies should focus on optimizing

pre-operative treatment strategies [Cats et al., 2018]. The CRITICS II study is comparing three

treatment regimens: (1) CT, (2) CT followed by CRT and (3) CRT in order to optimize pre-operative

treatment for patients with resectable gastric adenocarcinoma [Slagter et al., 2018]. The virus-

targeted CLVA approach described in this thesis (Chapter 7) is based on modification of the routine

CRITICS 1 protocol.

Besides massive immune cell infiltrate, EBVaGC has unique molecular features such as

overexpression of programmed cell death protein ligands-1 and 2 (PD-L1) /PD-L2, resp., DNA

hypermethylation, mutations in PIK3CA gene and differs considerably from other GCs [Kim et al.,

2016; Derks et al., 2016; Dong et al., 2016; doi: 10.1038/nature13480]. Novel therapies such as

immunotherapy, DNA methylation inhibitors or treatments targeting cellular signaling pathways

could be suitable for EBVaGC in the advanced stage [Nishikawa et al., 2018; Naseem et al., 2018].

EBVaGC appeared to be highly responsive to antibody-based checkpoint inhibition immunotherapy

[Sidaway, 2018; Kim et al., 2018]. In 2017, the U.S. Food and Drug Administration (FDA) approved

treatment of PD-L1 positive tumors with pembrolizumab (Keytruda, currently tested in more than

900 clinical trials) in patients with recurrent, locally advanced or metastatic gastric/gastroesophageal

junction adenocarcinoma with disease progression after CT or HER2/neu-targeted therapy.

Treatments targeting cellular signaling pathways such as VEGFR-2 inhibitors ramucirumab

(CYRAMZA) and Apatinib and recently FDA-approved trastuzumab-qyyp (Trazimera) the HER-2

inhibitor are available for metastatic gastric/gastroesophageal junction adenocarcinoma

[https://www.cancer.gov/about-cancer/treatment/drugs/stomach]. Adoptive cell-based or active

immunization therapies against EBV encoded, tumor associated antigens have not yet been detailed

in EBVaGC in contrast to NPC.

Because EBVaGC is characterized by EBV driven hypermethylation of tumor suppressor genes,

treatment with cytotoxic drugs and demethylation agents that affect gene and histone methylation

and acetylation and induce EBV lytic gene expression in latently infected tumor cells is currently

under investigation [Lee et al., 2015; Zeng et al., 2017; Kang et al., 2019]. Novel agents are being

developed that can be combined with current CRT regimens and drive latent EBV into the lytic cycle

thus inducing sensitivity for antiviral treatment, as explored for NPC [Ramayanti et al., 2018; Lee et

al., 2019].
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1Purpose and outline of the thesis

In this thesis we explore the potential of CytoLytic Virus Activation (CLVA) as a treatment modality

for carcinomas harboring latent Epstein-Barr virus, namely nasopharyngeal carcinoma (NPC) and

EBV-associated gastric carcinoma (EBVaGC). The concept of this virus-targeted approach is based on

drug induced reactivation of the latent viral genome (switch from latent to lytic phase), followed by

antiviral treatment with valGCV to achieve a rapid and selective destruction of activated tumor cells.

Fundamentally, our studies aim to include simple existing and well tolerated drugs (HDACi and

antivirals) into existing CRT-based therapeutic protocols, in order to increase CRT efficacy in EBV

associated carcinomas and speed-up possible introduction into the clinic.

In Chapter 2 of this thesis diverse agents and strategies suitable for lytic Induction therapy for EBV-

associated malignancies (both lymphomas and carcinomas) are listed and discussed in detail.

In Chapter 3, the clinical use of EBV-based biomarkers for prediction of NPC recurrence was explored

in prospective study of Dutch Head and Neck Oncology Cooperative Group in The Netherlands.

Chapter 4 describes the development and use of CLVA therapy in a mouse NPC tumor model and the

effects of treatment were evaluated using EBV-based biomarkers.

Chapter 5 describes the development and in vitro effects of the CLVA drug combination in NPC cell

lines and the in vivo biological effects of CLVA therapy as examined in limited human phase I study.

Chapter 6 describes the results of an extended human phase I-II clinical trial for CLVA therapy aiming

to monitor drug levels and toxicity and improving overall survival and quality of life of patients with

recurrent and metastasized NPC. Biological effects of CLVA therapy were monitored using routine

clinical and EBV-based biomarkers.

Chapter 7 describes preclinical study on CLVA therapy for treatment of EBVaGC.  Here drug

combinations were evaluated as CLVA agents based on current standard therapies for GC (CRITICS

trial).  Efficacy of virus reactivation and tumor cell killing was compared in in vitro EBVaGC cell line

setting and in EBVaGC mouse tumor model.

Chapter 8 contains an overall analysis and discussion of the results obtained in this thesis study.
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properties only under certain conditions. Lytic replicative EBV infection is restricted to differentiated oropharyngeal 

is triggered and controlled.
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Introduction
Epstein Barr virus (EBV) is a gamma herpes virus that is ubiquitous 

in humans, infecting more than 90% of the world population [1]. The 
most common disease manifestation is infectious mononucleosis 
(IM), also known as glandular fever or kissing disease, a self-limiting 
inflammatory illness associating with primary infection. Importantly, 
besides it’s link with several chronic and autoimmune diseases 
which will not to be discussed here, EBV is associated with a variety 
of epithelial and lymphoid malignancies, including undifferentiated 
nasopharyngeal carcinoma (NPC), 10% of all gastric carcinomas 
(GC) worldwide, endemic Burkitt lymphoma (BL), 50-90% of classic 
Hodgkin’s Disease, various T-/NK-/B-cell non-Hodgkin lymphoma’s 
and B-cell lymphoma’s in immune suppressed individuals [1]. The 
virus exists in the host in either a reproductive lytic or a quiescent 
latent state. During primary infection, EBV infects and transforms 
naive B cells into rapidly growing B-cell blasts, which are effectively 
eliminated by strong anti-EBV T-cell immune responses [2-4]. This 
strong early-stage T-cell response, comprising both CD4+ and CD8+ 
T-cells, is directed against viral peptide epitopes particularly of the 
lytic proteins of EBV [4,5]. The associating cytokine storm causes the 
symptoms characteristic of IM [2,4,5].

Following primary infection, a lifelong dynamic balance is 
maintained between sporadic proliferation of virus-immortalized 
B cells and the controlling cytotoxic T cell response, which is highly 
effective in eliminating proliferating EBV transformed B-blasts [4,5]. 
In EBV positive cancers viral gene expression is limited to only a few 
latency-associated gene products which actively contribute to tumor 
cell growth, apoptosis resistance and immune escape [1,6].

EBV Life Cycles
EBV persists for life in a low number metabolically quiescent 

memory-B-cells as a methylated and transcriptionally silenced nuclear 
dsDNA episome of 184 kilobases, expressing only non-coding small 

and microRNAs and being invisible to immune responses (Latency-0, 
also named true latency; Figure 1, left side) [1,6]. Dividing memory-B-
cells may express a single EBV encoded protein, EBNA1, essential for 
maintenance of the latent viral genome in dividing cells (Latency-I). 
Some EBV+ B-cells may proliferate upon passage through lymphoid 
tissues, expressing two additional latent membrane proteins LMP1 and 
LMP2, which are barely immunogenic (Latency-II or Default Program). 
The full expression of EBV latent genes (Latency-III) is only seen during 
primary infection of B-cells, and sporadically in immunosuppressed 
individuals. Occasionally, antigenic triggering of an EBV carrying 
memory B-cell into antibody-producing plasma cell will reactivate 
the virus from latency into lytic reproduction (Figure 1, right side), 
a process that mainly occurs at oro-nasopharyngeal lymphoid tissues 
such as the tonsils, which are considered the homing site of most EBV 
carrying B-cells [6]. Virus from B-cells may transfer into submucosal 
epithelial cells [7-9], leading to abundant virus production and 
shedding [10]. Although EBV epithelial latency has been demonstrated 
in primary tonsil explant cultures [11], direct evidence of EBV latency 
in normal epithelia is rare [12]. In immunocompromised individuals, a 
lytic infection can persist manifesting as oral hairy leukoplakia (OHL) 
and uncontrolled proliferation of latent EBV-infected B cells can lead to 
the development of malignant lymphoma, illustrating the importance 
of immune control over both arms of the viral life cycle [13].

Besides infecting B cells and causing lymphoproliferative disorders, 
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of LMP1 (CTAR1-3) [18]. For example, in B-cells LMP1 is mimicking 
T-cell stimulatory signaling by CD40 mediated NF-kB activation 
and signal transduction pathway through interaction with TNFR-
associated factors (TRAF’s), especially TRAF1 and TRAF3 and TNFR-
associated death domain protein (TRADD), preventing apoptosis 
and enhancing cell growth and oncogenic transformation [18-20]. 
The activated NF-κB translocates from cytoplasm to the nucleus and 
regulates target genes essential for cell proliferation and apoptosis 
resistance. When Janus kinase 3 (JAK3) binds to C-terminal domain of 
LMP1, it activates signal transducer activator of transcription (STAT) 
to upregulate transcription [21]. Furthermore, LMP1 activates the 
PI3-K /Akt pathway resulting enhanced cell survival and remodeling 
actin filament [22]. Importantly, LMP1 induces selective host DNA 
methylation, thereby limiting the expression of tumor suppressor 
genes and pro-apoptotic signaling and modulating “danger signaling” 
in general [23]. In order to limit oncogenic signaling, LMP1 rapidly 
associates with CD63 to be incorporated into intraluminal vesicles, 
where LMP1 loses its signaling capacity and is prepared for secretion 
in exosomes [24]. LMP2A mimics antigen-independent B-cell receptor 
(BCR) signaling by constitutive binding of Syk/Lyn and activation of 
the ERK/MAPK pathway thus contributing to cell survival [25-27]. 

EBV Lytic Reactivation
Under certain circumstances the latent virus can be reactivated, 

changing from its dormant non-replicating stage into its lytic phase 

EBV has the ability to infect epithelial cells by cell-to-cell contact which 
can lead to epithelial malignancies such as NPC and GC, where all cells 
harbour the virus, making it a valuable target for therapy [14]. The 
majority of tumour cells contain the virus in its latent form, producing 
only a few proteins necessary for EBV genome maintenance and 
tumour growth [15]. These latent proteins are low in immunogenicity 
and therefore difficult to be recognized by the immune system. This 
allows EBV-carrying tumour cells to successfully evade the host 
immune system. 

EBV Latency Gene Products and Functions
The roles of EBV latent genes are summarized in recent reviews 

[15-17]. Via EBNA-1, the circular viral DNA episome is directly bound 
to host chromosomes ensuring reliable duplication by host DNA 
polymerases and enabling maintenance of viral genome in dividing 
cells. EBNA-1, EBNA-LPs, EBNA-2, EBNA-3A, EBNA-3C and LMP1 
are individually essential for in vitro transformation of primary B cells 
to lymphoblastoid cell lines [1,6,16,17]. The “higher EBNAs” (i.e., all 
EBNAs besides EBNA1) are involved in initial B-cell immortalization, 
but otherwise not expressed in human malignancies, with exception of 
lymphoproliferative diseases in severely immunosuppressed patients. 

The key EBV oncogene, LMP1, is interacting with several host 
adapter proteins triggering multiple cellular signaling pathways such 
as NF-kB, JNK, p38 and JAK/STAT, P53/ATM. This is mediated by at 
least three distinct signal activating domains in C-terminal sequence 

Figure 1: 
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and closely related to synthesis of new non-methylated viral DNA 
templates, the late structural proteins are expressed that travel into 
the nucleus to incorporate newly synthesized linear viral DNA into 
stable capsid structures. These are subsequently released into the 
cytoplasm to acquire an envelope by budding into Golgi membranes 
and forming new mature infectious EBV virions that are secreted into 
the extracellular space. The newly synthesized viral genome is linear 
and epigenetically unmodified. The lytic phase is essential part of EBV 
life cycle, since the production of infectious viral particles that allows 
the virus to be transmitted from cell to cell and host to host.

Molecular Triggers for EBV Reactivation
Although in EBV-associated malignancies as well as in infected 

memory B cells of healthy carriers latency is the mainstream of EBV 
infection, there are indications that bursts of spontaneous (recurrent) 
reactivation in fact may play a role in EBV persistence and pathogenesis 
[41]. Distinct cellular differentiation factors regulate spontaneous EBV 
reactivation and this is highly cell-type dependent [43]. Activation 
pathways will be detailed later in this review. BLIMP1 is one of the 
key players in both epithelial and B-cell differentiation and was 
recently shown to facilitate EBV reactivation from latency in both cell 
backgrounds [44]. Together with BLIMP1, another differentiation-
dependent cellular transcription factor, Kruppel-like factor4 (KLF4) 
was recently reported to play a critical role in epithelial cells [45]. 
Modifications of EBV genome, such as 5-hydroxymethylation of 
cytosine (important in epithelial-cell differentiation) may also affect 
EBV lytic reactivation and is regulated by cellular TET enzymes [46]. 
Expression of virus maintenance factor EBNA1 inhibits spontaneous 
reactivation, but facilitates lytic cycle after initial reactivation in 
gastric carcinoma cells AGS-BX1 [47]. Serological studies in NPC-risk 
populations suggest that EBV reactivation occurs a long time before 
clinical diagnosis of NPC with increasing EBV-specific IgA antibody 
responses paralleling NPC tumor development [48-50]. It has been 
reported that certain nutritional habits and/or environmental risk 
factors may have substantial impact on NPC development [51-54]. A 
recent study demonstrated increased tumorogenicity after N-nitroso 
compounds (commonly found in food in high-risk NPC regions) 
induced recurrent EBV reactivation in NPC cells and mouse model 
[55]. In addition, regular consumption of rancid fat and certain spicy 
food components have been linked to NPC risk [56]. 

Throughout the years, multiple agents have been described to trigger 
EBV lytic induction, such as radiation and different chemotherapeutical 
agents - alone or in combination with histone deacetylase inhibitors 
HDACi-s [57,58]. Proteins produced in this phase (viral neo-antigens) 
are highly immunogenic and can be recognised and targeted by the 
immune system [4,5]. Furthermore, the reactivation of the EBV lytic 

which ultimately results in production of new infectious virions. The 
3-step lytic cascade starts with activating the expression of immediate 
early (IE) transactivator proteins encoded in BZLF1 (ZEBRA or Zta) 
and BRLF1 (Rta) (Figure 1, middle) [28]. Many cellular and viral 
proteins modulate the induction and function of ZEBRA and Rta 
in disruption of latency and this is cell type dependent, as will be 
discussed later in more detail. The BZLF1 gene encodes a sequence 
specific DNA-binding protein (ZEBRA), which is a member of the 
bZIP family of leucine-zipper transactivators. The BZLF1 promoter 
(Zp) is a 233 bp long sequence on the EBV genome which generally 
is heavily methylated and transcriptionally silenced in the viral latent 
state. Its activity is controlled by the balance between (host) (de-) 
methylating and (de-)acetylating enzyme activities regulating access 
and activities of cellular transcription factors on Zp. Murata et al. 
summarized cis- and trans-elements playing a role in Zp regulation 
and the balanced interaction between positive and negative regulators 
that governs the switch from latent to lytic phase (Figure 2) [28]. For 
Zta expression and activity the methylation of EBV DNA is required 
[29-32]. ZEBRA can bind to at least 32 variants of ZEBRA-responsive 
elements (ZRE’s) present in the Zp and in promoters of EBV early 
genes [33,34]. Thus, ZEBRA together with endogenous host cell 
specific cellular transcription factors activate Zp in an auto-stimulatory 
loop [35]. The BZLF1 gene can also be activated by the BRLF1 encoded 
transactivator Rta. Reversely, ZEBRA drives expression of Rta (and Na 
- another viral protein encoded by BRRF1), which results in Zta-Rta-
BRRF1 synergy forming a positive feedback loop to activate Zp [36-38]. 
The BMLF1 gene product (EB2 or I’ta) is another IE protein, which is 
involved in nuclear export and cytoplasmic stabilization of non-spliced 
RNA transcripts. It increases the level of viral and cellular protein(s) 
required for stable Zta expression [39].

Once induced, these IE products cause cell-cycle arrest in G1 phase 
and cooperate to induce the second step in the reactivation cascade, 
i.e., the early (E) phase [35,40,41], ultimately inducing the entire lytic 
cascade activation and virus replication (Figure 1, right side) [42]. It 
has been demonstrated that in some EBV-associated malignancies, 
sporadic tumor cells show detectable ZEBRA expression. Since true 
late lytic gene transcription in EBV associated tumor cells is mostly 
absent, these low levels of ZEBRA expression probably reflect partial 
(abortive) activation of the lytic phase. 

During reactivation a plethora of viral gene products is expressed, 
starting with early gene products, such as EBV-DNA binding 
proteins, helicase (together forming the complex with early antigen 
diffuse protein EA-D), thymidine kinase (TK), protein kinase (PK) 
and other enzymes involved in nucleotide metabolism, all preparing 
the host cell for viral DNA replication by the viral DNA-polymerase 
(DNApol; BALF5) [28,41]. In the third phase of viral reactivation, 

Figure 2:
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cascade leads to the expression of viral enzymes (thymidine and protein 
kinases, TK and PK respectively) that may sensitize tumour cells to 
antiviral treatment [35]. These findings have led to the development of 
novel therapeutic approaches aiming at EBV reactivation.

Therapeutic Options Exploiting the EBV Lytic Cycle
New strategies are emerging for virus-targeted therapy to 

treat EBV-associated malignancies, generally consisting of two 
components. The first step is aimed at initiating virus reactivation 
and triggering recognition of the tumour cells by the immune system 
[originally described by Moolten in 1986] [59]. The second step is 
the administration of an antiviral drug which can be metabolised 
exclusively in cells expressing viral lytic cycle proteins [60].

In previous studies, variable combinations of drugs/reagents were 
tested on different EBV-driven tumour cell lines in vitro and in vivo 
to investigate the most potent effect on reactivating the latent viral 
genome into lytic gene expression. For example, plasmids encoding 
immediate early lytic genes were transfected in a truly latent EBV-
infected Burkitt Lymphoma (BL) cell line. After expression of these 
lytic proteins an antiviral compound was administered, which resulted 
in a decreased growth of cells [60]. Activation of Ganciclovir (GCV) 
requires conversion to monophosphate by EBV-encoded kinases, 
mainly BXLF1 encoded TK and BGLF4 encoded PK [61], followed by 
two additional phosphorylations by host cell enzymes and formation 
of cytotoxic triphosphate form which is incorporated in the growing 
DNA strand causing a “DNA chain termination”. Therefore, only 
lytically infected but not latently infected EBV-positive tumor cells are 
sensitive to the cytotoxic effects of GCV [62]. Chemotherapy combined 
with HDACi-s reduced the growth of EBV-positive tumours in a 
mouse lymphoma model [63]. This effect is amplified by the addition 
of an antiviral drug [64]. We and others have studied EBV reactivation 
in the naturally infected NPC epithelial cell line C666.1 and observed 
synergistic cytotoxic effects of the combination of gemcitabine (GCb), 
valproic acid (VPA) for inducing viral reactivation and (val)Ganciclovir 
as antiviral compound [65-67]. This Cytolytic Virus Activation 
Therapy (CLVA) for EBV-associated malignancies was subsequently 
used with promising results in three Dutch NPC patients [65]. A recent 
continuation of this Phase-I/-II study on eight end-stage NPC patients 
showed that drug combination was well tolerated and induced clinical 
responses in patients naïve to GCb [68].

In this review effective (combinations of) EBV lytic inducers are 
presented. The chemical structure of  compounds used as virus lytic 
inducers are shown in (Supplementary) Figure 3a-c. Effectiveness 
was demonstrated by various techniques (presented in Tables 1-4) 
including detection of EBV lytic protein and mRNA expression, as 
well as functional characteristics such as apoptosis induction and 
sensitivity to antiviral treatment. The mechanism of action of the 
various components is indicated and the consequence of adding an 
antiviral drug is also described. This systematic overview focuses on 
efficacy of compounds for viral reactivation in various in vitro models. 
Highlighted are DNA damage responses and host-susceptibility 
factors. Recently more clinically oriented overviews on EBV targeted 
therapeutic strategies were published [69,70].

Pharmacological Inducers of EBV Lytic Phase
Histone deacetylase inhibitors 

Histone deacetylase inhibitors (HDACi-s) represent a well-known 
group of drugs that modify the acetylation status of several cellular 
(and viral) proteins. According to their chemical structure they can 
be categorized into different classes, including short chain fatty acids, 

hydroxamates, benzamides, cyclic tetrapeptides and epoxides [71]. 
These compounds modulate chromatin structure via inhibition of 
histone acetylation, but also target several non-histone substrates. 
HDACi-s are structurally diverse compounds with biological effects 
ranging from cell death induction, differentiation, angiogenesis 
inhibition to modulation of immune response. In general, HDACi-s 
have been shown to have potent anticancer activities including 
reversing aberrant epigenetic changes associated with cancer [72,73]. 
Several combination strategies vis-à-vis with HDACi-s have been 
tested and validated in preclinical studies, either as chemo sensitizing 
agents in standard chemotherapy regime or in combination with DNA 
methyltransferase inhibitors (DNMTi-s) in the context of “epigenetic 
therapies” aiming to revert epigenetic alterations found in cancer cells. 
Pan-HDACi-s, which inhibit 11 HDAC isoforms, are widely used to 
induce EBV lytic cycle. Here we discuss EBV-specific lytic induction 
capacities of commonly used HDACi-s (VPA, NaB, TSA and SAHA) 
and results are summarized in Table 1. HDAC-inhibition does not 
necessarily lead to virus reactivation in all EBV-positive cell lines, as 
the EBV reactivation process by chromatin modulation is cell type 
dependent. Chemically-triggered expression of viral transactivator 
(Zta/Rta) induces chromatin remodelling at target promoters, leading 
to restructuring of nucleosomes and loss of polycomb-repression which 
initiates the EBV lytic cascade [74]. Thus, HDACi-s can selectively 
modulate viral gene expression by influencing the accessibility of 
enhancer elements in viral promotors for host transcription factors, see 
Figure 2. The level and presence of these regulatory elements and host 
HDACi and DNMT activities all influence lytic induction response and 
are largely cell type specific.

Valproic acid 
VPA, 2-propylpetanoic acid, sodium valproate is a short-branched-

chain fatty acid that has been widely used in the clinic as anticonvulsant 
and mood stabilizer for decades. Currently, there are numerous VPA-
based clinical trials for treatment of a wide range of malignancies. 
Although other mechanisms may also contribute to VPA-induced anti-
cancer effects, the inhibition of histone deacetylases (HDACs) appears 
to play a central role. VPA is a class I and II HDACi with preference 
for class I inhibition, but it has also been reported as inducer of DNA 
demethylation in non-dividing cells [75-77]. Due to its HDACi-
property, VPA treatment can induce lytic viral gene expression in some 
EBV positive tumor models and this effect appears to be dose and time-
dependent. VPA itself only weakly activates lytic EBV gene expression, 
but it strongly enhances the ability of chemotherapeutic agents (such 
as 5-FU and gemcitabine) to reactivate EBV in both epithelial and 
lymphoid tumour cells [63,65]. VPA may promote lytic induction 
by increasing the acetylation state of the chromatin surrounding the 
episomal viral genome, thus providing opening of the genome for access 
by cellular transcription factors and by epigenetic reprogramming 
via demethylation of host regulatory gene promoters [63,76,78,79]. 
However opening of chromatin structure is not equally effective for 
EBV lytic reactivation in different cell backgrounds. In vitro studies 
showed the ability of VPA to regulate epigenetic modifications of the 
EBV genome and chromatin modulating proteins in breast cancer cells 
[80]. VPA alone is not sufficient to induce lytic phase in truly latent 
HH514 BL cells, despite inducing hyperacetylation of H3 in contrast 
to TSA and AZC and we found the same for C666.1 NPC cells [65,79]. 

Iwata et al. analyzed EBV-positive T and NK cell lines for expression 
of lytic genes encoding Zta and gp350 ⁄ 220, after exposure to VPA for 24 
and 48 hours [78]. RT-PCR showed no significant difference between 
VPA-treated cells and controls. Although VPA induced apoptosis and 
cell cycle arrest, it did not trigger a lytic switch. Since the killing effect of 
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Drug Cell line  
(tumor origin) Assays Detected proteins +GCV?

Result 
on lytic 

induction

(Optimal) drug 
concentration

Exposure 
time  Ref.

VPA WB No + 1-10 mmol/L 48 h [84]

No + 1-10 mmol/L 48 h [84]

WB No + 48 h [63]

VPA+CDDP No + 0.3 mmol/L VPA, 0.25 48 h [63]

NaB WB No + 0.5-3 mmol/L 48 h [84]

No + 1.5 mmol/L 48 h [84]

WB No + 3 mmol/L 48 h [123]

NB No + + 3 mmol/L NaB, 8 h [85]

NB No  + TPA, 
- NaB

3 mmol/L NaB, 
20 ng/mL TPA 8h [85]

NB No  + TPA, 
- NaB 

3 mmol/L NaB, 
20 ng/mL TPA 8 h [85]

No +
[85]

WB No + TPA, 
+/- NaB 

3 mmol/L NaB, 
20 ng/mL TPA 

24 h
[85]

NaB/TPA WB No + 2.5 mmol/L NaB, 20 ng/
mL TPA 24 h [182]

NaB + LCLs; EBV + BL 
WB No + 2.5 mmol/L 48 h [57]

WB No + 100-300 nmol/L 48 h [83]

No + 100-300 nmol/L 48 h [83]

WB No 

No

+ 

+

100 nmol/L 

100 nmol/L

48 h

48 h

[84]
[84]

WB + 6 d [86]

WB No + 48 h [123]

WB No +
48 h

WB No +

No + 48 h

No + 2-3d

WB p40,gp350/220

No
+ 48 h [84]

No + 48 h [84]

No + 48 h [84]

 WB gp350/220 No + 24-48 h 

WB gp350/220 No - 24- 48 h 

WB gp350/220 No + 24-48 h

Table 1: 
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VPA was limited, the combination of VPA and BTz was tested, and an 
additive killing effect demonstrated. Subsequently, exposure of PBMCs 
from three patients with EBV-associated T or NK lymphoproliferative 
diseases to VPA was tested. As expected, VPA resulted in a higher 
killing of EBV-infected cells compared to uninfected cells, and the 
effect was increased when VPA was combined with BTz. Xu et al. and 
Nebbioso et al. summarized HDACi’s used in clinical trials focused on 
mechanisms of HDACi-induced cell death [81,82]. 

Trichostatin A
TSA is a”classic” epigenetic modifier and antifungal antibiotic with 

cytostatic and differentiating properties. TSA treatment is causing 
(a dose-dependent) cell cycle arrest and apoptosis, and effectively 
inducing lytic replication (in EBV-transformed B cells) and epithelial 
cells [83-85]. Enhanced EBV lytic induction by TSA when combined 
with 5’-azacytidine and GCV in GC cell lines and in tumors originating 
from epithelial, NK and B cells, was confirmed by expression of BZLF1 
and BRLF1 and accompanied by promoter demethylation [86,87]. 
Dose-dependent TSA induction of EBV lytic phase as well as cell cycle 
arrest and apoptosis was reported by Seo et al. in a latency type III EBV-
transformed LCL cell line [83]. Nishikawa et al. reported increased 
synthesis of Zta and up-regulation of LMP1 protein expression by 
HDACi-s (NaB and TSA) in in vitro infected NPC cell line TWO3-
EBV [88]. 

Suberoylanilide hydroxamic acid 
(SAHA, Vorinostat, Zolinza) is a potent pan-HDACi, altering 

gene transcription and inducing cell cycle arrest, differentiation 
and apoptosis. It binds to the active site of HDAC-s and serves as a 
chelator for zinc ions, blocking the enzymatic activity. SAHA is very 
strong inducer of the EBV lytic phase and treatment does not require 
combination with chemotherapeutics. It is the first HDACi to be 
approved for clinical use in treating patients with malignancies (e.g., 
cutaneous T cell lymphoma) [89].

Hui et al. reported significant lytic induction in AGS-BX1 cells 
(GC, latency II) mediated by SAHA (μM), TSA (μM), NaB (mM) or 
VPA (mM), with SAHA being the most potent inducer, but found only 
weak effect at similar drug levels in AK2003 cells (BL, latency I) while 
no lytic induction was seen in LCLs (B-blast latency III) [84]. In these 
experiments, SAHA was also found to up-regulate expression of EBV-
encoded LMP1. HDACi-s are known to induce LMP1 in lymphoma 
cells which is mediated via NF-κB activation as suggested by Park and 
Faller [90]. Treatment of EBV-positive BL cells with NaB-induced 
apoptosis via induction of the viral lytic program and resulted in an 
increase in NF-κB DNA binding [91]. Hui et al. further reported that 
SAHA treatment of various NPC cell lines (HK1-EBV, HONE1-EBV, 
HA and C666.1) induced Zta/Rta expression and demonstrated its 
strong pro-apoptotic effects, following early activation of the EBV 
lytic phase [92]. SAHA treatment was also effective in suppressing 
C666.1-derived tumor growth in vivo in nude mice. The same group 
further studied effects of SAHA and/or bortezomib (BTz; inhibitor of 
26S-proteasome, pro-apoptotic agent) in NPC cell lines (HA, C666.1) 
[93]. In these experiments SAHA significantly induced Zta expression 
and the addition of BTz reduced expression of SAHA-induced Zta (in 
HA cells). BTz also disrupted SAHA-induced EBV replication, while 
potentiating SAHA’s induction of apoptosis. The authors suggested 
that use of SAHA/BTz combination could be suitable for treatment of 
BL and PTLDs (when EBV shows a Cp/Wp-restricted latency) [94]. 
This combination synergistically induced the apoptosis and killing of 
Wp-restricted BL and LCLs (latency III) and suppressed the growth of 
Wp-restricted BL xenografts in nude mice, but did not affect Qp-driven 

latency I BL cells.

Romidepsin 
(Istodax®, NSC 630176, FR901228, FK228, Depsipeptide) is a 

bicyclic pentapeptide isolated from the soil bacterium Chromobacterium 
violaceum. This class I specific HDACi has been FDA approved for 
the treatment of cutaneous T cell lymphoma (CTCL) [95,96]. It is 
very efficient in inducing EBV lytic induction in vitro and in vivo in 
both NPC and GC epithelial tumor cells (nM concentrations), and 
in GCV mediated enhanced cell death [97]. However, in recent pilot 
study in patients with extranodal natural killer (NK)/T-cell lymphoma 
(ENKTL), serious adverse events were reported and suggested that 
romidepsin may cause too rapid EBV reactivation [98]. Further trials 
should include simultaneous administration of GCV with romidepsin. 

Sodium butyrate 
(NaB/SB) is a short-chain fatty acid which is altering gene expression 

and arresting cell proliferation by inhibition of the chromatin-
remodeling activity of HDAC-s and histone hyperacetylation. It is 
commonly used as EBV lytic inducer often in combination with other 
agents, such as TPA or TSA. The early experiments showed that a low-
level of lytic induction (EA) was obtained after the addition of NaB (or 
TPA alone) in Raji and NC37 cell lines, while the simultaneous presence 
of both compounds resulted in a significantly higher percentage of EBV 
reactivating cells [99]. In combination with GCV, butyrate is shown to 
induce killing of EBV-positive tumor cells in vitro and beneficial effects 
were obtained in lymphoma treatment [58,100].

Phorbol esters (TPA/PMA) combined with HDACi-s
The most commonly used phorbol ester is 12-O-tradecanoylphorbol-

13-acetate (TPA), also known as phorbol-12-myristate-13-acetate 
(PMA). Zur Hausen et al. first reported TPA-induced EBV lytic 
cycle gene expression [101]. In B cells, TPA-mediated lytic induction 
requires activation of cellular protein kinase C (PKC) [102]. TPA 
treatment induces lytic EBV gene transcription in some cell lines by 
quick activation of PKC, but this is not an obligatory event suggesting 
more complex regulation of lytic induction [103,104]. TPA-mediated 
EBV lytic induction is strongly enhanced by the addition of sodium 
butyrate, and therefore the TPA/SB combination is widely used. The 
mechanism of TPA reactivation of EBV has been studied in depth (see 
later section), and antagonism between some HDACi-s (VPA) was 
reported [105]. Moreover, the capacity of other HDACi-s including the 
benzamide derivative Entinostat (MS 275), cyclic tetrapeptide Apicidin, 
cyclic depsipeptide Largazole (from a marine cyanobacterium), 
hydroxamic acids Oxamflatin, Scriptaid, Panobinostat (LBH 589) and 
Belinostat (PXD 101) were studied in the context of EBV lytic induction 
and cytotoxicity, but available (clinical trial) data are limited [58,105]. 

