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Preface

Epstein-Barr virus (EBV), a human herpesvirus, originally
received much attention because of its associations with Burkitt’s
lymphoma and nasopharyngeal carcinoma. Subsequently it
turned out that EBV is ubiquitous in the human population and
most people carry the virus in memory B cells in a latent state.
Now, many other malignancies such as T/NK cell lymphoma,
AIDS-associated B-cell lymphoma, gastric carcinoma, and
Hodgkin’s disease have been causally linked to EBV.

The development of molecular biology techniques has
allowed us to study the roles of individual EBV genes that act in
the maintenance and disruption of EBV latency. The outbreak of
AIDS revealed the oncogenic potential of EBV. AIDS-associated
B-cell lymphoma is a proliferation of EBV-infected B cells in the
absence of immune surveillance. This indicates that EBV-infected
B cells have the ability to produce tumors if the host immune
system does not work. The EBV-immortalized peripheral B cell is
an in vitro model of AIDS lymphoma, and has been the focus of
extensive studies. These studies revealed that latent membrane
protein 1 (LMP1) is particularly important for the immortaliza-
tion of B cells. On the other hand, As for the role of EBV in
Burkitt’s lymphoma and epithelioid malignancies including na-
sopharyngeal carcinoma and gastric carcinoma, we initially could
not exclude the possibility that the virus was a passenger and had
no role in their carcinogenesis. However, the recent establishment
of in vitro models for Burkitt’s lymphoma and epithelioid ma-
lignancies proved that EBV could contribute malignant conver-
sion of these tumor cells, thus excluding a passenger scenario.

In this volume, outstanding researchers from the United
States and Japan review recent progress in EBV research. I be-
lieve that this book will help readers to understand what has been
done and what should be done in EBV research.

KENZO TAKADA
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I
Molecular Mechanisms of Maintenance
and Disruption of Virus Latency



EBV’s Plasmid Replicon: An Enigma in cis and trans

B. SuGbeN and E.R. LEIGHT

References . . . . . . . L L e e e 9

Epstein-Barr virus (EBV) is a strikingly successful human parasite infecting more
than 90% of humanity. It has adapted itself well to people; after primary infection,
it usually remains latent for life and infrequently causes disease. The diseases it does
cause, however, are often malignant. During latent infection, EBV maintains its
duplex DNA extrachromosomally as a circular molecule in both nonproliferating
and proliferating cells. The lytic phase of EBV’s life-cycle can only be initiated in
cells formerly supporting its latent phase. During the lytic phase, the plasmid
replicon is the initial template for amplification of viral DNA. EBV’s plasmid
replicon is, therefore, an essential feature of both phases of EBV’s life-cycle. The
elements of this viral plasmid have been studied both to understand their roles in
the life-cycle of this human pathogen and to gain any insights they might provide
into the synthesis and segregation of other viral and cellular replicons. Much has
been learned about this plasmid replicon, but much about it remains obscure.
Several defining features of the intact, viral, plasmid replicon have been es-
tablished. The DNA of EBV was shown to be an extrachromosomal replicon in a
Burkitt’s lymphoma-derived cell line and in nasopharyngeal carcinoma biopsies by
isolating large DNA from the cells and separating the DNAs as a function of their
densities in CsCl gradients (LINDAHL et al. 1975; KAsHkA-DIERICH et al. 1976)
(Fig. 1a). EBV DNA contains 58% G+ C while human DNA contains on the
average 42% G+ C. The intact viral DNA banded at equilibrium at a density
appropriate for its being free of cellular sequences. The viral plasmid DNA was
shown to be synthesized once per cell cycle by labeling cells with bromodeoxyuri-
dine (BrdU) and finding that EBV first became heavy/light in its density at the same
rate as did cellular DNA (Apams 1987). An origin of plasmid DNA synthesis
within the B95-8 strain of EBV was determined via two-dimensional gel electro-
phoresis of replicative intermediates to map at or near its dyad symmetry (DS)
element (GAHN and SCHILDKRAUT 1989), an element required for efficient replica-
tion of subgenomic, EBV-derived plasmids (YATEs et al. 1984) (Fig. 1a). These

