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Abstract
Antiviral drugs alone have been unsuccessful in the treatment of Epstein Barr virus (EBV)-associated
malignancies because the virus maintains a latent state of replication in these tumors. In recent years,
novel therapeutic approaches are being investigated wherein lytic replication of the virus is induced
prior to the use of cytotoxic antiviral drugs. The choice of suitable agents to induce lytic replication
has been a critical step in this novel approach. We have previously demonstrated that butyrate
derivatives induce a lytic pattern of EBV gene expression in patient-derived EBV-positive
lymphoblastoid cell lines and, together with nucleoside analog ganciclovir, effectively reduce or
eliminate tumor growth in humans. Butyrate has drawbacks as a therapeutic agent, however, as
constant intravenous infusion is required to achieve detectable plasma levels of this drug. In this
study, we investigated whether discontinuous exposure to butyrate is capable of initiating lytic-phase
gene expression and thymidine kinase induction, and sensitizing EBV-positive lymphoma cells to
ganciclovir-mediated cell growth arrest and apoptosis. We demonstrate that multiple daily 6 hr
exposures of the EBV-positive Burkitt’s lymphoma cell line P3HR1 to butyrate induced sustained
expression of the EBV lytic-phase protein BMRF. Viral thymidine kinase was also induced by
intermittent exposure, although to a lower level than with continuous exposure treatment. However,
discontinuous exposure to butyrate in combination with ganciclovir induced a similar level of tumor
cell growth inhibition as did continuous treatment, as measured by serial enumeration of viable cells,
MTT cell proliferation assays, and measurement of cellular DNA content. We further demonstrated
that those cells which survived initial exposure to butyrate plus ganciclovir remained susceptible to
further cycles of combination treatment. These findings suggests that continuous infusion of butyrate
may not be necessary for maintaining viral thymidine kinase gene expression and sensitization to
anti-viral agents in EBV-associated tumors, and that therapeutic regimens which employ more
convenient, discontinuous exposure to butyrate may also be effective clinically.
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Introduction
Epstein-Barr virus (EBV), a member of γ-herpesvirus family, is a ubiquitous human pathogen.
EBV infections in infants and children are usually asymptomatic, whereas infection in
adolescent adults causes infectious mononucleosis, characterized by fever, lymphoadenopathy
and pharyngitis [1]. EBV has been etiologically linked to a variety of human cancers such as
Burkitt’s lymphoma (BL) [2], nasopharyngeal carcinoma (NPC) [3], Hodgkin’s disease (HD)
[4] and more recently with sporadic cases of gastric adenocarcinoma [5,6] and invasive breast
carcinoma [7,8]. Nearly 100% of NPC tumors, 90% of BL tumors of African origin, and 40–
60% of HD and non-Hodgkin lymphomas contain EBV episomes. Clonality of the EBV
genome has been verified in these tumors, suggesting that the tumor arises from a single EBV-
infected cell, and that EBV infection is a very early, if not causal, event [9,10]. EBV is also
very commonly associated with lymphoproliferative disease in patients with congenital or
acquired immunodeficiencies. Examples include X-linked lymphoproliferative syndrome
(XLP) [11], human immunodeficiency virus related non-Hodgkin’s lymphoma [12] and, most
importantly, post-transplantation lymphoproliferative disease (PTLD) [13].

The presence of the EBV genome in these malignancies provides an opportunity for specific
virus-directed therapeutic approaches. Like other herpes viruses, EBV infection can exhibit
two distinct patterns or states of gene expression. During acute EBV infection, the virus
sequentially expresses its entire repertoire of genes, producing a lytic infection. Shortly after
initial infection, EBV enters into a latent state, whereupon only select “latent” genes are
expressed, thereby evading the host immune surveillance mechanism, and establishing a life-
long persistent infection in the host [14]. Nucleoside analogs such as acyclovir (ACV) or
ganciclovir (GCV) are often used as antiviral drugs against acute EBV and other herpesvirus
infections [15,16]. The virally-encoded thymidine kinase enzyme converts these analogs to
their monophosphate forms, which after conversion into the triphosphate form by host kinases,
are then incorporated in newly-synthesized DNA, leading to premature termination of DNA
synthesis and killing of the infected cell by apoptosis. The EBV thymidine kinase, however,
is only expressed during lytic replication of the virus. Because EBV maintains a latent state of
replication in all EBV-associated malignancies, nucleoside analog drugs have very limited or
no cytopathic effect on the virus-infected cells. Novel therapeutic approaches to target EBV-
containing tumor cells, wherein lytic replication of EBV is induced followed by treatment with
nucleoside analog, have been proposed [17,18].

