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The Epstein-Barr virus (EBV) genome is present in a variety of tumor types, including virtually all undif-
ferentiated nasopharyngeal carcinomas (NPC) and a portion of gastric carcinomas. The uniform presence of
the EBV genome in certain tumors (versus only a very small number of normal B cells) suggests that novel
therapies which specifically target EBV-positive cells for destruction might be effective for treating such
tumors. Although the great majority of EBV-positive tumor cells are infected with one of the latent forms of
EBYV infection, expression of either viral immediate-early protein (BZLF1 or BRLF1) is sufficient to convert the
virus to the lytic form of infection. Induction of the lytic form of EBV infection could potentially result in death
of the tumor cell. Here we have examined the efficacy of adenovirus vectors expressing the BZLF1 or BRLF1
proteins for treatment of EBV-positive epithelial tumors. The BZLF1 and BRLF1 vectors induced preferential
killing of EBV-positive, versus EBV-negative, gastric carcinoma cells in vitro. Infection of C18 NPC tumors
(grown in nude mice) with either the BZLF1 or BRLF1 vector, but not a control adenovirus vector, induced
expression of early lytic EBV genes in tumor cells. Injection of C18 tumors with the BZLF1 or BRLF1
adenovirus vector, but not the control vector, also significantly inhibited growth of the tumors in nude mice.
The addition of ganciclovir did not significantly affect the antitumor effect of the BZLF1 and BRLF1 adenovirus

vectors. These results suggest a potential cancer therapy against EBV-related tumors.

The Epstein-Barr virus (EBV) is a ubiquitous virus that
infects more than 90% of the human population and has been
linked to a growing number of malignant diseases (27, 41),
including nasopharyngeal carcinoma (NPC) (57), Hodgkin’s
disease (52), Burkitt’s lymphoma (34), gastric carcinoma (45),
leiomyosarcoma (36), and possibly breast cancer (3). Regard-
less of whether EBV is required for the development and/or
persistence of particular tumors, the near universal presence of
the viral genome in certain tumor types suggests that it is a
potential target for therapeutic antitumor strategies. Research-
ers have been exploring the concept that modulation of EBV
gene transcription in tumor cells can be used to therapeutic
advantage (25, 53, 54).

EBYV can establish a latent or lytic infection in host cells (27,
41). However, EBV-infected tumor cells are almost always
latently infected. In the latent forms of infection, the virus is
replicated once per cell cycle as an episome using the viral oriP
replication origin and host cell DNA polymerase (27, 41). EBV
proteins known to contribute to cellular transformation are
expressed in the latent types of infection (27, 41).

Expression of either one of the EBV immediate-early (IE)
proteins, BZLF1 and BRLF1, is sufficient to induce a switch
from latent to lytic viral replication in the infected cell (6, 26,
40, 42, 43, 49, 54, 56). BZLF1 and BRLF1 are both transcrip-
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tional activators (2, 5, 16, 20, 29), and each IE protein initially
activates transcription of the other IE gene (2, 10, 29, 56). Both
IE proteins are required together for induction of the full
complement of early viral genes necessary for lytic viral repli-
cation (10). During lytic infection, the virus produces a linear
genome and is replicated through the viral oriLyt replication
origin (18, 27, 41). Lytic replication is mediated through the
virally encoded DNA polymerase and requires a number of
additional lytic EBV proteins (14). Induction of lytic EBV
infection results in host cell killing in vitro (12, 24), although
this point has not been clearly shown in vivo.

It has previously been shown that induction of lytic EBV
infection allows the infected host cell to phosphorylate the
prodrug ganciclovir (GCV) into its cytotoxic form (37, 54). It is
already well established that expression of the herpes simplex
virus thymidine kinase gene allows tumor cells to be killed by
GCV (8, 15, 55). In the case of EBV, while it is not entirely
certain which virally encoded protein phosphorylates GCV,
this event is likely mediated by the EBV homologue of the
herpes simplex virus-thymidine kinase protein (31, 32, 37)
and/or the EBV homologue of the cytomegalovirus UL97 pro-
tein (BGLF4) (37, 47). Both of these EBV proteins are ex-
pressed only during the lytic form of viral infection, consistent
with previous findings that lytic, but not latent, EBV infection
results in GCV phosphorylation (37, 54). Westphal et al. have
previously demonstrated that while treatment with GCV of
lytically infected Burkitt lymphoma cells prevents the lytic
form of EBV DNA replication, GCV nevertheless induces host
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cell death, presumably due to the toxic effect of phosphory-
lated GCV on the host cell DNA polymerase (54). Thus, in-
duction of lytic EBV infection in EBV-positive tumor cells,
with or without the addition of GCV, may be an effective
method to treat EBV-associated tumors.