McArdle Laboratory for Cancer Research, University of Wisconsin, Madison, WI 53706, USA
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properties of the intact viral genome are defining characteristics of its plasmid
replication. To understand them, mechanistically minimal elements of its plasmid
replicon were identified.
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Fig. 1a,b. Maps for the EBV genome and for oriP and EBNA-1 are shown. a The genome of the B95-8
strain of EBV is depicted with the fragments it yields upon digestion with BamHI shown on the inner
circle (BAER et al. 1984). (EBV’s open reading frames are identified by their positions relative to the
BamHI-derived fragments.) TR represents the terminal repeats found on linear virion DNA, which are
joined upon infection of cells. oriP and oriLyt are the identified origins of replication used during the
plasmid or latent and the lytic phase of EBV’s life-cycle. The outer open boxes connected by dotted lines
denote the exons and introns, respectively, of the viral genes expressed during latency of cells in culture.
Their RNAs are expressed from promoters denoted with arrows. These elements and genes are described
in detail by Rowe (1999). The EBERs are nontranslated RNAs and Qp is a promoter used in other forms
of latency. The star in the BamHI 1 fragment identifies the site at which 13.6kbp of DNA absent in B95-8
are found in the Raji strain of EBV and which has been shown to contain an origin of DNA synthesis
distinct from oriP (LITTLE and SCHILDKRAUT 1995). b Expanded representations of oriP and Rep* are
shown above and the EBNA-1 protein below. The 20 related binding sites for EBNA-1 in FR (family of
repeats) and the 4 in DS (dyad symmetry) are shown as white boxes. The 65bp dyad in DS is shown as two
inverted arrows. Rep* maps approximately 300bp away from DS. The approximate map locations of oriP
and Rep* are given as nucleotide positions from the B95-8 strain below the figure. The 641 amino acids
of EBNA-1 are depicted as a box with the positively charged residues in the first linking region (residues
40-89) and in the second linking region (residues 328-379) noted along with nuclear localization signal
(379-387). The last 40 residues of EBNA-1 are rich in aspartic and glutamic acid residues. The domain
from 461 to 604 both dimerizes and binds DNA site-specifically

The required cis-acting elements of EBV’s plasmid replicon were defined by
first introducing into EBV-positive cells a library of DNAs consisting of overlap-
ping fragments of EBV DNA cloned into a vector encoding resistance to G418.
Those cells that maintained DNA were selected for their resistance to G418 and the
input DNA was assessed for being integrated or being maintained extrachromo-
somally. These experiments defined the origin of plasmid replication of EBV, oriP
(YATEs et al. 1984). OriP consists of two elements including a family of repeated
sequences (FR), and an element of DS (REisMAN et al. 1985) (Fig. 1b). The iden-
tification of oriP allowed the identification of those viral factors acting in zrans to
support the replication of oriP. Each member of the overlapping set of fragments of
EBV DNA was individually integrated into an EBV-negative, thymidine kinase-
negative human cell line. A vector consisting of oriP and the thymidine kinase gene
of herpes simplex virus type I was introduced into the different cell clones, and cells
capable of surviving in HAT medium were selected. Only the clones expressing one
gene of EBV, the Epstein-Barr nuclear antigen (EBNA)-1, were found to support
extrachromosomal replication of oriP (YATEs et al. 1985) (Fig. 1b). A vector con-
sisting of oriP, EBNA-1, and a selectable marker was found to replicate extrachro-
mosomally in human, monkey, and dog but not rodent cells (LupToN and LEVINE
1985; YATEs et al. 1985), thus identifying EBNA-1 as the sole essential trans-acting
viral gene of EBV’s plasmid replicon. EBNA-1 was shown to bind each of the
repeats within both the FR and DS elements that comprise oriP (RAWLINS et al.
1985), thereby also identifying EBNA-1 as a site-specific, DNA-binding protein.

Minimal oriP vectors behave similarly to intact EBV plasmids. Density
labeling experiments akin to those showing that EBV DNA replicates once per cell
cycle showed that oriP vectors also replicate in concert with cellular DNA (YATES
and GuaN 1991). The origin of DNA synthesis in an oriP/EBNA-1 replicon was
mapped at or close to DS as in the intact viral genome (GAHN and SCHILDKRAUT
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1989). Thus, a foundation was laid to assess the contributions to EBV’s plasmid
replication made by oriP and EBNA-1 mechanistically. This assessment has re-
vealed a series of unanticipated findings.