Effects of combined HDACi-s and chemotherapeutics on EBV 
reactivation are summarized in Table 1.

HDACi-s and Susceptibility to Ganciclovir for Induction of 
EBV Lytic Phase

Antiviral (val)Ganciclovir (GCV) treatment alone is not effective 
for treating EBV-associated malignancies, since tumor cells harbouring 
latent EBV do not express viral kinases (PK/TK), required for 
conversion of this nucleoside analogue into its cytotoxic form. TK/
PK enzyme activity requires initiation of the EBV lytic cycle through 
Zta/Rta expression from the latent viral genome. Park and Faller 
(2002) demonstrated that EBV reactivation in a number of EBV-
positive BL lines is induced by butyrate or other HDACi-s alone 
[90]. Among several different EBV-positive BL lines studied (Akata, 
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Daudi, JY, Namalwa), P3HR-1 was the cell line most responsive to 
HDACi-s. Mentzer (2001) applied this strategy for treating EBV-
associated lymphoma/ PTLD using arginine butyrate combined with 
GCV in clinic, based on their finding on arginine butyrate-induced 
susceptibility to GCV [64,106]. The promising results of this study 
led to phase I-II trial demonstrating that this combination regime was 
well-tolerated and induced significant biologic activity in recurrent 
EBV-positive lymphoid malignancies [107]. 

In the case-report study of Stevens et al. a combination of 5-FU/
VPA was administered to a young EBV-positive NPC patient with 
advanced recurrent disease to induce EBV lytic induction, followed 
by (val)GCV treatment. This treatment resulted in detectable levels of 
EBV-DNA load in circulation, due to release of viral genomes from 
the EBV positive tumor [108]. Jones et al. reported another case-study 
where the combination of VPA and GCV resulted in detectable EBV-
DNA load in plasma in patient with relapsed EBV-positive Diffuse 
Large B cell Lymphoma (DLBCL) [109]. Increased expression of IE 
proteins by addition of TSA in combination with GCV was reported by 
Jung et al. [110]. Ghosh et al. tested different HDACi-s in EBV-positive 
lymphoma cells and found that with the exception of SAHA and 
PXD101, all the other tested (butyrate, valproate, Oxamflatin, LBH 589 
and Scriptaid) were effective in sensitization the EBV positive tumor 
cells to GCV at low (nM) concentrations [58]. 

These observations strongly point to the beneficial effect of 
combining EBV lytic cycle inducers together with antiviral compounds 
such as (val)Ganciclovir, to not only prevent full viral replication and 
spread in vivo [98], but more importantly, to kill proliferating EBV-
infected cells by DNA chain termination. 

DNA Demethylating Agents
During viral latency the ZEBRA promoter (Zp) is in an inactive, 

hypermethylated state [111,112]. The hypermethylation is probably 
caused by deregulation of methyltransferases in early tumorigenesis, 
driven by viral factors such as LMP1 [113-115]. Induction of EBV 
lytic cycle gene expression is probably only possible after the release of 
EBV genomic silencing by both promoter demethylation and histone 
acetylation [79]. Once persistent in the host cell EBV is interfering 
with cellular pathways and deregulating diverse homeostatic cellular 
functions [66,116,117]. In EBV-associated cancers viral genome is 
subject to extensive epigenetic regulation and viral promoters are 
heavily methylated, but such a virus is still powerful in mimicking the 
effect of growth, transcription and anti-apoptotic factors. On the other 

hand, complex mechanisms in the host cell are employed to suppress 
the ability of cellular transcription factors to activate the expression of 
the EBV IE gene promoters, in order to maintain virus in the latent form 
of infection [74]. The genomes of EBV-infected tumor cells and their 
normal counterparts have differing epigenetic patterns, due to diverse 
epigenetic dysregulation. Hypermethylation of several host genes has 
been described in EBV-associated cancers [118,119]. Methylation, to 
some extent, might be beneficial for selectivity of BZLF1 activation, 
since Zta preferably binds to methylated domains of BRLF1 promoter, 
thereby initiating the lytic cascade [28,33].

Demethylating agents, such as 5-azacytidine (5-aza-CR) have been 
studied, in order to enhance the effects of lytic induction. The results 
showed increased lytic viral gene expression in Burkitt’s lymphoma cell 
lines [120], but not in lymphoblastoid cell lines [62], indicating that 
other factors besides methylation might be involved in desensitizing 
of EBV early gene promoters. The effect of 5-aza-2’deoxycytidine 
(5-AZA) on lytic induction is investigated in several studies too. Ben-
Sasson and Klein (1981) found an 8 times higher EA-gene expression 
in BL cells treated with this drug, compared to spontaneous levels, 
evaluated with IF [121]. This was confirmed in another BL cell line 
by Moore et al. [122]. Feng et al. also showed that 5-AZA caused lytic 
induction in a BL cell line, but no effect was seen in three different LCL 
cell lines [62]. Cell viability was not impaired by the drug, except when 
combined with GCV [86]. In addition, in an epithelial cell line of GC 
origin, results were similar, and a combination of 5-AZA with GCV 
even showed an enhanced effect on inducing cell death [110]. Details 
are summarized in Table 2.

Chemotherapeutics
The ability of particular chemotherapeutic agent to induce lytic 

EBV gene expression is mediated by variety of signal transduction 
pathways and their synergistic engagement, importantly, is dependent 
on cell type [66]. Details are summarized in Table 3.

Multiple studies show that Gemcitabine (GCb), a nucleoside 
analog, is able to switch on lytic induction in a subset of EBV-positive 
cell lines, including three types of LCL, Raji (BL), AGS-BX1, SNU-719 
(GC) and C666.1 (NPC) [62,63,65,67]. In EBVaGC, GCb was found 
to act as a lytic phase inducer by activating the ataxia telangiectasia-
mutated (ATM)/p53 genotoxic stress pathway [123]. Overall, GCb 
turns out to be a potent EBV-lytic phase inducer and this effect 
could even be increased by the addition of VPA or the subsequent 
administration of GCV [62,63,65]. Interestingly, the addition of 

Drug Cell line 
(tumor origin) Assays Detected 

proteins +GCV? Result on lytic 
induction

(Optimal) drug 
concentration

(Optimal) 
exposure time Ref.

EA, VCA No + 6 h [121]

IHC No + 15 mmol/L 48 h [122]

WB IE + 6 d [86]

LCLs

WB 
 

WB 

IE

IE

No

No

+

-

5 d

5 d

[62]
[62]

Mutu-I WB No + 2 d [123]

Table 2: 
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DNA demethylating agent 5-AZA did not increase the expression 
of the early protein BMRF1 by GCb [63]. Ferreira et al. confirmed 
data from Richter-Larrea et al. showing that combined treatment of 
chemotherapy with NaB resulted in a synergistic effect on apoptosis in 
BL cell lines, i.e., etoposide or cisplatin treatment together with NaB 
resulted in up-regulation of Bim, Bax, and Caspase-9 activation, while 
down-regulating Mcl-1 [124,125]. 

Similar to GCb, 5-fluoruracil (5-FU) is an anti-metabolite that 
interferes with DNA synthesis. This chemotherapeutic agent triggers 
lytic induction in gastric cell lines AGS-EBV and SNU-719, but also in 
the BL cell line Akata [63,86,110,126]. Interestingly, Feng et al. did not 
detect lytic induction by 5-FU in another BL cell line (Raji), nor C666.1 
[62,63]. On the other hand, they did observe lytic induction in C666.1 
when 5-FU was combined with VPA and found that addition of VPA 
increased the effect of 5-FU in AGS-EBV cells. The addition of antiviral 
medication was described in two studies, showing that GCV enhanced 
toxicity of 5-FU in AGS-EBV and SNU-719 [110,126].

Doxorubicin (Dox) is an anthracycline antibiotic with oncolytic 
effects exerted through topoisomerase II inhibition and disruption of 
protein-DNA complexes (histone eviction) causing double-strand DNA 
breaks during mitosis. In a genome-wide gene knockout study, three 
independent genes were associated with Dox resistance, suggesting that 
these factors are important for DNA damage induced by Dox [127]. 
Knock-out of Keap1 or the SWI/SNF complex inhibited formation of 

DNA double-strand breaks topoisomerase IIα inhibition, while loss 
of C9orf82 (CAAP1) enhanced repair of DNA double-strand breaks. 
Besides generating DNA double-strand breaks, Dox decreases DNA 
damage response by evicting histone variant H2AX, thereby impairing 
DNA repair [128]. Only two studies described on the influence of Dox 
on lytic induction. Both report a strong lytic inducing effect of Dox, 
either in LCLs or Raji or AGS-EBV cells [62,129]. Similar as with GCb, 
the potency of Dox is increased when it is combined with VPA or GCV, 
but not when combined with 5-AZA [62,63].

Cis-platinum inhibits DNA synthesis by the formation of 
platinum cross-links in and between DNA strands. Interestingly, this 
agent seems to be effective in similar cell lines as 5-FUand appears to 
be a potent lytic inducer in AGS-EBV, SNU-719 and Akata cell lines, 
but not in Raji and LCLs [62,63,110,123,126]. Similar to 5-FU, the 
effect on EBV reactivation of Cis-platinum is further increased by the 
addition of VPA (in AGS-EBV) or GCV (in AGS-EBV and SNU-719) 
[63,110,126].

Paclitaxel (Pacl) is a taxane that disturbs normal microtubule 
functioning thus interfering with correct chromosomal distribution 
during mitosis. Feng et al. found that Pacl caused lytic induction in both 
AGS-EBV (GC) and Akata (BL) cells [123]. Another study confirmed 
this lytic inducing effect of Pacl in the more natural SNU-719 (GC) 
cells and showed that, similar to 5-FU, the addition of GCV increased 
the toxicity of Pacl [110].

Drug Cell line 
(tumor origin) Assays Detected 

proteins +GCV? Result (Optimal) drug 
concentration

(Optimal) 
exposure time Ref.

WB IE  +  [62]

WB + 3 mol/L,  2 d [65]

+
 

reported
2 d [65]

WB No 0 2 d [63]
WB IE No 0 5 d [62]

WB IE, E  
 +  2 d [126]

WB No + 2 d [63]
WB No 0 2 d [63]

WB E + 0.1 g/mL,  6 d [110]

WB IE  + 0.2 mol/L,  
10 5 d [62]

WB IE, E
IE, E No + 10-100 nmol/L

30 nmol/L 72 h

Cis-platinum WB IE No 0 5 d [62]
WB IE, E  + 2 d [126]

No + 2 d [63]
WB IE, E No + 2 d [123]

WB E + 5 g/mL,  6 d [110]

WB IE, E No + 10 nmol/L 2 d [126]

WB IE, E No + 2 d [123]

WB E + 0.1 nmol/L,  6 d [110]

 IE 50 nmol/L , 
40 [131]

Table 3: 
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Arsenic trioxide (ATO) is a chemotherapeutic drug used to treat 
acute promyelocytic leukemia, and several other hematological and 
solid cancers. This drug affects multiple cellular pathways, thereby 
causing induction of apoptosis, inhibition of growth and angiogenesis, 
and promotion of differentiation [130]. It has been showed that ATO 
is able to induce EBV lytic cycle in 100% of treated 549-EBVBX1 
(lung adenocarcinoma) cells. Subsequently, these cells became more 
susceptible to the cell-killing effects of GCV. ATO is able to disrupt 
promyelocytic leukemia protein nuclear bodies (PML NBs), important 
for maintenance of EBV latency, thereby activating EBV lytic gene 
expression and inducing GCV susceptibility in NPC cells [131]. Several 
clinical trials combining HDACi-s with classical chemotherapeutic 
and/or target based therapeutics are currently ongoing for solid tumors 
(including NPC) and haematological malignancies in particular in 
cutaneous T cell lymphoma (CTCL), peripheral T cell lymphoma 
(PTCL) and Hodgkin lymphoma (HL) [132-134]. 

Novel Compounds 
Recently, Tikhmyanova et al. have reported the effects of a new 

class of small molecules with tetrahydrocarboline structure on 
EBV reactivation in several cell lines with different EBV latency 
types (including C666.1; Table 4) [135]. 66840 compounds were 
screened and C09, C50, C53, C60 and C67 were proven to be more 
potent lytic inducers compared to NaB or TPA, being effective in 
nanomolar concentrations and inducing lytic EBV reactivation in 
nearly 50% of Mutu I BL cells and over 50% of LCLs. The mechanism 
of induction remains to be elucidated, but thusfar these compounds 
are proven to affect transcription control of viral IE promoters and 
Zebra transactivator. NaB caused histone acetylation in Mutu I, Mutu-
LCL 352, but none of newly identified lytic inducers stimulated H3 
acetylation. To test whether the newly identified compounds share 
the mechanism of EBV reactivation with TPA, phosphorylation of 
p38 MAPK, S6, p90RSK and p53 was checked, and the compounds 
failed to induce detectable levels of phosphorylation of these targets, 

suggesting that the mechanisms of EBV activation of these compounds 
are distinct from TPA/NaB mode of action. A similar approach to find 
new, stronger EBV lytic inducers was used by Choi et al. [136]. They 
performed a large phenotypic screening on 50240 chemicals, from 
which two potent compounds were identified; both structurally and 
biologically distinct from other lytic inducers. The first compound 
(C7) is structurally similar to iron chelators and the other (E11) is a 
potent activator of MAPK pathways. The effect of both newly identified 
lytic inducers was enhanced when combined with the HDAC inhibitor 
romidepsin.

Reactive oxygen inducing species (ROS) such as hydrogen 
peroxide (H2O2), Iron (II) sulfate (FeSO4) and N-methyl-N’-nitro-N-
nitrosoguanidine (MNNG) contribute to the reactivation of EBV lytic 
cycle [137,138]. Hydrogen peroxide is also able to cause lytic induction 
in AGS-Akata cells [38]. Hagemeier et al. showed that ATM kinase and 
p53 activation are required for virus reactivation by hydrogen peroxide. 
On the other hand, they show that EBV-encoded protein kinase 
(EBV-PK) is not required for ATM activation and subsequently lytic 
induction by this agent. EBV-PK can activate ATM by upregulating 
the expression of DNA damage response proteins and TIP60 histone 
acetyltransferase, thereby promoting lytic induction [139].

TCDD or dioxin (2, 3, 7, 8-tetrachlorodibenzo-p-dioxin), a 
halogenated aromatic hydrocarbon, is a chemical carcinogen. One 
study shows that this compound is able to reactivate EBV in salivary 
epithelial cells, but not in BL or B cells [140]. In contrast, dioxin did 
induce EBV lytic cycle when the BL or B cells were simultaneously 
treated with TPA.

The nitric oxide synthase (NOS) inhibitor NG-monomethyl-
L-arginine (L-NMMA) caused lytic induction in cell lines derived 
from gastric and Burkitt lymphoma and enhanced the lytic effect 
of TPA in gastric cells. This effect was greatly inhibited by the NO 
donor compounds S-nitroso-penicillamine (SNOP) and S-nitroso-
acetylpenicillamine (SNAP) [141,142]. NF-κB is involved in the 

Drug Cell line 
(tumor origin) Assays Detected proteins +GCV? Result (Optimal) drug 

concentration
(Optimal) 

exposure time Ref.

derivatives

 

VCA

 
+

 
10   [135]

C7, E11
WB 

 

cytometry

 

 

No 

 

No

+ 

 

+

10-20 μmol/L 

 

10 μmol/L C7, 20 
μmol/L E11

72 h

[136]

4 No + 0.1 mmol/L 30 min [137]
H2 2 No + 0.2 mmol/L 30 min [137]

WB IE, E No + 2 d [38]
TW01, NA WB IE, E No + 1 d [138]

C666.1, NA, HA, WB IE, E
EAD

 No + 72 h [138]

TCDD/ 
transcripts No 0 100 nmol/L 24/48 h [140]

 
+ TPA transcripts No +  

1 ng/mL TPA 24 h [140]

Parthenolide IE + 24 h [87

WB, NB IE No effect of 1 mmol/L [142]
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modulation of EBV lytic cycle. The EBV latency oncogenic protein 
LMP1 inhibits virus reactivation via NF-κB activation [18-20,143-145]. 
Liu et al. showed that NF-κB inhibitors Bay11-7082 and Z-LLF-CHO 
were able to reactivate EBV in NPC cells [146]. Besides, they showed 
that GCV further amplified the cytotoxicity of these compounds. 
Bay11-7082 also caused lytic induction in a BL cell line [91].

Aspirin is a non-steroidal anti-inflammatory drug (NSAID) with 
NF-kB inhibiting properties [147]. Liu et al. confirmed that aspirin 
depleted NF-kB activity in a dose- and time-dependent manner and 
furthermore showed that aspirin reactivated EBV in B95-8 (EBV-
positive marmoset B-lymphoblastoid cell line) and Raji BL-cells [148]. 
When GCV was used in combination with aspirin, a synergistic effect 
on cytotoxicity was observed. 

Parthenolide is a sesquiterpene lactone found in medicinal plants. 
It has antitumor properties including inhibition of DNA synthesis, 
inhibition of cell proliferation and inhibition of NF-κB [149,150]. 
Furthermore, Li et al. showed that Parthenolide caused lytic induction 
in Raji cells. It cytotoxic effect was amplified by the addition of GCV 
[87].

Faggioni et al. showed that calcium ionophores caused EBV 
antigens expression in LCLs [151]. This effect was enhanced when 
protein kinase C was activated suggesting that protein kinase C is 
required for lytic induction [151]. A more recent study described that 
the same calcium ionophore, in combination with TPA, is able to 
induce EBV lytic cycle in B95-8 cells [152]. 

Zidovudine or azidothymidine (AZT) is a nucleoside analog 
reverse-transcriptase inhibitor (NRTI), an antiviral used to treat 
HIV infection. It is also an effective lytic inducer in BL cells, but 
not in immunoblastic lymphoma (IBL) cells [91,153]. On the other 
hand, in both cell lines the combination of AZT with the cytostatic 
agent hydroxyurea (HU) resulted in synergistic EBV reactivation. 
Furthermore, Bayraktar et al. observed promising results of AZT based 
chemotherapeutic treatment in patients with aggressive EBV-positive 
non-Hodgkin lymphoma. HU alone was, similar to AZT, only effective 
in BL cells but not in IBL cells [153]. Another study even shows a 
suppression of lytic genes expression after HU-treatment in B95-8 cells 
[154].

Nocodazole is an anti-neoplastic agent that interferes with 
microtubule polymerization and is able to cause lytic induction in NPC 
cells. Two other microtubule inhibitors, Colchicine and Vinblastine, 
also show induction of ZEBRA and EA-D antigen expression. In 
contrast, Paclitaxel, which inhibits microtubule depolymerization, and 
cytochalasin D, which blocks actin polymerization, did not show any 
lytic induction in these cells. These findings suggest that microtubule 
depolymerization induces EBV lytic cycle. Furthermore, this study 
showed that EBV reactivation by Nocodazole depends on PKC and the 
downstream p38 MAPK and JNK pathways [155].

Yang et al. reported BZLF1-mediated reactivation of EBV by 
glucocorticoids (hydrocortisone and dexamethasone) in Daudi 
(BL cells naturally expressing glucocorticoid receptors) and GR –
transfected NPC cells (C666.1) but not in marmoset lymphoblastoid 

WB IE, E No effect of 1 mmol/L 7 d [141]

L-NMMA WB
IE

IE, E No + 5 mmol/L 7 d [141]

L-NMMA WB IE No + 5 mmol/L 6 d [142]
Bay11-7082 IE No + 1 h

WB IE, E, L + 30 mol/L
20 mol/L 24 h [146]

WB IE, E, L +  24 h [146]

Ca-ionophore 
A23187 + TPA IE No +

1 mmol/L Ca-
ionophore, 

20 ng/mL TPA
12 h [152]

 

WB

IE 

E
No +  

 
IE No  1.25-2.5 μg/mL 48 h [153

BL-8, IBL-4 IE No + 25 μmol/L HU 48 h [153]

HU BL-8, IBL-4 IE No  25 μmol/L 48 h [153]

No - 1 mmol/L 48 h [154]
 

colchicine, NA WB No +
2 μg/ml, 

0.1 μg/ml, 
2 g/ml

24 h [155]

Aspirin WB IE, E, L + 5 mmol/L, 24 h [148]

Hydrocortisone No
No

+
+

10 μmol/L
100 nmol/L

72 h
[158]
[156]

Table 4: 
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B95-8 cell line [156]. Generally, physical and mental stress conditions 
are considered to induce EBV replication [157]. Daibata et al. described 
that combination therapy of dexamethasone with rituximab potentates 
EBV positive lymphoma for GCV-mediated antiviral effects in vitro 
and in vivo [158].

Icaritin is a compound with anti-tumor properties, derived 
from traditional Chinese herbal medicine Epimedium. It was shown 
to induce lytic cytotoxicity in EBV-positive extranodal NK/T-cell 
lymphoma (ENKL) cell lines by activation of pro-apoptotic pathways 
and this effect was amplified by the addition of GCV. The anti-
proliferative and pro-apoptotic effects are likely mediated by inhibition 
of Stat3 and Akt pathways and LMP1 downregulation [159].

Host cell factors influencing susceptibility to EBV lytic 
reactivation and interference of lytic inducers on signaling 
pathways

Complex regulation of cellular and viral genomes including 
epigenetic modifications of histones and DNA, chromatin organization 
and transcription factors binding determine EBV gene expression 
programs and latency types in normal and cancer cells [160,161]. 
Recently viral microRNAs (miRNAs) have been reported to control 
IE genes and directly suppress lytic induction [162,163]. EBV latency 
program(s) are tightly regulated by epigenetic control mechanisms 
[112,115]. EBV lytic induction by chemicals is a cell type specific and 
generally achieved easier in lymphoma than carcinoma cell lines. 
Viral latency gene products can also affect (epigenetic) regulation 
of the host genome. Latent membrane protein 1 (LMP1) is the main 
EBV oncogene, inhibiting apoptosis and stimulating proliferation, by 
constitutive activating NF-kB, which is important for maintenance of 
viral latency [164,165]. On the other hand, canonical NF-kB activation 
is crucial for regulation of LMP1 [166]. Besides NF-kB, the major 
cellular signaling pathways triggered by LMP1 (in NPC cells) are AP-1 
(JUN, FOS, ATF, MAF), JAK/STAT and PKC [167]. LMP1 C-terminus 
interaction with JAK3 activates STAT signaling pathway in B cells, 
which is in line with well-known LMP1 anti-apoptotic properties 
[21]. Recently Hill et al. reported that lower STAT3 levels promote 
susceptibility to lytic inducing agents [168]. Sorted HH514-16 latent 
BL cells (latency type I BL) appeared to have elevated levels of KRAB-
ZFP family (transcriptional repressors recruiting histone deacetylases) 
and histone methyltransferase transcripts compared to untreated 
or lytic cells. Also low STAT3 levels correlated with high lytic gene 
expression in circulating B cells in early infected IM patients. On the 
other hand, high levels of STAT3 in latently infected epithelial cells up-
regulate LMP1, which is known to block the induction of the lytic cycle 
[143,169].

The expression of EBV transactivator BZLF1 is stringently 
controlled. BZLF1 promoter (Zp) generally exhibits low basal activity. 
Stimulation by chemical (TPA) and biological inducers is mediated 
via transcriptional factors such as MEF-2D and SP1/3 [170]. Myocyte 
enhancer binding factor 2 (MEF-2) family proteins are important host 
factors for reactivation of EBV from latency [66,171]. When bound to 
class II HDACs, MEF-2 transcriptional activity is repressed [172-174]. 
Activation is mediated by several kinases such as ERK5 and CaMK, 
and transcriptional activity (by disrupting MEF2/HDAC complexes) 
is allowing the recruitment of histone acetyl-transferases (HATs) 
[173]. MEF-2D is one of the main (positive) regulators of BZLF1 
transcription and phosphorylation by ERK5-kinase enhances its ability 
to positively regulate the transcription of Zp. In latency, MEF-2D binds 
to ZI element and interacts with class II HDACi-s, suppressing the Zp 
transcription [175]. Activation of the host gene egr1 is essential for the 
lytic replication of EBV as Zta interacts with methylated ZRE in the 

promoter of egr1 [176]. 

The activation of the lytic cycle by TPA is attributed to activation 
of the ERK signal transduction pathway [103,177]. Knowing that 
also VPA is shown to activate the ERK pathway, it is possible VPA 
might stimulate EBV lytic gene expression via ERK, especially when 
combined with chemo agents [178].

In BL (Raji) cells, HDACis (sodium butyrate, NaB) are targeting 
PI3K/Akt pathway and upregulating miR-143, miR-145 and miR-101, 
preventing cell growth [179]. 

Daigle et al. compared different HDACi-s for their EBV lytic 
induction properties and VPA was shown to selectively up-regulate 
certain cellular genes (including MEF-2D, YY1 and ZEB1) that could 
repress the EBV lytic cycle [105]. The authors demonstrated that VPA 
is able to antagonize the capacity of other HDACi-s to activate EBV 
lytic cycle in lymphoid cells. Murata et al. reported that expression 
of KLF4 a member of the SP1/KLF family and MEF-2B enhanced Zp 
activity and demonstrated that MEF-2 enhances the expression of not 
only BZLF1 but also BRLF1 gene by binding to Zp [180]. Liu et al. have 
demonstrated involvement of MEF-2D in the activation of the Zp, but 
in the reporter system used by Murata et al. MEF-2D did not enhance 
Zp transcriptional activity [170]. HIF-2α was also identified as a strong 
inducer of the Zp, linking oxygen deprivation to virus lytic induction [180].

Promoters of butyrate-responsive genes have butyrate response 
elements, and the action of butyrate is often mediated through Sp1/Sp3. 
These Sp1/Sp3-binding sites (ZIA, ZIC and ZID domains; see Figure 2) 
are responsive elements critical for TPA-induced Zp activation [41]. 
Inhibition of Sp1/Sp3–associated HDAC-activity leads to histone 
hyperacetylation and transcriptional activation of the cell cycle kinase 
inhibitor p21CIP-1 gene, restricted Cdk-2 activity and cell cycle arrest. 
Depending of the cell background, the non-proliferating cells may 
enter differentiation or apoptotic pathways [83,181].

In experiments with TPA/NaB mediated lytic induction in 
epithelial cells, Huang et al. showed that Zebra expression is regulated, 
among others by CCAAT-enhancer binding proteins (C/EBP; 
regulators of differentiation) and proposed model of C/EBP activity in 
epithelial cells, suggesting that limited expression of C/EBP proteins in 
epithelial cells (AGS-BX1) may contribute to the tendency to exhibit 
constitutive low-level Zp activity [182]. Interaction of C/EBP with 
Zebra is facilitating G1 cell cycle arrest and accumulation of p21CIP-1 

during EBV lytic cycle [42]. 

ZEB1 (zinc finger E-box-binding protein 1) was identified as the 
major cellular factor in B-lymphocytes which can repress BZLF1 gene 
expression by directly binding to its promoter, Zp [183]. Yu et al. further 
confirmed that ZEB1 plays a central role in negatively regulating the 
latent-lytic switch in EBV-infected epithelial and B cells (Figure 2), and 
suggested to use agents that lower the repressor activity of ZEB1 to treat 
EBV-positive malignancies [184]. Studies of Ellis et al. suggested that 
either ZEB1 or ZEB2/SIP1 may play a central role in regulating EBV-
reactivation in a cell type specific manner, and proposed a model of 
BZLF1 gene expression by both ZEBs [185]. ZEB1 and ZEB2 levels vary 
in different EBV-infected cell lines and both bind to ZV element of Zp. 
Authors also found evidence that EBV latency-lytic switch is positively 
regulated by cellular microRNAs (200b and 429) and suggested a role 
in differential ZEB1 and ZEB2 expression [186]. ZEB1, ZEB2/SIP1 are 
negative regulators of Zp. Sp1 binds to and activates Zp, counteracting 
repressing effects of ZEBs. Interestingly, AGS cells contain little or no 
ZEB1 (and high c-JUN and ATF-2) which may explain why among 
transformed epithelial cell lines, AGS cells are uniquely susceptible to 
maintaining EBV infection in a highly lytic form [187]. Recently Zhao 
et al. reported that ZEB1 is a key mediator in lytic induction of EBV-
positive gastric cancer cell lines, therefore considered as a potential 

66

142370-Novalic_BNW.indd   66 25-02-20   07:59



2

Citation: 
10.4172/2161-0444.1000384

Med chem (Los Angeles)
ISSN: 2161-0444 Med chem (Los Angeles), an open access journal Volume 6(7): 449-466 (2016) - 460

therapeutically target [188]. 

The protein kinase C (PKC) pathway has been considered 
to be essential for rendering latent EBV into the lytic cycle by anti-
Ig treatment and a PKC agonist TPA [103,189]. Lytic induction by 
HDACi-s is facilitated by a PKC-independent mechanism [104]. The 
essential role of PKC delta in HDACi-induced EBV reactivation in 
NPC cells (by TSA/NaB) was deciphered by Lee at al. [190].

Chang et al. found that post-translational modification of Rta by 
SUMO-1 in P3HR1 cells increases Rta transactivation activity upon 
lytic induction by TPA/NaB or TSA and identified Ubc9 and PIAS 
(enzymes involved in sumoylation) as binding partners of Rta by yeast 
two-hybrid screen [191]. The same authors reported that Sp1–MCAF1–
Rta complex is crucial in transcription regulation of Rta and takes part 
in activation of EBV lytic cycle (in P3HR1 cells treated with TPA and 
sodium butyrate) [192]. TPA with NaB activates PKC theta-p38 MAPK 
axis in EBV infected B cells, that promotes the viral lytic cycle and cell 
survival and dephosphorylates AKT, balancing cell life and cell death 
[193].

DNA damage response (DDR) and EBV lytic replication cycle

Previous studies have shown that lytic reactivation of EBV in 
latently-infected cells induces ATM-dependent DNA damage response 
(DDR). Suppression of ATM inhibits replication of viral DNA. During 
the lytic EBV replication cycle the ATM-dependent DNA damage 
checkpoint signaling, including phosphorylated ATM, H2AX, Chk2 
and p53 are activated [194,195]. BPLF1 is a structural tegument protein 
playing a role in DDR as trans-activator of viral immediate-early genes 
[196]. This protein is sufficient to induce ATM-dependent pathway 
through stabilization of Cdt1 and induction of EBV lytic cascade in 
response to activation of BZLF1, thereby, causing a DNA hyper-
replication that in turn activates the DDR [197]. During the EBV lytic 
induction the key lytic switch protein BZLF1 interacts with p53 and 
inhibits its function through multiple mechanisms, which results in 
prevention of the cell cycle arrest and apoptosis, along with facilitating 
the viral DNA replication through engaging the 53BP1, a DNA repair 
protein [198,199]. A recent study indicates that Zta expression alone 
is sufficient to trigger ATM-phosphorylation and DDR-pathway 
activation independent of EBV-DNA replication requiring Zta-DNA 
complex formation co-associating with HP1β, a heterochromatin 
binding protein, thus creating a nuclear microenvironment for lytic 
gene expression and viral DNA replication [200].

Promyelocytic leukemia protein nuclear bodies (PML NBs) are 
proteinaceous structures present in the nuclei of cells. They are able to 
affect several nuclear processes, such as regulating gene transcription. 
Bell et al. observed a connection between EBV replication domains and 
PML bodies, indicating that replication of EBV occurs in association 
with PML [201]. EBNA1 is known to affect proper assembly of PML 
bodies and dysfunctional PML bodies affect DNA damage repair 
and trigger lytic replication [47]. Furthermore, other researchers 
discovered that LMP1 (important for the maintenance of EBV latency) 
increases the IF intensity of PML bodies [131]. This suggests that LMP1 
is maintaining EBV latency by stabilizing these bodies. Subsequently 
to initiate virus replication, IE ZEBRA protein is able to disrupt the 
PML bodies, implying that these NBs are important to keep EBV in 
the latent state [202]. Moreover, Sides et al. observed that arsenic 
trioxide can interrupt these nuclear bodies, inducing EBV lytic phase 
and additionally accomplishing GCV susceptibility in nasopharyngeal 
carcinoma cells [131]. 

Several studies revealed the role of DNA-damaging agents, including 
chemotherapeutics, some HDACi-s and radiation, in reactivation of 

EBV genome initiated by ATM-pathway signaling [123,203,204]. In 
the absence of DNA damage, ATM kinase can also be activated in 
response to reactive oxygen species (ROS). ATM activity contributes to 
the induction of EBV lytic gene expression [123,205]. The mechanisms 
by which chemoagents and HDACi-s activate the lytic induction of 
EBV are not fully understood. It is likely that activation of p53, which 
is a downstream target of ATM and requires ATM phosphorylation at 
ser-1981 in response to different stimuli, is an essential factor by which 
DNA-damaging agents induce EBV reactivation [38,206,207].