Using adenovirus vectors expressing the BZLF1 or BRLF1
proteins, Westphal et al. have previously shown that inocula-
tion of Jijoye Burkitt lymphoma tumors grown in SCID mice
induces the lytic form of EBV infection (54). However, it is not
known whether expression of the EBV IE proteins induces cell
death in EBV-positive tumor cells in vivo. In addition, it has
not been previously demonstrated that delivery of IE proteins
to EBV-positive tumors results in inhibition of tumor growth.
The majority of EBV-positive B-cell lymphomas are not suscep-
tible to adenovirus-mediated gene delivery, since most B cells
lack the adenovirus receptor (28, 51). In contrast, epithelial
tumors, such as NPC and gastric carcinoma, are usually highly
susceptible to adenovirus infection.

In this study, we have examined the efficacy of adenovirus
vectors expressing BZLF1 or BRLF1, with or without concom-
itant GCV treatment, for the treatment of EBV-positive epi-
thelial tumors. We showed that both the BZLF1 and BRLF1
adenovirus vectors induce preferential killing of EBV-positive,
versus EBV-negative, gastric carcinoma cells in vitro, although
the BRLF1 vector is more toxic than the BZLF1 vector in the
EBV-negative cells. We also showed that both the BZLF1 and
the BRLF1 adenovirus vectors induce an abortively lytic form
of EBV infection in C18 NPC tumors grown in nude mice.
Furthermore, we demonstrated that injection of C18 NPC tu-
mors with either the BZLF1 or the BRLF1 adenovirus vector,
but not a control vector, significantly reduces tumor growth in
nude mice. GCV did not significantly enhance the antitumor
effect of the BZLF1 and BRLF1 adenovirus vectors at the
doses used in our experiments. These results suggest that in-
duction of lytic viral transcription using gene delivery tech-
niques is an effective and novel method for treating EBV-
positive malignancies.

MATERIALS AND METHODS

Cell lines. NPC-KT is an EBV genome-positive NPC epithelial hybrid cell line,
which was established by fusion of primary EBV genome-positive NPC epithelial
cells with an epithelial cell line derived from human adenoid tissue (50).
NPC-KT cells were maintained in Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal bovine serum and penicillin-streptomycin. AGS is a
gastric carcinoma cell line. The AGS-EBV cell line (a gift from Lindsey Hutt-
Fletcher) was obtained by G418 selection of AGS cells that were infected with a
recombinant virus (from Akata cells) in which a neomycin resistance cassette had
been inserted into the nonessential BDLF3 open reading frame. AGS cells were
maintained in Ham’s F-12 medium with 10% fetal bovine serum; AGS-EBV cells
also received 400 g of G418/ml.

Generation of adenovirus vectors. The construction and generation of the
adenoviral vectors were described previously (54). Briefly, the BZLF1 and
BRLF1 genes were cloned under the transcriptional control of the human cyto-
megalovirus IE promoter into a shuttle vector which contains a Lox P site, the
left adenovirus terminal repeat, and a packaging signal. Then, via Cre-Lox-
mediated recombination, these vectors were inserted into the Lox P site of a
replication-deficient type 5 adenovirus lacking the E1 and E3 genes to create
adenovirus BZLF1 (Ad-Z) and adenovirus BRLF1 (Ad-R). Control vectors
(Ad-GFP and Ad-LacZ) containing the green fluorescent protein and beta-
galactosidase genes, respectively, were made in the same manner.

Adenovirus infection in vitro. NPC-KT cells were plated onto flasks 1 day prior
to adenovirus infection. Cells were infected with no adenovirus (mock infection),
Ad-GFP, Ad-Z, or Ad-R at a multiplicity of infection (MOI) of 20 (calculated
from PFU).
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In vitro adenovirus vector killing experiments. AGS and AGS-EBYV cells were
grown to 70 to 80% confluence and then infected with Ad-LacZ, Ad-Z, or Ad-R
at a MOI of 3, 10, or 20. The number of viable cells was determined by trypan
blue exclusion 5 days postinfection. Cells were also harvested on day 5 for
immunoblot analysis of BZLF1, BRLF1, and B-actin. All experiments were
performed in triplicate.