We have demonstrated previously that arginine butyrate induces expression of the viral
thymidine kinase gene in EBV-positive immunoblastic non-Hodgkin’s lymphoma cell lines
and lymphoblastic cell lines, and acts synergistically with ganciclovir to inhibit cell
proliferation and decrease cell viability [19,20]. Various other agents have also been used to
induce lytic replication of the EBV genome in other studies. For example, treatment of EBV
positive lymphoblastoid cells or primary central nervous system lymphoma with γ-irradiation
has been shown to promote ganciclovir-susceptibility of these cells [21,22]. Other studies
successfully used 5-azacytidine, gemcitabine, doxorubicin, and a combination of anti-CD20
monoclonal antibody and dexamethasone to induce lytic-phase gene expression and sensitize
EBV-containing tumor cells to ganciclovir or other nucleoside analogues [23–25].

Butyric acid, a short-chain fatty acid, and its derivatives have been experimentally employed
in attempts to treat leukemias and other diseases [26–28]. In particular, the arginine salt of
butyrate has been used in clinical studies to therapeutically and safely reactivate the expression
of the developmentally-silenced gamma globin genes in the therapy of sickle cell disease and
thalassemia [29]. Butyrate has been reported to induce the expression of certain EBV lytic
proteins from latently EBV-infected cells [30–32], including the thymidine kinase enzyme
[19]. The histone deacetylase (HDAC) inhibitory effect of butyrate [33] is required for this
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molecular effect [34]. In previously reported clinical studies, we have used systemic
administration of arginine butyrate to induce expression of the latent EBV thymidine kinase
in the tumors of patients with EBV(+) PLTD or non-Hodgkin’s lymphomas, followed by
treatment with the antiviral agent ganciclovir [19]. In a recently-completed phase I/II trial of
this virus-targeted therapeutic approach, using an intra-patient dose-escalation of arginine
butyrate combined with ganciclovir at standard anti-viral doses, we observed complete and
partial clinical responses in 10 out of 15 patients with EBV-associated lymphoid malignancies
which had been previously refractory to all conventional therapies [35].

Although this arginine butyrate/ganciclovir combination therapy appears to show significant
activity towards EBV-associated malignancies, several issues with the protocol may limit its
general application. As butyrate is cleared rapidly from the blood by cellular uptake and
metabolism [36], and because of the very poor bioavailability of orally-administered butyrate
due to near-complete first-pass hepatic clearance, continuously maintaining a sufficient plasma
level of butyrate for reactivation of the target gene in the tumors has required a constant
intravenous infusion of the drug over several weeks, and thus a prolonged hospitalization.

Our previous in vitro studies have demonstrated that even a brief period of exposure of EBV-
infected lymphoid cells to butyrate is sufficient to reactivate the viral thymidine kinase gene
[19]. If this shorter exposure to butyrate was sufficient to induce viral thymidine kinase to a
level which sensitized the cells to antiviral agents, it might then be possible to modify the
current clinical protocol to utilize briefer infusion intervals, which would then allow outpatient
administration of the therapy. In the present study, therefore, we tested the efficacy of a brief,
discontinuous exposure to butyrate on EBV-infected cells, with respect to thymidine kinase
gene induction and sensitization ganciclovir-mediated growth inhibition. We demonstrate here
that intermittent exposure of the EBV-positive lymphoblastoid cell line P3HR1 to butyrate
strongly induces early lytic gene expression in the latent virus. Discontinuous treatment with
butyrate also induces thymidine kinase gene expression in these cells. In conjunction with
ganciclovir, discontinuous treatment with butyrate reduces the growth of P3HR1 cells to levels
comparable to that achieved using continuous treatment. This cytotoxic effect persists even
after removal of butyrate and ganciclovir from the cultures, and the growth rate of the cells
exposed to the combination of agents was significantly less than those cells which were treated
with butyrate alone. Furthermore, we show that the cells surviving one cycle of the combination
treatment remained fully susceptible to re-exposure to the same combination of agents. These
findings have significant clinical implications, suggesting that patients with EBV-associated
tumors might be efficiently treated with ganciclovir and daily, brief periods of infusion with
butyrate, thus circumventing the need for prolonged hospitalization.