Tumor suppressor p53 plays a central part in DNA damage 
responses (DDR) mediating cell cycle arrest/apoptosis. The regulation 
of Zp activity by p53 is achieved through interaction with Sp1 
(recruitment to Sp1-binding site located in the ZID domain of Zp) and 
new studies showed involvement of PKC delta [207,208]. EBV inhibits 
p53 by facilitating its degradation via ubiquitin-proteasome pathway 
[209]. The cell cycle regulator p53 is required for HDACi-mediated lytic 
reactivation both in EBV-positive NPC cell lines and lymphoblastoid B 
cell lines, which further supports the critical role of p53 and ATM in 
EBV reactivation [123,207]. The p53 has been shown to induce the lytic 
gene expression in many cell lines by different mechanisms, including 
the overexpression of BRRF1 and BRLF1, activating BZLF1 promoter 
by forming a complex with SP1, which binds and activates BZLF1 
promoter, and inhibiting two potent repressors of BZLF1, ZEB1 and 
ZEB2 [38,185,207]. BGLF4 phosphorylates and activates TIP60 and 
acetylation of ATM by TIP60, which is a HAT, contributes to ATM 
activation [139]. Several EBV latent proteins, such as EBNA1, EBNA3C, 
LMP1, and LMP2A, have been shown to inhibit the DDR, with LMP1 
and LMP2A in particular inhibiting the ATM kinase activity [210,211]. 
Besides the p53-dependent activation of lytic-cycle by ATM, this 
kinase is also known to enhance the activation of BZLF1 promoter by 
a different set of cellular and viral proteins. Since ATM inhibition was 
shown to block EBV reactivation in p53-negative cells, it is proposed 
that ATM plays a significant role in promoting lytic EBV reactivation 
via both p53-dependent and p53-independent pathways [123]. It 
has been speculated that multiple different targets of ATM, such as 
H2AX and Chk2, are involved in EBV viral gene expression, since 
ATM phosphorylates over 700 cellular proteins. However, the exact 
mechanism of this is not yet completely understood [212]. In recent 
study of Hau et al. ATM-dependent DDR involvement in EBV lytic 
reactivation in nasopharyngeal epithelial cells was investigated ATM-
mediated activation of Sp1 (Serine -101 residue phosphorylation) was 
identified as an essential process in viral DNA replication [208]. 

Conclusions
EBV has evolved a complex interaction with its human host, 

resulting in a lifelong balanced latency where the virus limits host 
damage by staying undercover in memory B-cells and replicating 
only in mucosal lymphoid tissues and epithelia. Although generally 
harmless, under specific conditions EBV plays a causal role as (co-) 
factor in triggering defined malignancies, all harboring EBV in a state of 
latency, without overt lytic replication. In these tumors the oncogenic 
character of EBV latency proteins is clearly visible and contributes to 
the malignant process, stimulating cell growth and metastasis, as well 
as apoptosis resistance and immune evasion [1,6,15-17]. Reactivating 
EBV from latency into early-stage lytic replication induces expression 
of viral genes that can be targeted by immunological and antiviral 
strategies to eliminate virus carrying tumor cells [4,60,62,64,69]. 

Over the years, significant progress has been made towards 
identifying and testing novel highly specific and efficient agents (drugs) 
for targeted reactivation of the latent viral genome and inducing 
cytocidal effects in various EBV-driven tumor cells. This strategy is 
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referred to as viral cytolytic virus activation (CLVA) therapy which 
has recently entered the clinical testing stage in Phase-I/-II trials 
[64,65,68,107]. One of the complications we faced when comparing the 
various lytic inducers, was the heterogeneity of research models and 
methods used. To begin with, the different studies used multi-variable 
drug concentrations and treatment durations and many compounds 
were tested in different cell lines, often derived from different tissues 
(i.e., gastric carcinoma, nasopharyngeal carcinoma and lymphoma cell 
lines). Furthermore, effectiveness of lytic inducers was demonstrated 
by different techniques (presented in Tables 1-4) including detection 
of different EBV (immediate) early or late lytic proteins and mRNA 
expression, as well as functional characteristics such as apoptosis 
induction and sensitivity to antiviral treatment. Active compounds 
were classified based on their mechanism(s) of action and efficiency in 
different tumor cell systems. Some of the major signalling pathways are 
highlighted in response to different stimuli and susceptibility to EBV 
reactivation in different cell backgrounds is discussed. The antiviral 
nucleoside analogue (val)Ganciclovir combined with lytic EBV inducers 
is promising for treating EBV-positive cancers creating DNA chain 
termination in dividing cells expressing the early lytic stage TK and PK 
proteins. New agents and combinations remain to be tested in (pre-)
clinical situations. A particularly interesting category are novel HDACI’s 
[213]. Recently, novel compounds were identified from screening a 
library of small organic compounds and 2 of them demonstrated to 
be especially promising in inducing rapid EBV reactivation from 
latency in GC and NPC cells [136]. Relevant “targetable” pathways in 
EBV-associated GC tumors and nasopharyngeal carcinoma, including 
overviews of (current) clinical trials were recently summarized 
[69,70,214]. Currently efforts are ongoing to identify specific natural 
edible fito-compounds and derivatives potent enough to induce EBV 
reactivation [159]. Additional work is necessary to study the effect of 
the lytic inducers in a more uniform way and to bring consensus in 
crucial pathways leading to virus reactivation in different (tumor) cell 
backgrounds. Recent CLVA trials show promising results in patients 
with either EBV-driven lymphoma or carcinoma [65,68,107]. This 
virus-targeted therapy might initiate a general treatment approach for 
various EBV-associated malignancies.
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Abstract This study estimated the value of quantitative

measurements of EBV markers in the clinical management

of nasopharyngeal carcinoma in a non-endemic area. The

aim was to predict prognosis and detect recurrent and

residual disease. In 72 patients, EBV DNA load in blood

and nasopharyngeal brushes, and IgA VCA-p18 and

EBNA1 in plasma were measured at different time points.

At diagnosis and post-treatment, a cut-off value was used

for detecting disease [positive (PPV) and negative (NPV)

predictive value]. The markers were correlated as a con-

tinuous variable with tumor stage, disease-free survival

(DFS) and overall survival (OS). The Cox hazard ratio

model assessed hazard ratios. At diagnosis, the markers

were above the COV in 45, 92, 85 and 83 % of the patients,

respectively. Post-treatment, DNA load test in blood and

brush had the best discriminating power (blood DNA load

test: PPV 39 % and NPV 97 %, brush for local disease:

PPV 75 % and NPV 99 %). Post-treatment, DNA load in

blood was the best predictor for OS and DFS [hazard ratio

3.2 (95 % CI 1.51–3.5) and 2.3 (95 % CI 1.72–5.8)].

Assessing the EBV DNA load in blood has significant

prognostic value, although the clinical value is for dis-

cussion. The EBV DNA load in the brush might improve

early detection of local failures post-treatment.
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Introduction

Nasopharyngeal carcinoma (NPC) is strongly associated

with Epstein-Barr virus (EBV). The world health organi-

zation (WHO) distinguishes three different histological

subtypes of NPC, i.e., squamous cell carcinoma (WHO 1),

non-keratinizing carcinoma (WHO 2), and undifferentiated

carcinoma (WHO 3). EBV is consistently detected in un-

differentiated NPC, which is the most frequently observed

type of NPC in both endemic and non-endemic regions. It

is hypothesized that EBV modulates the tumor microen-

vironment, making tumor cells evade the immune respon-

se, which is an important feature of EBV-associated tumor

development [1, 2].

In the last decades, research in NPC endemic regions

has focused on the usage of EBV-related biomarkers for

NPC risk screening, (early stage) diagnosis, predicting

treatment outcome and early detection of recurrent disease.

Patients with NPC have a strong immunoglobulin A (IgA)

reactivity to EBV viral capsid antigens (VCA) and Epstein-

Barr nuclear antigen 1 (EBNA1) and an overall broadened

EBV-specific IgG/IgA antibody diversity [3–5]. Further-

more, aberrant levels of EBV DNA can be detected in

peripheral blood and in the nasopharyngeal region. All

these markers have proven helpful for the diagnosis of

primary NPC [6–9].

A specific interest of our research group is the applica-

tion of nasopharyngeal brush (NP brush) in NPC. This

procedure allows sampling of the nasopharyngeal epithe-

lium. Compared to the painful biopsy, it is minimally in-

vasive and easier to perform in the outpatient clinic. The

EBV DNA load in brush extracts can reliably and quanti-

tatively be measured by real-time PCR. In endemic areas,

this NP brush test showed a positive predictive value of

97 % and a negative predictive value of 91 % at diagnosis.

Recently, several studies found similar results for na-

sopharyngeal brushings [9–11].

The prognostic value of EBV markers has been studied

predominantly for EBV DNA load in blood. High levels of

EBV DNA load in peripheral blood at diagnosis have been

associated with poor treatment outcome and accordingly

poor overall survival [12, 13]. Ng et al. [14] showed that

patients with early stage NPC and a high load of circulating

EBV DNA had 5-year survival similar to patients with ad-

vanced stage NPC. Therefore, it has been suggested to in-

corporate the EBV DNA blood load in the TNM

classification. Post-treatment, persistent high levels or an

increase of EBV DNA in blood has been shown to correlate

with recurrent disease [12, 13, 15, 16]. Although these

studies indicate the relevance of EBV DNA blood markers,

standard use of EBV DNA load as diagnostic tool is still

under discussion [17]. There is much variation in

quantitative levels of EBV DNA in NPC patients [8, 10, 18].

Importantly, EBV DNA in blood is not detected in all NPC

patients, even in patients with advanced disease. The length

of the PCR amplicon seems to be related to the test sensi-

tivity [8]. EBV DNA circulates in fragments in blood

derived from released apoptotic cell fragments, which are

normally rapidly cleared from the circulation [19]. Presence

of these small EBV DNA fragments indicates an apoptotic

or necrotic destructive process, which may be absent in a

growing occult tumor [8, 20]. A PCR targeting BamHI-W

regions is widely used for quantification of EBV DNA, and

is considered to be highly sensitive [15, 20]. We used an

alternative target approach based on EBNA1, a single copy

gene, which allows both sensitive and accurate viral load

measurements. Although the BamHI-W-repeat PCR in the-

ory is more sensitive than the EBNA-1 PCR, it is not suit-

able for quantification since the number of BamHI-W

repeats is variable in released apoptotic DNA fragments and

may differ between clinical EBV isolates [21].

Antibodies, which are valuable for NPC diagnostic tests,

have a long half-life, consequently so far they have been of

limited value as a prognostic tool or for disease detection post-

treatment, although exceptions have been described [13, 22].

The majority of the EBV-marker studies are conducted in

endemic countries. Only a few were conducted in non-en-

demic areas, and confirmed the prognostic value of DNA load

in blood [23, 24]. This study aims to predict prognosis, and

detect tumor recurrence by EBV biomarkers in the Nether-

lands, a non-endemic country. In the Netherlands, NPC has an

incidence of\1 per 100,000, and 65 % has type WHO 2–3

NPC [25]. Screening studies, to identify new NPC suspects

would be ineffective in this region. Yet, predicting treatment

outcome and early detection of recurrent or residual disease

can be of great importance. In particular for early detection of

loco-regional failures new diagnostic tools could be very

helpful, since loco-regional failures are hard to distinguish

from post-treatment effects and salvage treatment should be

given as early as possible for the best outcome. In this study,

the EBV DNA load in peripheral blood and NP brush, as well

as the blood levels of IgA antibodies against VCA-p18 and

EBNA1, were assessed at diagnosis and post-treatment, and

related to the presence of disease and survival. Since the brush

is effective in detecting tumor in the nasopharynx, we hy-

pothesized that the NPC brush has the most potential to be an

effective diagnostic tool for local treatment failures.

Methods

Patients

This multi-center prospective, cohort study was conducted

in the Netherlands, in six head and neck oncology centers,
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i.e., the Netherlands Cancer Institute, Amsterdam, VU

University Medical Centre Amsterdam, University Medical

Centre Utrecht, Institute of Radiation Oncology Arnhem,

Radboud University Medical Centre Nijmegen and

University Medical Centre Maastricht. Patients were re-

cruited between January 2009 and December 2013. Ethical

approval was obtained from all centers and all patients

signed informed consent. Inclusion criteria were newly

diagnosed EBV positive NPC planned for curative intent

treatment or a history of EBV positive NPC.

Seventy-six patients signed an informed consent. Four

patients were excluded, because EBER-RISH was not

performed or was negative, or there was a second primary

tumor. Eventually, 72 patients were included in the study,

52 of who were included from point of first diagnosis and

20 were included following initial treatment.

Diagnosis, treatment and follow-up protocol

The clinical protocol for patients with NPC was similar in

all institutes. Pre-treatment evaluation included physical

examination, naso-endoscopy with a biopsy of the na-

sopharynx, MRI of the head and neck region, ultrasound of

the neck and aspiration cytology of suspicious nodes, and a

whole body 18FDG positron emission tomography/com-

puter tomography (PET/CT) scan when indicated, e.g.,

high risk factors for distant metastases. Biopsies were

processed for routine pathological examination and asses-

sed for EBV presence using commercial EBER-RISH de-

tection kits. Staging was performed according to the 7th

edition of the tumor–node–metastases system (TNM), de-

fined by the American Joint Committee on Cancer (Chi-

cago, America). Treatment for T1N0 NPC consisted of

radiotherapy, and patients with T2–4 or N? disease re-

ceived concurrent chemo-radiotherapy. In some institutes,

additional neo-adjuvant or adjuvant chemotherapy was

given in some cases. Cisplatinum was administered as a

100 mg/m2 intravenous infusion on days 1, 22 and 43.

Radiation was delivered as single daily dose fractions of

2 Gy, 5 days a week. The planned total dose to the tumor

and involved lymph nodes was 70 Gy in 35 fractions and

an elective dose to level II–V of the neck.

Tumor response was assessed by clinical examination

naso-endoscopy, and MRI. Patients were followed up by

clinical examination and endoscopy every 3 months in the

first 2 years and thereafter every 6 months.

Sampling

The study protocol aimed to sample all patients at diag-

nosis and at every follow-up moment, with a minimal in-

terval between sampling of 3 months. If patients were

included after treatment, the protocol aimed to collect

samples at every following hospital visit, with a minimal

interval of 3 months. The sampling schedule varied slightly

between patients.

Four milliliter (ml) peripheral blood was collected by

intracubical vein puncture. From the whole blood 100 ll
was added to 900 ll of NucliSens lysis buffer (LB) (Bio-
Merieux, Boxtel, The Netherlands), mixed thoroughly and

stored at -80 �C until use. The remaining blood was used

for preparation of plasma by centrifugation for 5 min.

Plasma samples were stored at -20 �C until use.

Brushing of the nasopharynx could be performed under

local lidocaine spray anesthesia, but this was not necessary

for all patients. The brush sample was taken via a tubing

catheter by extruding and rotating the brush at the site of

suspected tumor or at the site where the tumor was located

before treatment. In case of a small lesion at diagnosis or a

suspect lesion in the follow-up, direct vision/endoscopy

ensured precise sampling. Brushes were collected in 4 ml

LB, mixed thoroughly and 1 ml aliquots stored at -80 �C
until analyses [9, 10].

Quantitative EBV DNA load PCR and ELISA

DNA isolation from the LB lysed whole blood and NP

brush samples using silica-based nucleic acid extraction

was described previously in detail [9, 10]. Reagents for the

isolation procedure were purchased from BioMerieux

(Boxtel, The Netherlands) and EBV DNA load determined

by quantitative real-time PCR (LightCycler 480, Roche,

Penzberg, Germany) targeting a well-conserved 99-bp re-

gion of the BKRF1 gene encoding Epstein-Barr nuclear

antigen 1 (EBNA1). The quality of DNA was confirmed by

quantitative real-time PCR targeting a 197 bp fragment of

the human b-globin gene as described previously [8].

VCA-p18 and EBNA1 IgA antibody levels in plasma

were measured by enzyme-linked immunoassays (ELISA).

Defined immune dominant epitopes of EBNA1 and VCA-

p18 in form of synthetic peptides (Cyto-Barr BV, Zuid-

horn, The Netherlands) were used in well-standardized

ELISA assays as described previously [5]. All samples

were tested in duplicate next to a panel of sera from healthy

individuals. Sample values were normalized by dividing

the mean OD450 value of duplicates by the mean ? 2

times the standard deviation of a standard set of sera from

healthy individuals, negative for EBV-IgA.

Statistical analysis

Accuracy of the EBV DNA load at diagnosis was assessed

using the clinical cut-off value (COV) as defined in pre-

vious studies, where healthy EBV seropositive persons

were compared to NPC patients; the COV for blood was

2.0 9 103 copies/ml and 2.3 9 103 copies/brush for NP
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brushings [9, 26]. For the ELISA assays, normalized values

of C1.0 were considered as positive [5, 8]. The markers

taken at diagnosis, as a continuous value, were correlated

with TNM stage by the Kruskal–Wallis test.

To set up the COV for detecting disease post-treatment,

receiver operating characteristic (ROC) analysis was used

to determine the discriminatory power of the biomarkers to

detect disease after curative intent treatment. The optimum

COV (defined as maximal sensitivity and specificity) was

defined for the markers with the best discriminative power.

Sensitivity and specificity post-treatment were estimated

using these COV. The gold standard for recurrent or resi-

dual disease was histo-pathological examination, or the

combination of progression on imaging studies and the

clinical follow-up.

Overall survival was calculated from the date of diag-

nosis till the date of death, and disease-free survival was

calculated from the date of diagnosis till the date of re-

current disease. Recurrent disease was defined as local,

regional or distant metastasis. Kaplan–Meier analysis was

used to estimate disease-free and overall survival. An ex-

tended Cox hazard ratio model was used to analyze the

prognostic value of following the biomarkers through time

on overall survival and disease-free survival. For this

analysis, all markers were used as a continuous variable,

EBV DNA load in blood and brush were log transformed

before entering the model.

Results

Biomarker tests at diagnosis

Fifty-two patients were included at diagnosis of NPC.

Disease stage at diagnosis is shown in Table 1. One patient

had distant metastases directly after treatment. In retro-

spect, these lesions were also visible on CT scan before

treatment. From the 52 patients, two patients missed the

brush at diagnosis, and for one patient not enough blood

was available; therefore, only serology could be analyzed.

The sensitivity of all 4 biomarkers at diagnosis is presented

in Table 2.

Local tumor stage (T stage) did not correlate (on a

continuous scale) with EBV DNA load in the NP brush, or

the level of IgA VCAp18 or EBNA1 (Kruskal–Wallis

0.490, 0.522 and 0.551, respectively). The Kruskal–Wallis

test did show significant differences in EBV DNA load in

blood for the T stages, although the boxplot showed no

ordinal relation (Fig. 1). Lymph node stage (N stage) and

disease stage did not correlate (on a continuous scale) with

the levels of EBV DNA load in blood or NP brush, or

VCAp-18 or EBNA1 (Kruskal–Wallis p = 0.568, 0.448,

0.875 and 0.256 for N stage and p = 0.658, 0.476, 0.924

and 0.294 for TNM stage, respectively).

Biomarker tests post-treatment

One hundred and forty-nine samples were taken of 56

patients after treatment (median number of samples per

patient 2, range 1–10). Seventeen samples were taken in

the presence of residual or recurrent disease in 13 patients.

Six patients had distant metastases, 6 had local disease and

1 patient had local disease and distant metastases.

ROC curves were calculated to assess the discriminatory

power of all biomarkers to detect disease post-treatment

Table 1 Patient and tumor characteristics, according to TNM-stage

(AJCC 7th edition)

Number (n = 52) %

T stage

T1 18 35

T2 13 25

T3 10 19

T4 11 21

N stage

N0 9 17

N1 16 31

N2 19 37

N3a 0 0

N3b 8 15

M-stage

M0 51 98

M1 1 2

TNM

I 2 4

II 10 19

III 22 42

IVa 9 17

IVb 8 15

IVc 1 2

Sex

Male 39 75

Female 13 25

Table 2 Sensitivity to detect disease at diagnosis

Above COV (sensitivity) Below COV

Blood DNA load 23 (45 %) 28 (55 %)

Brush DNA load 46 (92 %) 4 (8 %)

VCA-p18 44 (85 %) 8 (15 %)

EBNA1 43 (83 %) 9 (17 %)

COV cut-off value
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(Fig. 2a). The EBV DNA load in blood and in NP brush

was the best parameter to detect the presence of disease

(AUC 0.80 and 0.86, respectively). ROC curves were also

plotted for detection of local disease only (Fig. 2b). The

NP brush EBV DNA load was the best marker to detect

local disease, with an AUC of 0.92 (Fig. 2b).

The optimal COV (defined as maximal sensitivity and

specificity) for EBV DNA load in blood and the NP

brush to detect recurrent or residual disease was

1.3 9 103 copies/ml in blood and 1.8 9 104 copies/

brush, respectively. The optimal cut-off point for NP

brush to detect local disease was 1.8 9 104 copies/

brush.

Cross tabulations for the predictive value are shown in

Table 3. Based on the optimal cut-off values, sensitivity

and specificity for EBV DNA load in blood to detect re-

current disease post-treatment were 75 and 85 %, respec-

tively. To detect local disease, the EBV DNA load brush

test showed a sensitivity and specificity of 90 and 98 %

respectively.

Fig. 1 Boxplot of EBV DNA

load levels, outlined per T stage

a EBV DNA load in the NP

brush (copies/NP brush), b EBV

DNA load in blood (copies/ml

blood)
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Twelve patients had a blood EBV DNA load above the

COV and disease, the ‘‘true positives’’ (median 1.0 9 104

copies/ml; range 1.3 9 103–1.7 9 105). From these pa-

tients, 5 patients (6 samples) had local disease, 4 patients (5

samples) had distant metastasis and one patient had local

disease and distant metastases. In 19 blood samples, EBV

DNA load was above COV without clinical evidence of

disease at that time, the ‘‘false positives’’ (15 patients, 1–3

samples per patient). Two of these patients developed

distant metastases within 1 year after sampling (2 samples,

5.6 9 103 and 2.5 9 103 copies/ml), and one patient de-

veloped local disease in 2.5 years (1 sample, 6.3 9 104

copies/ml). This suggests that these samples might have

been ‘‘true positive’’ and the disease might have been

present, although not detectable by clinical and ra-

diological examination. From the 12 remaining patients, 8

patients (12 samples, median 5.7 9 103; range 1.3 9 103–

9.6 9 105) had a post-sample follow-up period of at least

1.5 year without evidence of disease. Four patients (4

samples, range 1.3 9 103–1.8 9 103) had a post-sample

follow-up period of less than 1.5 year, and these are being

followed carefully.

False negative results of the EBV DNA blood test were

seen in 4 patients (\0.3 9 103 copies/ml). Three of these

patients had local disease and one patient had metastasis in

a mediastinal lymph node.

The NP brush was ‘‘true positive’’ in 6 patients (9

samples, median 1.7 9 106; range 2.3 9 104–1.3 9 107

copies/brush). Two patients had a false positive brush test

result (3 samples), they did not have detectable local dis-

ease while the EBV DNA load was above the COV (range

2.6 9 104–2.6 9 106). One patient, who was sampled

twice, developed distant metastasis within 1 year of the

first sample and the second brush was taken when he had

the metastases. Locally, there was no suspicion of disease.

The second patient had no evidence of disease at last

contact, 3 months after the sampling. There was one ‘‘false

negative’’ brush result (0 copies/brush). This patient had

tumor mass at the skull base with extension toward the

cavernous sinus, and there was no mass in the nasopharynx.

A separate analysis was made for the first 6-month post-

treatment. Thirty-six patients were sampled in this period,

11 had a EBV DNA load in blood above the COV. In 6 of

Fig. 2 ROC curves for distinguishing the a absence and presence of

disease at all sites (local, regional and or metastases) and b local

disease

Table 3 Sensitivity and specificity to detect disease post-treatment

Disease Disease-free

(a) DNA load in blood (disease)

Above the COV 12 19 39 % PPV

Below the COV 4 112 97 % NPV

75 % sensitivity 85 % specificity

(b) DNA load in brush (local disease)

Above the COV 9 3 75 % PPV

Below the COV 1 131 99 % NPV

90 % sensitivity 98 % specificity

The tables present (a) EBV DNA load test in blood (COV 1.3 9 103

copies/ml) (b) the brush (COV 1.8 9 104 copies/brush)

COV cut-off value, PPV positive predicting value, NPV negative

predicting value
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these 11 patients (55 %), treatment was indeed unsuc-

cessful (3 patients had residual disease and 3 patients dis-

ease relapse in the first year after treatment) (median

4.0 9 104 copies/ml; range 1.3 9 103–6.3 9 104). The

other 5 patients had no evidence of disease at last follow-up

(2 had a follow-up period of 1 month, and 3 of[2 years

(median 1.5 9 103 copies/ml; range 1.3 9 103–

4.2 9 104). From the 25 patients who had a blood load

below the COV in the first 6-month post-treatment, 22

(88 %) were disease-free and alive at last follow-up.

Disease-free survival and overall survival

The median follow-up period for all 72 patients was

25 months. The 3-year overall survival was 82 %, and the

3-year disease-free survival was 77 % (Fig. 3). The Cox

hazard ratio model showed significant prognostic value of

EBV DNA load in blood (on a logarithmic scale, base 10)

for overall survival and disease-free survival (Table 4a). A

subgroup analysis was made for the samples taken at di-

agnosis and the biomarkers taken post-treatment. At diag-

nosis, none of the markers had significant prognostic value

for overall survival and disease-free survival (Table 4b).

Post-treatment, the EBV DNA load in blood was a stronger

predictor for both overall and disease-free survival than

when all samples were analyzed together (Table 4c). In

addition, EBV DNA load in the NP brush was a significant

predictor for overall survival and disease-free survival

during the post-treatment period (Table 4c). Serological

markers did not widely alter during follow-up and had no

significant prognostic value for OS or DFS.

Sub-analysis of the patients with early stage NPC

(n = 12) showed that all were alive at last contact without

any evidence of disease. Five of these patients had an EBV

DNA load above the COV at diagnosis (mean 1.0 9 105

copies/ml, range 2.2 9 103–4.6 9 105). All patients had a

follow-up period of at least 2 years, without any event.

Discussion

This study presents the usage of EBV-related biomarkers in

patients with EBV positive NPC in a non-endemic popula-

tion. Post-treatment, the EBV DNA load test had a sensi-

tivity of 75 % and a specificity of 85 % to detect local,

regional and/or distant disease. The brush had a sensitivity

of 90 % and specificity of 98 % to detect local recurrent/

residual disease. On a continuous scale, the markers did not

correlate with disease stage. At diagnosis, none of the

markers could predict survival or disease-free survival. Post-

treatment, a significant hazard ratio was found when EBV

DNA load in blood or NP brush was high. The EBV DNA

load brush test had the highest discriminating power, with a

negative predictive value of 99 %.

The results of the EBV DNA load in blood at diagnosis,

regarding sensitivity and predicting prognosis are different

than other studies. A meta-analysis of Liu [18] regarding

the EBV DNA load in blood found an average sensitivity

of 89 % at diagnosis. Unfortunately this meta-analysis

compared studies with different cut-off values, different

amplicon lengths and both serum and plasma as sample.

The relation of high DNA blood load at diagnosis with

poor outcome has been revealed by multiple studies, and is

proposed to be included in the next version of the TNM

staging [14, 27]. Leung et al. [27] found that in patients

with early stage NPC, a high EBV DNA load in blood at

diagnosis is related to poor outcome. They used the COV

of 4000 copies/ml in plasma/serum, measured by real-time

Q-PCR system that amplified a DNA segment in the

BamHI-W fragment region of the EBV genome. Their

method was recently shown to be poorly standardized,

giving considerable variation between institutes [17]. In the

current study, whole blood as simple standardized clinical

specimen was used for EBV DNA measurement, using a

well-validated real-time Q-PCR method targeting a single

copy EBV gene [8, 21, 28]. Using this method, a clinical

COV of 2000 copies/ml to detect disease proved valid for

multiple patient populations, including patients with post

transplantation lymphoproliferative disease, human im-

munodeficiency virus infection, and NPC patients [21]. In

the current study, we did not find a significant hazard ratio

for overall survival and DFS when the DNA load in blood

at diagnosis was increased. Also in patients with early stage

disease only, an increased risk was not found. All patients

with early stage NPC (n = 12) were alive at last contact

without any evidence of disease. Five of them had an EBV

DNA load above the COV at diagnosis (mean 1.0 9 105

copies/ml; range 2.2 9 103–4.6 9 105), all had a follow-

up period of at least 2 years. Therefore, our results do not

support the notion that EBV DNA load has additional value

to the TNM classification.

Post-treatment levels of the EBV DNA load in whole

blood had considerable prognostic value. Every tenfold

higher number of EBV DNA copies gave a hazard ratio of

2.3 on disease-free survival and 3.2 on overall survival.

Furthermore, in the first 6-month post-treatment 55 % of

the patients with a positive EBV DNA blood load test had

indeed an unsuccessful treatment. Close monitoring of

patients with a high EBV DNA load post treatment would

be useful for early detection of recurrent disease and may

individualize the treatment of NPC patients by selecting

toxic adjuvant treatment only for patients with poor prog-

nosis. This may overall result in better survival and less

side effects. Nevertheless, the actual clinical benefit of this
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3

marker remains disputable, since the PPV was only 39 %,

and the sensitivity was 75 %.

IgA-VCA or IgA-EBNA1 serology had no prognostic

value in detecting persistent or recurrent disease, probably

due to the continued antigenic triggering of memory IgA

responses in nasopharyngeal mucosa and long half-life of

antibodies in general.

The best clinical relevant biomarker was EBV DNA

load in the NP brush to detect local disease. At diagnosis,

the brush had sensitivity of 92 %. Although no significant

correlation to T stage was found, 3 out of the 5 false

negative results were a T1 tumor. On the other hand, 84 %

of the brushes in T1 disease were EBV DNA positive.

False negative results might be caused by sampling outside

Fig. 3 Overall survival (a) and
disease-free survival (b)
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the tumor field, and reflect the importance of reaching the

actual tumor surface with the brush. By contrast Adham

et al. [10] demonstrated positive brushes in small tumors,

when separate brushes were taken via each nostril.

Ng et al. [11] also studied quantification of EBV DNA

load in the nasopharynx. However, they used a trans-oral

brush technique, and reported sensitivity and specificity of

both 99 %. Sensitivity and specificity of endoscopic sam-

pling was 94 and 97 %, respectively. Combining the results

of Ng et al. [11] and the results of the present study sup-

ports the idea of substituting the painful biopsy by brushing

or swabbing the nasopharynx in case of ‘‘newly’’ suspected

NPC. However, when the brush or swab is EBV negative

and NPC is suspected, a biopsy should still be performed

since the fraction of WHO type I and II NPC is ap-

proximately 35 % in the non-endemic regions and 1–5 %

in the endemic [25, 29].

Post-treatment, the nasopharyngeal brush was a good

discriminator for local disease (PPV of 75 % and a NPV of

99 %). Three brushes were false positive. One patient

(brushed twice) developed distant metastasis and the other

patient had a follow-up of only 3 months. In both patients,

no evidence of disease was shown by endoscopy. A biopsy

might have revealed disease, but this was not included in

the study protocol; therefore, it could not be performed due

to ethical reasons. The third patient is still being monitored

closely. The patient with a false negative NP brush had

tumor outside the region where the brush could reach. This

supports the idea that the brush should be taken at the

location of the tumor, or at least as near as possible.