Animal experiments. The C18 NPC tumor is a patient-derived NPC that can
be passaged in nude mice (4). Small minced pieces of C18 tumors were trans-
planted into the flanks of 5- to 6-week-old female nude mice, using matrigel as
previously described (4). When tumors had become palpable (approximately 9
days after transplantation), they were inoculated with phosphate-buffered saline
(PBS) or4 x 10° PFU of Ad-GFP, Ad-Z, or Ad-R. The adenovirus was dialyzed
in PBS prior to inoculation, suspended in 100 ul of PBS, and injected directly
into the tumor, using a 30-gauge needle.

In preliminary experiments, mice were euthanized 2 days after injection of
tumors and tumors were surgically removed. Tumor tissue from each treatment
was then subjected to immunoblot analysis or a EBV DNA terminus assay or
fixed in 4% paraformaldehyde (later replaced with 70% ethanol) (72 h) for the
histochemical and terminal deoxynucleotidyltransferase-mediated dUTP-biotin
nick end labeling (TUNEL) assays.

For treatment studies, C18 tumors were treated as described above, with
intratumoral injection of 4 X 10° PFU of Ad-GFP, Ad-Z, or Ad-R. A number of
the animals also received intraperitoneal GCV (Warner-Lambert Company)
(100 mg/kg of body weight), which was given twice daily for 5 consecutive days
beginning 1 day after adenovirus inoculation. The treatment groups were as
follows: Ad-GFP alone (7 tumors), Ad-GFP plus GCV (7 tumors), Ad-Z alone
(6 tumors), Ad-Z plus GCV (7 tumors), Ad-R alone (7 tumors), and Ad-R plus
GCV (8 tumors). Three times per week, the mice were examined and tumor
measurements were obtained. Mice were euthanized when tumor size exceeded
1 ecm?. Statistics were performed using the Excel ¢ test.

Immunoblot analysis. NPC-KT cells (either mock infected or infected with
various adenovirus constructs) were harvested 24 h postinfection, and immuno-
blot analysis was subsequently performed, as described previously (1), using
anti-BMRF1 (1:100; Capricorn), anti-BZLF1 (1:100; Argene), anti-BRLF1 (1:
100; Argene), and anti-B-actin (1:5,000; Sigma) antibodies. Results were visual-
ized using a chemiluminescence kit (Amersham).

For immunoblot analysis of C18 NPC tumors, tumors were removed after
euthanasia of mice and tumor pieces were sonicated in lysis buffer containing 10
mM Tris-HCI (pH 8.0), 1% sodium dodecyl sulfate, 5% B-mercaptoethanol, and
1X proteinase inhibitors. The sonicated material was boiled for 10 min and
centrifuged before being subjected to immunoblot analysis as described above.

TUNEL staining. Tumor tissue sections were examined using a fluorescein
isothiocyanate in situ cell death detection kit (Boehringer Mannheim). Briefly,
tumor tissue sections were dewaxed and rehydrated. After washing in PBS, tissue
sections were permeabilized with proteinase K (20 pg/ml; Sigma) for 30 min at
room temperature. Cells were then incubated at 37°C for 1 h in a ratio of enzyme
to fluorescein isothiocyanate label solution as specified by the manufacturer
before a final wash in PBS. Tissue sections were covered with anti-fade
(Biomeda) and analyzed under a fluorescence microscope.

Histological analysis. Tumors were fixed in 4% paraformaldehyde and em-
bedded in paraffin, and deparaffinized sections were subsequently stained with
hematoxylin and eosin and examined microscopically.

EBV DNA terminus assay. To evaluate episomal and linear structures of the
EBV genome, DNA was isolated from C18 NPC tumor tissues 2 days after
infection with Ad-GFP, Ad-Z, or Ad-R. DNA was cut with BamHI, run on a
0.8% agarose gel, blotted onto a Hybond nylon membrane, and hybridized with
a 3?P-labeled riboprobe targeting the EBV termini as previously described (39).