OriP was defined with a functional assay to screen all of the B95-8 strain of
EBV DNA (YATtsset al. 1984). However, two additional cis-acting elements within
EBV have been found with different assays that map outside of oriP but have
origin-like function. Two-dimensional gel analysis of replicative intermediates of
EBV DNA from Raji cells has identified at least one locus in addition to oriP at
which DNA synthesis initiates (LITTLE and ScHILDKRAUT 1995) (Fig. 1a). This
additional origin would not have been detected in the experiments that identified
oriP within the B95-8 strain of EBV DNA because the B95-8 strain lacks the DNA
that contains the additional origin found in the Raji strain. Another origin-like
element, Rep*, has been detected in a functional assay to identify DNA sequences
that can substitute for DS within oriP to support extrachromosomal replication
(KircHMAIER and SUGDEN 1998) (Fig. 1b). Rep* has approximately 50% of the
activity of DS in supporting plasmid replication. It maps so closely to DS that any
contribution from it to origin-like function would not have been detected in the
original two-dimensional gel studies that defined DS as the site in oriP at which or
near which DNA synthesis initiates. What is peculiar about the additional origin in
the Raji viral genome and Rep* is that neither contains a DNA sequence bound
directly by EBNA-1. The defining characteristic of DS, on the other hand, is two
appropriately spaced binding sites for EBNA-1 (YATEs et al. 2000). OriP is distinct,
therefore, from other origin-like elements in EBV because its origin binds EBNA-1
and along with EBNA-1 oriP is sufficient to support extrachromosomal replication
efficiently in human cells. The contributions of each of the origin-like elements to
EBV’s life-cycle have not been delineated; however, all available evidence indicates
that at least the FR element and EBNA-1 can contribute to maintenance of the
plasmid replicon.

EBNA-1 is unique among EBV-encoded proteins in that it alone has been
found to be expressed in all EBV-infected, proliferating cells (Rowe et al. 1986). Its
presence in all EBV-positive, proliferating cells is consistent with its providing one
or more essential functions to these cells. It is likely that EBNA-1’s contributions to
the synthesis and/or maintenance of EBV’s plasmid replicon are essential functions
for the latent phase of EBV’s life-cycle. These contributions, however, are uncertain
mechanistically.

EBNA-1 is an origin-binding protein, as are multiple other DNA virus-
encoded replication proteins. Polyoma-like viruses, papilloma viruses, and a-her-
pesviruses all encode origin-binding proteins with intrinsic DNA helicase activities
(DEPAMPHILIS 1996). EBNA-1, however, lacks an intrinsic helicase activity
(FrappiER and O’DoNNELL 1991; MippLETON and SUGDEN 1992) and its contri-
bution to DNA synthesis at oriP is obscure. EBNA-1 does have two activities
shown genetically to correlate with replication of oriP. It binds DNA site-specifi-
cally (RAWLINS et al. 1985) and it loops or links DNAs to which it binds site-
specifically (FrappiER and O’DonNNELL 1991; Su et al. 1991; MIDDLETON and
SuGpEN 1992). EBNA-1 on binding multiple sites on one DNA associates to
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“loop”” out the DNASs between the binding sites; on binding sites on different DNAs
EBNA-1 associates to “link” those DNAs together. Genetic analyses of EBNA-1
indicate that mutations within its DNA-binding and dimerization domain inhibit
all of its functions (YATEs and CamioLo 1988). In fact, derivatives of EBNA-1
that consist only of this domain are inhibitors of wild-type EBNA-1’s functions
(KirRcHMAIER and SuGDeN 1997). Studies of ten derivatives of EBNA-1, all of
which bind DNA as does wild-type EBNA-1 but that vary in their abilities to link
the bound DNAs, have shown that the ability of these derivatives to link DNAs
correlates well with their support of oriP’s replication (MACKEY and SUGDEN 1999).