Materials and Methods
Cell culture and reagents

The EBV-positive lymphoblastoid cell line P3HR1 was obtained from ATCC and maintained
in RPMI 1640 with 10% fetal bovine serum, 100 U penicillin/ml and 100 mg streptomycin/
ml. ganciclovir (Invivogen, San Diego, CA), sodium butyrate (NaB) and
methylthiazolyldiphenyl-tetrazolium bromide [(MTT) Sigma/Aldrich Chemicals (St. Louis,
MO)] were purchased commercially.

Immunoblot analysis
Cells were lysed in whole cell lysis buffer containing 25 mM Tris-HCl, pH 7.5, 150 mM NaCl,
0.1% SDS, 1.0% sodium deoxycholate, 1.0% Triton X-100 and proteinase inhibitor cocktail
(Roche, Indianapolis, IL). Equal amounts of protein samples were separated on 10% SDS-
polyacrylamide gels and electrophoretically transferred to nitrocellulose membranes.
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Following blocking with 5% non-fat milk at room temperature for 1 hr, the membrane was
incubated with 1:500 dilution of a monoclonal antibody against EBV early antigen diffuse
p50/52 (BMRF) (Chemicon International, Temecula, CA) at 4°C overnight. Membranes were
then treated with a 1:2000 dilution of horseradish peroxidase-conjugated secondary antibody
for 1 hr at room temperature and bound antibodies were detected by the Western Lightning
Chemiluminescent detection reagent (Perkin-Elmer Life Sciences, Wellesley, MA).

RNA Blot analysis
Total cellular RNA was isolated by Trizol extraction method according to the manufacturer’s
protocol (Invitrogen, Carlsbad, CA). EBV episomal DNA from all RNA preparations were
removed by RQ1 RNase-free DNase treatment at a concentration of 0.1 unit/μl. Twenty
micrograms of RNA from each sample was separated in 1% agarose gel containing 6.3%
formaldehyde and capillary-transferred onto Duralon-UV membrane (Stratagene, La Jolla,
CA). Transferred RNA was immobilized onto membrane by UV cross-linking and
prehybridized in ExpressHyb hybridization solution (BD Bioscience Clontech, Mountain
View, CA) at 68°C for 1 hr followed by hybridization in ExpressHyb solution containing
1x106 cpm/ml 32P-labeled thymidine kinase probe for 1 hr at 68°C. A 300 bp DNA fragment
of human thymidine kinase gene was generated by PCR amplification from a cDNA clone
(pET-TKB1B, generously provided by Dr. Yang, National Taiwan University, Taiwan) and
used as template for probe preparation. PCR primers for this purpose were: forward, 5’-
AGATGACGACGGCCTCTACCA-3’; reverse, 5’-CCTCCTTCTGTGCACGAAGT-3’. The
PCR amplified fragment was labeled with 32P-dCTP using a random hexamer labeling kit from
Invitrogen and purified by Chromaspin-10 column (Clontech).

Quantitative Reverse Transcriptase-PCR
Two micrograms of total RNA was reverse transcribed by Thermoscript reverse transcriptase
(Invitrogen) using random hexamer primers, according to the manufacturer’s protocol. The
cDNA product was then amplified using a SYBR Green PCR master mixture (Applied
Biosystems, Foster City, CA) and gene-specific primers (5 μM) in an ABI PRISM 7500
sequence detection system (Applied Biosystems), as recommended by the manufacturer. The
following primers were used for real-time PCR amplifications: thymidine kinase, forward, 5’-
TCCGGAGCCAGCTTCTCTCC-3’; reverse, 5’-CGTGATTGTTGTTAGACCGG-3’ and for
ßactin, forward, 5’-TCCCTGGAGAAGAGCTACGA-3’; reverse, 5’-
AGCACTGTGTTGGCGTACAG-3’. Relative quantification of gene expression was
performed using the comparative threshold (CT) method, as described by the manufacturer.
Changes in mRNA expression level were calculated following normalization to ß-actin
expression.

Cell viability assay
The trypan blue dye exclusion method was used to enumerate viable cells following various
treatments. The MTT cell proliferation assay was also used to monitor viability of treated cells.
One-tenth volume of 0.5% MTT solution in PBS was added to the cells and incubated at 37°
C for 30 min. Cells were then harvested and the formazan precipitate in the cells was solubilized
by DMSO. The absorbance of the resulting solution was determined in an automated microtiter
plate reader at 650/570 nm wavelengths.