RESULTS

The BZLF1 and BRLF1 adenovirus vectors induce expres-
sion of lytic EBV genes in NPC-KT cells in vitro. Transfection
of either EBV IE gene, BZLF1 or BRLF1, has been previously
shown to induce early lytic viral gene expression in NPC-KT
cells (56). To examine the effects of the BZLF1 and BRLF1
proteins expressed in adenovirus vectors, NPC-KT cells were
mock infected, infected with the BZLF1 or BRLF1 adenovirus
vector, or infected with a control adenovirus vector expressing
the GFP protein, using an MOI of 20 (PFU). The expression
of BZLF1, BRLF1, and the early lytic cycle EBV protein,
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FIG. 1. The BZLF1 and BRLF1 adenovirus vectors induce early
Iytic viral gene expression in NPC-KT cells. NPC-KT cells were in-
fected with GFP, BZLF1, and BRLF1 adenoviruses (MOI of 20). The
expression of the IE EBV proteins, BZLF1 and BRLF1, as well as the
early lytic protein, BMRF1, was analyzed by immunoblot 24 h after
infection.

BMREF1, was examined by immunoblot analysis 2 days later. As
shown in Fig. 1, infection with the control GFP adenovirus
vector did not activate IE or early lytic gene expression in
NPC-KT cells. In contrast, infection with either the BZLF1 or
BRLF1 adenovirus vector induced BMRF1 expression in
NPC-KT cells and each IE protein induced expression of the
other IE protein. Thus, infection of this NPC-derived cell line
in vitro with an adenovirus vector expressing either the BZLF1
or BRLF1 protein induced lytic EBV gene expression at sim-
ilar levels of efficiency.

The BZLF1 and BRLF1 adenovirus vectors preferentially
kill EBV-positive gastric carcinoma cells. To determine
whether the BZLF1 or the BRLF1 adenovirus vector prefer-
entially kills EBV-positive gastric carcinoma cells, we infected
EBV-negative versus EBV-positive AGS gastric carcinoma
cells with increasing titers of each vector (MOI of 3, 10, or 20)
or a control adenovirus vector expressing beta-galactosidase.
The number of viable cells in each condition was quantitated 5
days after infection (Fig. 2A). As expected, both of the BZLF1
and BRLF1 vectors induced early lytic gene expression in
AGS-EBV cells (data not shown). At the highest MOI (MOI
of 20), the BZLF1 adenovirus vector killed over 80% of the
EBV-positive cells versus fewer than 10% of the EBV-negative
cells. In contrast, at the highest MOI (MOI of 20), the BRLF1
vector was toxic to both EBV-negative and EBV-positive cells.
However, at the lowest MOI (MOI of 3), the BRLF1 vector
induced preferential killing of EBV-positive cells. The EBV-
positive and EBV-negative AGS extracts had equal levels of
the BZLF1 and BRLF1 proteins following adenovirus infec-
tion (Fig. 2B), indicating that the two lines were infected at
similar levels of efficiency. These data indicate that both the
BZLF1 and BRLF1 proteins preferentially kill EBV-positive
cells but that BRLF1 is considerably more toxic than BZLF1 in
EBV-negative cells.

The BZLF1 and BRLF1 adenovirus vectors induce early
lytic EBV gene expression in C18 NPC tumors grown in nude
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mice. The effect of the BZLF1 and BRLF1 adenovirus vectors
in EBV super-infected AGS cells in vitro does not necessarily
predict their effect in NPC tumors in vivo. Therefore, to inves-
tigate the effects of the BZLF1 and BRLF1 adenovirus vectors
in a model more biologically relevant for NPC, patient-derived
EBV-positive C18 NPC tumors were grown in nude mice. Nine
days after transplantation into the flanks of nude mice, C18
tumors were directly inoculated with 4 X 10° PFU of the GFP,
BZLF1, or BRLF1 adenovirus construct. Mice were eutha-
nized 2 days after injection, and the tumors were harvested for
immunoblot and histochemical analysis.