The use of the brush post-treatment can be of great

clinical value, since local recurrent disease occurs in

10–30 % of the patients and is one of the main reasons for

poor prognosis [30]. In particular in the first months after

Table 4 Prognostic value of

the markers
Biomarker Endpoint Hazard ratio Confidence interval 95 %

(a) Pre- and post-treatment

EBV DNA in blood DFS 1.89 1.34–2.7

OS 2.32 1.41–3.8

EBV DNA in brush DFS 1.15 0.95–1.4

OS 1.25 0.96–1.6

IgA VCA-p18 DFS 0.87 0.74–1.0

OS 0.85 0.65–1.1

IgA EBNA1 DFS 0.89 0.78–1.0

OS 0.86 0.83–1.2

(b) Pre-treatment

EBV DNA in blood DFS 1.26 0.76–2.1

OS 1.05 0.55–2.0

EBV DNA in brush DFS 1.15 0.75–1.8

OS 2.18 0.85–5.6

IgA VCA-p18 DFS 0.97 0.83–1.1

OS 0.73 0.50–1.1

IgA EBNA1 DFS 0.83 0.68–1.0

OS 0.91 0.74–1.1

(c) Post-treatment

EBV DNA in blood DFS 2.30 1.51–3.5

OS 3.17 1.72–5.8

EBV DNA in brush DFS 1.53 1.16–2.0

OS 1.69 1.14–2.5

IgA VCA-p18 DFS 0.86 0.71–1.0

OS 0.86 0.66–1.1

IgA EBNA1 DFS 0.98 0.85–1.1

OS 1.06 0.90–1.2

The hazard ratios correspond to an increase of one unit in the value of the biomarker; for EBV DNA the

unit is the log (base 10) of the number of copies present, for IgA the unit is the normalized value of 1.0. The

tables present (a) all biomarkers taken before and after treatment together. Then these markers were split in

samples taken at diagnosis (b) and post-treatment (c)

DFS disease-free survival, OS overall survival
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treatment, the brush might be relevant, since distinguishing

between tumor and post-radiation damage is difficult in this

period, and treatment of local residual disease is at that

time still feasible with relatively good outcome [30]. The

actual benefit of the brush above or in addition to en-

doscopy and imaging, regarding sensitivity, specificity and

cost-effectiveness has to be examined in a future study.
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Undifferentiated nasopharyngeal carcinoma (NPC) is 100% associated with Epstein-

Barr virus (EBV). Expression of viral proteins in the tumor cells is highly restricted. EBV

reactivation by CytoLytic Virus Activation (CLVA) therapy triggers de novo expression

of early viral kinases (PK and TK) and uses antiviral treatment to kill activated cells. The

mechanism of tumor elimination by CLVA was analyzed in NPC mouse model using

C666.1 cells. Valproic acid (VPA) was combined with gemcitabine (GCb) to stimulate

EBV reactivation, followed by antiviral treatment with ganciclovir (GCV). A single cycle

of CLVA treatment resulted in specific tumor cell killing as indicated by reduced tumor

volume, loss of EBV-positive cells in situ, and paralleled by decreased EBV DNA levels

in circulation, which was more pronounced than treatment with GCb alone. In vivo

reactivationwas confirmed by presence of lytic gene transcripts andproteins in tumors

6 days after GCb/VPA treatment. Virus reactivation was visualized by [124I]-FIAU

accumulation in tumors using PET-scan. This studied showed that CLVA therapy is a

potent EBV-specific targeting approach for killing tumor cells. The [124I]-FIAU appears

valuable as PET tracer for studies on CLVA drug dosage and kinetics in vivo, and may

find clinical application in treatment monitoring.

K E YWORD S

cytolytic virus activation therapy, EBV DNA load, Epstein-Barr virus, nasopharyngeal

carcinoma, PET-scan, targeted cancer therapy, treatment monitoring

1 | INTRODUCTION

Undifferentiated nasopharyngeal carcinoma (NPC) is 100% associated

with Epstein-Barr virus (EBV), also called human herpesvirus 4 (HHV-4).1

In NPC, the EBV is expressing characteristic latency type II gene

products in all tumor cells, which contribute to viral maintenance and

tumorbehavior.2–4NPCcells actively evade immuneeliminationdespite

abundant antiviral T cells in the tumor.5,6 Serological studies indicate an

early role of aberrant EBV activity in NPC pathogenesis (Ng et al.,

2006).7,8 Currently most NPC patients present at late tumor stage,

requiring intensive chemo-radiation therapy.3,9 Alternative treatments

targetingEBV in the tumor cells areunderdevelopment.9,10Werecently

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in

any medium, provided the original work is properly cited and is not used for commercial purposes.
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applied a CytoLytic Virus Activation (CLVA) therapy in patients with

recurrent NPC.10 CLVA treatment combines the cytostatic drug

gemcitabine (GCb) with histone deacetylase inhibitor (HDACi) valproic

acid (VPA) to trigger reactivation of latent EBV into the lytic cycle.10–12

The inducedexpressionofearlyviral kinasesTK (BXLF1) andPK (BGLF4)

sensitizes tumor cells to the antiviral compound ganciclovir (GCV)

providing increased cytotoxicity.11 EBV immediate early (IE) gene

products Zebra or Zta, and Rta play a central role in triggering the

latency-to-lytic switch and block G1/S transition, thus limiting cell

growth.13 Moreover, tumor cells switched to the viral lytic phase

become targets for abundant cytotoxic T-cell directed toward lytic gene

products.6 Therefore, in recent years an increasing effort is made in

finding novel compounds and drug combinations that can efficiently

trigger EBV lytic reactivation. GCb is an effective single agent for

treatment ofNPC14,15 andcapable of reactivatingEBV in epithelial cells.

This activity is enhanced by the chromatin remodeling activity of histon

deacetylase inhibitors (HDACi-s) andDNAdemethylating agents.12,16,17

Initial studies on CLVA were pioneered in treating EBV-positive

lymphomas in transplant recipients.18,19 Recently, CLVA therapy was

administered to end-stageNPCpatients showing promising results.10,20

To investigate biological effects ofCLVA therapy and the in vivo kinetics

of virus reactivation inmore detail we used anEBV-positiveNPCmouse

model. The in vivo efficacy of individual versus combined drugs at

different time points was assessed by viral markers in blood and tissue

and visualized by positron emission tomography (PET) using [124I]-FIAU

(2′-fluoro-2′-deoxy-β-D-5-iodouracil-arabinofuranoside) as tracer,

which is phosphorylated by early lytic-phase kinases (TK and PK) and

used for in vivo imaging and ex vivo bio-distribution.21 [124I]-FIAU-PET/

CT is approved for clinical use in musculoskeletal bacterial infections22

andmight be translated formonitoringCLVA treatment inNPCpatients.

2 | MATERIALS AND METHODS

2.1 | Establishment of NPC mouse model
and CLVA treatment

The EBV-positive carcinoma cell line C666.1 was cultured as described

before.10 Balb/c nudemice (Harlan, Zeist, the Netherlands) were injected

sub-cutaneously (s.c.) with three million C666.1 cells in matrigel (BD

Biosciences,Erembodegem,Belgium) in left and right flank.Tumorvolume

(TV) was measured twice weekly and blood sampling (50–100μL) from

the tail vein was done weekly. Animal experiments were conducted in

accordance with the Dutch law and the protocol was approved by the

VUMC committee on animal experimentation. Drugs were administered

when tumor size reached 100–300 mm2, or 300–500 mm2 for Positron

Emission Tomography (PET) scan experiments. Animalswere randomized

before treatment. Drug doses were based on prior in vivo studies10,11,23

and the administration schedule mimicked a single cycle of human CLVA

therapy.10,20 CLVA treatment consisted of daily 300mg/kg VPA (Sigma-

Aldrich, Zwijndrecht, the Netherlands) in fresh drinking water and

120mg/kgGCb (Fresenius KabiOncology Plc., Bordon, UK) administered

i.p., followed after 4 days by daily i.p. treatment with 100mg/kg GCV

(Sigma-Aldrich) (Fig. 1A). All groups (n = 5 per group) were treated for

15 days and subsequently animals were sacrificed and tumors harvested.

Half of the tumorwas snap frozen in liquid nitrogen and half was formalin

fixed, paraffin-embedded (FFPE) for histopathology, and immunohis-

tochemistry examinations.

For PET-scan and tissue bio-distribution analyses, two groups of

mice (n = 4) were treated with one dose of GCb and daily VPA. After 6

and 9 days, 1 group of animals was used for PET analysis (Fig. 1B). In

parallel one group received GCb and VPA but no PET tracer and were

sacrificed after 6 days of treatment and tumor tissuewas harvested for

molecular and histological analyses.

2.2 | EBV DNA load in whole blood before
and during treatment

Everyweek starting from day 6 after tumor inoculation, 50μLwhole blood

(WB) was collected mixed well with 450μL NucliSens lysisbuffer

(ioMérieux, Marcy-l'Étoile, France). DNA was isolated and viral DNA load

wasmeasured as described before.10,24 All samples were spikedwith 1000

copies of EBV plasmid to analyze potential PCR inhibition. The amount of

C666.1cells per samplewasdefinedbyPCR for thehumanβ-globingene.24

2.3 | EBV-RNA profiling in tumor tissue

Snap-frozen tumor tissues were sliced in 5 × 10mm sections and

homogenized in 1 mL Trizol (Life Technologies, Waltham, MA). RNA

was treated with RQ RNase-free DNase (Promega, Madison, WI)

followed by target-specific cDNA synthesis 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, Almere, the Netherlands). Quantification

was calculated via a dilution curve of a plasmid pool containing all

target genes and specificity was confirmed by melting curve analysis.

Cellular housekeeping gene (U1A) was used as RNA quality control

and for normalizing transcript levels.25 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. For this the viral load PCR was used targeting a

genomic region not included in the cDNA target sequences.24

2.4 | Immunohistochemistry and EBER-RISH

Tumor FFPE sections were deparafinized and pre-treated with H2O2 and

10mM citrate buffer containing 0.05% Tween 20, pH 6.0 for 10min at

98°C. The primary antibody (anti-BZLF1, BZ-1, 1: 200, kindly provided by

Prof. Farrell or anti-mouse CD68, 1: 500, Monosan, Uden, the

Netherlands) was applied for 1 h at RT in a humidified chamber or

over-night at 4°C. Envision HRP anti-rabbit/anti-mouse (Dakopatts,

Glostrup, Denmark) was followed by diaminobenzidine tetrachloride

(DAB) substrate (Vector Laboratories, Burlingame, CA) and Hematoxylin-

Eosin staining. B95.8 cells induced for EBV lytic gene expression were

fixed by 1% formalin in 2% agar, paraffin embedded, and used as positive

control. EBER-RISH was performed on 3 μm FFPE tumor tissue sections

using a EBER peptide nucleic acid (PNA) probe (DAKO) as described.26
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2.5 | Western blot

C666.1 cells were lysed in RIPA buffer (50 mM Tris/HCl pH 7.5,

150mM NaCl, 2 mM EDTA, 1% Na-DOC, 1% Triton-X-100) in the

presence of a protease inhibitor cocktail (Roche) for 30min at 4°C and

total protein concentration determined with a BCA protein assay kit

(Pierce, Waltham, MA). Western blotting using the BZ-1, anti-PK

(mAb2616, kind gift of J.T. Wang), and anti-β-Actin HRP (C4; Santa

Cruz, Dallas, TX) antibodies was performed as described earlier.10

2.6 | Radio-synthesis of [124I]-FIAU

[124I]-FIAU was synthesized via its trimethyltin precursor (ABX,

Dresden, Germany), by dissolving 40μg of precursor in 0.2mL acetic

acid and transfer to alkaline (∼150μL NaOH) Na [124I] (Cyclotron BV,

VU, Amsterdam) solution.27

Afterwards, adding two times 20 μL of H2O2 (30% solution—at 0

and 4min) the reaction was stopped at 8min by adding 0.8 mL of

sulfite in alkaline solution (0.5 mol · L−1 in 4mol · L−1 NaOH). Purifica-

tion was done by HPLC (RP Select B; 250 × 4mm, 10 μ—with a

10−3 mol · L−1 aqueous NaHSO4/MeOH eluent, 85/15—flow 1.2 mL/

min−Rt 15min) and concentrated on a guard column. The collected

[124I]-FIAU was further diluted with NaOH and concentrated in 96%

EtOH by reversed-elution using a RP-18 Classic Sep-Pak®. For in vivo

injection of [124I]-FIAU in mice, the volume of EtOH was further

reduced by evaporation at 45°C under a gentle N2-stream and

subsequently diluted with saline to an end-activity concentration of

10-15MBq/10 μL, containing ≤10 vol% EtOH.Quality control analysis

of [124I]-FIAU revealed a chemical pure product with radiochemical

purity higher than 99.5%, and an overall yield of 65-70%.

2.7 | In vitro [124I]-FIAU accumulation assay

C666.1 cells (1 × 106/well) were seeded on fibronectin pre-coated

dishes and left to adhere 24 h. Cells were treated with 3 μM GCb and

0.3mM VPA. After 5 days 0.025MBq/well of [124I]-FIAU was added.

After 2 h incubation (5%CO2, 37°C), the culturemediumwas collected

and floating cells were pelleted by centrifugation (1720 rpm, 5min),

washed with PBS, centrifuged again, and the pellet was lysed in RIPA

buffer. Adhered cells were PBS washed and lysed on ice with 100 μL

RIPA buffer containing pelleted floating cells. Radioactivity in the

supernatant and cell pellet was determined using a LKB 1282

Compugamma CS counter (LKB Wallac, Turku, Finland). Separate

samples were prepared to assess the protein concentration by BCA

Protein Kit (Pierce) for normalization. Radioactivity accumulation was

calculated as percent of cell bound cpm/μg protein.

FIGURE 1 (A) Time schedule of drug(s) administration: Gemcitabine (GCb) treatment was started on day 15 (D15) after tumor inoculation
(D0) and 4 days later (D19) animals received a 2nd dose of GCb (n = 15). Valproic acid (VPA) was given to GCb-treated animals (n = 10) from
D15 and one group was treated with VPA-only (n = 5). Ganciclovir (GCV) was administered daily starting on D19 from tumor inoculation in
GCb/VPA treated mice (n = 5) and one group was treated only with GCV (n = 5). (B) Scheme of [124I]-FIAU administration before PET-scan and
ex vivo tissue distribution in GCb/VPA treated mice (n = 8); only one dose of GCb was administered (D19)
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2.8 | Positron Emission Tomography

Mice were anesthetized with 2% isofluran under oxygen flow and

positioned on a temperature controlled pad in a double-layer LSO high

resolution research tomograph (HRRT) (Siemens/CTI, Knoxville), a

small animal 3D scanner.28 First, a 6 min transmission scan was

acquired using a 740MBq 137Cs rotating point source.29 Next, 5 days

post-GCb treatment with daily VPA oral administration animals

received 9.21 ± 0.29MBq of [124I]-FIAU by retro-orbital injection.

After 24 h, a 1 h the emission scan was started. PET-scan data were

corrected for scatter, random noise, attenuation, decay, and dead time

using iterative 3D ordinary Poisson ordered-subsets expectation

maximization (OSEM).

2.9 | Ex vivo tissue distribution

Immediately after PET, blood was obtained by heart puncture of

anesthetized animals. Urine, tumors, thyroid, liver, spleen, kidney,

skeletal muscle, stomach, ileum, bladder, brain, and lymph nodes

were harvested from four mice. Tissues were weighed and the

amount of radioactivity determined using a gamma counter (LKB

Wallac). Results were expressed as percentage injected dose per

gram of tissue (% ID/g).

3 | RESULTS

3.1 | CLVA treatment reduces tumor volume

TheNPCmousemodel was used to investigate the biological effects of

single or combined agents of CLVA (GCb/VPA/GCV) treatment for

EBV lytic induction in tumor cells in vivo, to show additive cytotoxicity

of the antiviral compound GCV, and to visualize virus reactivation in

tumor cells by IHC and PET. Drugs were well tolerated and no

significant loss of body weight was observed. From day 6 after C666.1

cell inoculation, tumor volumes (TV) increased rapidly in all animals

(Fig. 2A). Treatment was started in randomly selected animals on day

15. Fluctuations in TVwere observed during treatment and even in the

same animal because overall 3D tumor growthwas not always uniform

(Supplementary Table S1A). Separate daily administration of VPA and

GCV did not result in decline of tumor growth as expected. On day 20,

a clear decrease in TV was measured in the GCb-only treated group

and the tumors decreased further in size until day 30 (15 days after 1st

dose). Subsequently, a small outgrowth was observed in both tumors

of one animal. Combined GCb/VPA treatment reduced TV to levels

lower than in theGCb-only group. The completeCLVA treatment had a

strong effect on TV resulting in the near absence of tumor tissue on

day 30.

3.2 | EBV DNA load in mouse whole
blood reflects tumor volume

Viral DNA levels in WB monitored in parallel to the treatment

response (Fig. 2B) gradually increased with tumor volume until the

start of treatment (day 13). The levels continued to rise in untreated,

as well as in VPA-only and GCV-only treated groups reaching a

plateau of 1 × 105 copies/mL, while in GCb-only, GCb/VPA, and

complete CLVA treated groups, a steep decrease of viral load was

observed at 5 days from treatment initiation (Fig. 2B), which

remained negative in GCb/VPA and complete CLVA treated groups

during follow-up. In the GCb-only treated group three animals

showed a rise in EBV DNA load on day 30 (3 × 102 copies/mL blood),

suggesting tumor regrowth. No such increase was observed in the

complete CLVA treated animals.

3.3 | The kinetics of lytic virus induction in vitro

EBV reactivation in C666.1 cells treated with GCb/VPA (1-8 days) was

analyzed to determine optimal timing for administration of radio-

labeled FIAU. EBV-mRNAprofiling revealed significant upregulation of

all lytic targets starting after 3 days of treatment (Fig. 3A). Lytic

inductionwas also assessed based on appearance of IE-Zebra and early

lytic PK proteins by immunoblot analysis of parallel samples (Fig. 3B).

Zebra expression increased after 24 h of GCb/VPA treatment and

reached a plateau level after 3 days, decreasing thereafter. PK

appeared after 3 days of treatment and expression increased in time to

stable levels throughout.

3.4 | Lytic transcripts detected after 6 and 9 days
GCb and VPA treatment in vivo

Based on the in vitro mRNA expression kinetics in vivo EBV-RNA

profiling was performed in extracts of frozen tumors from GCb/VPA

treated animals harvested at 6 and 9 days following treatment and

from untreated mice 30 days after tumor inoculation. In the

untreated control group only negative or very low base-levels of

lytic transcripts were detectable. In 6-days, CLVA treated mice

transcripts of Zebra, Rta, PK, TK, and VCA-p18 appeared to be

present in high numbers indicating viral lytic induction due to GCb/

VPA treatment (Fig. 4). The levels decreased in tumors of day 9

treated mice, except for the late VCA-p18 transcripts. Latent-phase

specific EBV RNA transcripts were detected in all tumor tissues, and

the expression pattern corresponded to the NPC-specific EBV

latency type-II (data not shown).

3.5 | CLVA treatment results in strong reduction
of EBER-positive tumor cells

Tumor tissues collected after treatment were examined for the

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

hybridization assay (EBER-RISH) and tissue architecture was

inspected by routine HE staining (Fig. 5). In the untreated group

of animals, large fields of tightly packed vital tumor cells were

surrounded by tumor stroma and as indicated by strong EBER-

positive staining (Fig. 5A,D). This pattern was similar in tumors

from animals treated with VPA and GCV-only (Supplementary

Fig. S1A-C). In GCb-only treated animals, tumor tissue architecture
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was clearly different, with less compact fields of tumor cells and

wide areas of apoptosis and necrosis, while the number of EBER-

positive tumor cells was drastically reduced (Figs. 5B,E and S1D).

The GCb/VPA combination resulted in further reduction of EBER-

positive cells (Supplementary Fig. S1E), whereas complete CLVA

treatment, including GCb/VPA plus GCV resulted in an even more

pronounced decrease of tumor cells leaving only few residual

EBER-positive cells to be detected (Figs. 5C,F and S1F). Corre-

spondingly, the most significant tissue architecture changes were

observed in complete CLVA treated group and the EBER-positive

signals appeared to be associated with phagocytic cells rather than

tumor cells.

3.6 | Lytic EBV reactivation in tumors of mice
treated with GCb and VPA

To investigate EBV lytic induction in tumor tissues, we performed IHC

staining for IE lytic protein Zebra for all animals treated with GCb/VPA

combination, after 6, 9, and 15 days and non-treated controls.

Histopathological analyses revealed most abundant Zebra expression

FIGURE 2 (A) Tumor volumes represented as average per group (n = 5) of left (full circle) and right (open circle) tumors. In mice treated
with GCb, GCb/VPA, and GCb/VPA/GCV tumor volumes decreased in time. Arrows represent administration of GCb, that is, 15 and 19 days
after tumor inoculation. Numeric details of mean tumor volumes and standard deviations (SD) are presented in Supplemental Table S1. (B)
EBV DNA load in circulation calculated as mean value plus SD (n = 5). Note the continued increase in untreated mice, while in VPA and GCV-
only treated mice a plateau was reached and high levels were measured. Combined/complete treatment reduced the EBV DNA load (starting
from day 20) to virtually negative values at end of treatment, and the level in GCb-only treated mice later raised again in time. Arrows
represent administration of GCb, that is, 15 and 19 days after tumor inoculation. Upper bold line (purple) denotes timeframe of VPA
administration and the line beneath (green) duration of GCV administration
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at 6 days after start of treatment, and less at day 9, whereas almost no

EBV lytic cells were observed in tumor tissues from untreated mice

(Fig. 5G-J). Occasionally single Zebra positive cells were observed in

untreated mice, indicating low level spontaneous lytic activation. In

treatedmice cells expressing Zebra proteinwere detectedwithin fields

of vital tumor cells (Fig. 5G).

3.7 | Clearance of lytically-induced tumor
cells by mouse macrophages

Mouse CD68 positive macrophages were abundant in tumors of

animals treated with GCb/VPA and CLVA at 6 and 15 days whereas no

macrophageswere observed in tumor fields of control animals (Fig. 5K-

M). In collapsing tumors, occasionally fields of tumor cells formed belt-

like structures around macrophages (data not shown). The presence of

macrophages indicates the active clearance of apoptotic lytic-induced

cells within treated tumors.

3.8 | [124I]-FIAU accumulation in C666.1
cells induced with GCb and VPA

Based on the in vitro kinetics of EBV mRNA expression (Fig. 3), we

argued that FIAU should be administered, after 4-5 days following the

first administration of GCb/VPA, in order to achieve optimal PK/TK

mediated conversion and cellular accumulation. Accumulation of

[124I]-FIAU in GCb/VPA treated and untreated C666.1 cells was

measured at day 5 and calculated as percentage of cell bound cpm/μg

protein, revealing a threefold increase in treated compared to

untreated cells (Fig. 6A).

3.9 | Positron Emission Tomography and [124I]-FIAU
tissue distribution

Administration of [124I]-FIAU tracer was performed 5 days after

initiation of treatment and PET was performed 20 h after i.v. injection

of [124I]-FIAU. PET images provided direct evidence of CLVA-induced

EBV-specific reactivation in tumors of treated mice: GCb/VPA

combined treatment triggered accumulation of [124I]-FIAU, exclusively

in the induced NPC tumor cells (Fig. 6B). Accumulation of tracer was

also observed in the thyroid, as blocking of physiological iodine uptake

was not done in these experiments. Increased tumor accumulation

(7.0 ± 2.0% ID/g) of [124I]-FIAUwas observed in the tumors of all GCb/

VPA treated animals, and as observed in the PET images, a

physiological iodine accumulation was seen in the unblocked thyroid.

Other tissues were negative or showedminimal accumulation of [124I]-

FIAU (Fig. 6C).

4 | DISCUSSION

The concept of CLVA treatment for targeting EBV-carrying carcinoma

was analyzed in detail for treatment efficacy and direct monitoring of

virus reactivation in vivo. The nude mouse model with human C666.1

naturally EBV-infected NPC tumor cells was establish and exposed to

single and combined CLVA agents, mimicking one of the six cycles of

treatment used in the human clinical setting.10,20 In this model, we

were able to investigate CLVA-mediated effect on EBV lytic induction

at different time points and compare effectiveness of single and

combined drugs, which would not be possible in NPC patients. Clearly,

tumor growth was limited as a result of GCb-only administration, but

the combination of GCb with VPA or complete CLVA treatment

however resulted inmore pronounced reduction of tumor growth after

15 days of treatment. In the group treated with GCb-only a small

regrowth of a tumorwas observed after treatment, in contrast to GCb/

VPA or complete CLVA treatment. The tumor regrowth was indicated

FIGURE 3 The kinetics of lytic induction of EBV in C666.1 cells
treated with combination of GCb and VPA for 1-8 days. (A) EBV
RNA profiling revealed strong upregulation of all 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. (B) Western blot analysis shows a typical example of
lytic induction profiling in cultured C666.1 cells detecting Zebra and
PK proteins, using cellular β-actin as a loading control

FIGURE 4 Lytic transcripts of EBV detected in tumors of 6 (D6)
and 9 (D9) days GCb/VPA treated mice (n = 4); 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
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FIGURE 5 Hematoxylin and eosin (HE) staining (A-C) and EBER in situ hybridization (D-F) were performed on tumors from control, GCb-
only, and complete CLVA treated mice for 15 days. In untreated tumors, a high density fields of EBER-positive tumor cells were detected (D),
which correspond to the architecture of HE stained tumor (A). GCb-only treatment reduced the number of tumor cells (E). In the complete
CLVA treated tumors only few residual tumor cells remained (F) and phagocytosis by activated macrophages was observed (illustrated by
arrowheads). Detection of Zebra-positive cells in tumor tissues of control and 6, 9, and 15 days GCb/VPA treated mice (G-J; respectively).
CD68 staining was performed to confirm the presence of infiltrated macrophages in 6 (L) and 9 days (M) treated tumors, while the untreated
tumors were entirely negative (K). Macrophages in mouse lung alveoli (N) were stained as a positive control. Note the apoptotic cells
(indicated by arrow) and tumor cells digested by macrophages (arrowhead). 40× magnification
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as well by a pronounced rise in viral DNA load in blood. DNA load

measured in WB paralleled the growth and treatment-induced

reduction of tumors in all tumor bearing mice, supporting its use as

marker for monitoring treatment results in NPC patients.10,23,30–32,33

The additional cytotoxic effect of antiviral compound GCV was

best visualized by EBER-RISH staining, revealing a dramatic

reduction of EBV-positive tumor fields with only a few residual

tumor cells remaining after a single CLVA dosage as compared to the

GCb-only treatment (Figs. 5D-F and S1A-F). The distinct tissue

morphology of CLVA treated tumors, with barely detectable EBER-

positive tumor cells clearly indicated the superior efficacy of tumor

cell killing by the complete CLVA combination, which supports with

previous in vitro studies.10–12 The abundant infiltration of active

mouse macrophages in these tissues supports a role of phagocytic

cells in apoptotic tumor cell clearance (Fig. 5K-M). In patients, the

viral neo-antigens after EBV reactivation are considered to be crucial

for triggering EBV-specific activation of T-cell mediated immune

response.6 This aspect however cannot be assessed in this nude-

mouse model. One of the highly immunogenic EBV products, IE

protein Zebra was detected in tumor tissues of 6 days treated mice,

indicating a single dosage of CLVA induced reactivation of virus in

NPC tumor cells (Fig. 5G-J). The fact that we detected sporadic

single Zebra-positive cells in untreated tumors suggests a spontane-

ous EBV-reactivation. This is in agreement with in vitro findings,17

indicating that a subset of cells can be induced for strong Zebra

expression by a single-dose treatment whereas multiple cells are

weakly induced, which may remain undetectable by immunohis-

tochemistry in vivo. Apparently the process is highly dynamic, since

only 3 days later (9 days treated mice), the expression of Zebra

dropped significantly which was in line with the lytic mRNA profiles

showing a peak of EBV-reactivation after 6 days of treatment

followed by a decreases in time.

FIGURE 6 (A) In vitro assay showing accumulation of [124I]-FIAU in C666.1 cells after 5 days induction by GCb/VPA. (B) PET image 6 days
after GCb/VPA treatment. (C) Ex vivo tissue distribution demonstrating tumor specific uptake of [124I]-FIAU after 9 days of GCb/VPA
treatment presented as average %ID/g in four animals. Note the high unspecific [124I]-FIAU accumulation in thyroid
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GCV alone is not effective for treating EBV-positive tumors,11,16

since tumor cells do not express viral kinases to convert GCV into its

cytotoxic tri-phosphate form. In the NPCmousemodel of Sides et al,31

a small reduction in TV of GCV-only treated mice was found, due to

mild pro-apoptotic properties of this compound. We did not observe

any inhibition of tumor growth by GCV-only treatment, similar to

findings in a B-cell lymphoma mouse model.12 However, the low level

of spontaneous Zebra-positive cells by immunohistochemistry in

untreated tumors may explain such a finding.

FIAU (1-[2-deoxy-2-fluoro-1-D-arabinofyranosyl]-5-iodouracil)

is a substrate of thymidine kinase (TK) used and first described for

visualizing of virus reactivation in EBV-positive Burkitt's lymphoma

xenografts treated with Bortezomib.21 Here, we demonstrated

radiolabeled [124I]-FIAU as marker to visualize EBV lytic activity in

NPC tumor cells following CLVA treatment. Entrapment of [124I]-

FIAU in PK/TK-expressing tumor cells has a potential clinical

application for in vivo monitoring of CLVA therapy responses in

human trials.

5 | CONCLUSIONS

Overall the data presented here provide direct evidence of EBV lytic

induction in vivo as a result of virus-targeted therapy in a NPC model

system. A single round of CLVA treatment induced lytic gene

expression in NPC tumor tissue in vivo and proved most efficient in

reducing tumor volume, eliminating circulating EBV-DNA load, and

was most effective in clearing EBER-positive cells in situ as compared

to the controls. We suggest that virus-targeted tumor therapy and

virus-specific monitoring by EBV-marker profiling and [124I]-FIAU

PET-scan can be used for multiple EBV-positive malignancies, but

further studies are needed to validate this.
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Supplementary Figure S1. Overview of EBER positive tumor cells in untreated tumors (A), GCb only
treated (B), VPA only treated (C), GCV only treated (D), GCb/VPA treated (E), and complete CLVA
treated tumors (F). Arrowheads indicate remaining EBER+ tumor cells. 40× magnification.

100

142370-Novalic_BNW.indd   100 25-02-20   07:59



4

Supplementary Table 1

Days: 6 9 13 16 20 23 27 30

TV left

untreated 25±19 42±16 97±19 210±56 302±144 423±180 794±441 1046±475

VPA 42±14 74±19 212±99 343±79 566±149 882±235 1392±309 1682±606

GCV 32±17 86±28 199±92 311±88 487±216 679±119 857±204 1219±415

GCb 23±12 67±26 218±80 343±111 259±44 202±52 194±260 180±283

GCb/VPA 27±15 75±17 196±62 320±94 148±62 132±59 82±49 57±38

CLVA 14±6 41±13 124±28 219±43 171±27 126±23 96±54 81±45

TV right

untreated 26±19 32±10 73±20 190±59 337±128 521±254 693±346 883±435

VPA 30±4 56±20 208±40 357±106 827±149 1091±217 1811±176 2341±275

GCV 15±3 57±22 107±76 220±146 292±196 508±405 756±744 834±792

GCb 21±12 41±6 139±27 286±77 162±63 164±60 155±209 268±463

GCb/VPA 20±14 46±15 147±107 227±114 114±49 98±51 64±50 62±56

CLVA 22±30 46±44 99±68 187±92 130±76 101±33 86±37 43±11
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Cancer Therapy: Clinical

Cytolytic Virus Activation Therapy for Epstein-Barr
Virus–Driven Tumors

Maarten A. Wildeman1, Zlata Novali�c3, Sandra A.W.M. Verkuijlen3, Hedy Juwana3, Alwin D.R. Huitema4,
I. Bing Tan1, Jaap M. Middeldorp3, Jan Paul de Boer2, and Astrid E. Greijer3

Abstract
Purpose: Nasopharyngeal carcinoma (NPC) is causally linked to Epstein–Barr virus (EBV) infection.

Because all tumor cells carry EBV, the virus itself is a potential target for therapy. In these tumor cells, EBV

hides in a latent state and expresses only a few non-immunogenic proteins for EBV maintenance and

contributes to tumor growth. We developed a cytolytic virus activation (CLVA) therapy for NPC treatment,

reactivating latent EBV, triggering immune recognition, and inducing susceptibility to antiviral therapy.

Experimental Design: CLVA therapy combines gemcitabine (GCb) and valproic acid (VPA) for virus

activation and tumor clearance with (val)ganciclovir (GCV) as the antiviral drug to block virus replication

and kill proliferating virus-infected cells. CLVA treatment was optimized and validated inNPC cell lines and

subsequently tested in 3 Dutch patients with NPC that was refractory to conventional treatment.

Results: In NPC cell lines, both GCb and VPA can induce the lytic cycle of EBV. Their combination

resulted in a strong synergistic effect. The addition of GCV resulted in higher cytotoxicity compared with

chemotherapy alone,whichwasnot observed inEBV-negative cells. CLVA therapywas analyzed in3patients

with end-stage NPC. Patients developed increased levels of viral DNA in the circulation originating from

apoptotic tumor cells, had disease stabilization, and experienced improved quality of life.

Conclusions: Our results in the initial CLVA-treated patients indicate that the therapy had a biological

effect and was well tolerated with only moderate transient toxicity. This new virus-specific therapy could

open a generic approach for treatment of multiple EBV-associated malignancies. Clin Cancer Res; 18(18);

5061–70. �2012 AACR.