Flow cytometric analysis of apoptosis
Cells were fixed in cold ethanol (35% in DMEM) for 15 min and stained with 50 μg/ml
propidium iodide in phosphate-buffered saline containing 1 mg RNase A/ml for 30 min at 4°
C in the dark. Percentages of cells in the different phases of the cycle were determined by flow
cytometric analysis of propidium iodide-stained nuclei using CellQuest Pro software FACScan
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(BD Biosciences, San Jose, CA). Cells present in the sub-G1 fraction (sub-diploid with respect
to DNA content) were considered to be apoptotic.

Results
Brief exposure of EBV-positive lymphoma cells to butyrate induces a lytic pattern of viral
gene expression

To investigate the efficacy of short, intermittent exposure to butyrate on the killing of EBV-
containing lymphoma cells by antiviral agents, we first tested whether discontinuous treatment
was sufficient to induce certain lytic-phase genes. We tested a well-characterized EBV positive
Burkitt’s lymphoma cell line P3HR1 in this study. The P3HR1 virus is lytic replication-
competent, although it cannot transform normal B lymphocytes because of partial deletion of
the EBV nuclear antigens EBNA-LP and EBNA2 genes [14]. P3HR1 cells were treated with
varying concentrations of butyrate (1.0 mM, 2.5 mM, or 5.0 mM) for a 6 hr period, whereupon
butyrate was removed from the cultures by washing the cells, and replacing normal growth
medium. The cell cultures were subjected to this 6 hr exposure for three consecutive days at
the same time of the day, and were then harvested for preparation of a whole-cell lysate. In
parallel, separate cultures of P3HR1 cells were maintained continuously in presence of similar
concentrations of butyrate for the same 3-day period before preparing whole-cell lysates. The
presence of EBV protein early antigen diffuse (EAD or BMRF), which is expressed during the
lytic stage of replication, was analyzed in these samples by immunoblotting. Continuous
exposure of P3HR1 cells to butyrate induced the BMRF protein robustly, in a dose-dependent
manner (Figure 1). Discontinuous exposure to butyrate also induced BMRF protein in a similar
fashion, albeit at lower levels. The level of BMRF expression induced by discontinuous
treatment with butyrate at 5.0 mM was similar to that induced by continuous treatment with
butyrate at 2.5 mM. This result demonstrated that multiple 6 hr discontinuous periods of
treatment with butyrate were sufficient to induce EBV lytic-phase gene products in EBV-
positive lymphoma cells.

The EBV Thymidine Kinase gene is induced following discontinuous butyrate treatment
We next evaluated whether discontinuous exposure to butyrate was sufficient to induce EBV
thymidine kinase gene expression. First, the kinetics of thymidine kinase expression in P3HR1
cells following exposure to two different concentrations of butyrate was examined. RNA blot
analysis of total cellular RNA from these cells demonstrated that thymidine kinase gene
expression was easily detected within 24 hr in cells treated with butyrate at concentrations of
either 1.0 mM or 2.5 mM (Figure 2A). On occasion, the expression of thymidine kinase RNA
could be detected within as early as 6 hr of exposure to butyrate (data not shown). To analyze
thymidine kinase expression in cells treated discontinuously with butyrate, a real-time
quantitative RT-PCR assay was employed, as this method of analysis is more quantitative at
lower levels of gene expression. An oligo-dT primer was used to synthesize cDNA from all
RNA samples, which was then amplified by PCR for detection of the thymidine kinase
transcript, using specific primers. ß-actin RNA levels in these samples was measured from the
same first round cDNA synthesis product and used to normalize thymidine kinase transcript
expression levels. Discontinuous exposure to butyrate (at concentrations of 1.0 mM, 2.5 mM
and 5.0 mM) induced thymidine kinase gene expression by 2.1-, 2.2- and 3.9-fold, respectively
(Figure 2B). At each concentration, however, the level of expression induced by continuous
exposure was higher than that induced by discontinuous treatment.