Although EBNA-1’s DNA-looping/-linking is perplexing in its putative role in
replication, it is an activity shared by other proteins, some of which may serve as
models to understand EBNA-1. The E2 protein of papillomaviruses, for example,
loops DNAs to which it binds (KNIGHT et al. 1991). It also, on binding to DNA,
can associate with a DNA-bound Spl transcription factor to loop intervening
DNA (L1 et al. 1991). Both of these activities of E2 can be viewed as the result of
E2’s binding to one site on DNA, increasing the apparent affinity for a looping
partner to bind to another site on that same DNA [such a mechanism has been
documented for EBNA-1 (Su et al. 1991)]. The mechanism by which E2 loops
DNAs to which it binds at multiple sites most likely reflects its ability to self-
associate. E2’s self-association has been revealed through determination of the
structure of its amino-terminus in X-ray crystallographic studies (ANTSON et al.
2000). E2 binds DNA as a dimer, and three o-helices in each amino-terminal
monomer can contact those a-helices in a monomer of another dimer to associate
the dimers. It is not known if the a-helices of E2 that mediate its self-association are
also involved in its binding Spl. E2 can also associate with mitotic chromosomes
through its aminoterminal one-half (SkiaAporouLos and McBRIDE 1998). Again, it
is not known if the o-helices of E2 that mediate its self-association contribute
to E2’s association with mitotic chromosomes. However, E2’s association with
mitotic chromosomes occurs when E2 is bound to viral DNA and is likely to
contribute to the association of papilloma viral DNAs with mitotic chromosomes
(SkiaporouLos and McBRIDE 1998). These latter observations on E2 might be
explained by E2’s binding papilloma DNA and linking it to E2 bound non-
specifically to chromosomal DNA or linking it to other cellular proteins such as
Spl which bind cellular DNA specifically.

EBNA-1 shares multiple features with the E2 protein of papillomaviruses. The
structure of its dimerization and DNA-binding domain is quite similar to that of E2
(HEGDE et al. 1992; BocHKAREV et al. 1996). It not only loops/links FR to DS
within oriP as E2 loops sites it binds, but EBNA-1 also associates with mitotic
chromosomes. Fusions of different domains of EBNA-1 to green fluorescent pro-
teinGFP have shown that it is the linking regions of EBNA-1 that mediate the
association of the fused GFP to mitotic chromosomes (MARECHAL et al. 1999). By
analogy with E2 we hypothesize that EBNA-1 contributes to the distribution of
oriP to daughter cells at mitosis by binding FR through its DNA-binding domain
and associating the replicon with cellular proteins bound to chromatin through
EBNA-1I’s linking regions. That both FR and EBNA-1 contribute to some step in
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maintenance is supported by findings that human DNA sequences can only support
autonomous replication if FR is provided in cis and EBNA-1 is provided in trans
(KRrRYsAN et al. 1989). The exact events during mitosis by which EBV’s plasmid
replicon is distributed to daughter cells are a fascinating mystery yet to be solved.
How EBNA-1 might contribute to synthesis at the DS is not clear either. However,
E2 helps to tether a viral helicase to the origin of viral DNA synthesis of bovine
papilloma virus (SEDMAN and STENLUND 1995) and EBNA-1 may, by analogy,
tether a cellular helicase such as the MCM complex to the DS (You et al. 1999).

One obvious route to resolve the enigmas clouding our understanding of
EBV’s plasmid replicon is to identify the cellular proteins that contribute to its
synthesis and segregation and to define EBNA-1’s possible role in recruiting those
cellular proteins to FR and to DS. Multiple efforts to do so using yeast one- and
two-hybrid assays have been reported but are most surprising for what they failed
to find (FiscHER et al. 1997; Kim et al. 1997; WANG et al. 1997; ArvARr et al. 1998;
SHIRE et al. 1999; Ito et al. 2000). No cellular proteins known to be part of a pre-
replication complex such as the origin recognition complex (ORC) or minichro-
mosome maintenance (MCM) proteins were found. No cellular proteins that are
known candidates for mediating segregation of the plasmid replicon were found
either. Yet several studies indicate that oriP plasmids are segregated faithfully in
approximately 96% of mitoses (REISMAN et al. 1985; SUGDEN and WARREN 1989;
KircHMAIER and SUGDEN 1995). These failures may be technical or may even-
tually be shown to reflect oriP’s and EBNA-1’s employing unexpected cellular
proteins to assemble a synthetic complex at DS and to mediate segregation of
oriP.

One cellular protein found to bind EBNA-1, Rchl/importin-o (FiSCHER et al.
1997; Kim et al. 1997; Arvar et al. 1998) could clearly contribute to EBNA-1’s
functions by conducting it into the nucleus. EBNA-1 can efficiently shepherd
DNA:s it binds in the cytoplasm into the nucleus (LANGLE-ROUAULT et al. 1998)
and this homing could be promoted by EBNA-1’s binding Rch 1/importin-o. Two
additional cellular proteins, P32/TAP/gClg-R (WANG et al. 1997; Aivar et al.
1998) and EBP2 (SHIRE et al. 1999), have been identified in the yeast assays and
proposed to contribute to EBNA-1’s functions. Much less is known about these
two proteins than about Rch 1/importin-a and only detailed genetic experiments
will define possible roles for them in the replication of EBV’s plasmid replicon.