Introduction
Epstein–Barr virus (EBV) is causally linked to multiple

cancers, including several lymphomas, undifferentiated
nasopharyngeal carcinoma (NPC), and approximately
10% of gastric cancers worldwide. Although NPC is an
uncommon disease in most countries, NPC is the 4th most
common tumor among males in Indonesia and has a high
incidence in southern China, northern Africa, and Alaska
(1). Early diagnosis is essential because disease-free survival
declines for patientswith late-stageNPC(2).Unfortunately,
early symptoms for NPC, such as epistaxis and tinnitus,
are nonspecific and the majority of patients come to the

hospital with advanced stage disease. In Indonesia, 87% of
patients have NPC stage III or higher and 17% have distant
metastasis at first presentation (3).

Because all NPC tumor cells harbor EBV, this virus itself is
a possible target for therapy. In these tumor cells, EBV
"hides" in a latent state due to methylation of the viral
promoters, expressing only a few non-immunogenic viral
proteins that are essential for EBV maintenance and con-
tribute to tumor growth (4). This state of latency enables
NPC tumors cells to evade the immune system, even in the
presence of an existing strong immune response tomultiple
viral antigens (5, 6). Recent studies have shown that the lytic
cycle of EBV can be efficiently induced by using chemo-
therapeutic agents effectingDNA synthesis and drugs affect-
ing host DNA methylation and histone deacetylation
(HDAC; refs. 7–11). The reactivation of EBV leads to the
expression of proteins involved in viral genome replication
and formation of new virions. These newly expressed pro-
teins are highly immunogenic and could induce a powerful
immune response toward the tumor cells containing the
reactivated virus (5). In addition, lytic induction enables
expression of viral kinases sensitizing the cells to antiviral
treatment (9).

Inducing the lytic phase with chemotherapy in combi-
nation with a HDAC inhibitor caused reduced tumor vol-
ume in EBV-positive tumor cells in a mouse lymphoma
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model (8). The addition of an antiviral component to this
combination therapy did further decrease tumor develop-
ment. This concept was first used in 1998 for the treatment
of a patient with EBV-positive lymphoma in which a com-
bination of an HDAC inhibitor with antiviral therapy was
administered (12). This was followed by a study using
valproic acid (VPA) instead of arginine butyrate (13). The
combination of chemotherapy (5-FU) with an HDAC
inhibitor (HDACi) for a stronger induction of the lytic cycle
was evaluated in a Dutch patient with end-stage NPC. After
5 days, the patient received antiviral treatment with valgan-
ciclovir (GCV). This treatment resulted in an increase of
viral DNA in the circulation, reflecting shedding of apopto-
tic fragments from the tumor, which was not observed
before treatment (14).

In this study, a novel combination therapywas developed
targeting EBV within the tumor cell by combining EBV
reactivation with subsequent antiviral therapy. After vali-
dation in a single naturally EBV-infected NPC cell line and
EBV-positive gastric cancer cell lines, this cytolytic virus
activation (CLVA) therapy, comprising gemcitabine (GCb),
VPA, and GCV, was applied as a new treatment modality in
patients with EBV-positive NPC for which no curable treat-
ment options were available. In addition to clinical para-
meters, biological response was analyzed by EBV viral load
and serology.

Materials and Methods
Cell lines

The EBV-positive NPC cell line C666.1 was cultured in
Dulbecco’s Modified Eagle’s Medium (DMEM; BioWittha-
ker) containing 10% fetal calf serum (FCS) and 1% peni-

cillin/streptomycin/glutamine (P/S/G). Cell culture plates
were first coated with fibronectin (Calbiochem) in
PBS(100mg/mL) for1hourat roomtemperature (rT).Gastric
carcinoma cell lines of AGS and the EBV-positive cell line
AGS-BX1were cultured in F12HAM(BioWitthaker) contain-
ing 10% FCS and 1% P/S/G. AGS-BX1 cells were cultured
under G418 (geneticin; Life Science Technologies) selection.
The AGS-BX1 harbors the EBV genome with an insertion of
the neomycin-resistance gene and theGFP gene that disrupts
the TK gene (kindly provided by L. Hutt-Fletcher).

Western blot analysis
Protein samples were obtained by lysing cells in a RIPA

buffer in the presence of a protease inhibitor cocktail
(Roche) for 30 minutes at 4�C. Total protein concentration
was determined with the BCA protein assay kit (Thermo
Scientific). Proteins were mixed with 4� sample buffer and
boiled for 5 minutes at 95�C. Protein samples were run on
SDS-PAGE and transferred to nitrocellulose sheets by blot-
ting. Immunoblots were blocked with 5% dried milk pow-
der in PBST (0.05% Tween20 in PBS) and incubated with
the primary antibodies BZ-1 for detecting ZEBRA (a gift
from P. Farrell) and actin-HRP (C4; Santa Cruz). After
incubation with horseradish peroxidase (HRP)-conjugated
secondary antibody (DAKO) the proteins were visualized
by the ECL detection kit (GE Healthcare) according to
instructions provided in the manual.

Immunofluorescence
C666.1 cells were cultured on 10-mm coverslips in 24-

well plates. Cells were induced with 3 mmol/L GCb and 0.3
mmol/L VPA for 2 days. Cells were fixed by incubation with
methanol-acetone for 10 minutes. Subsequently, nonspe-
cific binding was blocked by incubation in PBS containing
10% FCS. Glass slides were incubated with BZ1 antibody
and, after washing with PBS containing 0.05% Tween-20,
incubated with the secondary antibody conjugated with
fluoroscein isothicyanate (FITC). Slides were mounted in
Vectashield (Vector Laboratories Inc.) containing 0.3 mmol/
L 40,6-diamidino-2-phenylindole (DAPI). Immunofluores-
cence was analyzed by using a Leica microscope.

Cytotoxicity analysis
For CLVA treatment cytotoxicity screens, 25,000 C666-1

cells were seeded in a 96-well plate in 100 mL medium and
were allowed to adhere for 24 hours at 37�C in 5%CO2. The
next day, serial dilutions of GCb in the presence of 0.3
mmol/LVPAwere added to cells in triplicate for 6days. After
drug incubation, 5 mL of MTT (5mg/mL; Roche) was added
to each well and the mixture was incubated for 3 hours.
Thereafter, 100 mL of isopropanol–HCl solubilization buff-
er was added and the plates were incubated at 37�C over-
night. TheOD595 was determined using amicroplate reader
(Molecular Devices).

Patients
Three patients with histologically confirmed residual,

recurrent, and metastatic EBV-positive NPC were included

Translational Relevance
Undifferentiated nasopharyngeal carcinoma (NPC) is

causally associatedwithEpstein–Barr virus (EBV). As this
virus is present in all tumor cells, EBV could serve as a
target for therapy. In NPC cells, EBV hides in latency,
expressing only a few essential proteins contributing to
tumor formation although escaping immune elimina-
tion. Inducing the viral lytic phase makes tumor cells
susceptible for immune recognition and antiviral ther-
apy. The concept was confirmed in NPC cell lines using
gemcitabine combined with a host DNA methylation
and histone deacetylation (HDAC) inhibitor as lytic
inducer. Subsequent addition of antiviral therapy (gan-
ciclovir) increased specific cytolysis. The cytolytic virus
activation (CLVA) therapy was evaluated in 3 patients
with progressive end-stage NPC. All patients had stable
disease during and for more than 6 months after
therapy with improved quality of life. CLVA therapy
resulted in increased shedding of viral DNA in the
circulation. These data indicate that CLVA therapy may
open up a new therapeutic approach for EBV-driven
malignancies.
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in this study after they had failed conventional curative
treatment options and were deemed incurable. All patients
signed an informed consent for this experimental pilot
study. Before treatment, patients had a strong and broadly
reactive humoral immune response against EBV antigens,
measured by ELISA and immunoblot as described below.

CLVA therapy
One treatment cycle extends over 42 days. Patients

received GCb (1250 mg/m2; Fresenius Kabi Oncology Plc)
on days 1 and 8 intravenously. Valproic acid (generic
medicine) was administered orally (12.5 mg/kg per day)
during the first 14 days of the treatment cycle. From days 9
to 22, patients were treated with GCV (Roche) daily (3 �
450 mg/day orally). This treatment cycle of 42 days was
repeated 6 times.

Clinical monitoring of patients
All patients had a baseline magnetic resonance imaging

(MRI) scan of the head-and-neck region, an ultrasound of
the neck region, and complete body PET-CT scan. After
every 2 treatment cycles, the tumor response was measured
by imaging. In case of response or stable disease, patients
received a total of 6 cycles. For the nasopharyngeal and neck
region, MRI was carried out. Distant metastases in the
thoracic region were monitored with CT-imaging. After
finishing the treatment, a PET-CT scan was conducted.
Adverse events were graded on the basis of the National
Cancer Institute Common Toxicity Criteria version 3.0.
Blood samples for measuring EBV viral load and humoral
antibody response were obtained every week. Brush sam-
pling for measuring EBV DNA load was carried out every
3 weeks.

Nucleic acid isolation
DNA was isolated from nasopharyngeal brushing sam-

ples by silica-based nucleic acid extraction as described
previously (15). One milliliter of lysate was used as input
for the isolation procedure, and the nucleic acids were
eluted in 100 mLwater. Reagents for the isolation procedure
were obtained from BioMerieux.
RNA was isolated from cell lines by addition of 250 mL

TRIzol to 300,000 cells according to the manufacturer’s
instructions (Invitrogen).

EBV viral load by real-time quantitative PCR
The EBV DNA load in whole blood was determined by a

quantitative LightCycler480 amplifying a 99-bp part of
EBNA1. The probemastermix used was supplemented with
primer QP3 and 4, and hybridization probes were used for
quantification as described previously (16). Real-time PCR
(RT-PCR) reagents were obtained from Roche Diagnostics.
Then, 10-fold serial dilutions of spectrophotometrically
quantified plasmid DNA containing the EBNA1 target
sequence were used to create a standard curve. To check
for putative inhibition of PCR, EBV DNA-negative samples
were spiked with 1,000 copies of EBV plasmid DNA. b-Glo-
bin PCR was carried out with the primers PCO3 (50-ACA-

CAACTGTGTTCACTAGC-30) and PCO5 (50-GAAACCCAA-
GAGTCTTCTCT-30), which generate a 209-bp PCR product.
Reaction conditions were as described previously (17).
Quantification of the amplification products was carried
out with the second derivative software of the LC480
(Roche).

cDNA synthesis and quantitative RT-PCR
RNA was treated with 1 mL RQ RNase-free DNase (Qia-

gen), 1 mL RQ1RNase-free DNase 10� Reaction Buffer, and
precipitated with 1 mL 3mol/L sodium acetate, 0.5 mL linear
acrylamide (Ambion; 5 mg/mL), and 25 mL of 100% eth-
anol at �80�C. Precipitated RNA was reverse transcribed
by gene-specific cDNA synthesis using a multiprimed
approach for 10 minutes at 65�C. Subsequently, 2 mL RT
buffer, 10mLdNTPs (2mMmol/L), 2mLDTT (100mmol/L),
0.5 mL H2O, 0.25 mL RNAsin, and 0.25 mL AMV reverse
transcriptase was added to each sample and incubated for 1
hour at 42�C. EBV gene expression was quantified by quan-
titative LightCycler PCR using an LC480 system (Roche).
Quantitative PCR was carried out using a LightCycler 480
SYBR Green I Master kit (Roche) in a total reaction mixture
of 10 mL containing 2.5 mL of 10-times-diluted cDNA, 5 mL
2� LightCycler 480 SYBR Green Master Mix, 0.5 mL
(10 pmol/mL) of the gene specific primers, and 1.5 mL
H2O. Primers used in the quantitative LightCycler PCR are
listed in supplementary Table S1. Absolute quantification
was determined using a standard curve of the plasmid pool
containing all targets for quantifying the exact amount of
RNA molecules for each target.

Serology
Humoral antibody responsesweremeasured in the serum

of the patients with NPC. Immunoglobulin A (IgA) reac-
tivity was assessed by a synthetic peptide-based ELISA using
immunodominant epitopes derived from EBNA1 and
VCA-p18 as described previously (18). Immunoblot anal-
ysis was carried out on blot strips containing HH514.c16
nuclear antigen induced by TPA and sodium butyrate to
produce the late lytic phase of EBV. Stripswere prepared and
analyzed as described previously (19, 20).

Results
Lytic inductionbyGCb incombinationwithVPA in vitro

To validate the concept of CLVA therapy, the combina-
tion of a chemotherapeutic agent and a histone deactylation
inhibitor was tested on human EBV-positive NPC (C666.1)
and gastric carcinoma (AGS-BX1) cell lines. C666.1 cells
carry a tightly latent EBV, whereas AGS-BX1 cells are less
latent, showing spontaneous lytic EBV reactivation in
approximately 5% of cultured cells. For inducing the EBV,
replicative phase cells were treated with 3 mmol/L GCb and
0.3 mmol/L VPA, either separately or simultaneously.
Expression of lytic RNA and proteins was analyzed by
quantitative RT-PCR and Western blot (Fig. 1). The ZEBRA
protein, acting as the EBV lytic switch, is upregulated mar-
ginally by the HDAC inhibitor VPA alone in C666.1 cells.
The addition of GCb to VPA resulted in a stronger lytic

New Therapy for Epstein-Barr Virus–Driven Tumors

www.aacrjournals.org Clin Cancer Res; 18(18) September 15, 2012 5063

106

142370-Novalic_BNW.indd   106 25-02-20   07:59



5

induction, as indicated by the increased level of ZEBRA
protein (30-fold) inC666.1 cells and a 3-fold increase in the
AGS-BX1 lines, which already showed detectable ZEBRA
expression at baseline.

The combination GCb and VPA resulted in a steep
increase in ZEBRARNA levels in both theC666.1 (150-fold)
and AGS-BX1 cell line (10-fold; Fig. 1C) and was dose-
dependent for each drug (Fig. 2).Other EBV lytic cycle genes
besides the ZEBRA switch protein, such as protein kinase
(PK), thymidine kinase (TK), and the structurally small
capsid protein VCA-p18, were also induced by GCb and
VPA in a dose-dependentmanner inC666.1 cells (Fig. 2). To
analyze the percentage of cells entering the lytic phase, the
ZEBRA protein was stained in C666.1 cells induced for 2
days by GCb and VPA. More than 80% of the cells showed
ZEBRA expression in a typical staining of nuclear dots
(Fig. 3). The intensity of the staining varied among the cells;
however, in more than 10% of cells, a strong immunoflu-
orescence was observed.

Cytotoxicity of lytic induction increased by antiviral
treatment

Inductionof the EBV lytic cycle can create susceptibility to
antiviral treatment and consequently increases antiviral
drug-induced cytotoxicity. In the early phase of EBV reac-
tivation, the enzymes TK and PK are expressed, which
convert the antiviral drug, ganciclovir, into its cytotoxic
form (9, 21). The C666.1 cell line was used to induce the
lytic phase of EBV by adding 0.3 mmol/L VPA and a serial

dilution of GCb (Fig. 4A). After 3 days, the cells were
reseeded and analyzed for cytotoxicity in the absence and
presence of 20mmol/LGCV.Cytotoxicity (MTT) assayswere
conducted 6 days after initial culture and the increase in
cytotoxicity caused by the addition of GCV to GCb was
determined. The IC50 values for GCb shifted under the
addition of GCV from 6.1 to 3.1 mmol/L. In AGS-BX1, the
addition of GCV lowered the IC50 values of GCb from4.3 to
2.0 mmol/L (data not shown). The increased cytotoxicity
provided byGCVwasnot very high, butGCV showed a clear
effect on inhibition of EBV replication. We observed a total
block in production of RNA encoding the viral capsid
protein VCA-p18 above the 7.5 mmol/L GCV level (Fig.
4B). The absence of VCA-p18 reflects the inability of
induced EBV to generate new virions, thus blocking virus
spread.

CLVA therapy in patients with end-stage NPC
Patient 1. The first patient treatedwith CLVA therapywas

a 48-year-old female (WHOperformance status 1). She had
a local recurrence with extension into the retropharyngeal
recess surrounding the internal carotid artery. Twenty-two
months before commencement of the CLVA treatment, she
received chemoradiation for T4N1M0NPC. Fifteenmonths
after initial treatment, she received photodynamic therapy
for local recurrence in the nasopharynx, but only had a
partial response. This patient received a total of 6 cycles of
CLVA therapy. During the first 2 cycles patient received 1.25
mg/kg VPA instead of 12.5 mg/kg due to logistic failure.
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Figure 1. Lytic induction in cells
lines. EBV-carrying NPC (C666.1)
and gastric carcinoma (AGS-BX1)
cell lines were cultured in the
presence of gemcitabine
(GCb), valproic acid (VPA), and a
combination of the 2 drugs.
Lytic induction was indicated
by: A, increase of ZEBRA
protein on Western blot; B,
quantification ZEBRA protein;
and C, quantification of ZEBRA
mRNA levels by RT-PCR.
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Tumor response. The patient showed a significant
decrease of tumor in the nasopharynx after 2 courses (Fig.
5A and 5B). During the remaining treatment and for up to
11 months of the follow-up period, the patient had stable
disease. An MRI scan after treatment showed disease pro-
gression of the tumor in the nasopharynx (Fig 5B).
Adverse events. This patient developed a grade 4 toxicity

with platelet count decrease after course 3, but recovered
completely before the start of course 4. After the first GCb
course, the patient again developed a grade 3 toxicity
platelet count; therefore, she received 50% of the GCb dose
for the remaining courses. Due to grade 3 toxicity of hemo-
globin levels, the patient received blood transfusions.
Patient 2. A 52-year-old male (WHO performance

status 0) patient was referred to our hospital with disease
progression after palliative radiotherapy for a T2aN3M1
NPC diagnosed 10 months previously. The disease pro-
gression consisted of cytologically proven positive lymph
nodes high in the mediastinal region and a costal metas-
tasis. In addition, 2 regional lymph nodes in the left
neck were assessed and found to have persistent tumor
after radiotherapy. This patient received a total of 6
cycles, with no dose reductions. Blood sampling for EBV

viral load and antibody response were collected every 2
weeks.

Tumor response. After 2 courses of CLVA therapy, patient
2was observed tohave respondedwith a reductionof oneof
the tumor positive lymph nodes in the neck to normal size
on CT-imaging. After 6 cycles, imaging showed the absence
of PET activity. The remaining neck-node tumor remained
stable after 6 courses of treatment. As there was an increase
in quality of life and improvement of well-being, patient 2
received another course of adjuvant radiotherapy on the
residual positive lymph node (36 Gray) in the left neck
region and has been observed to have a persistent stable
disease for 6 months in the follow-up period.

Adverse events. Patient 2didnot encounter any grade3or
4 adverse events.

Patient 3. The 3rd patient was a 48-year-old female
(WHO performance status 1) with progressive disease in
the nasopharynx, which was histologically proven as recur-
rent disease, and a cytologically proven lymph node in level
V of the neck region. IN addition, PET-CT showed supra-
clavicular, intrathoracic, and left thyroid lobe metastases.
Nine years previously, she underwent a modified radical
neck dissection for a tumor in the neck with an unknown

Figure 2. Dose-dependent
induction of EBV lytic cycle by GCb
and VPA in C666.1 cells. Dose
escalation of GCb was analyzed for
lytic induction. A, RNA levels of lytic
genes (ZEBRA, early genes TK, PK,
and late gene VCA-p18 gene) were
determined and normalized to a
cellular housekeeping gene. B,
Western blot analysis of the level of
the proteins expressed from the
immediate early gene ZEBRA was
assessed with the loading control
b-actin. Dose escalation of GCb was
analyzed for lytic induction after
addition of 0.3 mmol/L VPA. C, RNA
levels of lytic genes were determined
and normalized to a cellular
housekeeping gene. D, analysis and
quantification of the ZEBRA protein
levels wasmeasured onWestern blot
assay. Dose escalation of VPA in
presence of 3 mmol/L GCb was
studied. E, RNA levels of lytic genes
were determined and normalized to a
cellular housekeeping gene. F,
analysis and quantification of the
ZEBRA protein levels was measured
on Western blot assay.
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primary site. This patient had already received palliative
treatment with capecitabine and radiotherapy before initi-
ation of the present treatment with CLVA. Patient received a
total of 5 treatment cycles, with 25%dose reductions during
course 5. The patient refused to undergo cycle 6.

Tumor response. This patient had a significant decrease of
tumormass in the nasopharyngeal region (Fig. 5C and 5D).
The lymphnodes and distantmetastasis remained stable for
6 months during the foloow-up.

Adverse events. At the start of therapy, patient 3 had a
grade 3 anorexia for which she received tube feeding during
all courses of therapy and during follow-up. Patient 3
developed aspiration pneumonia grade 3 after cycle 4.
During the 5th cycle, this patient was admitted to the
hospital twice with two grade 3 infections. During the 5th
course, she also suffered a grade 3 hepatotoxicity (increased
SGPT).

EBV DNA load in the tumor cells and whole blood of
CLVA-treated patients with NPC

The presence of high levels of EBV DNA in minimally
invasive brushings, taken from the nasopharyngeal muco-
sa has been described to correlate with the presence of
viable NPC tumor cells (22). In contrast, EBV viral DNA
detected in the circulation of NPC patients may originate
from apoptotic tumor cells rather than viable circulating
tumor cells (29). The 3 patients treated with CLVA ther-
apy were monitored for EBV viral load in nasopharyngeal
brushing samples and in whole blood, drawn before,
during, and after CLVA treatment (Fig. 6). Patients 1 and
2 did not have a visible tumor in the nasopharyngeal

mucosa and, therefore, brushing samples were taken at
longer intervals. The 3rd patient did have a locally visible
tumor in the nasopharyngeal region and brushing sam-
ples were obtained every 2 weeks. The viral load measured
in patient 3 before treatment was 4.3 � 106 EBV copies/
brushing sample. After an initial 200-fold decrease in viral
load during the second cycle of treatment down to 2.4 �
104 EBV copies/brushing sample, the viral load showed a
rise again mainly during a prolonged interval in the
treatment schedule. Brushing samples of the other
CLVA-treated patients showed an occasionally positive
result up to 104 copies/brushing sample.

The viral DNA levels in blood were monitored to analyze
the biological response to therapy. Before treatment, all
patients had EBV copies below the clinical cutoff level, that
is, 1.6 � 103 copies/mL of blood. At the start of therapy,
patient 3 had slightly higher levels (1.1� 104 copies/mL of
blood). Viral load in blood during CLVA treatment showed
a highly dynamic response, probably reflecting tumor
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line. A, the additional toxic effect of GCV to GCb in the C666.1 cell line.
IC50 for the C666.1 cells incubated with serial dilution of GCb in the
presence of 0.3 mmol/L VPA was 6.1 mmol/L GCb and, after addition of
20mmol/LGCV, the IC50 valuedecreased to3.1mmol/LGCb; the solid line
shows group without GCV and the dotted line represents values in
presence of GCV. B, the expression of the structural gene VCA-p18 is
diminished by concentrations greater than 7.5 mmol/L GCV, indicating
inhibition of viral replication. The lytic induction is not hampered as
reflected by the stable ZEBRA gene expression.
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apoptosis. The highest fluctuationswere observed in patient
1, in whom it varied from below detection level up to 1.4�
106 EBV copies/mL of blood. In patients 2 and 3, lower EBV
DNA levels weremeasured in the blood. A common pattern
in the blood that was observed for all 3 patients was the
appearance of viral DNA in the periods following treatment
(Fig. 6).

Humoral immune responses of CLVA-treated patients
with NPC
The IgG response against immunodominant EBV epi-

topes was analyzed. The data confirmed that the patients
had a molecularly diverse anti-EBV immune response
before treatment, including reactivations against lytic viral
antigens. A potent immune response is needed to allow
identification of therapy-induced new immunogenic viral
proteins. Two patients showed a strong immune response
against a wide diversity of viral proteins (Fig. 5E). The first

patient had a weaker response, mainly directed against
ZEBRA and VCA-p18. The level of the immune response
remained the same after treatment and the pattern of
proteins recognized did not change.

Further, the level of the humoral immune response was
determined by standardized peptide-based ELISA before
and during therapy. High constant levels of VCA-p18 reac-
tivity were observed, whereas the EBNA1 responses
remained at a constant low level (data not shown).

Discussion
A new therapeutic approach was explored on the basis of

reactivation of the latent viral genome in combination with
antiviral therapy to target EBV within NPC tumor cells. This
CLVA therapy proved to be effective in vitro and, subse-
quently, CLVA therapy was administered to 3 patients with
end-stage NPC disease. CLVA treatment in patients with
end-stage NPC was well tolerated and showed a clinical
response and improvement in quality of life during and
after therapy in all patients. Side effects of CLVA therapy
were transient and only moderate. These first in vivo results
indicate that the concept of epigenetic induction of viral
antigens with subsequent administration of antiviral ther-
apymay be a potent approach in patients with EBV-positive
NPC, which can possibly be extended to other EBV-driven
malignancies.

Gemcitabine is one of the most effective single-agent
therapies in the treatment of NPC (23), and was recently
studied in 31 patients where initial platinum-based chemo-
therapy failed and subsequent GCb therapy resulted in
partial response in 43.8% of the patients and stable disease
with minimal side effects in 28.1% of patients (24). Besides
tumor cell apoptosis induced by GCb, it could reactivate
EBV within the tumor cells. The potential for EBV lytic
induction byGCb in EBV-positiveNPC cell lines was shown
to be higher than by 5-FU, which was used in a previous
juvenile NPC case study (14, 25, 26). Activation of highly
methylated DNA of latent EBV can be enhanced by epige-
netic chromatin remodeling of the EBV genome induced by
HDAC inhibitors and DNA-demethylating agents (7–11).
In the naturally EBV-carrying infected NPC cell C666.1, the
combination of histone deactylase inhibitor VPA with GCb
showed a clear synergistic action on the expression of EBV
lytic genes, ZEBRA, TK, PK, and VCA-p18, which was con-
firmed in the gastric carcinoma cell AGS-BX1 harboring a
recombinant EBV (Figs. 1–3). Lytic induction sensitized the
EBV-positive cell lines to the antiviral drug gancicolovir
(GCV), which resulted in an increase of cytotoxicity com-
pared to the toxicity induced by GCb and VPA alone (Fig
4A). Further, EBV lytic gene expression is known to result in
an increase of apoptosis in combination with GCV (27).
This additional toxic effect was observed in an EBV-positive
lymphoma animal model (25). In addition, enhanced
toxicity by GCV was observed in a recent study by Sides
and colleagues in a study wherein they provoked lytic
induction with low-dose arsenic (28). Importantly, GCV
resulted in reduced production of RNA encoding the late
viral capsid antigen p18 (VCA -p18) in lytically induced

BA

DC

E 1 2

12 12 12

3CLVA-treated patient

EA-p138
EBNA1
TK
EA(d)

ZEBRA

VCA-p18

Figure 5. MRI scan of patients before and after CLVA treatment. A, MRI
scan, axial slide of nasopharyngeal region of patient 1 before treatment
and B, after treatment. C, MRI scan; axial slide of nasopharyngeal region
of patient 3 before treatment andD, after 4 treatment cycles; imagingwas
not repeated after complete treatment because of claustrophobia noted
in the patient. Arrows indicate the relevant area of response. E, humoral
immune response against EBV antigens revealed by IgG immunoblot
analysis [20] of sera from the CLVA patients before (1) and after (2) the
completed therapy.
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C666.1 cells (Fig. 2). This clearly demonstrates the effect of
GCV treatment on inhibiting new viral particle formation
after lytic induction, which is necessary for the safety of
CLVA treatment in patients with NPC.

The choice of drugs already approved for human use
resulted in the rapid translation of CLVA-based treatment

into the clinic. Therapy was administered to 3 patients
with end-stage NPC and was well tolerated. We observed
some toxicity, mainly consisting of neutropenia, in only
one case. However, previous chemotherapy administered
to this patient may be more causal to the reduced bone
marrow capability to recover from GCb. The other 2
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Figure 6. Effect of CLVA treatment
on the viral load in whole blood
(black line) and nasopharyngeal
brushings (gray line) of the CLVA
NPC-treated patients. In the boxes
above the individual graphs, the
therapy schedule is depicted. The
arrows indicate the GCb infusions,
1250 mg/m2. However the last 3
GCb infusions in patient 1
comprised only half of the dose.
The VPA was given at a
concentration of 12.5 mg/kg per
day, except for the first 4 cycles for
patient 1, wherein 1.25 mg/kg per
day was administered. The GCV
concentration was 3� 450 mg/day
and administered at the indicated
times. DNA load was determined in
blood samples obtained weekly
and in the tumor cells obtained by
NP brushing at the indicated time
points.
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patients did not encounter any detectable side effects of
CLVA therapy.
All 3 patients showed a biological response to CLVA

therapy indicated by an increase in viral DNA load in the
blood, as observed in a previous case study (14). This
increase reflects fragmented EBV DNA derived from apo-
ptotic tumor cells (29). The dynamics of theDNA load in all
patients showed a similar trend, that is, an immediate
decline of EBV DNA loads during therapy cycles and an
increase in EBV DNA load in the recovering periods. A
decline of EBV load in blood has been described to predict
a good clinical response in patients with NPC (30). The
unexpected increase of viral load in the period without
treatment could reflect the functional recovery of the
immune system and its effect in eliminating lytic induced
cells. We failed to detect an increase in anti-EBV immune
reactivity as result of the CLVA therapy, although more
detailed analysis may be needed for this, including analysis
of T-cell responses.
A residual (recurrent) tumor in the nasopharynx was

only present in the 3rd patient. Viral load in noninvasive
NP brushings taken regularly during and after therapy
decreased, but did not disappear completely. Repeated
biopsies in the nasopharynx during and after treatment
were considered too invasive; therefore, it is unclear wheth-
er these viral loads represent shed tumor cells or viral
reactivation in the nasopharynx.
Despite the small number of patients in this pilot study,

which may prevent strong conclusions, we followed the
clinical outcomes of these patients. All patients initially
having progressive disease developed stable disease during
and after treatment, and, in addition, a clear improvement
of their clinical condition was observed.
In conclusion, virus-specific CLVA tumor therapy may

provide a new and generic approach for treatment of mul-
tiple EBV-associated malignancies in both developed and
developing countries worldwide. The 3 patients with end-
stage NPC all had a clinical response to CLVA therapy and
an improved quality of life. A phase I/II trial was started
recently (Eudract nr: 2010-022444-20). In this trial, addi-
tional PBMCswill be collected to obtainmore insight in the

immunological aspects of the CLVA therapy response of the
patients.

The use of novel combination of existing drugs to activate
EBV and eliminate virus-infected cells may open the way to
more simplified, possibly oral therapies that would greatly
benefit patients in developing countries where complex
chemoradiation is not possible. Further studies on CLVA
are needed for better insight in themolecular basis of tumor
or EBV specific immune responses provoked by the lytic
induction and the long-term effect of the treatment. The use
of EBV as target in therapy could open up new approaches
for other EBV-driven tumors.
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Supplementary Table 1 Primers used for quantitative LightCycler PCR 

Target gene Sequence (5’- 3’) Position
*
 

ZEBRA   

     Forward CgCACACggAAACCACAACAgC 90396-90375 

     Reverse gAAgCgACCTCACggTAgTg 90046-90053 / 90138-90149 

PK   

     Forward  gCTgACTCCACCCACAAAAT 110390-110371 

     Reverse gAggTCAggCCCATgTCTAA 110236-110255 

TK   

     Forward AgCTgAAgCggCTAAgTgggA 131869-131849 

     Reverse AggCAggTTTgATTACTggTACA 131720-131742 

VCAp18   

     Forward CCAACgCgCCATAgACAAgAg 49429-49448 

     Reverse gAggCTgCTAATAgATgAAgAAACA 49629-49605 

   

Housekeeping gene   

U1A snRNP   

     Forward CAgTATgCCAAgACCgACTCAgA ----- 

     Reverse ggCCCggCATgTggTgCATAA ----- 

* GenBank accession number AJ507799 
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Methods This drug combination was applied in eight 
patients with EBV-positive NPC, refractory to conventional 
treatment. The primary endpoints were safety, tolerabil-
ity and clinical response. Secondary endpoint was to get 
proof of concept based on biomarkers, i.e. pharmacokinet-
ics, EBV-DNA load in whole blood and nasopharyngeal 
brushes, EBV-RNA profiling for proof of lytic induction, 
EBV-IgG and EBV-IgA levels and diversity and EBV-spe-
cific T cell response.
Results The best observed clinical response was partial 
in two patients (25 %) and stable disease in three patients 
(37.5 %). The median survival was 9 months (95 % con-
fidence interval 7–17 months). Effective dose levels were 
reached. Peaking of EBV-DNA loads in blood and brush 
proved the biological effect on EBV during most treat-
ment cycles. In one patient, RNA profiling confirmed lytic 
EBV induction. EBV-IgG and EBV-IgA antibody levels 
were already high before treatment and did not change dur-
ing treatment. No changes in EBV-specific T cell response 
were detected.
Conclusion The treatment was safe with manageable side 
effects, clinical response was observed, and viral activation 
corroborated.