Discontinuous butyrate exposure efficiently sensitizes P3HR1 cells to ganciclovir-mediated
cell growth inhibition

We next determined whether the thymidine kinase expression induced by discontinuous
exposure to butyrate would sensitize P3HR1 cells to killing mediated by the nucleoside
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analogue ganciclovir. Sensitivity of P3HR1 cells to ganciclovir was tested using various
concentrations of ganciclovir over six consecutive days and enumerating the viable cells
remaining in cultures. Increasing concentrations of ganciclovir produced proportional growth-
inhibitory effects on P3HR1 cells (Figure 3A). On average, a 6-day exposure of P3HR1 cells
to 40 μM ganciclovir reduced the cell growth to about 70–80%, compared to untreated cells,
consistent with the findings of our earlier studies [20]. To assay sensitization of the lymphoma
cells to ganciclovir by discontinuous exposure to butyrate, cells were plated at a low density
and treated with butyrate (1.0 mM, 2.5 mM or 5.0 mM) plus ganciclovir (60 μM). Following
a 6 hr incubation, media containing butyrate was removed and replaced with fresh media
containing only ganciclovir. As control, cells were also treated in parallel with butyrate alone
(without ganciclovir). The 6 hr exposure to butyrate and 18 hr wash-out was repeated on each
of the following two days. At the end of day 3, butyrate was removed from all wells and replaced
with fresh medium with or without ganciclovir (as appropriate), and the cultures were
maintained for three more days. Untreated cells and cells treated with ganciclovir alone served
as controls. Cells from these experiments were then subjected to three different assays to
evaluate and compare the effect of ganciclovir on the growth of cells treated continuously or
discontinuously with butyrate.

Analysis of cell growth and viability by the trypan blue dye exclusion method demonstrated
that continuous treatment with butyrate as a single agent produced a robust growth-inhibitory
effect, causing as much as 92% relative suppression of growth at 5 mM concentrations of
butyrate (33% at 1.0 mM and 84% at 2.5 mM) (Figure 3B). The addition of ganciclovir further
reduced cell growth (60% with 1.0 mM, 66% with 2.5 mM and 90% with 5.0 mM).
Discontinuous exposure to butyrate as a single agent produced substantially less growth
inhibition (10% at 1.0 mM, 33% at 2.5 mM, and 55% at 5.0 mM), but in combination with
ganciclovir the growth inhibition produced was comparable to that achieved by continuous
treatment with butyrate (56% at 1.0 mM, 61% at 2.5 mM and 85% at 5.0 mM). These results
show that discontinuous treatment with butyrate produces less suppression of cell growth than
continuous treatment, but when combined with ganciclovir is quite effective in suppressing
growth. Comparable results were obtained when the cultures were analyzed using an MTT cell
viability assay (Figure 3C). Assessment of cell proliferation by formazan dye formation also
demonstrated that tumor cell growth was repressed by continuous exposure to butyrate, and
that the addition of ganciclovir strongly enhanced this growth suppression. Discontinuous
treatment with butyrate as a single agent did not reduce cell numbers to the extent that
continuous treatment did, but the anti-proliferative activity was significantly enhanced by
combination with ganciclovir.

Cell cultures exposed to varying concentrations and durations of butyrate, with or without
ganciclovir, were also analyzed for the presence of hypodiploid (sub-G1 fraction, apoptotic)
cells by flow cytometry after staining the DNA with propidium iodide. Continuous exposure
to butyrate induced apoptosis of the cells in a dose-dependent manner and this cytotoxic activity
was enhanced by combination with ganciclovir (Figure 3D). In contrast, discontinuous
exposure to butyrate did not induce any significant increase in the apoptotic fraction at any of
the butyrate concentrations studied. When ganciclovir was added, there was no significant
increase in apoptosis as measured by this assay with butyrate concentrations of 1.0 and 2.5
mM despite profound suppression of proliferation, but the apoptotic fraction increased to 31%
with butyrate concentrations of 5.0 mM plus ganciclovir.

Exposure to the combination of ganciclovir and butyrate alters cellular morphology
Cellular morphological changes consistent with a cytotoxic effect were next assessed. P3HR1
cells were treated with varying concentrations of butyrate, continuously or discontinuously, in
presence of ganciclovir for 3 days, at which time butyrate was removed and the cells were
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cultured in ganciclovir alone for 3 more days. Cells were then washed and maintained in normal
growth media for 6 more days and their morphology under phase contrast microscopy was
recorded. The combination of butyrate and ganciclovir exerted a significant cytopathic effect
on P3HR1 cells even 6 days after both of the drugs had been removed (Figure 4). Cells with
large vacuoles, ragged membranes, and lacking distinct intracellular organelles were prominent
and frequent. The magnitude of these cytopathic effects was butyrate dose-dependent.
Discontinuous combination treatment induced similar morphological changes, although with
somewhat less frequency than found after continuous exposure. In contrast, cells treated with
ganciclovir alone appeared morphologically unchanged. (Long-term maintenance of these cells
[and also EBV-negative lymphoid cell lines] in presence of ganciclovir is toxic to the cells and
a reduction in cell proliferation is apparent after continuous exposure to ganciclovir for two
weeks or more [data not shown]).