One cellular protein essential for DNA synthesis but not found in the yeast
assays has been shown to associate with EBNA-I in in vitro assays. RPA, the
single-stranded DNA-binding protein, binds to EBNA-1 as measured by surface
plasmon resonance (ZHANG et al. 1998). RPA is a trimer and the 70-kDa subunit
which binds single-stranded DNA is sufficient to bind EBNA-1 (ZHANG et al.
1998). The E2 protein of bovine papilloma virus also associates with RPA in vitro
(L1 and BotcHAN 1993). If EBNA-1 binds RPA in vivo as it does in vitro, then
EBNA-1 may recruit to DS not the pre-replication complex consisting in part of the
ORC, CDC6, and MCM proteins, but the DNA synthetic complex of which RPA
is an essential member. How DNA synthesis would be initiated at DS would remain
a mystery.



EBV’s Plasmid Replicon: An Enigma in ¢is and trans 9

Solving the mystery of how DS is identified as a site of initiation of DNA
synthesis should provide a major mechanistic insight into EBV’s plasmid replica-
tion. That EBV synthesizes its plasmid once per cell cycle indicates that it needs to
be licensed to be synthesized (SHIRAKATA et al. 1999). In stark contrast, other DNA
viruses that encode their own DNA helicases do not synthesize their genomes only
once per S-phase and escape the cell’s licensing control. Licensing of replication is
poorly understood but involves a protein complex including MCM proteins
(Kusora et al. 1997; ProkHOROVA and BrLow 2000). This understanding of the
control of cellular DNA synthesis makes it likely that oriP should associate with
licensing factors that would confer upon it “once per S-phase synthesis”. OriP
appears to be bound by EBNA-1 throughout the cell cycle (HsieH et al. 1993), and
it is therefore easiest to propose that EBNA-1 would bind some licensing factors,
perhaps replacing the role of the ORC proteins and CDC6 to which the MCM
proteins bind after mitosis. This proposition, however, lacks any direct evidence.
The mystery remains.
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1 Introduction

In human B lymphocytes latently infected in vitro and in vivo with Epstein-Barr
virus (EBV), including Burkitt’s lymphoma (BL) cells and various other EBV-
related tumor cells, the viral DNA persists mostly in a circular episomal form with
multiple copies and expresses a limited number of viral genes, while some of the
latent EBV DNA may be integrated into the host chromosomal DNA (KIEFF 1996;
Hirar et al. 1998 for review). The original definition of the term ‘“‘episome’ coined
by JacoB and WoLLMAN (1961) is a genetic factor that can persist in both the
integrated state and as an extrachromosomal replicon in host cells. However, the
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term episome has also been used to describe the circular, extrachromosomal
plasmid state of the latent EBV genome in most recent papers related to the state
of latent EBV. We also follow this definition.

EBV-infected peripheral blood cells are CD19", CD23", and CD80™ resting B
cells (M1vAsHITA et al. 1995), and we harbor circular episomal EBV DNA mole-
cules (BaBcock et al. 1998). No viral replication is detectable in the peripheral
blood (DECKER et al. 1996), indicating that latent EBV may persist in the resting B
cell. In contrast to the latent state of EBV in vivo, it is still a matter of dispute
where the EBV replicates in vivo. The tonsil was recently suggested to be one of
sites of replication of EBV (BaBcock et al. 1998; KoBayaAsHI et al. 1998; IkKEDA
et al. 2000). EBV DNA replication may occur in the upper epithelial cell layers of
the non-neoplastic tonsil (KoBayasHi et al. 1998) and in the tonsillar lymphocytes
of healthy, persistently infected individuals (BABcock et al. 1998; IKEDA et al.
2000).