Keywords Nasopharyngeal carcinoma · Epstein–Barr 
virus · Targeted therapy · Metastatic disease · Advanced 
disease

Introduction

During the last two decennia, treatment of nasopharyngeal 
carcinoma (NPC) has improved considerably by the intro-
duction of concurrent chemo-radiation. However, the over-
all incidence of distant metastasis remains 25–34 %, and 

Abstract 
Purpose Despite successful primary treatment of naso-
pharyngeal carcinoma (NPC), the incidence of distant 
metastasis remains 25–34 %. Treatment options are lim-
ited, and survival is poor. Intratumoural Epstein–Barr virus 
(EBV) was used as treatment target. In NPC, EBV is pre-
sent in a latent state, expressing only few non-immuno-
genic viral products. Gemcitabine and valproic acid can 
trigger EBV to the lytic state, wherein viral kinases are 
expressed, making EBV-positive tumour cells susceptible 
for antiviral therapy with, i.e. valganciclovir, and inducing 
an EBV-specific immune response.
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survival of these patients is poor (Chen et al. 2013; Lee et al. 
2012). Geographical regions with high incidence of NPC 
include developing countries with low health expenditures. 
The incidence of distant metastases in these regions is high, 
due to late diagnosis and limited treatment availability. In 
Indonesia, for example, around 14 % of patients have distant 
metastasis at diagnosis, and of the patients without distant 
metastases only 29 % shows a complete response after treat-
ment, compared to up to 70–95 % in the literature (Adham 
et al. 2014; Wildeman et al. 2013). In case of distant metas-
tasis at diagnosis, the median survival is 10–26 months, 
depending on dissemination pattern and choice of palliative 
treatment (Chen et al. 2013; Bensouda et al. 2011). When 
distant metastases occur after platinum-based regimens, 
palliative treatment with gemcitabine, capecitabine or doc-
etaxel results in a median survival of 9.5–15 months (Ben-
souda et al. 2011). However, this type of treatment is expen-
sive and only available in advanced care facilities, mostly 
out of reach of NPC patients living in rural areas in develop-
ing countries. The short survival, in combination with the 
relatively young age at primary diagnosis of NPC, and the 
lack of cheap and readily available drugs emphasizes the 
need for research for better or new targets for therapy.

NPC can be distinguished histologically in keratinizing 
tumours and non-keratinizing tumours. The latter can fur-
ther be divided into differentiated and non-differentiated 
tumours. Non-differentiated NPC is for almost 100 % 
related to EBV and is the most frequently observed type of 
NPC both in endemic (>95 %) and in non-endemic (44–
63 %) regions (Wei and Sham 2005; Arnold et al. 2013). 
Since EBV is clonally present in all tumour cells, it is con-
sidered as a potential target for treatment. This is exploited 
by recent clinical trials utilizing infusion of ex vivo acti-
vated T cells directed to EBV antigens to combat the virus-
infected NPC tumour cells (Louis et al. 2010; Secondino 
et al. 2012; Chia et al. 2014; Lutzky et al. 2014).

In NPC tumour cells, EBV persists in a latent phase, 
wherein only a few viral proteins and non-coding small 
RNAs are expressed, essential for EBV maintenance and 
tumour growth. These viral products are non-immunogenic 
and contribute to NPC tumour immune escape (Middeldorp 
et al. 2003; Middeldorp and Pegtel 2008; Keryer-Bibens 
et al. 2006; Li et al. 2007a; Yip et al. 2009). When EBV 
is triggered to enter the reproductive lytic phase, additional 
and more immunogenic proteins are expressed, which can 
provoke a stronger and more effective immune response 
(Hislop et al. 2007). Importantly, viral kinases are induced 
rendering tumour cells sensitivity for antiviral treatment, 
e.g. (val)ganciclovir (Moore et al. 2001).

Virus-targeted lytic induction treatment in EBV-asso-
ciated malignancies aims to evoke more potent immune 
responses and induce susceptibility for antiviral treatment. 
This strategy was initially pioneered in EBV-associated 

lymphoma by Faller et al. (2001) and has now been studied 
for several years (Perrine et al. 2007; Ghosh et al. 2012a). 
Different agents, such as histone deacetylase (HDAC) 
inhibitors, chemotherapeutics, radiation, phorbol esters 
and butyrates, have been found active for inducing the 
lytic phase of EBV in various latent virus carrying tumour 
cell lines (Ghosh et al. 2012a, b; Lima et al. 2011; Li et al. 
2000). Until now, only a few clinical proof-of-principle 
studies on viral lytic induction have been performed (Per-
rine et al. 2007; Stevens et al. 2006a). EBV-targeted ther-
apy approaches for NPC were recently reviewed by Huta-
julu et al. (2014).

Studies in NPC cell lines and related mouse tumour 
models showed that a combination of gemcitabine (GCb) 
and valproic acid (VPA) acts synergistically in inducing the 
EBV lytic phase, and the addition of ganciclovir (GCV) as 
antiviral drug proved to further inhibit tumour growth (Feng 
et al. 2004; Wildeman et al. 2012; Feng and Kenney 2006). 
VPA has an HDAC inhibitory function and may reactivate 
transcription of multiple genes, which are silenced in can-
cer, possibly enhancing the GCb uptake. One such reacti-
vated group of genes may be coding for hENTs, which are 
crucial for GCb uptake into the (tumour) cell. hENT1-defi-
cient cells are highly resistant to GCb (Nordh et al. 2014).

GCb is an approved second-line chemotherapeutic agent 
for treating NPC and is in general associated with manage-
able side effects. GCb has been proven as potent lytic inducer 
of EBV (Wildeman et al. 2012). A combination of GCb, 
VPA and GCV (cytolytic virus activation therapy, CLVA) 
was previously applied by us in three patients with EBV-
positive NPC for whom no curative treatment options were 
available (Wildeman et al. 2012). In these patients, the CLVA 
regime proved to be safe and tolerable. Treatment resulted 
in increased levels of viral DNA originating from apoptotic 
tumour cells with disease stabilization and improved quality 
of life. These observations formed the rationale to conduct 
a formal phase I–II study to further explore safety, tolerabil-
ity and preliminary efficacy. Secondary aim of the study was 
to get proof of concept of the therapy by measuring several 
biomarkers; i.e. drug pharmacokinetics, EBV-DNA load 
in the nasopharyngeal area and whole blood to show peak-
ing fluctuations as response to treatment, RNA profiling to 
proof lytic induction, plasma IgG and IgA levels and diversity 
for an increased antibody response and EBV-specific T cell 
response analysis for an enhanced cell-mediated immunity.

Patients and methods

Study design and subjects

This phase I–II study was performed at the depart-
ment of head and neck oncology and surgery of the 
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Netherlands Cancer Institute, Amsterdam, in collabora-
tion with the pathology department of the VU Univer-
sity Medical Centre, Amsterdam. Institutional ethical 
approval and written informed consent from all patients 
were obtained. Candidate patients were identified in a 
multi-centre diagnostic survey programme (MS Submit-
ted). Patients were eligible, if they had distant metastatic 
disease or refractory or relapsed locoregional EBV-
positive NPC. EBV positivity was determined by in situ 
hybridization for EBV-encoded RNAs (EBER-RISH). 
Patients had to have radiological measurable disease, 
according to RECIST 1.1 criteria and WHO performance 
status of ≤2. Adequate organ and haematological func-
tion was required (neutrophil count of >1.5 × 109/L, 
platelet count of >100 × 109/L, haemoglobin level of 
>10 g/dL (≥6.2 mmol/L), serum bilirubin of <1.25 times 
the upper limit of normal (ULN), liver transaminases of 
<2.5 times ULN, serum creatinine of <1.25 times ULN). 
Patient’s age had to be between 18 and 70 year, and life 
expectancy should exceed 3 months.

Patients were excluded if they had an active infection, 
were pregnant, were treated (or within 4 weeks before 
inclusion) with any other anti-cancer therapy, had severe 
and/or uncontrolled concurrent medical disease, had a 
second malignancy or were legally incapable. All patients 
(n = 8) were treated between October 2011 and March 
2013.

Treatment

The CLVA therapy comprised a 6-week cycle, including 
a 3-week drug treatment followed by a 3-week recovery 
period, with a total of 6 cycles (Wildeman et al. 2012). In 
each cycle, at day 1 and 8, GCb 1250 mg/kg2 was admin-
istered intravenously, from day 1 till day 14, daily VPA 
12,5 mg/kg was given orally and from day 8 till 21, daily 
GVC 3 times 450 mg was given orally. Patients were 
treated in the outpatient clinic. The full treatment duration 
was approximately 9 months.

Safety and tolerability and dose modifications

Starting from baseline, patients underwent a weekly 
evaluation that included anamnesis, physical examina-
tion and a complete blood cell count with differential 
and serum chemistry analyses. Adverse events (AE’s) 
and serious adverse events (SAE’s) were evaluated 
according to the National Cancer Institute Common 
Toxicity Criteria, version 4.0 (CTCAE). In case patients 
experienced grade 3 or 4 toxicity, a dose reduction was 
performed. Patients who had a treatment delay of more 
than 2 weeks were withdrawn from the treatment and 
went off study.

Clinical response

The extent of disease was assessed by imaging with mag-
netic resonance imaging (MRI) of the head and neck 
region and full-body fluorodeoxyglucose positron emis-
sion tomography/CT scan (PET/CT scan). Clinical tumour 
response was evaluated after every two cycles. MRI was 
performed if the target lesion was located in the nasophar-
ynx and CT scan in case of pulmonary, mediastinal, abdom-
inal or bone metastases. Post-treatment and 3 months after 
treatment patients received also a full-body PET/CT scan. 
Tumour response was assessed by RECIST criteria 1.1. In 
case of progressive disease (PD) during treatment (accord-
ing to RECIST criteria or by the investigator opinion), the 
patient was withdrawn from the study. Overall survival 
was calculated from the date of start therapy till the date of 
death.

Proof-of-concept analysis

Pharmacokinetic assessments

Pharmacokinetic (PK) sampling was performed in cycle 1. 
PK parameters were calculated using non-compartmental 
methods. At day one, plasma samples for determination of 
the concentration of GCb (dFdC) and its metabolite (dFdU) 
were taken pre-infusion and at 1, 2, 4, 8 and 24 h follow-
ing the administration. Intracellular concentrations of gem-
citabine triphosphate (dFdCTP) were determined in white 
blood cells (WBC) collected before, 2 and 24 h after infu-
sion, as described previously (Veltkamp et al. 2006). The 
steady-state level of VPA was determined on day 8. GCV 
PK was performed at day 21; plasma samples were col-
lected pre-intake and 1, 4 and 8 h following the first intake 
and stored at –80 °C until analysis. GCb and its metabo-
lite dFdU and intracellular concentrations of dFdCTP were 
measured according to previously published LC–MS/MS 
methods (Veltkamp et al. 2006; Vainchtein et al. 2007). 
VPA level was measured using a homogenous enzyme 
immunoassay employed for routine therapeutic drug moni-
toring (EMIT(R), VIVA-E, Siemens). GCV level was deter-
mined using a validated LC–MS/MS assay. This assay 
fulfilled all validation requirements as stated in Food and 
Drug Administration (FDA) guidelines.

EBV monitoring

The effect of treatment on EBV was determined by weekly 
EBV-DNA load monitoring in whole blood (WB) and 
every 2–3 weeks in the nasopharyngeal (NP) brush (when 
feasible). Blood samples were collected in heparin-/EDTA-
coated tubes. Three aliquots of 100 μl were mixed with 
900 μl NucliSenslysisbuffer (LB) (Biomerieux) and stored 
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at –80 °C until nucleic acid isolation. The remaining blood 
was centrifuged, and the plasma fraction was collected and 
stored at −20 °C. Nasopharyngeal brushes were collected 
as described previously, added directly in 4 ml LB and 
stored at −80 °C (Stevens et al. 2006b).

Quantitative EBV-DNA load in whole blood 
and nasopharyngeal brush

Nucleic acids were isolated from WB and the NP brush sam-
ples with silica-/guanidium thiocyanate-based method as 
described earlier (Boom et al. 1999). Viral load was deter-
mined by quantitative real-time PCR using the LightCy-
cler480 (Roche) as described before (Wildeman et al. 2012; 
Stevens et al. 2005a). For amplification, a 99-bp fragment 
of EBNA1-encoding BKRF1 gene was used and a standard 
curve of BKRF1-containing plasmid was used for quantifica-
tion. All samples were spiked with 1000 copies of EBV plas-
mid to analyse potential PCR inhibition. Data were analysed 
with absolute quantification method using a second Deriva-
tive Max LC480 software (Roche). A cut-off value (CoV) 
of 2000 copies per 1 ml WB and 2300 copies per brush was 
used (Stevens et al. 2005b, 2006b). The number of cells per 
sample was defined by PCR quantification of the beta-globin 
gene as before (Stevens et al. 2005a; Hesselink et al. 2005).

RNA profiling in the nasopharyngeal brush

RNA was treated with RQ RNase-free DNase (Promega) 
according to manufacturer’s protocol, followed by RNA 
precipitation with 3M NaAc pH 5.3, linear acrylamide and 
100 % EtOH. Reverse transcription by target-specific cDNA 
synthesis was performed as described before (Wildeman 
et al. 2012). cDNA was diluted 10 times for use in SYBR 
green-based real-time PCR quantification (LightCycler480, 
Roche). To determine the exact number of molecules per 
sample, serial dilutions of plasmid pool containing all target 
genes were used to obtain a standard curve. Melting tem-
peratures were analysed for specificity control of the PCR 
products. Quantification was done using absolute quantifi-
cation/second Derivative Max LC480 software (Roche).

EBV-specific antibody responses in serum

Immunoglobulin A (IgA) reactivity was determined by 
synthetic peptide-based ELISA using immunodominant 
epitopes derived from EBNA1 and VCA-p18 as described 
previously (Fachiroh et al. 2006). Optical density was 
determined at 450 nm (OD450), and cut-off value (CoV) 
was calculated as mean OD450 + 2× standard deviation 
(SD). Immunoblot analyses of IgG diversity profiles were 
performed on strips containing HH514.c16 nuclear anti-
gens after lytic induction with TPA and sodium butyrate 

and analysed as described previously (Middeldorp and Her-
brink 1988).

EBV-specific T cell response

Frequency of EBV-specific CD8+ T cell populations was 
assessed before and after treatment for three patients posi-
tive for HLA-A*02.01 pMHC multimers. Viable PBMCs 
were collected at inclusion, after cycle 1 and after cycle 6 
by Ficoll centrifugation and CD8+ T cell reactivity against 
a panel of 24 EBV-derived latent, and lytic epitopes was 
assessed making use of UV-induced ligand exchange and 
pMHC combinatorial coding (Andersen et al. 2012; Kvist-
borg et al. 2014).

Results

Patients

In total, eight patients could be enroled. Baseline patient 
characteristics are shown in Table 1. Three patients (patient 
1, 4 and 8) were initially diagnosed with distant metasta-
ses and had received radiotherapy to the nasopharynx, neck 
and distant metastases. Patient 1 and 8 had also received 
prior treatment with GCb; patient 1 with a good response, 
and progression after ending GCb, and patient 8 had ini-
tially good response on GCb, but showed progression of 
disease during subsequent treatment.

Five patients (patient 2, 3, 5–7) were initially diag-
nosed with locoregional disease and had received chemo-
radiation with curative intent. Two of them (patient 2 and 
3) had locoregional tumour relapse, patient 2 received a 
successful neck dissection and local photodynamic ther-
apy (PDT) with only partial local response, and patient 
3 received a neck dissection, PDT and cisplatin, but only 
with partial locoregional response. Patient 5 developed dis-
tant metastasis 3 months after primary treatment. Patient 
6 had local persistent disease after primary chemo-radi-
ation and received successful re-irradiation, but relapsed 
locally 9 months later. Patient 7 developed distant metas-
tases 3 years after primary treatment and received several 
courses of palliative radiation and chemotherapy (i.e. gem-
citabine and cisplatin). On GCb, he had a good response, 
wherefore GCb was ended. He relapsed 11 months later. 
In summary, at time of inclusion, two patients had local 
relapse and six patients had distant metastatic disease with 
or without locoregional disease.

Treatment and dose modifications

Patients 1, 2 and 5 received the full schedule of six cycles, 
patient 8 received one cycle and the others received two 
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cycles. Reasons for early treatment cessation were disease 
progression in four cases and a cerebrovascular accident 
in one patient (number 4). Dose modifications were per-
formed in four patients. Patient 1 incorrectly received a 
dose reduction in GCb in cycle 5. Patient 5 did not receive 
the second dose of GCb in cycle 1, due to a grade 3 neu-
tropenia. In the second cycle, GCb was given with a dose 
reduction, but again he developed a grade 3 neutropenia. 
Therefore, GCV dose was also reduced. Patient number 6 
had a grade 3 neutropenia in cycle 1, which resolved within 
7 days. GCb was postponed by 1 week. Patient 7 suffered 
from pleural oedema and nausea probably related to pneu-
monia (grade 3 toxicity) in cycle 1. GCb was reduced, and 
in the second week of cycle 2, GCb was postponed due to 
nausea and vomiting (grade 3 toxicity).

Pharmacokinetics

All patients (n = 8) were evaluable for pharmacokinetics 
(PK) of GCb and dFdU, from six patients steady-state VPA 
levels were available, and from four patients evaluable PK 
data for GCV were available. Table 2 shows the estimated 
PK values of GCb, GCV and VPA. In all evaluable cases, 
the intended effective drug concentrations were achieved.

Safety and tolerability

The most common grade 3 toxicity was neutropenia. 
Patient 7 was admitted to the hospital because of sus-
pected pneumonia with some pleural oedema and nausea; 
therefore, all scored as grade 3. Treatment with antibiotics 
improved the clinical condition. Patient 2 complained for 
a period of impaired hearing and nasal congestion. Patient 
4 had headache and fatigue, limiting his daily activities, 
these complaints resolved after blood transfusion. Patient 
8 had increased liver enzymes, most likely related to the 
progression of the liver metastases. Grade 4 toxicities were 
not seen. Patient 4 had a cerebral accident and refused any 
further treatment.

Clinical response

The median survival was 9 months (95 % confidence inter-
val 7–17 months). The best observed response was par-
tial response in two patients (25 %) and stable disease in 
three patients (37.5 %). Patient 1 had measurable disease 
in the lungs; during the study, these were stable and no new 
lesions were observed. Three months after treatment he 
had disease progression. Patient 2 only had disease in the 

Table 1  Baseline patient characteristics

ECOG performance stage, m male, f female, CRT chemo-radiotherapy, RT radiotherapy, NP nasopharynx, DM distant metastasis, GCb gemcit-
abine, ND neck dissection, PDT photodynamic therapy, Cisp cisplatin, CVA cerebrovascular incident, PD progressive disease

* According to RECIST, this was stable disease, clinically he had a partial response after cycle 2

** According to RECIST this was stable disease, but clinically progressive, wherefore treatment was ended
† Died
a Alive

Sex Origin Age ECOG Initial  
stage

Previous treatment Disease at 
inclusion

CLVA treatment

Curative 
intent

Palliative 
intent

Nr. of  
cycles

Reason for 
ending

Best  
observed 
response

OS

1 m North Africa 53 1 T2aN3M1 RT NP, neck 
and DM; 
GCb

DM 6 SD 22†

2 m Surinam 58 1 T3N3M0 CRT ND, PDT Local 6 SD* 11†

3 m North Africa 63 2 T2N2M0 CRT ND, PDT, 
Cisp

Locoregional 
and DM

2 PD 7†

4 m Surinam 64 2 T4N2M1 RT NP, neck 
and DM;

Locoregional 
and DM

2 CVA PR 5†

5 m Dutch 47 0 T4N2M0 CRT DM 6 PR 19a

6 m North Africa 35 0 T3N2M0 CRT RT NP Local 2 PD SD** 9†

7 m Dutch 44 0 T4N0M0 CRT RT DM; GCb, 
Cisp

DM 2 PD 13†

8 f Dutch 61 0 T3N1M1 RT NP, neck 
and DM; 
GCb

DM 1 PD 5†
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nasopharynx and showed a clear reduction in tumour vol-
ume after two cycles. However, according to RECIST, this 
was still regarded as stable disease (Fig. 1). Patient 3 and 
7 both had clinically and according to RECIST progres-
sive disease after the first two cycles. Patient 4 had a partial 
response on the liver metastases, but had a cerebrovascular 
accident and was withdrawn from the study. Patient 5 had a 
lesion in the hilum of the lung, which partially responded 
after two cycles. Three months after treatment, this lesion 
progressed again, a second lesion in the hilum was vis-
ible and a suspect lesion in the femur was shown. Patient 
6 had tumour in the nasopharynx only; after two cycles, 
this tumour was increased in volume and extended towards 
surrounding structures (orbit, base of the scull and both 
maxilla sinus). Since the maximal tumour diameter was 
not increased, he had stable disease according to RECIST. 
Patient 8 developed increased liver enzymes, and CT scan 
showed progressive disease in the liver.

EBV-DNA load in NP brush

Viral DNA load determined in NP brushes was used to 
monitor the presence and quantity of EBV-containing 
tumour cells in the NP region before and during treat-
ment. The mean value of cells per brush (based on beta-
globin PCR) was 2 × 106 (±3 × 106), indicating proper 
sampling in each brush. The range of viral load in NP 

brushes is shown for all patients in Table 3. Patient 1 (dis-
tant metastasis) had a high EBV-DNA load in the brush 
at inclusion, which strongly decreased after fifth cycle of 
treatment (Fig. 2a). After administration of the last cycle, a 
rise in viral load was observed. At that time, no disease pro-
gression appeared clinically, but 3 months later, a suspect 
lesion was visible in the nasopharynx and the lung lesions 
had progressed. Patient 2 (local disease) had very high viral 
load levels in all NP brushes, reaching the maximum after 
second cycle of treatment, slowly decreasing thereafter 
(Fig. 2b). EBV-DNA load in brushes collected from patient 
5 (distant metastasis) below the CoV at all times (Fig. 2c). 
EBV-DNA load in all brushes from patient 3, 4 and 6 (all 
with local disease) was above the CoV reflecting local dis-
ease activity. Arise in viral load was observed during the 
first cycle of treatment in patient 6, but no samples were 
available for follow-up (Table 3). All patients with local 
disease showed disease progression despite treatment.

EBV-DNA load in whole blood

During treatment, all patients showed wide variation in EBV-
DNA load levels in whole blood (Table 3; Fig. 2). In patient 
1, there was a general decline visible (Fig. 2a). Clinically, 
this patient had SD during treatment. Patient 2 also showed 
a small overall decrease (Fig. 2b). In samples, from patient 5 
EBV-DNA load levels did not exceed the CoV (Fig. 2c).

Table 2  Pharmacokinetics

C2hours concentration after 2 h, Cmax maximal concentration, AUC0-last area under the curve from t = 0 until last observation, Css steady-state 
concentration

Gemcitabine (dFdCTP) Gemcitabine (dFdC) Gemcitabine (dFdU) Valganciclovir Valproic acid

C2hours (pmol/106cells in 
PBMC)

Cmax 
(mg/L)

AUC0-last 
(mg*h/L)

Cmax 
(mg/L)

AUC0-last 
(mg*h/L)

Cmax 
(mg/L)

AUC0-last 
(mg*h/L)

Css mg/L

Median 127 0.780 1.05 29.3 187 3.98 17.1 25.0

Range 111–157 0.439–1.49 0.561–1.81 21.7–39.0 162–469 3.33–6.69 13.3–23.1 7.0–35.0

n 5 8 8 8 8 4 4 6

Fig. 1  Tumour response of 
patient 2 (a) before treatment, 
(b) after the second cycle. The 
diameter in this direction is 
decreased and in the centre of 
the tumour is less enhancement, 
suggesting a necrotic process
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Lytic transcripts detected in tumour cells during CLVA 
treatment

EBV-RNA profiling could be performed in two patients (1 
and 2) who received complete therapy and had enough NP 
brush samples with high viral load. In brushes from patient 
1, no lytic transcripts were detected. For patient 2, RNA 
profiling revealed viable cells in 77 % of samples and indi-
cated viral presence by detectable RNA transcripts, reflect-
ing the NPC-specific EBV latency type-II (data not shown). 
In two samples, lytic transcripts of early viral kinases TK 
and PK were detected, paralleled by a peak in EBV-DNA 
load in the brush, which appeared precisely at the end of 
the second cycle of CLVA (Fig. 3). Immediate early tran-
scripts Zebra and Rta remained below detection level. Tran-
scripts of late lytic phase marker VCA-p18 were undetect-
able at all-time points, as expected due to antiviral GCV 
treatment. Simultaneous to the burst of viral lytic RNA 
expression, a significant decrease in the tumour mass in the 
nasopharynx was observed on MRI (Fig. 1).

EBV-specific IgA and IgG serology

EBV-specific immune reactivity is reflected indirectly 
by plasma IgA responses towards viral proteins EBNA1 
and VCA-p18, which parallels the NPC development. In 
this patient series, the levels of IgA against EBNA1 and 
VCA-p18 were high at intake and in general did not sig-
nificantly change in time (Fig. 4a–c). The diversity of IgG 
response against immunodominant EBV epitopes of latent 
and lytic proteins was assessed by immunoblot analyses 
in sera of 6 patients, before and after treatment (Fig. 4d). 
No changes in IgG reactivity or diversity were observed in 
patient 1, 2, 6, 7 and 8. Patient 5 showed a slight increase 
in IgG to TK, VCA-p40 and VCA-p18 bands, together 
with a new response to a yet unspecified viral protein at 
30 kDa.

EBV-specific T cell response

Three patients (number 3, 5 and 6) were positive for HLA-
A*02.01 and were included in the analysis of specific T cell 
responses against a set of EBV latent and lytic epitopes, 
before treatment and after two cycles (patient 3), after 1 
and 6 cycles (patient 5) and after three cycles (patient 6). 
No increase was detected in number of the EBV-specific T 
cell responses post-therapy, and the magnitude of pre-exist-
ing responses was unaltered.

Discussion

This phase I–II study aimed to use EBV in the tumour cells 
as target for the treatment of patients with recurrent and/
or metastatic NPC, for whom no other curative treatment 
options were available. In NPC, EBV is present in a latent 
state and only non-immunogenic viral antigens are pro-
duced, while active immune evasion strategies are opera-
tional in the tumour microenvironment (Middeldorp and 
Pegtel 2008; Li et al. 2007b). In this study, gemcitabine 
(GCb) and valproic acid (VPA) were used to trigger endog-
enous EBV into the lytic stage, wherein viral kinases are 
produced, making the responsive tumour cells susceptible 
for antiviral therapy, i.e. valganciclovir (GCV). In addition, 
newly induced lytic and immunogenic viral antigens were 
expected to trigger additional B cell- and T cell-mediated 
immune responses against EBV-positive NPC, leading to 
more and longer lasting tumour destruction (Hislop et al. 
2007; Merlo et al. 2011).

The combined CLVA treatment proved safe with man-
ageable and reversible side effects. One patient died subse-
quent to a cerebrovascular accident, which was considered 
unlikely to be treatment related. One patient had persistent 
increased liver enzymes (grade 3), most likely related to the 
progression of liver metastases. The other grade 3 toxicities 

Table 3  EBV-DNA load in NP 
brush and WB

Lowest and highest levels measured (a, b); levels before the start of first cycle and after the latest cycle 
administered (c, d) are indicated per patient

Patient (a) EBV-DNA load NP 
brush (copies/brush)

(b) EBV-DNA load WB 
(copies/ml)

(c) EBV-DNA load NP 
brush (copies/brush)

(d) EBV-DNA load 
WB (copies/ml)

Min Max Min Max Before After Before After

1 2 × 103 2 × 106 <1 × 102 3.1 × 104 5 × 105 2 × 106 1 × 102 1 × 102

2 1.3 × 105 9 × 106 <1 × 102 1.9 × 104 2.9 × 106 1.4 × 106 1 × 102 1.4 × 103

3 1.7 × 103 2.6 × 106 3.9 × 102 2.2 × 104 2.6 × 106 5.2 × 103 2.6 × 103 5.7 × 102

4 5.3 × 103 1.1 × 105 <1 × 102 7.4 × 103 2 × 104 5.3 × 103 7.4 × 103 8 × 102

5 0 1 × 103 5.2 × 102 1.3 × 103 1 × 102 1 × 102 1 × 102 1 × 102

6 2.3 × 104 3.7 × 106 <1 × 102 1 × 103 6.5 × 104 3.7 × 106 9.3 × 102 1 × 103

7 0 0 <1 × 102 1 × 103 0 0 0 <1 × 102

8 0 1.7 × 105 3 × 103 3.5 × 105 1.7 × 105 0 3 × 103 1.4 × 105
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resolved, and no grade 4 toxicities were observed. Dose 
modifications due to grade 3 toxicities were performed in 
3 (37.5 %) patients. Pharmacokinetics, measured in the 
first cycle of treatment, showed that the doses of the dif-
ferent drugs resulted in drug exposures in the published 
effective (VPA, GCV, dFdC and intracellular dFdCTP) 
and safe (dFdU) ranges for all drugs and relevant metabo-
lites. The best observed clinical response was partial in 2 
patients (25 %) and stable disease in 3 patients (37.5 %). 
Three patients (37.5 %) had progressive disease despite the 
treatment. After treatment cessation, all patients developed 
disease progression.

To assess the clinical efficacy of the treatment, the 
number of patients in this study was too low. In the Neth-
erlands, approximately 50–60 new NPC patients are diag-
nosed yearly. A fraction of these will have distant metasta-
sis at diagnosis, and some will develop recurrent disease. 
Despite multiple presentations at different head and neck 
clinics in the Netherlands to refer these patients to our 
hospital, it was not possible to include more patients. One 
of the referred patients refused to participate for personal 
reasons; furthermore, no patients were excluded for study 
participation.

From the included patients, most were heavily pre-
treated. They had rapid recurrent disease or even progressed 
during the previous treatments, which might reflect the 
aggressiveness of the tumours and resistance to chemother-
apeutics. Three of the eight patients were previously treated 
with GCb. All three had initially partial response on GCb. 
One had disease progression 6 months after ending the 
GCb, one after 11 months, and one patient progressed dur-
ing the GCb courses, suggesting drug resistance. The latter 
two patients showed no response on the CLVA treatment. 
If there is disease progression during treatment with GCb, 
it is assumable that the CLVA treatment will be unsuccess-
ful as well. The intended reactivation of EBV will be inef-
fective due to the insensitivity of the tumour cells for GCb. 
In a future study, it would be advisable to exclude patients 
who had progression on GCb treatment.

To estimate the biological response of CLVA treatment, 
we analysed the EBV-DNA load levels in repeated NP 
brushings and whole blood during treatment. The EBV-
DNA load in blood showed a repetitive peaking pattern 
during each cycle indicating release of apoptotic DNA. 
Patients with clinical response showed a gradual decrease 
in brush EBV-DNA load over the time. Such a pattern 
may reflect induction of the lytic phase by GCb and VPA, 
and the subsequent clearance of EBV by GCV with con-
comitant local release of EBV DNA was measurable in 
the brushed mucosa. A prior study confirmed that repeated 

Fig. 2  EBV-DNA load dynamics during treatment. Viral load in WB 
(black line) and in NP brush (grey line) of patients who completed 
the full treatment is presented. Administration of VPA and GCV is 
depicted with blocks, and GCb is represented as black arrows. Dose 
reductions are indicated by grey arrows and dose delays by stars (*). 
In patient 1 (a) and patient 2 (b), the EBV-DNA levels are fluctuat-
ing, while in patient 5 (c) all samples were negative from the start of 
second cycle of CLVA
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NP brushing is well tolerated by patients and that pre- and 
post-treatment level of EBV DNA in NP brush is a good 
indicator for local treatment effect (Adham et al. 2013). 