Tumor cells surviving exposure to butyrate plus ganciclovir remain susceptible to additional
cycles of treatment

As a fraction of P3HR1 cells invariably survived the first exposure to the butyrate plus
ganciclovir combination and resumed a normal proliferation rate, it was important to determine
whether these cells represented a resistant sub-population, or instead would be susceptible to
further rounds of similar treatment. To address this issue, P3HR1 cells surviving a prior
exposure to ganciclovir (60 μM) plus either a 72 hr continuous exposure to butyrate (2.5 mM),
or three discontinuous 6 hr exposures to butyrate, were allowed to expand in normal growth
medium, and were then subjected to new round of continuous or discontinuous treatment with
butyrate in presence of ganciclovir. We tested the effect of butyrate only at a concentration of
2.5 mM in these assays. Discontinuous combination treatment reduced the growth of these
previously-treated cells by 67% (Figure 5), and this effect was similar to the level of growth
inhibition observed with naïve (previously-untreated) cells (compare with Figure 3B).

A single, brief exposure to butyrate is sufficient to sensitize tumor cells to ganciclovir
As the experiments above established that multiple discontinuous exposures to butyrate
sensitized P3HR1 cells to ganciclovir-mediated growth inhibition and/or apoptosis, we next
determined the relationship between numbers of discontinuous exposures to butyrate and
sensitization to ganciclovir. P3HR1 cells were exposed to butyrate (2.5 mM) in one, two, or
three 6 hr periods, over one, two or three days, respectively, in presence of ganciclovir (60
μM), and then allowed to grow in presence of ganciclovir alone until day six. Ganciclovir was
subsequently removed from the media of the cells, and kinetics of cell growth were monitored.
One or two 6 hr exposures to butyrate alone did not affect the growth rate, although three daily
6 hr exposures reduced cumulative cell number by 23% (Figure 6A). The addition of
ganciclovir to butyrate, however, reduced proliferation by 57%, 63% and 61% for cells exposed
to butyrate once, twice, or three times, respectively. Thus, a single 6 hr exposure to butyrate
sensitized cells to ganciclovir almost as effectively as three daily 6 hr exposures. Analysis of
growth kinetics of these cells for a period of eleven days, even after removal of ganciclovir
and butyrate from the cultures, demonstrated that the growth of cells in cultures exposed to
discontinuous combination treatment remained significantly retarded compared to cells in
parallel cultures which were exposed to butyrate alone (Figure 6B). The growth of cells exposed
to three 6 hr cycles of butyrate, in combination with ganciclovir, was only marginally slower
than cells exposed to a single 6 hr cycle of butyrate.

Discussion
EBV has been etiologically linked to a number of human tumors, such as Burkitt’s lymphoma,
Hodgkin’s disease, non-Hodgkin lymphoma, nasopharyngeal carcinoma, and other sporadic
cancers of gastrointestinal tract and breast [37]. Persistent expression of certain of the EBV
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gene products is believed to be necessary for tumor progression. In recent years, several virus-
directed therapeutic approaches have been proposed for treatment of EBV-associated tumors.
The key features of these approaches are intentional induction of lytic phase of the virus, with
the anticipation that lytic release of the virus would destroy the host tumor cell. Our approach
has been mechanistically different, in that induction of full lytic phase has not been the goal.
Rather, induction of at least one early lytic gene, viral thymidine kinase, followed by
administration of one of the nucleoside analog pro-drugs targeting viral thymidine kinase (such
as ganciclovir), has been the strategy. The method of activation of lytic phase viral gene
expression is a critical step in either of these approaches. Previously we have successfully used
arginine butyrate and other butyrate derivatives to induce lytic phase EBV gene expression in
EBV lymphoblastoid cell lines (LCL) and in patients [17,19,20]. Butyrate as a viral gene
inducer is preferable to other modalities such as radiation or chemotherapeutic drugs, which
have been reported to induce at least some lytic phase gene expression, because it has been
safely administered to a number of patients with malignant and non-malignant chronic genetic
diseases, and is not myelosuppressive or immunosuppressive. Because of the very short half-
life of butyrate in vivo, however, the first trials of this agent in combination with ganciclovir
for the treatment of EBV malignancies utilized a continuous infusion of the drug for several
weeks [17]. In this study, we investigated whether a shorter duration of exposure of EBV-
positive lymphoma cells to butyrate would be sufficient to induce early lytic phase gene
expression and sensitization to ganciclovir-mediated cytotoxicity. We demonstrated herein that
multiple brief exposures to butyrate efficiently sensitize EBV-positive tumor cells to
ganciclovir.