As shown in Fig. 3, injection of tumors with either the
BZLF1 or BRLF1 adenovirus vector resulted in detectable
BZLF1, BRLF1, and BMRF1 protein expression. In contrast,
the control tumor and the Ad-GFP inoculated tumor had very
little if any lytic EBV gene expression, consistent with previous
observations indicating that the majority of NPC tumor cells
contain only the latent form of EBV infection (30, 38). These
results demonstrate that the C18 tumor is susceptible to ade-
novirus infection in vivo and that both the BZLF1- and the
BRLF1-expressing vectors induce early lytic EBV gene expres-
sion. Adenovirus infection per se does not induce the expres-
sion of lytic EBV genes in C18 tumors. In contrast to the
results in NPC-KT cells in vitro, infection of C18 tumors in vivo
with the Ad-Z vector consistently induced somewhat more
early lytic EBV gene expression than did infection with the
Ad-R vector (Fig. 3 and data not shown).

The BZLF1 and BRLF1 adenoviruses induce necrosis and
apoptosis in C18 NPC tumor cells. To further evaluate the
effects of the BZLF1, BRLF1, and GFP adenovirus vectors in
C18 tumors, we performed histochemical analysis of tumors
harvested 2 days after injection with each vector (Fig. 4). Mi-
croscopic examination of the hematoxylin- and eosin-stained
slides revealed that both BZLF1 and BRLF1 expression in-
duced massive necrosis, as well as apoptosis, of C18 tumor
cells. The necrotic zones were characterized by cells having
smudged and pale nuclear chromatin, while the cytologically
apoptotic cells had shrunken nuclei with condensed chromatin.
In contrast, cells in the tumor inoculated with the control
adenovirus vector appeared viable. Although most cells in the
Ad-Z- and Ad-R-injected tumors appeared abnormal, small
areas of viable cells could sometimes be found (for an example,
see the upper-right-hand corner of Fig. 4C), likely reflecting
cells which had not been infected. There was minimal inflam-
matory response to either the BZLF1 or the BRLF1 adenovi-
rus vector. In situ TUNEL staining confirmed that injection of
tumors with either the BZLF1 or BRLF1 vector, but not the
control GFP vector, induced striking apoptosis (in addition to
necrosis) of tumor cells. These results suggest that both of the
BZLF1 and BRLF1 adenoviruses induce extensive cell death
when inoculated directly into C18 NPC tumors at the doses
used in these experiments.

The BZLF1 and BRLF1 adenovirus vectors do not induce
lytic EBV DNA replication in C18 NPC tumors. The immuno-
blot analysis of C18 tumors infected with the BRLF1 and
BZLF1 adenoviruses indicated that these vectors induce the
expression of at least some early lytic viral proteins. To deter-
mine if early lytic viral protein expression is accompanied by
the lytic form of EBV DNA replication, tumor tissue was
analyzed by Southern blot analysis using the terminus assay
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FIG. 2. The BZLF1 and BRLF1 adenovirus vectors preferentially kill EBV-positive cells. (A) EBV-positive versus EBV-negative AGS gastric
carcinoma cells were infected with increasing amounts (MOIs of 3, 10, and 20) of a control adenovirus vector (Ad-LacZ) or the BZLF1 or BRLF1
vector. The percentage of survival of cells in each infection condition (normalized to 100% viability for AGS cells infected with the lowest titer
of Ad-LacZ) is shown, quantitated 5 days after infection. (B) Immunoblot analysis was performed to document equal levels of expression of the
BRLF1 and BZLF1 proteins after infection with the adenovirus vectors in EBV-positive versus EBV-negative AGS cells.

(39), which can distinguish between the latent (episomal) and
lytic (linear) forms of EBV DNA. As shown in Fig. 5, only the
episomal form of the EBV genome was detected in C18 tumor
tissues infected with the BZLF1 and BRLF1 adenoviruses. The
failure to detect the linear form of the EBV genome in Ad-Z-
and Ad-R-infected C18 tumors is somewhat surprising and
may indicate that the massive cell death associated with these
vectors does not permit viral replication.

Treatment with either the BZLF1 or the BRLF1 adenovirus
vector significantly inhibits growth of C18 NPC tumors. To
determine whether injection of NPC tumors with either the

BZLF1 or the BRLF1 adenovirus vector could be used thera-
peutically in vivo, C18 NPC tumors were transplanted into the
flanks of nude mice. Nine days after transplantation, tumors
were directly injected with 4 X 10° PFU of the GFP, BZLF1,
or BRLF1 adenovirus. In addition, the mice in each treatment
group were injected twice daily with either GCV (100 mg/kg
body weight, intraperitoneally [i.p.]) or PBS for 5 days follow-
ing injection with the adenovirus vectors. Experiments were
terminated at day 26 after adenovirus injection.