The EBV genome replicates in two distinct modes during the viral life cycle
(YATEs 1996). In the lytic phase, the virus synthesizes the linear form of the double-
stranded DNA genome by a rolling-circle type of replication and amplifies the
genome for virus production. Replication factors that are required for this lytic
replication are mostly encoded in the viral genome. The origins that initiate the lytic
replication, oriLyt, are located in two separated regions of the viral genome
(HAaMMERscHMIDT and SUGDEN 1988). Latent replication is initiated once in a
single S phase so that the viral genomes are maintained stably in cells (HAMPER
et al. 1974; Apams 1987; YATEs and GuAaN 1991). A 2.2-kb region in the BamHI-C
fragment of the EBV genome, oriP, was identified as the replication origin (YATES
et al. 1984), and recently several replication initiation sites have also been identified
in a region distant from oriP (LiTTLE and SCHILDKRAUT 1995). In contrast to lytic
replication, maintenance of the latent EBV genome requires only EBV nuclear
antigen 1 (EBNAI) as a viral protein (LuptoN and LEVINE 1985; YATES et al.
1985), but the mechanism by which it initiates DNA replication is unknown. In
this review, we summarize current knowledge regarding the latent replication of
the EBV genome and describe some recent progress in our understanding of its
cell-cycle-dependent regulation and maintenance of episomal EBV.

2 Replication of Episomal EBV Genome
from the Latent Viral Replication Origin oriP

A study to search for autonomous replicating sequences (ARS) in the EBV genome
identified two regions that were required for replication in mammalian cells (YATES
et al. 1984). One region in the BamHI-K fragment encodes the DNA-binding
protein, EBNAI, and the other 2.2-kb region in the BamHI-C fragment has several
binding sites for EBNAI and shows ARS activity in the presence of EBNAI and
was designated as oriP. The presence of ARS in the oriP region suggested that an



Replication Licensing of the EBV oriP Minichromosome 15

actual replication origin is located in this region. EBNALI is required for the ARS
activity of oriP and it has two clusters of binding sites for EBNAI, the family of
repeats (FR) and the dyad symmetry (DS) elements (LupToN and LEVINE 1985;
RAWLINS et al. 1985; ReisMAN et al. 1985) (Fig. 1). The FR element contains
twenty EBNA1-binding sites and the DS element consists of four EBNA1-binding
sites. Mutagenesis studies of oriP have shown that the DS element is important for
the ARS function of oriP (Wysokenskl and YATEs 1989; HARRISON et al. 1994;
NILLER et al. 1995). Further study of a transient replication assay using the HeLa
cell stably expressing EBNA1 (HeLa/EB1) revealed that the DS element is actually
the minimal sequence showing ARS activity that depends on EBNA1 (SHIRAKATA
and Hira1 1998). 2D-gel analysis of replicating plasmids determined the replication
initiation sites of the small plasmid containing oriP (the oriP plasmid) and con-
firmed that bi-directional replication initiates at or very close to the DS element
(GAHN and ScHILDKRAUT 1989). Thus, the DS element functions as a replication
origin because it has ARS activity and the actual initiation site of DNA replication.

2.1 Sequence Requirement in the DS Element for DNA Replication

The DS element is 100bp in length and contains two repeats of a sequence arranged
with dyad symmetry. Each repeat contains two EBNA1-binding sites (20bp) only
1bp apart: the DS element has four EBNA 1-binding sites in total, from site 1 to site
4 (Fig. 1). EBNAI forms a dimer and binds to a single binding site (BOCHKAREV
et al. 1995, 1996). These EBNAI1-binding sequences are essential for the ARS ac-
tivity. The complete DS element containing four EBNA1 sites works alone as a
functional ARS (SHIRAKATA and Hirar 1998). The single repeat containing sites 1
and 2 (or sites 3 and 4) has only a background level of ARS activity that is 30-fold

oriP
FR element DS element
I 1 1
s AR R e /Lllj\L\ —
20 EBNA1-binding site 12 34 100bp

Replication initiation site
Minimal region for replication
Loading of MCM proteins?