The switch between latent and lytic phases during EBV infection is primarily regulated by the
two immediate-early proteins BZLF1 and BRLF1 [38,39]. These two proteins are efficient
transcriptional activators and their concerted action results in production of other lytic phase
proteins and ultimately virus particles. In latently-infected cells, the promoters for these two
genes are usually hyper-methylated and the surrounding area is hypoacetylated, resulting in
repression of transcription of these genes [40-42]. The histone deacetylase activity of butyrate
and its derivatives alters the epigenetic state of the episomal EBV genome and facilitates
transcription of these genes and subsequent entry into lytic phase [33,42].

Our studies demonstrate that exposure to butyrate induces expression of the EBV immediate-
early antigen-diffuse protein (also known as BMRF) in the Burkitt’s lymphoma cell line
P3HR1, which maintains typical EBV type-I latency. We have previously demonstrated that
arginine butyrate induces lytic-phase gene expression in multiple EBV-positive
lymphoblastoid and lymphoma cell lines, and enhances expression of the early lytic phase
protein thymidine kinase [20]. Our present findings thus corroborate our earlier findings, and
extend them by demonstrating that butyrate can be used to induce EBV lytic-phase gene
expression in both latency type-I and type-III EBV infections. Further, our data demonstrate
that continuous exposure to butyrate is not necessary for sustained BMRF expression. Similar
requirements and kinetics were also observed with regard to thymidine kinase induction by
butyrate. Although the level of thymidine kinase transcript expression was several-fold higher
in response to continuous exposure to butyrate, a significant and sustained increase in
thymidine kinase expression levels was observed with discontinuous exposure. Furthermore,
this lower level of thymidine kinase expression was quite efficient in suppressing cell growth
in the presence of ganciclovir. It is noteworthy that the relative reduction in cell growth
produced by the continuous treatment protocol was similar to that resulting from the
discontinuous treatment protocol. The apoptosis assay employed (generation of cells with a
hypodiploid DNA content) indicated that continuous combination treatment induced apoptosis
in a significant fraction of the cells, whereas the discontinuous exposure did not, except at the
higher concentrations of butyrate. Yet, both continuous and discontinuous exposures produced
profound morphological changes in the cells suggesting irreversible damage. These results
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suggest that the growth inhibition due to combination treatment may not necessarily depend
upon induction of a classical apoptotic process, at least as assayed by the generation of cells
with a hypodiploid DNA content.

In the studies presented here, we have shown that butyrate exerts a strong, dose-dependent,
and reversible growth-inhibitory effect on P3HR1 cells. This is consistent with our previous
report, in which we demonstrated that butyrate induces G1-phase growth arrest in fibroblasts
and other cell types [43]. This growth-inhibitory effect was significantly more pronounced
when cells were exposed to butyrate continuously, in comparison to discontinuous exposure.
Although the addition of ganciclovir had enhanced the growth-inhibitory effect, continuous
exposure of cells to 2.5 mM butyrate alone inhibited cell growth by 85%. In contrast,
discontinuous exposure at the same 2.5 mM concentration of butyrate reduced P3HR1 cell
growth by only 32%. These findings may therefore suggest that continuous exposure to high
doses of butyrate in a clinical protocol might be more likely to evoke undesired adverse effects
than would discontinuous exposure. Indeed, in our recent phase I clinical trial with arginine
butyrate in EBV-associated lymphoid malignancies, we observed that escalation of the arginine
butyrate dose was associated with an increase in adverse events [35]. Our present finding that
a discontinuous treatment regimen has little or no effect on cultured cells in absence of
ganciclovir suggests that discontinuous exposure to butyrate may decrease toxicities to normal
tissues.

Because a fraction of cells inevitably survived a single round of exposure to the combination
of butyrate and ganciclovir, and would re-grow when the drugs were removed, it was of interest
to determine whether these surviving cells remained susceptible to the treatment regimen or
instead represented escape mutants. We demonstrated that these surviving cells remained
equally susceptible to further rounds of combination treatment. We also demonstrated that even
a single 6 hr discontinuous combination treatment had a significant anti-proliferative effect on
EBV-infected lymphoma cells.