None of the patients with local disease in this study had a 
complete local response; therefore, brush dynamics could 
not be related to clinical response. Interestingly, patient 1 

Fig. 3  Lytic transcripts in 
tumour cells during treatment 
in NP brush samples of patient 
2. Presented are the numbers of 
molecules per brush. Expression 
of viral kinases PK (black-
dotted line) and TK (grey-dotted 
line) is elevated after the second 
cycle of CLVA and is accompa-
nied by an increase in EBV-
DNA copies per brush (black 
solid line)

Fig. 4  Antibody responses against EBV latent and lytic proteins. IgA 
responses against EBNA1 (grey line) and VCA-p18 (black line) by 
single antigens are presented before and during treatment as detected 
by ELISA in patients 1 (a), 2 (b) and 5 (c). IgA levels in patient 
sera were normalized to the CoV as defined by healthy controls. d 
Immunoblot analysis of EBV-specific IgG response in 6 patients prior 

and after CLVA therapy. Epstein–Barr nuclear antigen 1 (EBNA1); 
immediate early protein Zebra (ZEBRA); early antigens (EA): 
p138, TK, DNAse, p47–54; late proteins: VCA-p40 and VCA-p18. 
Legend: NPC patient (N); healthy control (C); p = patient number; 
(B/A) = anti-EBV-IgG reactivity before (b) and after (a) the latest 
cycle of therapy
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had an increase in the brush viral load at the end of ther-
apy. At that time, no clinical suspicion for local disease was 
seen, but 3 months later a suspect lesion in the nasopharynx 
appeared. This suggests that a raise in brush viral load pre-
cedes recurrence and warrants close investigation for early 
detection.

The peaking of EBV-DNA levels in blood is assumed to 
reflect the release and subsequent rapid clearance of apop-
totic fragments in circulation as a response to therapy (Ste-
vens et al. 2005b, 2006a; Chan and Lo 2002). A dynamic 
alteration was observed in EBV-DNA levels in blood dur-
ing every cycle, which might reflect response to treatment, 
or changes in EBV clearance. Advanced NPC stages or 
larger tumour volumes have been shown to correlate with 
increased EBV-DNA load in plasma of the majority of NPC 
cases, although this has not been confirmed consistently 
when using whole blood as specimen (Adham et al. 2013; 
Sun et al. 2014; Leung et al. 2006). Technical variation in 
PCR methodology and data interpretation may underlie this 
difference (Le et al. 2013). In stem cell transplant recipi-
ents receiving rituximab treatment for EBV-driven post-
transplant lymphoproliferative disease (PTLD), the treat-
ment efficacy is reflected in rapid and complete EBV-DNA 
clearance from circulation within days (van Esser et al. 
2002; Greijer et al. 2012). In NPC, where spontaneous 
EBV-DNA release by the tumour may be highly variable 
and chemo-radiation treatment is more gradually affecting 
tumour viability and is variable between patients, a slower 
release of apoptotic DNA is seen, reflecting the balance 
between production and clearance. The peaks of EBV-
DNA levels noticed in our patients are therefore considered 
to directly derive from tumour cells driven into apoptosis 
by CLVA therapy. (Wang et al. 2010) proposed the use of 
plasma EBV-DNA clearance rate (t(1/2)) as an indicator 
of tumour response and survival (Wang et al. 2010). In 34 
patients with metastatic/recurrent NPC, the EBV plasma 
levels were measured during treatment. A slow clearance 
rate was associated with poor outcome, suggesting that for 
these patients a change in chemotherapy regimen should be 
considered. This is confirmed in recent independent stud-
ies (Adham et al. 2013; Leung et al. 2014) supporting the 
initial finding of van Esser et al. (2002) in EBV-associated 
PTLD, where the fast clearance of plasma EBV-DNA load 
in the first 72 h of therapy indicated beneficial clinical out-
come (van Esser et al. 2002).

Apart from monitoring of EBV-DNA load dynamics, NP 
brush samples were used to prove EBV reactivation by a 
novel quantitative RT-PCR assay. This RNA profiling was 
earlier performed in CLVA-treated NPC cell lines (Wilde-
man et al. 2012). Upon CLVA induction, RNA transcripts 
specific for lytic phase were detectable after second cycle 
of treatment in the patient with the highest viral DNA load 
measured. Lack of local tumour mass in the nasopharynx 

and poor general RNA quality of NP brush samples may 
have limited validation of this process in other patients. 
Interestingly, in our feasibility study we have also detected 
presence of early lytic transcripts as well as higher EBV-
DNA copies in NP brush of a CLVA-treated patient indicat-
ing occurrence of virus reactivation upon second/third cycle 
of CLVA (Wildeman et al. 2012). As expected, due to the 
antiviral therapy after initial lytic induction regime, no late 
lytic viral transcripts were detected (no virus spreading).

NPC patients have aberrant IgG and IgA antibodies 
to a range of latent and lytic EBV antigens, indicative of 
a broadly triggered anti-EBV immune response (Fachi-
roh et al. 2006; Fachiroh et al. 2008). By using ELISA 
and immunoblot analyses, we observed that all patients 
in this study had already strongly aberrant IgG responses 
with high diversity to multiple EBV antigens, reflecting a 
long-term exposure and memory to EBV lytic antigens and 
EBNA1. During and post-CLVA treatment, no significant 
increase in specific B cell response to viral neo-antigens 
was observed, indicating that no new drug-induced immune 
response against viral neo-antigens was formed.

Although only measurable in 3 patients, the focussed 
analysis of T cell responses using pMHC multimer technol-
ogy did also not show a new or stronger immune response 
against EBV. CLVA-mediated activation of EBV-specific T 
cells could be a part of reactivation of existing, but locally 
suppressed immune responses (Li et al. 2007b), which 
may be modulated by T cell response, triggered through 
apoptotic tumour release and selective regulatory T cells 
elimination mediated by GCb treatment (Zheng et al. 
2015). The study population might have been too small 
to proof the expected phenomenon, since only one of the 
patients indeed had a clinical response. On the other hand, 
the immunomodulatory effects may predominantly oper-
ate at the tumour level and not be measurable in circulat-
ing T cells by tetramer technology (Li et al. 2007b). Nev-
ertheless, it seemed that there was an existing immune 
response against EBV, which might have been suppressed 
by the microenvironment of the tumour cells and therefore 
ineffective.

To date, the suppression of the tumour infiltrating lym-
phocytes in the tumour’s microenvironment has the atten-
tion of many researchers. Effective modulation of these 
immune suppressors might enhance the anti-tumour effect 
by the immune system itself. This can be a potential addi-
tion to the treatment used in the current study. Another 
alternative therapeutic approach is the administration 
of autologous EBV-specific cytotoxic T cells (Hsu et al. 
2010). The strategy of transferring (autologous) EBV-
specific cytotoxic T lymphocytes (EBV-CTL) into NPC 
patients was beneficial in several phase I–II trials (Louis 
et al. 2010; Chia et al. 2014; Lutzky et al. 2014). However, 
this strategy is difficult to realize in developing countries, 
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where most NPC burden is present. An overview of this 
and alternative EBV-targeted therapies in NPC was recently 
published (Hutajulu et al. 2014).

In conclusion, treatment for recurrent and/or metastatic 
NPC remains a challenge, in particular when previous (mul-
tiple) lines of chemotherapy have failed. Many studies are 
performed to identify novel targets for therapy for NPC, 
including EBV-targeting therapies with so far no clinical 
breakthrough yet (Hutajulu et al. 2014). The survival benefits 
have to outweigh the side effects, but these depend on many 
factors, like the number of previous treatments, the tumour 
extension and the patient’s performance status. This also 
explains the wide range in response and survival rates in all 
studies, making it difficult to interpret the results and compare 
them with our results, and proof the benefit of CLVA therapy 
above the mechanism of solely GCb. The EBV-targeting 
therapy by GCb, VPA and GCV combination proved to be 
safe in these 8 patients with recurrent and/or metastatic NPC. 
Further clinical studies are required to demonstrate whether 
CLVA therapy is a safe treatment regimen. Preliminary signs 
of clinical efficacy have been obtained. In some patients, evi-
dence for the proof of concept was demonstrated, although 
the biomarker response was difficult to interpret. Alterna-
tive HDAC inhibitors and EBV reactivating drug combina-
tions together with GCV, as well as dose optimization of the 
CLVA approach, should be evaluated in further studies. An 
interesting additional aspect could be the enhancement of the 
immune response against EBV by suppressing the immuno-
suppressive microenvironment of the tumour.
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ABSTRACT

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

disease entity, with the virus persisting in a latent phase. However, current treatment protocols for

GC do not consider virus involvement.  Curative treatment of gastric cancer in general is radical

surgical dissection and chemo (radio)therapy. Cisplatin, 5-FU/Capecitabine and Gemcitabine are

some of effective and extensively used drugs in chemoradiotherapy regimens.  Treatment with

Epirubicin, Capecitabine and Cisplatin (ECC combination) showed survival benefit in patients with GC

in clinical trials (MAGIC study and CRITICS study).

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

combination (using 5-FU, the metabolized variant of Capecitabine) and combination of Gemcitabine

with Cisplatin (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 cell lines and

in an EBVaGC mouse model using naturally human 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. EBV DNA levels in

circulation decreased and loss of EBV-positive cells in treated tumors was observed. In vivo EBV-

reactivation was revealed by presence of lytic gene transcripts and proteins in tumor tissues 6 days

after treatment.

Conclusions: 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 currenly available therapies might be beneficial and should be investigated

further.

INTRODUCTION

Gastric carcinoma (GC) is an epithelial malignancy with high incidence and poor prognosis [van

Cutsem et al., 2016]. About 10% of all GCs worldwide is linked to Epstein-Barr virus (EBV) infection,

with viral DNA and few gene products present in every tumor cell [zur Hausen et al., 2000], overall

representing about 85,000 yearly new cases [van Beek et al., 2004; 2006; Lee et al., 2009; Khan and
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Hashim, 2014; Chen et al., 2015].  EBV-associated gastric carcinoma (EBVaGC) is considered a distinct

disease entity according to new molecular classification proposed by The Cancer Genome Atlas,

supporting prior clinic-pathological observations [van Beek et al., 2006; Lee et al., 2009; Bass et al.,

2014]. EBVaGC most frequently occurs in young males and is often located to the proximal stomach,

arising from the cardia but also from fundus and body of the stomach. Post-surgery gastric remnant

carcinomas are more positive for EBV (~35%) and nearly all gastric lymphoepithelial carcinomas carry

latent EBV [Murphy et al., 2009].

Current treatment options are limited, usually requiring chemotherapy with or without radiation

followed by radical gastric dissection, but many patients have nonresectable and recurrent disease

[van Cutsem et al., 2016; Fiorica et al., 2017]. Several clinical trials were performed in attempt to

establishe a treatment consensus for GC, such as MAGIC study [Cunningham et al., 2006] and CRITICS

study [Dikken et al., 2011; Verheij et al., 2016; Cats et al., 2018]. Treatment with a three-drug

regimen consisting of Epirubicin, Capecitabine (precursor of 5-FU) with Cisplatin (ECC combination) is

widely used in Europe and considered a standard treatment. Cisplatin-based regimens such as the

combination of Gemcitabine and Cisplatin (GCb/Cis) and treatment with Capecitabine/5-FU showed

to have beneficial effects on overall survival in patients with advanced GC [de Lange et al., 2004;

Cassidy et al., 2011].

Specific immune microenvironment with abundant inflammatory infiltrate of CD8+ and CD4+ T cells

and macrophages [van Beek et al., 2006] is one of the hallmarks of EBVaGC and currently multiple

immunotherapeutic strategies are being investigated [Kim and Oh, 2018; Naseem et al., 2018; Wang

et al., 2018].  Recently, results of a large international retrospective study confirmed that EBV-

positive GC patients have a significantly better survival [Camargo et al., 2014], which is in line with

our previous findings [van Beek et al., 2004; 2006]and data by Truong et al. [Truong et al., 2009].

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 [zur Hausen et al., 2000; Kang et al.,

2015; Shinozaki-Ushiku et al., 2015]. In recent years an EBVaGC cell line was established, named SNU-

719 [Oh et al., 2004], which stably maintains the EBV genome and shows the correct restricted latent

EBV gene expression profile as found in EBVaGC tumor tissues [Kang et al., 2015; Greijer et al., 2017].

Our previous findings in nasopharyngeal carcinoma (NPC) showed that latent EBV in tumor cells can

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 simultaneous

use of chromatin remodeling agents, such as the HDAC inhibitor valproic acid (VPA) [Wildeman et al.,

2012; Hagemeier et al., 2012; Novali  et al., 2016; 2017]. By using this CLVA strategy we showed that
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NPC tumor cells can be rapidly and effectively eliminated. Induction of EBV lytic gene expression was

demonstrated in vitro and in vivo at the molecular level in a NPC mouse model, with proven re-

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

(BGLF4) and TK (BXLF1) and the VCA-p18 small capsid protein (BFRF3) [Novali  et al., 2017].

Reactivation of EBV is assumed to render tumor cells susceptible for 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 [Feng et al., 2002; Ji et al., 2007]. CLVA therapy was recently administered in a

phase-I/II trial to end-stage NPC patients and lytic induction of EBV proved [Wildeman et al., 2012;

Stoker et al., 2015].

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

chemotherapeutic protocols 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 [Feng et al., 2002; 2004; Wildeman et al., 2012]. Cytotoxicity of Epirubicin was demonstrated in

EBV-transformed LCLs [Markasz et al., 2006], but not evaluated in EBV-driven carcinomas, like NPC

and EBVaGC.

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 [Oh et al., 2004; Ji et al., 2007; Ramayanti et al., 2018]. 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.
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MATERIALS AND METHODS

Cell cultures and in vitro treatment

The naturally derived EBV-infected gastric carcinoma cell line SNU-719 was purchased from Korean

Cell Line Bank [Park et al., 1997; Oh et al., 2004; 2007] and cultured in RPMI 1640 medium (Lonza,

Maastricht, The Netherlands) with 10% fetal calf serum (FCS) and 100 g/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 [Wildeman et al.,

2012; Ramayanti et al., 2018]. 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.

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, kind gift of J.T. Wang National Taiwan University, Taipei, Taiwan), anti- -Tubulin HRP

(Abcam, UK) and anti- -Actin HRP (C4; Santa Cruz, Dallas, TX) antibodies as described earlier

[Wildeman et al., 2012].

Establishment of EBVaGC mouse model

The animal model, handling and sampling was similar as recently described for the NPC mouse model

[Novali  et al., 2017]. Six weeks 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 Medical Center. Animals were injected sub-cutaneous (s.c.)

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
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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, paraffin-embedded (FFPE) for histopathology and

immunohistochemistry examinations.

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 [Peters et al., 1995;

Takahashi et al., 2013; Novali  et al., 2017]and administration schedule was designed based on in

vivo human studies, mimicking one cycle of CLVA therapy in clinical setting [Wildeman et al., 2012;

Novali  et al., 2017] 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 [Novali  et al., 2017].

All drugs, except VPA, were administered by i.p. injections (each drug separately). CLVA treatment

consisted of 120 mg/kg GCb (Frensius Kabi Oncology Plc., Hampshire, UK) administered i.p. and 300

mg/kg VPA (Sigma-Aldrich, Zwijndrecht, The Netherlands) was administered daily starting from D24

in fresh drinking water, followed by daily i.p. treatment with 100 mg/kg Ganciclovir (GCV; Sigma-

Aldrich) starting from D29. ECC treatment consisted of 5 mg/kg Epirubicin Hydrochloride, 100 mg/kg

5-FU and 6 mg/kg Cisplatin (Accord Healthcare, UK). 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 i.p. 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 IHC analysis and sacrificed earlier, on D30, after 6 days of treatment.

EBV DNA load in whole blood before and during treatment

Every week starting from day 6 (D6) after tumor inoculation, 50 l 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 lysisbuffer (BioMérieux, France) and

stored at -80oC. DNA was isolated as described earlier [Stevens et al., 2005]. Viral DNA load was

determined by quantitative real-time PCR using the LightCycler480 (Roche, Penzburg, Germany) as
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described before [Wildeman et al., 2012; Novali  et al., 2017]. All samples were tested in duplicate

and spiked with 1000 copies of EBV plasmid to analyze potential PCR inhibition. Data were analyzed

with 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 [Hesselink et al., 2005].

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 [Greijer et al., 2017]. 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 specificity of

the PCR products. Quantification was performed by Absolute Quantification /2nd Derivative Max

LC480 software (Roche). Additionally, specificity of 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 [Greijer et al., 2017; Novali  et al., 2017]. 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 [Greijer et al., 2017].

Immunohistochemistry and EBER-RISH

Tumor FFPE sections were deparafinized, 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. Colors were developed with the diaminobenzidine

tetrachloride (DAB) substrate kit (Vector Laboratories, Burlingame, CA, U.S.A.) followed by
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Hematoxylin-Eosin (HE) staining. EBER-RISH was performed on 3 m FFPE tumor tissue sections using

a EBER peptide nucleic acid (PNA) probe (DAKO) as described [Lassmann et al., 2011].

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 type II profile  and compared to

the well-studied GCb/VPA-based CLVA treatment in this cell line [Wildeman et al., 2012; Novali  et

al., 2017]. 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 EBVaGC line SNU-719, which was further explored in vivo as a mouse tumor

model.

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 (Figure 1A, B). 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. In this cell model already has

spontaneous baseline EBV lytic gene expression, explaining the initial positive signals for Zebra

(Figure 2 A, D, G) [Ramayanti et al., 2018]. Additionally increased strong Zebra protein expression

was detected after GCb/VPA (A-B, D-E, G-H), Cis/VPA (D, E) and ECC (G, H) treatment.

Correspondingly, the level of Zebra transcripts increased strongly upon GCb/VPA (C), Cis/VPA (F) and

ECC/VPA (I) 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).

EBV reactivation in the natural EBVaGC-derived SNU-719 cells treated for 3-5 days is presented in

Figure 4 and Figure 5. In 3-days treated SNU-719 cells mRNA transcripts of Zebra, Rta, PK, TK, and
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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 lower number of EBV lytic

transcripts (Figure 4). In the untreated cells only negative or very low base-line 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 (Figure 5A, B). 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-719 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 recent

published data [Ramayanti et al., 2018].

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) [Greijer et al., 2017].

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 tollerated and no significant loss of body weight was observed. From

D6 after SNU-719 cells inoculation, tumor volumes (TV) increased rapidly (Figure 6A, B). 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 (Figure 6A, B). ECC treatment

resulted in TV decrease only when combined with VPA and GCV (Figure 6A). Also, 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-719

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-

719 cells are well responsive to the GCb/Cis protocol, with good enhancement by addition of VPA

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

treatment effect by addition of GCV.
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EBV DNA load in mouse whole blood

Viral DNA levels in whole blood (WB) gradually increased with 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 day 31 (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 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 blood reflects the

macroscopic tumor behavior, as measured by tumor volume (Figure 6).

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% EBER-positive cells still remained

(Figure 8F).

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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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.

DISCUSSION

The concept of CLVA treatment, previously developed for treatment of NPC [Wildeman et al., 2012;

Novali  et al., 2017], and validated in a clinical phase I-II study with promising results [Stoker et al.,

2015] was tailored after GC-specific chemotherapy regimen in the CRITICS-study [Cats et al., 2018] and

here applied as a therapy targeting Epstein-Barr virus in EBVaGC, as visualized in Suppl. Figure 1.

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 [Park et al., 1997; Oh et al., 2004], this unique cell line

was used to form GC tumors in nude mice [Oh et al., 2007] and used in vitro to assess the EBV lytic

induction effects of Taxol, 5-FU and Cisplatin, but otherwise not utilized much [Ji et al., 2007]. When

compared to study of Oh et al., we have observed faster tumor growth (200-300mm3 after 21 day

from tumor inoculation) and a specific multi-lobular 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 effectiveness of various

drug combinations.

Using EBV-specific RNA-profiling [Greijer et al., 2017] and protein analyses we first compared GCb

and ECC treatments in NPC-derived C666.1epithelial tumor cells naturally harboring EBV [Novali  et

al., 2017]. In this cell line we clearly demonstrated additive effect of VPA in EBV-reactivation (Figure

1). In AGS-BX1 cells, a GC cell model carrying an artificial EBV genome and which is known to be

rather leaky for lytic gene expression [Ramayanti et al., 2018], VPA-only treatment already triggered

strong lytic gene expression (Figure 2).When compared together GCb, ECC and GCb/Cis treatments in

AGS-BX1 cells, 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
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predicted expression profile [Klijn et al., 2015]. BARF1 mRNA was detected but no LMP1 (or

transcripts present at low levels) [Greijer et al., 2017]. 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 (Figure 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-719. The GCb/Cis/VPA/GCV treatment

resulted in 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 additional cytolytic effect of the antiviral GCV (Figure

6). GCV alone is not effective for treating EBV-positive tumors [Feng et al., 2002] since tumor cells do

not spontaneously express PK and TK, the viral kinases, which are essential for conversion of GCV into

its cytotoxic tri-phosphate form.  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 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).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 (Suppl. Figure 2) and 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 small number of remaining EBER

positive tumor cells was detected, clearly indicated the superior efficacy of tumor cell killing, which is

in line with reduction of tumor volume (Figure 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 (Figure

4, 10). Although the number of Zebra-positive cells in tumor tissues of treated mice detected by
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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 is  superior to ECC based combination for triggering EBV reactivation.

In this study, we compared 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 treatment of EBVaGC

[Ji et al., 2007; Ramayanti et al., 2018]. Importantly, different EBV-positive cell lines show significant

differences in 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 research for

virus-targeted therapy relevant to EBVaGC is needed, to explore optimal effect of different HDAC

inhibitors and antiviral drugs as adjuvant therapy to the current treatment protocols [Novali  et al.,

2016; Naseem et al., 2018].

CONCLUSIONS

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 an EBVaGC model. 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. 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 to the GCb/Cis regimen, currently considered as standard for

GC treatment, might have therapeutic benefit in treatment of EBVaGC in man.
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Figures with legend

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

Strong EBV reactivation by ECC regimen in C666.1 cells as indicated by high levels of lytic proteins (A, B) and

transcripts (C).
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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. Zebra and
VCA-p18 protein levels (A-B, D-E, G-H)
and lytic transcripts of EBV detected in
corresponding samples (C, F, I). 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.
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Figure 5. Zebra and PK protein expression in 5 days treated SNU-719

Western blot analysis (A) and quantification (B) 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 +/- .
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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, the ECC (A) or GCb/Cis combinations (B).
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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, the ECC (A) or GCb/Cis

(B) combinations.
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Figure 8. EBER-RISH in mouse tumors

EBER in situ hybridization was performed on tumors taken from control tumor bearing mice (A), or from mice

treated for 6 days with ECC/VPA (B) ECC/VPA/GCV (C), GCb/VPA/GCV (D), GCb/Cis/VPA (E) or

GCb/Cis/VPA/GCV (F). In untreated tumors large fields of EBER-positive (blue) tumor cells were detected (A),

typically seen as compact lobular areas (Detailed in Suppl. Figure 2). In particular, the GCb and Cis-based

treatments resulted in strong reduction the number of tumor cells (D, E, F), but also in appearance of necrotic

tissue with fluid leakage, affecting the quality of tissue sections.

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

IHC staining for IE lytic protein Zebra was performed on tumors from control (A), ECC/VPA (B) and GCb/Cis/VPA

(C) 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.

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. 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 color in EBER-positive nuclei (compared the blue staining in

Figure 8)
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Background considerations.

EBV is associated with a number of different cancers, including several distinct types of lymphomas

and carcinomasand is therefore classified as human class-I carcinogenic agent [Niedobitek et al.,

1999]. The presence of a clonal EBV genome and expression of distinct viral (oncogenic) gene

products in all tumor cells links EBV as causal agent in the primary oncogenic process as extensively

studied in several EBV-associated lymphoma and carcinoma systems [Shannon-Lowe and Rickinson,

2019]. EBV presence inside tumor cells also opens options to use EBV and its gene products as

target(s) for therapy, a topic that has been poorly explored thus far and is the main topic of this

thesis.

Undifferentiated nasopharyngeal carcinoma (NPC) is a unique malignancy of the stratified squamous

epithelium in the nasopharynx characterized by active and persistent presence of Epstein-Barr virus

(EBV) in each tumor cell. Current efforts to treat and cure this aggressive disease are mainly based

on combination(s) of chemotherapy and loco-regional radiation treatment, without a focus on the

virus [Blanchard et al., 2015; Chen et al., 2019; Hutajulu et al., 2014]. Similarly, clonal EBV genomes

and gene products are detected in about 10% of all gastric cancer (GC) cases worldwide, recently

classified as a distinct form of GC (EBVaGC), which thereby is the most prevalent EBV-driven

malignancy [Bass et al., 2014; Khan and Hashim, 2014]. EBVaGC is now considered a distinct form of

gastric cancer for which no virus-specific treatment options are available [van Beek et al., 2006;

Nishikawa et al., 2018; Kang et al., 2019; Naseem et al., 2018].

The detection of elevated levels of circulating IgA antibodies to a number of EBV latent and lytic

antigens is an early sign of aberrant EBV activity in the nasopharyngeal epithelium, which can be

detected already years before NPC becomes clinically manifested [Ji MF et al., 2007; Ji MF et al.,

2011; Coghill et al., 2014]. At early stages NPC is not easy recognized clinically because of the hidden

location and non-specific symptoms. Therefore, most patients are usually diagnosed at advanced

stage of disease [Adham et al., 2013; Yang et al., 2015]. Early identification of individuals at risk of

developing NPC (screening) is highly needed and should lead to overall improved treatment results

[Hutajulu et al., 2016; Ji et al., 2019].

Nowadays, new options for non-invasive diagnosis of EBV-associated malignancies based on

different EBV biomarkers, such as multiplex EBV-IgA serology, EBV-DNA load and methylation

profilingin plasma or nasopharyngeal brushings are becoming commercially available and being

introduced in clinics worldwide and some being developed, such as NGS approaches for EBV-DNA

quantification and host gene methylation analysis and EBV-encoded (micro)RNA profiling [Chan et

al., 2013; Chang et al., 2013; Coghill et al., 2018; Zhang et al., 2018; Zheng et al., 2019; Lv et al.,

2019; Lam et al., 2019; Fan et al., 2018, Ramayanti et al., 2017, 2019].  These diagnostic tools can be
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performed locally using small volumes of blood plasma or nasopharyngeal brushings [Fachiroh et al.,

2008; Adham et al., 2013; Ji et al., 2011, 2019; Ramayanti et al., 2016; Zheng et al., 2019].

The above mentioned diagnostic approaches are still non-existing or they are only marginally

evaluated in EBVaGC [Shoda et al., 2017].

Considering the fact that majority of NPC patients are coming from poorly developed countries

where no adequate health care system is available, there is an urgent need for simple but specific

diagnostic tools and developing simple and inexpensive therapies that can be performed in regional

heath centers [Fachiroh et al., 2008; Wildeman et al., 2013; Stoker et al., 2015].

Based on this background, we started the CytoLytic Virus Activation (CLVA) study which was

designed (1) to target virus in NPC  and EBVaGC tumor cells with a defined combination of existing,

cheap, readily available and patent-free, drugs that reactivate and eliminate the virus inside the

tumor cells and (2) to monitor the effects of treatment by using simple EBV-based biomarkers.

Optimizing treatment for EBV-associated malignancies

The idea of targeted cancer therapy using EBV virus reactivation led to first experimental and clinical

studies in transplant-associated EBV-driven lymphomas [Mentzer et al., 1998; Moore et al., 2001;

Jones et al., 2010; Ghosh et al., 2012], followed by non-human model studies for NPC treatment

[Feng 2002, 2006] and first human clinical studies in advanced-stage NPC cases [Stevens et al., 2006;

Wildeman et al. 2012]. Activation of EBV lytic genes in otherwise latently infected tumor cells leads

to the expression of novel immunogenic proteins (viral neo antigens), which may induce strong local

cytolytic T-cell (CTL) immune responses [Hislop et al., 2015; Taylor et al., 2015], and also induces

viral enzymes (esp. kinases) that can be targeted with antiviral drugs leading to blockade of viral (and

host) DNA synthesis and causing cell death and simultaneously blocking the production new virions

[Meng et al., 2010].

This concept was incorporated in CLVA therapy which is based on two steps: (1) induction of EBV

reactivation by combination of a cytostatic drug(s) and the chromatin modifying HDAC-inhibitor

valproic acid (VPA) and (2) subsequent antiviral treatment with (val)ganciclovir (GCV) to prevent EBV

replication and destroy tumor cells with reactivating virus. VPA is widely used as anticonvulsant drug

for treatment of epilepsy, migraines and bipolar disorders and is a short chain fatty acid in the class

of histone deacetylase inhibitors (HDACi). VPA alone is not sufficient to induce EBV lytic induction

but it strongly enhances the ability of chemotherapeutic agents (such as 5-FU and gemcitabine) to

reactivate EBV in both epithelial and lymphoid tumor cells and also triggers expression of several
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cellular genes [Feng and Kenney, 2006; Wildeman et al., 2012; Novali  et al., 2016]. Addition of

(val)GCV to conventional chemotherapy drugs further decreased tumor development as revealed in

an early NPC mouse model [Feng et al., 2002].  Interestingly, an oral drug that combines gemcitabine

and VPA is a single molecule in under development which opens options for oral therapy thatwould

be ideally suited for future CLVA approaches [Peters, 2014].

 Prior to the clinical investigations, EBV-based assays were developed and optimized for monitoring

the EBV status and activity in NPC patients [Stevens et al., 2005, 2006; Ramayanti et al., 2016; Greijer

et al., 2017] and used to monitor patients with NPC in Indonesia and the Netherlands [Adham et al.,

2012; Stoker et al., 2016; Chapter 3].

A wide number of chemotherapeutic agents can induce the latent to lytic switch of EBV, which is

mainly due to their DNA-damaging or genome-modulating effects and new agents are being

developed as discussed in detail in Chapter 2. The combination of chemotherapy (5-FU, the

metabolized variant of Capecitabine) and VPA was evaluated in a young Dutch female NPC patient

with terminal stage disease who showed no circulating EBV-DNA during earlier stages (3 years) of

primary or recurrent disease. After 5 days of 5-FU/VPA combi-treatment, this patient received

antiviral treatment (valGCV) which resulted in a steep increase of EBV DNA in the circulation,

reflecting the release of apoptotic fragments from dying tumor cells, which was not observed during

earlier treatments and confirmed the virus-specific biological effects of CLVA [Stevens et al., 2006].

In order to gain more insight into tumor behavior, kinetics of lytic induction and treatment

monitoring we have set up preclinical study in a mouse model bearing tumors from naturally

infected NPC cell line (Chapter 4). Instead of the regular 6 cycles of CLVA, as used in the clinical

Phase I-II study, only one of the six cycles of treatment was used [Wildeman et al., 2012]. This

approach was especially useful to assess efficiency of single drugs versus drug combinations

throughout the treatment course, directly in tumor tissues which otherwise could not have been

obtained from patients. Data acquired from tumor tissue of the NPC mouse model demonstrated

synergistic effect of antiviral drug (GCV) with chemotherapy/VPA and significant reduction of tumor

volume (Chapter 4, Figure 2A). Furthermore, in this mouse NPC model study the use of a positron

emission tomography (PET) tracer was tested in as readout for visualizing EBV lytic induction in

tumor tissue in situ. By using radioactively labeled FIAU ([124I] - 2 -fluoro-2 -deoxy- -D-5-iodouracil-

arabinofuranoside), which is a substrate of early lytic-phase kinases (TK and PK), we have shown for

the first time that EBV reactivation can be visualized by PET-scan as [124I]-FIAU accumulated in

tumors (Chapter 4, Figure 6B). This could have a potential clinical utilization for in vivo imaging when

monitoring targeted EBV reactivation in tumor cells and provide indication of therapy response [Fu

et al., 2007].
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The effect of CLVA therapy on tumor behavior was evaluated in 3 Dutch patients with end-stage NPC

refractory to conventional treatment. Again, increased levels of viral DNA in the circulation were

detected, a clear clinical (tumor growth stop or reduction) response was observed and the life

quality of these patients was improved after CLVA therapy (Chapter 5). The biological effect of

therapy (EBV reactivation) was proven and drug doses were well tolerated with only moderate

transient toxicity

Encouraging results from this first study led to a following phase I–II clinical trial (EUdract 2010-

022444-20) in 8 patients with recurrent and/or metastatic NPC, for whom no alternative treatments

were available (Chapter 6). In this study, CLVA therapy was analysed for its therapeutic- and possible

(toxic) side-effects and further evaluated by EBV-based biomarkers such as EBV specific antibody

responses in serum and EBV DNA load (in whole blood and nasopharyngeal brush). To detect virus

reactivation, a tailored, novel assay for EBV-RNA profiling was applied and lytic transcripts have been

quantified in nasopharyngeal brush [Greijer et al., 2017; Ramayanti et al., 2017]. In addition, the

EBV specific CD8+ T cell response was investigated. The idea of triggering an immune response by

newly synthesized highly immunogenic viral antigens remains to be explored further, as in this study

only 3 patients could be included and no increases EBV-specific T-cell responses could be detected

following CLVA treatment. The question is whether CLVA can induce sufficient expression of

immunogenic viral neo-antigens in tumor cells and trigger a substantial immune response, bearing in

mind the local EBV-induced tumor PD-1/PD-L1 expression, secretion of cytokines and exosomes,

limited permeability tumor microenvironment all of which are hampering EBV-specific T cells

function [Fang et al., 2014; Chen et al., 2013; Huang et al., 1999; Zhouet al., 2018; Ono et al., 2018; Li

et al. 2007]. The results of our study (Chapter 6) showed that CLVA treatment was safe with

manageable side effects. Clear clinical responses were observed and we have demonstrated

evidence for in vivo EBV reactivation.