The data from this experiment are summarized in Fig. 6.
NPC tumors injected with the GFP adenovirus grow at a rate
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FIG. 3. The BZLF1 and BRLF1 adenovirus vectors induce tran-
scription of early lytic EBV genes in C18 NPC tumors. C18 NPC
tumors (grown in nude mice) were directly inoculated with the GFP,
BZLF1, or BRLF1 adenovirus. Two days later, tumor extracts were
analyzed by immunoblotting for the expression of BZLF1, BRLFI,
BMREFI, or B-actin.

comparable to that of mock-infected tumors (data not shown).
In comparison to that of the tumors injected with the GFP
adenovirus, the growth of tumors injected with the BZLF1 or
the BRLF1 adenovirus was significantly suppressed in the pres-
ence (Ad-Z + GCV [P = 0.01] or Ad-R + GCV [P = 0.003])
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or absence (Ad-Z [P = 0.02] or Ad-R [P = 0.008]) of concom-
itant GCV therapy. We have found that approximately 1% of
C18 tumor cells constitutively express the IE protein, BRLF1
(data not shown), and others have likewise reported that the
lytic form of EBV infection is present within a small percent-
age of NPC tumor cells (7, 44). Consistent with this, GCV
treatment of the Ad-GFP-injected tumors had a small inhibi-
tory effect on C18 tumor growth. However, concomitant GCV
treatment only slightly reduced the size of the tumors injected
with the BZLF1 or BRLF1 vectors (Fig. 6). These data dem-
onstrate that BZLF1 and BRLF1 adenovirus vectors, either
alone or in combination with GCV, inhibit C18 NPC tumor
growth.

DISCUSSION

The presence of the EBV genome within certain tumor types
provides an attractive target for the development of new ther-
apies. EBV is almost always present in undifferentiated NPC
(30, 38), as well as in AIDS-associated central nervous system
lymphomas (33), and is commonly present in lymphoprolifera-
tive disease (17) and leiomyosarcomas (36) occurring in im-
munocompromised patients. In addition, EBV is present in a
subset of Hodgkin’s disease cases (52), T-cell lymphomas (19),
gastric carcinomas (45), liver cancers (46), and possibly breast
cancers (3). In contrast, the EBV genome is present in only a
very few normal B cells (27, 41). Thus, EBV-based cytotoxic
therapies could potentially be applied to a wide variety of
tumor types.

In this report, we have explored the therapeutic utility of
inducing lytic EBV gene expression in EBV-positive tumor

FIG. 4. The BZLF1 and BRLF1 adenoviruses induce cellular necrosis and apoptosis in C18 NPC tumors. GFP, BZLF1, or BRLF1 adenovirus
was injected directly into C18 NPC tumors established in nude mice. Two days later, mice were euthanized and tumors were dissected and fixed.
Sections of tumors, treated with GFP adenovirus (A and D), BZLF1 adenovirus (B and E), or BRLF1 adenovirus (C and F), were stained with
hematoxylin and eosin (A, B, and C) (magnification, X400) or TUNEL (D, E, and F) (magnification, X200).
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FIG. 5. The BZLF1 and BRLF1 adenoviruses do not induce significant amounts of the lytic form of EBV replication in C18 NPC tumors. C18
NPC tumors were directly inoculated with the GFP, BZLF1, or BRLF1 adenovirus. Two days later, tumor DNA was harvested, cut with BamHI,
and hybridized to a probe spanning the EBV termini for Southern blotting. The episomal form of EBV genome is seen in latent infection, whereas
the linear form of the genome is produced by the lytic form of EBV DNA replication. Various amounts of Raji cell DNA were also loaded as a

positive control for the episomal form of EBV DNA.