In summary, the data presented here strongly suggests that a combination treatment regimen
employing intermittent exposure to butyrate and continuous (daily) exposure to ganciclovir
may display significant activity in treating EBV-positive lymphomas. On the basis of these
data, we have initiated such a brief, discontinuous treatment protocol for EBV-positive
lymphomas and lymphoid malignancies.
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Figure 1.
Discontinuous butyrate exposure induces expression of the EBV early lytic phase protein
BMRF. P3HR1 cells were treated with 1.0 mM, 2.5 mM or 5.0 mM butyrate for a 6 hr period
daily for three days (discontinuous) and whole cell lysates from these cells were tested for EBV
early antigen diffuse protein BMRF by immunoblotting. Untreated cultures, cultures treated
with GCV alone and cultures exposed to the same concentrations of butyrate as above but
continuously for three days, were used as controls. The same membrane was stripped and
immunoblotted for ßactin protein to demonstrate equal loading of protein in the gel.
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Figure 2.
Discontinuous butyrate exposure induces expression of viral thymidine kinase. A. Total
cellular RNA from P3HR1 cells treated with 1.0 mM or 2.5 mM butyrate for the indicated time
was analyzed by RNA blot analysis, using a 32P-labeled thymidine kinase cDNA probe. The
ethidium bromide stained gel before transfer is shown in the lower panel to demonstrate equal
loading. Positions of the thymidine kinase mRNA (TK), 28S and 18S ribosomal RNAs are
indicated. B. Real-time PCR analysis of thymidine kinase gene expression in P3HR1 cells
treated discontinuously or continuously with butyrate at the indicated concentrations for three
days. ßactin expression levels in the same cDNA amplification products were determined and
used to normalize thymidine kinase expression level in each individual sample.
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Figure 3.
Ganciclovir reduces growth of EBV-positive lymphoid cells treated discontinuously with
butyrate. A. Dose-response tolerance analysis of P3HR1 cells to ganciclovir (GCV). Survival
of P3HR1 cells exposed to ganciclovir for six consecutive days was measured by trypan blue
dye-exclusion method. B. Survival of the P3HR1 cells treated discontinuously or continuously
with butyrate at the concentrations indicated, in presence of 60 μM ganciclovir, was monitored
by serial enumeration of trypan blue dye-excluding cells. C. Cell proliferation of P3HR1 cells
treated as in panel B was assayed by colorimetric measurement of formazan dye (MTT assay).
D. Apoptosis analysis of P3HR1 cells treated as in panel B by flow-cytometric analysis of sub-
G1 DNA content of the propidium iodide-stained cells. Error bars represent standard deviations
from three independent experiments.
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Figure 4.
Butyrate exposure in presence of ganciclovir affects the morphological integrity of EBV-
positive lymphoid cells. P3HR1 cells were treated intermittently or continuously with butyrate
at the indicated concentrations for three days in presence of 60 μM ganciclovir and three
additional days in presence ganciclovir alone before the cellular morphology was analyzed by
phase-contrast microscopy of living cell cultures.
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Figure 5.
EBV-positive lymphoid cells surviving an earlier cycle of butyrate/ganciclovir combination
treatment remain susceptible to further rounds of treatment. P3HR1 cells surviving an initial
round of continuous or intermittent butyrate treatment (2.5 mM) in presence of 60 μM
ganciclovir were allowed to expand in normal growth medium, and then challenged with
another round of combination treatment with 2.5 mM butyrate and 60 μM ganciclovir as in
Figure 3, panel B. Cell survival was analyzed by enumeration of trypan blue dye-excluding
cells. Error bars represent standard deviations from three independent experiments.
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Figure 6.
Comparison of efficiency of sensitization of lymphoid cells to ganciclovir by single or multiple
short exposures to butyrate. A. P3HR1 cells were treated with 2.5 mM butyrate for one, two
or three six hour periods over one, two or three days in presence of 60 μM ganciclovir as in
Figure 3, panel B, and cell survival were analyzed by serial enumeration of trypan blue dye-
excluding cells. B. One hundred thousand cells from each treatment group were then replated
into fresh growth media without ganciclovir or butyrate, and their growth kinetics were
monitored for next eleven days.
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