The idea of developing a therapy to target malignant EBV-harboring cells regardless of tumor type is

very attractive but it is evident that the virus reactivation/inducibility depends on virus-host cell

background. Driven by results of NPC studies, we reasoned that a virus-targeted strategy could be

beneficial for EBVaGC (preoperative) treatment. To this aim, we tested CLVA treatment based on the

currently used ECC combination (using 5-FU, the metabolized variant of Capecitabine) or GCb/Cis

combination together with the HDAC inhibitor VPA and subsequently added antiviral drug (GCV).

EBV reactivation was assessed in EBVaGC cell lines and in a mouse tumor model based on naturally

EBV-infected GC cells, as described in Chapter 7.

The results of this study indicate that, in the subgroup of patients with EBVaGC, a simple addition of

VPA to the current treatment regimen(s) as used in CRITICS study [Dikken et al., 2011; Cats et al.,
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2018] might improve treatment efficacy and outcome.

In conclusion, CLVA based approach may be a novel valuable treatment modality for EBV-associated

malignancies.  An innovative advantage of CLVA treament is the option to visualize EBV reactivating

cells in vivo using [124I]-FIAU and PET-scan imaging, as shown in our NPC mouse model (Chapter 4).

This may provide a new means for direct in situ treatment monitoring

The choice of treatment depends on stage of disease, the age of the patient, and where it is

performed. The majority of NPC patients live in countries with relatively limited cancer treatment

facilities and suffer from persistent, progressive or metastatic disease after initial incomplete

treatment. Usually the availability of standard treatment (such as radiation therapy) is limited due to

socio-economic reasons, being responsible for the poor outcome [Adham et al., 2012; Wildeman et

al., 2013; Lam et al., 2016]. Mortality rate is high and therefore new and affordable treatments are

very much needed. The newly developed photodynamic therapy (PDT) is a relatively simple, yet

effective treatment modality that can be applied in regional hospitals for small-sized local recurrent

or persistent NPC lesions [Wildeman et al., 2009; Wu et al., 2017]. The CLVA therapy as designed

here may provide a more systemic approach with improved target specificity in both NPC and

EBVaGC and may preferably be combined with checkpoint inhibition therapy to promote local T-cell

reactivity [Woller et al., 2015].

Towards new treatment strategies

Currently, there are 23 clinical studies focusing on NPC [https://www.centerwatch.com/clinical-

trials/listings/condition/813/nasopharyngeal-cancer/?phase=3&page=2] [Le et al., 2019]. Recently it

was reported that NPC patients with advanced-stage disease who received additional treatment

with cetuximab/nimotuzumab – both anti-epidermal growth factor receptor monoclonal antibodies,

along with conventional treatment, had better survival and response rates when compared to

conventional treatment only [Lin et al., 2018; Shen et al., 2019; Mao et al., 2019]. Unfortunately,

most of these studies are not aimed at discriminating virus-infected from non-infected tumor cells,

and more EBV targeted therapies are much desired [Le et al., 2019].

Novel small molecule inhibitors of essential EBV-encoded proteins, like EBNA1, are being developed

and show great promise for future clinical application [Messick et al., 2019; Jiang et al., 2019]. In

addition, novel gene therapy options, including CRISPR/Cas9 technology, are becoming available to

specifically target pathogenic viral genomes inside tumor cells and show promising efficacy in

knocking-out essential viral functions in latent and lytic viral genomes [White et al., 2015; van

Diemen et al., 2016; Huo and Hu, 2019].

CLVA therapy itself has seen new developments in recent years, in particular relating to new (small)
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molecules for induction of the EBV lytic cycle in tumor cells, either aiming at improved HDACi

interference and chromosomal destabilization or blocking crucial steps in viral or cellular pathways

relevant for maintaining viral latency [Hui et al., 2012, 2016; Li et al., 2018; Yiu et al., 2018;

Ramayanti et al., 2018; Lee et al., 2019; Jiang et al., 2019].

In addition to CLVA therapy, several promising novel EBV-based therapies are being developed,

including inhibition of EBV-induced oncogenic cellular signaling pathways and adoptive transfer of T-

cells/immunotherapy [Le et al., 2019; Chow et al., 2019].

Significant effort is made to enhance tumor targeting and efficacy of activating immune responses in

NPC, in particular involving checkpoint inhibition alone (PD-L1/PD-1, CTLA4)  or in combination with

EBV-specific vaccination and T-cell based therapies [Lam et al., 2018; Hong et al., 2018; Lv et al.,

2019]. It is uncertain whether PD-L1/PD-1 overexpression can be used as a biomarker in NPC

prognosis, as suggested for other types of cancer, so more investigation is needed [Huang et al.,

2019].

It is suggested that incorporation of PD-L1/PD-1 immune checkpoint inhibition into the CLVA

approach may further improve treatment results by allowing uninhibited T-cell immune responses to

act in response to the CLVA-induced neoantigen expression in the tumor cells of EBV-driven cancers,

which should be tested further. New immunotherapeutic options are being evaluated and the

world's first and largest phase III T-cell therapy cancer trial ever, with 30 hospital centers

participating across Asia and the U.S.A. is ongoing [Le et al., 2019]. This study aims to assess if

combined gemcitabine-carboplatin treatment followed by adoptive T-cell therapy would improve

clinical outcome for patients with advanced NPC [Chia et al., 2013; Smith et al., 2017].

Our data suggest that addition of oral VPA plus valGCV to these regimens may improve the outcome.

A number of therapeutic EBV vaccines have been tested in clinical trials with evidence of immune

boosting and clinical responses in NPC patients with minimal side effects, but to date no licensed

EBV vaccine is available [Taylor et al., 2014; Teow et al., 2017]. Therapeutic vaccination could be

used after adoptive T-cell transfer to increase and sustain the number of infused T-cells or combined

with immunotherapies to increase efficacy [Chow et al., 2019; van Zyl et al., 2019].

Although the EBVaGC appears to be highly responsive to checkpoint  immunotherapy-and

encouraging results have been shown in recent studies by blocking PD-1/PD-L1,  more research on

identification of biomarkers is needed for adequate selection of patients for CLVA and

immunotherapy [Kim et al., 2018; Zaanan and Taieb, 2019; Ammannagari and Atasoy, 2018;

Nishikawa et al., 2018].
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Importantly, novel diagnostic assays for real-time monitoring of EBV (DNA), mRNA and microRNA

biomarkers, including the use of nasopharyngeal brush and liquid biopsies are being developed and

optimized for early EBV-associated cancer detection, treatment modification and prediction of

disease recurrence, but require better sensitivity and improved standardization [Kim et al., 2017;

Ramayanti et al., 2017; 2019; Spector et al., 2018; Coghill et al., 2018; Wong et al., 2019]. These

biomarkers reflect EBV-specific tumor activity and should be incorporated in patient and therapy

monitoring for all EBV associated cancers, which is not a routine practice yet.
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The Epstein-Barr virus (EBV) is widely spread in >90% of the human population worldwide and

usually benign. On the other hand, it is causally associated with a still growing number of chronic

diseases and malignancies, including several distinct types of lymphomas and carcinomas and

therefore classified as a Class-I human carcinogenic virus by WHO-IARC. In EBV associated

malignancies, only a limited set of viral genes is expressed (Latency type I, II or III), which drive

oncogenesis and contribute to metastasis and immune escape. This thesis mainly deals with

epithelial malignancies (carcinomas) causally associated with EBV, which form about 1% of all

cancers worldwide.

Undifferentiated nasopharyngeal carcinoma (NPC) and 10% of all gastric carcinomas (EBVaGC) carry

a clonal and persistent EBV genome in all tumor cells, where EBV latency type II gene expression

with a limited number of non-immunogenic gene products is consistently driving tumor cell growth

and progression and modulating the tumor microenvironment for immune escape.  For NPC, success

of treatment highly depends early-stage diagnosis by use of adequate biomarkers and immediate

start of therapy. Conventional radiation therapy –when available-, usually combined with

chemotherapy, provides approximately 5 years of survival in >50% of cases, if treated properly, but

does not consider EBV presence in the tumor cells. Treatment options for (recurrent) NPC are

limited, especially in developing countries in SE-Asia where most NPC cases occur.

For gastric cancer (GC), chemotherapy and surgery are standard treatment options, but targeting

EBV for GC tumor therapy is generally not considered.

Targeting EBV inside tumor cells may provide a new and focused treatment approach for EBV-

associated cancers which has not been explored in much detail yet.

This thesis focusses on clinically applicable means to activate/trigger latent EBV into lytic cycle gene

expression, to induce expression of new and additional viral proteins (enzymes) inside the tumor

cells, thus sensitizing these for antiviral treatment and enhancing immune elimination. First

applications of this so-called Cytolytic Virus Activation (CLVA) therapy in clinical trials are presented.

Chapter 2 is a systematic review on established and novel EBV lytic inducers that proved effective in

triggering virus reactivation in a wide range of EBV-linked cell types with focus on carcinomas.

Chapter 3 describes a joint nation-wide study in the Netherlands using EBV-based biomarkers for

detection and prognosis of recurrent/residual disease in NPC patients subsequent to chemo-/

radiotherapy. Quantitative analyses of EBV biomarkers at diagnosis, before and after treatment (EBV

DNA load in blood and nasopharyngeal brushings, IgA VCA-p18 and IgA EBNA1 antibodies in plasma),

correlated with tumor stage, disease-free survival (DFS) and overall survival (OS), revealed that post-

treatment: (1) EBV DNA load test in blood and brush had the best predictive power for detecting

active recurrent disease, (2) EBV DNA load in blood was the best predictor for OS and DFS, (3) EBV

172

142370-Novalic_BNW.indd   172 25-02-20   07:59



9

DNA load in the brush was best for early detection of local failures post-treatment. This nationwide

study was also used to select NPC cases for inclusion into therapeutic trials for EBV lytic induction

treatment (see later).

CytoLytic Virus Activation (CLVA) is designed as a new EBV-targeting treatment aimed to eliminate

virus-infected tumor cells by administration of chemotherapy (i.e. gemcitabine (GCb) combined with

a chromatin modifier (i.e. HDAC inhibitor - valproic acid (VPA) triggering virus reactivation from

latency, followed by administration of the antiviral drug (val)ganciclovir (GCV) that causes DNA chain

termination inducing selective cell death in EBV-reactivating tumor cells and prevents virus

replication and release.

A repeated cycle of CLVA treatment will result in effective stop of tumor growth. The biological

effects of CLVA can be measured by (quantitative) monitoring of varus-based molecular markers.

The first part of this thesis describes the application of CLVA therapy for NPC and monitoring of

treatment efficacy in a mouse tumor model (Chapter 4) and further in clinical studies in patients

with recurrent/metastatic NPC (Chapters 5 and 6). The final part of this thesis describes studies

focusing on EBV-associated gastric carcinoma (EBVaGC) and the therapeutic potential of CLVA

strategy in various EBVaGC cell lines and in a preclinical mouse model bearing tumors of natural

human EBVaGC tumor cell line (Chapter 7). The overall findings in this study are summarized and

future perspectives are discussed in Chapter 8.

CLVA therapy for nasopharyngeal carcinoma

The mechanism of EBV reactivation is well known and involves a cascade of consecutive events. The

basis of virus-targeting therapy is induction of immediate early lytic phase and triggering expression

of early viral kinases (PK and TK), which are enzymes required to convert a virus-selective antiviral

drug to its cytotoxic (phosphorylated) form, thus preventing (virus and host) DNA synthesis and

inducing cell killing. Although the EBV lytic induction is detectable and quantifiable in blood and

tissues ex vivo, the effect of CLVA therapy has not been visualized directly in tumor tissue in vivo

during treatment. To this aim, the mechanism of tumor eradication was analyzed in NPC mouse

model (bearing naturally EBV-infected C666.1 cells) by applying only a single cycle of CLVA therapy

as described in Chapter 4. CLVA treatment in vivo resulted in selective tumor cell killing as indicated

by reduced tumor volume and elimination of EBV-positive cells in situ, which was more pronounced

than treatment with GCb alone. As a result of treatment, EBV DNA levels in circulation dropped in

parallel with a strong decrease in tumor size. EBV reactivation was confirmed by presence of lytic

gene RNA transcripts and proteins in tumors 6 days after GCb/VPA treatment.  Importantly, virus
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reactivation was visualized by [124I]-FIAU accumulation in tumors using PET-scan. This study

demonstrated that CLVA therapy is a potent EBV-specific targeting approach for killing NPC tumor

cells. It was concluded that the [124I]-FIAU is suitable as a PET tracer for studies on EBV reactivation

and kinetics in vivo and may find its future clinical application in treatment monitoring.

In Chapter 5 the concept of virus targeted CLVA therapy was validated in NPC cell lines and in a small

clinical study involving three patients who were already pre-treated and developed recurrent

disease, refractory to conventional treatment. In NPC cells, the combination of GCb and VPA

resulted in strong synergistic effect and EBV reactivation and the addition of GCV resulted in higher

cytotoxicity compared with chemotherapy alone. The biologic effect of CLVA treatment was

confirmed in all patients as we detected increased levels of EBV DNA load in the circulation

(originating from apoptotic tumor cells). Therapy was well tolerated. All patients (with progressive

disease before the start of CLVA treatment) had decreased or stable disease during treatment for

more than 6 months after therapy and experienced significant improved quality of life.

Chapter 6 describes a registered phase I-II trial for treatment of advanced metastatic and recurrent

NPC (EUdract 2010-022444-20) and efficacy of CLVA treatment further investigated by utilizing afore

mentioned EBV-based biomarkers. In addition, specific pharmacokinetic drug-dosing and side-effects

were monitored and a preliminary analysis of EBV specific T-cell responses was performed. This

study aimed to assess the safety and tolerability aspects and clinical response and involved eight

patients with recurrent and/or metastatic disease who had developed resistance to conventional

treatment. The effect of CLVA induced EBV-lytic induction was investigated throughout the

treatment course which consisted of 6 cycles in total (with 3-week resting period in between). Not

all the patients who participated in study could receive the full sequence of therapy due to their

poor health state. Pharmacokinetics analyses showed that effective dose levels were reached in all

patients. The best observed clinical response was partial in two patients (25 %) and stable disease in

three patients (37.5 %). The median survival was 9 months (95 % confidence interval 7–17 months).

Peaking of EBV-DNA loads in blood and nasopharyngeal brush demonstrated biological effect of

therapy during most treatment cycles. In one patient, RNA profiling analyses revealed EBV lytic

transcripts which confirmed lytic EBV induction. Quantification of EBV-IgG and EBV-IgA antibody

levels showed that they were already high before treatment but remained stable during treatment.

To summarize, this study provided evidences that the CLVA treatment triggered virus reactivation in

advanced NPC, a beneficial clinical response was observed and treatment was safe with manageable

side effects.

Dose-optimization and novel drug combinations within the CLVA concept remain to be explored in

future studies.
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CLVA as treatment strategy for Epstein-Barr virus associated gastric carcinoma

Epstein-Barr virus associated gastric carcinoma (EBVaGC) is recently acknowledged as a distinct

disease entity comprising about 10% of all gastric carcinomas (GC) worldwide. It is characterized by

latent EBV persistence and massive immune cells infiltrate. Treatment based oncombined

chemotherapeutic agents such as Epirubicin, Capecitabine and Cisplatin (ECC combination) showed

survival benefit in GC patients (MAGIC and CRITICS studies), as well as combination of Gemcitabine

and Cisplatin. However current treatment protocols for GC do not consider presence of EBV in the

tumor cells.

As described in Chapter 7, we applied the CLVA strategy to an EBVaGC mouse model based on

naturally EBVaGC cells. Treatment consisted of the ECC combination (using 5-FU, the metabolized

form of Capecitabine) or GCb/Cis supplemented with Valproic acid (VPA) and subsequent antiviral

treatment with Ganciclovir (GCV). As expected, we could detect lytic mRNA transcripts and proteins

in treated cells exposed EBV lytic induction in vitro. In vivo, the combination of GCb/Cis with VPA and

GCV strongly reduced tumor volume and showed the highest potential for EBV-reactivation. EBV

DNA levels in circulation decreased parallel to rapid elimination of EBV-positive cells in treated

tumors. EBV lytic gene transcripts and proteins were detected in tumor tissues 6 days after

treatment.

To conclude, in EBVaGC model systems CLVA-based treatment proved superior in comparison to

chemotherapy alone, suggesting that addition of VPA plus GCV to the conventional GCb/Cis regimen

should be considered for boosting therapeutic effect. Overall the data presented here provide direct

evidence to modify and improve current EBVaGC treatment, however more detailed clinical studies

are required.

Although current GC treatments still do not consider EBV status, new discoveries are paving the road

to change this, so that improved, more effective virus-targeting treatments will become available.

The results presented in this thesis provide novel and valuable information that can be used to

improve treatment of EBV-associated malignancies.
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Het Epstein-Barr-virus (EBV) is wijd verspreid in> 90% van de menselijke bevolking wereldwijd en

meestal goedaardig. Aan de andere kant is het causaal geassocieerd met een nog steeds groeiend

aantal chronische ziekten en maligniteiten, waaronder verschillende verschillende soorten

lymfomen en carcinomen en daarom door WHO-IARC geclassificeerd als een menselijk carcinogeen

virus van klasse I. In EBV-geassocieerde maligniteiten wordt slechts een beperkte set virale genen tot

expressie gebracht (Latency type I, II of III), die oncogenese stimuleren en bijdragen aan metastase

en immuunontsnapping. Dit proefschrift behandelt voornamelijk epitheelmaligniteiten (carcinomen)

die causaal geassocieerd zijn met EBV en ongeveer 1% van alle kankers wereldwijd vormen.

Ongedifferentieerd nasofaryngeaal carcinoom (NPC) en 10% van alle maagcarcinomen (EBVaGC)

dragen een klonaal en persistent EBV-genoom in alle tumorcellen, waarbij EBV-latentie I / II-

genexpressie met een beperkt aantal niet-immunogene genproducten consequent tumor bestuurt

celgroei en progressie en het moduleren van de tumor micro-omgeving voor immuun ontsnapping.

Voor NPC hangt het succes van de behandeling sterk af van de diagnose in een vroeg stadium door

het gebruik van adequate biomarkers en de onmiddellijke start van de therapie. Conventionele

bestralingstherapie - indien beschikbaar -, meestal gecombineerd met chemotherapie, biedt

ongeveer 5 jaar overleving in> 50% van de gevallen, mits goed behandeld, maar houdt geen rekening

met EBV-aanwezigheid in de tumorcellen. Behandelingsopties voor (terugkerende) NPC zijn beperkt,

vooral in ontwikkelingslanden in Zuidoost-Azië, waar de meeste NPC-gevallen voorkomen.

Voor maagkanker (GC) zijn chemotherapie en chirurgie standaard behandelingsopties, maar het

richten op EBV voor GC-tumortherapie wordt over het algemeen niet overwogen.

Het richten van EBV in tumorcellen kan een nieuwe en gerichte behandelingsaanpak bieden voor

EBV-geassocieerde kankersoorten die nog niet in detail is onderzocht.

Dit proefschrift richt zich op klinisch toepasbare middelen om latente EBV te activeren in

genexpressie van de lytische cyclus, om daarmee expressie van nieuwe en aanvullende virale

eiwitten (enzymen) in de tumorcellen te induceren, waardoor deze worden gesensibiliseerd voor

antivirale behandeling en verbetering van de immuun eliminatie. Eerste toepassingen van deze

zogenaamde Cytolytische Virus Activatie (CLVA) therapie in klinische trials worden gepresenteerd.

Hoofdstuk 2 is een systematisch overzicht van gevestigde en nieuwe EBV-lytische inductoren die

effectief bleken bij het activeren van virusreactivering in een breed scala van EBV-gekoppelde

celtypen met focus op carcinomen.

Hoofdstuk 3 beschrijft een gezamenlijke landelijke studie in Nederland met behulp van EBV-

gebaseerde biomarkers voor detectie en prognose van recidiverende / residuele ziekte bij NPC-
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patiënten na chemo- / radiotherapie. Kwantitatieve analyses van EBV-biomarkers bij diagnose, voor

en na behandeling (EBV-DNA-belasting in bloed en nasofaryngeale borstels, IgA VCA-p18 en IgA

EBNA1-antilichamen in plasma), gecorreleerd met tumorstadium, ziektevrije overleving (DFS) en

totale overleving ( OS), onthulde dat nabehandeling: (1) EBV-DNA-belastingstest in bloed en borstel

de beste voorspellende kracht had voor het detecteren van actieve terugkerende ziekte, (2) EBV-

DNA-belasting in bloed was de beste voorspeller voor OS en DFS, (3 ) EBV-DNA-belasting in de

borstel was het beste voor vroege detectie van lokale fouten na de behandeling. Deze landelijke

studie werd ook gebruikt om NPC-gevallen te selecteren voor opname in therapeutische

onderzoeken voor lytische inductiebehandeling met EBV (zie later).

CytoLytic Virus Activation (CLVA) is ontworpen als een nieuwe EBV-gerichte behandeling gericht op

het elimineren van virus-geïnfecteerde tumorcellen door toediening van chemotherapie (dwz

gemcitabine (GCb) gecombineerd met een chromatinemodificator (i.c. HDAC-remmer -

valproïnezuur (VPA) . Deze combinatie zorgt voor virus reactivering uit latentie, waardoor virale

enzymen (kinases) tot expressie komen. De inductie wordt gevolgd door toediening van het

antivirale geneesmiddel (val) ganciclovir (GCV) dat DNA-ketenbeëindiging veroorzaakt en selectieve

celdood induceert in EBV-reactiverende tumorcellen en voorkomt virusreplicatie en afgifte.  Een

herhaalde cyclus van CLVA behandeling zorgt voor een effectieve stop in tumor groei. Het biologisch

effect van CLVA kan gemeten worden middels het (kwantitatief monitoren van) virus-gebaseerde

moleculaire markers.

CLVA therapie voor NPC.

Het mechanisme van EBV-reactivering is bekend en omvat een opeenvolging van opeenvolgende

gebeurtenissen. De basis van virusgerichte therapie is inductie van onmiddellijke vroege lytische fase

en triggerende expressie van vroege virale kinasen (PK en TK), dit zijn enzymen die nodig zijn om een

virusselectief antiviraal geneesmiddel om te zetten in zijn cytotoxische (gefosforyleerde) vorm,

waardoor wordt voorkomen (virus en gastheer) DNA-synthese en het induceren van celdoding.

Hoewel de EBV-lytische inductie ex vivo detecteerbaar en kwantificeerbaar is in bloed en weefsels, is

het effect van CLVA-therapie niet direct zichtbaar in tumorweefsel in vivo tijdens de behandeling.

Voor dit doel werd het mechanisme van tumoreliminatie geanalyseerd in NPC-muismodel (met

natuurlijk EBV-bevattende menselijke C666.1-cellen) door slechts een enkele cyclus van CLVA-

therapie toe te passen, zoals beschreven in hoofdstuk 4. CLVA-behandeling in vivo resulteerde in

selectieve tumorcel doden zoals aangegeven door verminderd tumorvolume en eliminatie van EBV-

positieve cellen in situ, wat meer uitgesproken was dan behandeling met alleen GCb. Als gevolg van
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de behandeling daalden de EBV-DNA-niveaus in de bloedsomloop parallel met een sterke afname

van de tumorgrootte. EBV-reactivering werd bevestigd door de aanwezigheid van lytische gen-RNA-

transcripten en eiwitten in tumoren 6 dagen na GCb / VPA-behandeling. Belangrijk is dat

virusreactivering werd gevisualiseerd door [124I] -FIAU-accumulatie in tumoren met behulp van PET-

scan. Deze studie toonde aan dat CLVA-therapie een krachtige EBV-specifieke targetingaanpak is

voor het doden van NPC-tumorcellen. Er werd geconcludeerd dat de [124I] -FIAU geschikt is als PET-

tracer voor onderzoeken naar EBV-reactivering en kinetiek in vivo en mogelijk zijn toekomstige

klinische toepassing vindt in monitoring van de behandeling.

In hoofdstuk 5 werd het concept van virusgerichte CLVA-therapie gevalideerd in NPC-cellijnen en in

een klein klinisch onderzoek met drie patiënten die al waren voorbehandeld en een terugkerende

ziekte ontwikkelden, ongevoelig voor conventionele behandeling. In NPC-cellen resulteerde de

combinatie van GCb en VPA in een sterk synergistisch effect en EBV-reactivering en de toevoeging

van GCV resulteerde in hogere cytotoxiciteit in vergelijking met alleen chemotherapie. Het

biologische effect van CLVA-behandeling werd bij alle patiënten bevestigd omdat we verhoogde

niveaus van EBV-DNA-belasting in de bloedsomloop ontdekten (afkomstig van apoptotische

tumorcellen). Therapie werd goed verdragen. Alle patiënten (met progressieve ziekte vóór het begin

van de CLVA-behandeling) hadden gedurende meer dan 6 maanden na de behandeling een

verminderde of stabiele ziekte en ervoeren een aanzienlijk verbeterde kwaliteit van leven.

Hoofdstuk 6 beschrijft een geregistreerde fase I-II studie voor de behandeling van geavanceerde

metastatische en recidiverende NPC (EUdract 2010-022444-20) en de effectiviteit van CLVA-

behandeling verder onderzocht met behulp van de eerder genoemde EBV-gebaseerde biomarkers.

Bovendien werden specifieke farmacokinetische doseringen en bijwerkingen gecontroleerd en werd

een voorlopige analyse van EBV-specifieke T-celreacties uitgevoerd. Deze studie had als doel de

veiligheids- en verdraagbaarheidaspecten en klinische respons te beoordelen en betrof acht

patiënten met recidiverende en / of gemetastaseerde ziekte die resistentie tegen conventionele

behandeling hadden ontwikkeld. Het effect van CLVA-geïnduceerde EBV-lytische inductie werd

onderzocht gedurende de behandelingskuur die in totaal uit 6 cycli bestond (met een rustperiode

van 3 weken ertussen). Niet alle patiënten die aan het onderzoek hebben deelgenomen, konden

vanwege hun slechte gezondheidstoestand niet alle therapieën ontvangen. Farmacokinetische

analyses toonden aan dat bij alle patiënten effectieve dosisniveaus werden bereikt. De best

waargenomen klinische respons was gedeeltelijk bij twee patiënten (25%) en stabiele ziekte bij drie

patiënten (37,5%). De mediane overleving was 9 maanden (95% betrouwbaarheidsinterval 7-17

maanden). Piek van EBV-DNA-ladingen in bloed en nasofaryngeale borstel toonde biologisch effect
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van therapie aan tijdens de meeste behandelingscycli. Bij één patiënt onthulden RNA-

profilinganalyses EBV-lytische transcripten die lytische EBV-inductie bevestigden. Kwantificering van

EBV-IgG- en EBV-IgA-antilichaamspiegels toonde dat ze al hoog waren vóór de behandeling maar

stabiel bleven tijdens de behandeling. Samenvattend leverde deze studie bewijzen op dat de CLVA-

behandeling virusreactivering in geavanceerde NPC veroorzaakte, een gunstige klinische respons

werd waargenomen en de behandeling veilig was met beheersbare bijwerkingen.

Dosisoptimalisatie en nieuwe geneesmiddelencombinaties binnen het CLVA-concept moeten nog

worden onderzocht in toekomstige studies.

Hoofdstuk 6 beschrijft een geregistreerde fase I-II studie voor de behandeling van geavanceerde

metastatische en recidiverende NPC (EUdract 2010-022444-20) en de effectiviteit van CLVA-

behandeling verder onderzocht met behulp van de eerder genoemde EBV-gebaseerde biomarkers.

Bovendien werden specifieke farmacokinetische doseringen en bijwerkingen gecontroleerd en werd

een voorlopige analyse van EBV-specifieke T-celreacties uitgevoerd. Deze studie had als doel de

veiligheids- en verdraagbaarheidaspecten en klinische respons te beoordelen en betrof acht

patiënten met recidiverende en / of gemetastaseerde ziekte die resistentie tegen conventionele

behandeling hadden ontwikkeld. Het effect van CLVA-geïnduceerde EBV-lytische inductie werd

onderzocht gedurende de behandelingskuur die in totaal uit 6 cycli bestond (met een rustperiode

van 3 weken ertussen). Niet alle patiënten die aan het onderzoek hebben deelgenomen, konden

vanwege hun slechte gezondheidstoestand niet alle therapieën ontvangen. Farmacokinetische

analyses toonden aan dat bij alle patiënten effectieve dosisniveaus werden bereikt. De best

waargenomen klinische respons was gedeeltelijk bij twee patiënten (25%) en stabiele ziekte bij drie

patiënten (37,5%). De mediane overleving was 9 maanden (95% betrouwbaarheidsinterval 7-17

maanden). Piek van EBV-DNA-ladingen in bloed en nasofaryngeale borstel toonde biologisch effect

van therapie aan tijdens de meeste behandelingscycli. Bij één patiënt onthulden RNA-

profilinganalyses EBV-lytische transcripten die lytische EBV-inductie bevestigden. Kwantificering van

EBV-IgG- en EBV-IgA-antilichaamspiegels toonde dat ze al hoog waren vóór de behandeling maar

stabiel bleven tijdens de behandeling. Samenvattend leverde deze studie bewijzen op dat de CLVA-

behandeling virusreactivering in geavanceerde NPC veroorzaakte, een gunstige klinische respons

werd waargenomen en de behandeling veilig was met beheersbare bijwerkingen.

Dosisoptimalisatie en nieuwe geneesmiddelencombinaties binnen het CLVA-concept moeten nog

worden onderzocht in toekomstige studies.
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CLVA als behandelingsstrategie voor met Epstein-Barr virus geassocieerd maagcarcinoom

Epstein-Barr-virus geassocieerd maagcarcinoom (EBVaGC) is recent erkend als een afzonderlijke

ziekte-entiteit die ongeveer 10% van alle maagcarcinomen (GC) wereldwijd omvat. Het wordt

gekenmerkt door latente EBV-persistentie en massale immuuncellen infiltreren. Behandeling met

Epirubicine, Capecitabine en Cisplatine (ECC-combinatie) toonde overlevingsvoordeel bij GC-

patiënten (MAGIC- en CRITICS-onderzoeken) ten opzichte van Capecitabine en Cisplatine (GCb / Cis).

De huidige behandelingsprotocollen voor GC houden echter geen rekening met de aanwezigheid van

EBV in de tumorcellen.

Zoals beschreven in hoofdstuk 7 hebben we de CLVA-strategie toegepast op een EBVaGC-muismodel

op basis van natuurlijk EBVaGC-cellen. De behandeling bestond uit de ECC-combinatie (met 5-FU, de

gemetaboliseerde vorm van Capecitabine) of GCb / Cis aangevuld met Valproïnezuur (VPA) en

daaropvolgende antivirale behandeling met Ganciclovir (GCV). Zoals verwacht, konden we lytische

mRNA-transcripten en eiwitten detecteren in behandelde cellen die in vitro aan EBV-lytische

inductie werden blootgesteld. In vivo verminderde de combinatie van GCb / Cis met VPA en GCV het

tumorvolume sterk en vertoonde het hoogste potentieel voor EBV-reactivering. EBV-DNA-niveaus in

de bloedsomloop namen parallel af met snelle eliminatie van EBV-positieve cellen in behandelde

tumoren. EBV-lytische gentranscripten en eiwitten werden 6 dagen na behandeling gedetecteerd in

tumorweefsels.

Concluderend bleek in EBVaGC-modelsystemen de op CLVA gebaseerde behandeling superieur te

zijn in vergelijking met alleen chemotherapie, wat suggereert dat toevoeging van VPA plus GCV aan

het conventionele GCb / Cis-regime moet worden overwogen voor het stimuleren van het

therapeutische effect. Over het algemeen bieden de hier gepresenteerde gegevens direct bewijs om

de huidige EBVaGC-behandeling te wijzigen en te verbeteren, maar meer gedetailleerde klinische

studies zijn vereist.

Hoewel de huidige GC-behandelingen nog steeds geen rekening houden met de EBV-status, maken

nieuwe ontdekkingen de weg vrij om dit te veranderen, zodat verbeterde, effectievere

behandelingen gericht op virussen beschikbaar komen.

De resultaten in dit proefschrift bieden nieuwe en waardevolle informatie die kan worden gebruikt

om de behandeling van EBV-geassocieerde maligniteiten te verbeteren.
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