cells. Adenovirus vectors were constructed containing each of
the EBV IE proteins, BZLF1 and BRLF1, and the ability of
these vectors to induce lytic EBV gene expression was dem-
onstrated both in vitro (in NPC-KT and AGS-EBYV cells) and
in vivo (in the C18 NPC tumor model). Both the BZLF1 and
BRLF1 vectors induced preferential killing of EBV-positive,
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versus EBV-negative, gastric carcinoma cells in vitro. Most
importantly, we demonstrated that adenovirus vectors express-
ing either of the EBV IE proteins produce tumor cell death
when inoculated directly into C18 NPC tumors and inhibit C18
NPC tumor growth in nude mice. Our results suggest that
therapeutic strategies that deliver the EBV IE proteins to
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(T
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FIG. 6. The BZLF1 and BRLF1 adenoviruses, with or without GCV, significantly inhibit C18 NPC tumor growth in vivo. C18 NPC tumors were
transplanted into the flanks of nude mice. Nine days later, tumors were directly inoculated with a GFP, BZLF1, or BRLF1 adenovirus vector, alone
or in combination with GCV (100 mg per kg of body weight [i.p., twice a day for 5 days]). The average tumor volume for each treatment group
is indicated at different time points.
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tumor cells might be useful for treating both EBV-positive
gastric carcinoma and NPC, irrespective of the role that EBV
plays in their pathogenesis.

Our study demonstrates that both BZLF1 and BRLF1 ade-
novirus vectors can activate early lytic viral gene expression,
and induce necrosis and apoptosis, in C18 NPC tumor cells.
EBV encodes a variety of proteins that inhibit apoptosis, in-
cluding the latent protein LMP-1 and the lytic bcl-2 homologs,
BHRF1 and BALF1 (21, 27, 35, 41), and a recent in vitro study
demonstrated that lytically infected EBV-positive Burkitt lym-
phoma cells do not undergo apoptosis when exposed to chem-
ical inducing agents that normally cause apoptosis (22). The
induction of apoptosis by the BZLF1 and BRLF1 vectors was
therefore somewhat unexpected. Swenson et al. have previ-
ously shown that BRLF1 activates cell cycle progression and
induces apoptosis in EBV-negative cells (48), and Westphal et
al. and others have found that BZLF1 expression induces ap-
optosis in certain EBV-negative cell lines but not others (54; A.
Mauser, A. Zanation, W. Yarborough, W. Kaufmann, and S.
Kenney, submitted for publication). We speculate that the
level of cellular BZLF1 and BRLF1 expression induced by the
adenovirus vectors in C18 tumors is higher, and persists much
longer, than that which occurs during normal EBV infection
and thus that the antiapoptotic effects of other EBV encoded
proteins are overwhelmed by the proapoptotic effects of the IE
proteins.

Westphal et al. previously found that infection of Jijoye
Burkitt lymphoma cells in vitro with either the BZLF1 or the
BRLF1 adenovirus vector induces the linear form of EBV (54).
The failure to observe the linear form of EBV following Ad-Z
and Ad-R injection of C18 tumors in vivo suggests that at the
doses used in this study, the vectors were primarily inducing an
abortive form of lytic infection. It is possible that the host cell
environment in C18 tumors suppresses fully lytic EBV infec-
tion. Alternatively, the early apoptotic death of the Ad-Z- and
Ad-R-injected tumor cells may inhibit progression to the linear
form of EBV DNA, even though these vectors induce tran-
scriptional activation of at least some lytic viral replication
proteins. Our in vitro studies in AGS-EBV cells indicate that
lower doses (MOI of 3) of the Ad-Z and Ad-R vectors actually
induce more lytic EBV DNA replication than higher doses
(MOI of 20) (data not shown), suggesting that excessive and
prolonged expression of the EBV IE proteins, while transcrip-
tionally activating early viral genes, inhibits lytic EBV DNA
replication. However, we cannot exclude the possibility that
one or more adenovirus-encoded proteins inhibit lytic EBV
replication.

Interestingly, cell death following lytic EBV infection is at
least partially due to the expression of IE or early protein(s)
(24), and thus, it was not entirely unexpected that abortive lytic
EBYV infection still results in host cell death. However, prior to
these studies, it was unclear whether the BRLF1 and BZLF1
vectors would have similar killing effects in NPC tumors. We
show here that the BZLF1 vector induces better expression
than the BRLF1 vector of the lytic EBV gene, BMRF1, in C18
tumors. However, the two vectors inhibited NPC tumor growth
to similar degrees. As BRLF1 expression is more cytotoxic
than BZLF1 expression in EBV-negative cell lines, the intrin-
sic cytotoxicity of BRLF1, irrespective of the EBV genome,
may contribute to tumor killing by the BRLF1 vector. Al-
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though we did not observe an effect on the level of B-actin, lytic
EBV infection has been previously shown to inhibit cellular
protein synthesis within 9 h of infection (11). It is possible that
BRLF1, more than BZLF1, contributes to tumor cell killing
through this mechanism. While we did not observe generalized
toxicity to the mice when either the BZLF1 or BRLF1 adeno-
virus vector was injected directly into NPC tumors, it will be
important to compare the nonspecific toxicity of the BZLF1
vector to that of the BRLF1 vector in EBV-negative cells in
vivo before concluding that one vector is more useful than the
other for treatment of NPC tumors in humans.

Here and elsewhere (13), it has been found that in the
absence of the BZLF1 or BRLF1 adenovirus vector, GCV by
itself induces a small but reproducible inhibition of NPC C18
tumor growth, in contrast to its lack of effect on an EBV-
positive lymphoma (53). The ability of GCV to inhibit EBV-
positive NPC tumor growth, but not lymphoma growth, likely
reflects the increased number of tumor cells containing the
lytic form of EBV infection in NPC tumors versus lymphomas
(7, 44) and the known ability of GCV to induce a bystander
killing effect (8, 15). Although GCV also slightly enhanced the
inhibitory effects of the BZLF1 and BRLF1 adenovirus vec-
tors, the effect was not nearly as dramatic as that which has
been observed for combinations of GCV with agents that in-
duce BZLF1 or BRLF1 transcription in tumors, such as
gamma irradiation (53) and chemotherapy (13). We speculate
that the relative lack of synergistic effect in this study reflects
the potent killing effect of the BZLF1 and BRLF1 adenovirus
vectors alone at the doses used, in contrast to the modest
killing effect observed when agents which induce BZLF1 or
BRLF1 transcription are given alone at relatively low doses
(53). It remains possible that GCV synergy with the BZLF1
and BRLF1 adenovirus vectors would be more striking if the
adenovirus vectors were delivered at lower doses. Alterna-
tively, the abortively lytic form of EBV infection induced by
Ad-Z and Ad-R in C18 tumors may not have resulted in sig-
nificant GCV phosphorylation.

Unfortunately, although adenovirus can infect a wide range
of cell types, including epithelial cells, most lymphocytes and
lymphomas are not very susceptible to adenovirus infection,
due to low expression of the major adenovirus receptor (28,
51). Thus, an adenovirus vector is not the optimal vehicle for
delivering genes to EBV-positive lymphomas; other vectors
would be preferable. Alternatively, approaches which increase
adenovirus-mediated gene delivery to lymphocytes, including
modification of the viral fiber protein to allow virus binding to
alternative cell receptors (9) or the use of bispecific antibodies
directed against the adenovirus fiber protein and lymphocyte
cell surface antigens (23), may allow the efficient use of the
BZLF1 and BRLF1 adenovirus vectors in EBV-positive lym-
phomas. Westphal et al. previously demonstrated that both the
BZLF1 and BRLF1 adenovirus vectors induce lytic EBV in-
fection when inoculated directly into an adenovirus-susceptible
Burkitt lymphoma tumor (54), thus confirming that if efficient
delivery of the BZLF1 or BRLF1 gene can be accomplished in
EBV-positive lymphomas, it is likely to induce a similar ther-
apeutic response to that observed for NPC tumors.

In summary, our present work demonstrates that gene trans-
fer therapy using Ad-Z and Ad-R vectors, with or without
concomitant GCV, effectively suppresses C18 NPC tumor
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growth, suggesting that this therapeutic strategy can be used
for EBV-associated malignancies. It will be important to dem-
onstrate that the therapeutic effect of BZLF1 and BRLF1
adenovirus vectors, as observed here using the C18 NPC tumor
model, can also be observed in a variety of other patient-
derived EBV-positive epithelial tumors. In addition, applica-
tion of this therapy to patients with EBV-associated tumors
will likely require enhancement of the efficacy and safety of
presently available delivery vectors. Nevertheless, this is the
first study to show that using gene delivery techniques, induc-
tion of the lytic form of EBV infection in tumors suppresses
NPC tumor growth in vivo, and this work provides a basis for
further development of novel EBV-targeted treatments for
EBV-associated malignancies.
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