Replication enhancement
Nuclear retention

Fig. 1. Elements in the oriP region and their functions in the DS-dependent replication of the oriP
plasmid. This figure summarizes the results reported in this and previous studies (GAHN and SCHILD-
KRAUT 1989; KRYSAN et al. 1989; WysokENskI and YATES 1989; YATEs and GUAN 1991; HARRISON et al.
1994; MippLETON and SUGDEN 1994; SHIRAKATA and HIrAI 1998; SHIRAKATA et al. 1999). An open box
indicates an EBNA1 binding site recognized by an EBNA1 dimer
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less than that of the DS element. However, in the context of the oriP sequence, the
half of the element, a single repeat containing two EBNA 1-binding sites, can also
function as an ARS (HARRISON et al. 1994). Thus, the FR element in oriP may
enhance the activity of the single repeat of the DS element and compensate for loss
of the other half. Further mutagenesis of the DS element revealed that insertion of
a 5-bp sequence between site 1 and site 2 or between site 3 and site 4 completely
abolished the ARS activity (HARRISON et al. 1994). Insertion of a 5-bp sequence
rotates site 2 (site 4) through about 180° along the DNA axis. EBNAI can bind
to all four sites in the mutated DS element but the relative positions of EBNAI
are completely different from those of the wild type. Thus, a particular spatial
arrangement of EBNAI on the DS element is important for the ARS activity.
Crystal structure analysis of the complex consisting of EBNAl DNA-binding
domain and the target DNA suggested that the EBNA1 dimer bound to site 1
interacts with another bound to site 2 (BOCHKAREV et al. 1996). Formation of this
tetramer complex consisting of two EBNA1 dimers on DNA may be important for
the initiation of DNA replication from the DS element.

2.2 Functions of the FR Element in DS-Dependent Replication

The FR element also contains the EBNAT1 binding sites, but this FR element has no
more than 1% of the ARS activity of the DS element (SHIRAKATA and HIRAI 1998).
As the spacing between the EBNAI1-binding sites (bp) is longer than those in the
DS element (1 bp), the FR element does not work as a replication origin but has
distinct roles in maintenance of the EBV chromosome. Transient replication assay
in HeLa/EBI cells showed that ARS activity of the DS element is about 30% of
that of oriP (SHIRAKATA and Hiral 1998). This suggested that some sequence in
oriP enhances replication of the plasmid. Deletion of the region between the DS
and FR elements (900 bp) or the other region flanking to the DS element (300 bp)
does not affect replication of the oriP plasmid so that the FR element enhances
ARS activity of the DS element. The mechanism underlying this enhancement of
replication is not known. A possible explanation is that the EBNAI proteins bound
to the FR element may stabilize the binding of EBNA1 on the DS element by
EBNAI-EBNALI interactions (FrRAPPIER and O’DoNNELL 1991b; Su et al. 1991;
MACKEY et al. 1995). Besides this weak replication enhancement (threefold), the
FR element has a major role in the nuclear retention of the EBV chromosome as
described later in Sect. 5.1.

2.3 EBNA1 Domains Related to EBV Replication from oriP

As stated above, EBNAI forms stable dimers to bind to oriP sequences. The di-
merization domain of EBNA1 consisting of 641 amino acids was localized to amino
acids (aa) 501-598 (AMBINDER et al. 1991; CHEN et al. 1993). Then, EBNA1 dimers
bind to the DS and FR elements of oriP through aa 459-487. The dimerization and
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DNA binding domains are essential for oriP replication (POLVINO-BODNAR et al.
1992). The DNA binding of EBNA1 dimers results in loop formation by multiple
linking to the FR and DS elements (FrRAPPIER and O’DoONNELL 1991b; Su et al.
1991). The domains of EBNAI that mediate DNA linking are located in at least
three regions, aa 54-89, 331-361 and 372-391, by electrophoretic mobility shift
assay (MACKEY et al. 1995). Glycerol gradient sedimentation assay also indicated
that similar DNA linking regions were mapped to two regions, aa 40—100 and 327-
377 (AvoLio-HUNTER and Frappier 1998). The DNA linking may facilitate initi-
ation of oriP replication and contribute to nuclear retention and partitioning of the
episomal EBV genome. The other characteristic structure of EBNAT1 is the Gly-Ala
repeat domain. The Gly-Ala repeats are encoded by the internal repeat 3 (IR3) of
EBV DNA and affect the size of EBNAI protein among EBV isolates (HENNESSY
et al. 1983). The IR3 probe hybridizes to cell DNA sequences on all human
chromosomes except the Y chromosome, suggesting that the viral DNA sequence
may have been derived from cellular DNA (HELLER et al. 1982). Although the
function of Gly-Ala repeats in oriP replication is not known, the repeats interfere
with antigen processing and MHC class I-restricted presentation to escape from the
host cytotoxic T-cell response (LEVITSKAYA et al. 1995).

3 Licensing Regulation of the DNA Replication from oriP

DNA replication of the latent EBV genome differs markedly from that of other
DNA viruses such as polyomavirus, SV40, and papillomavirus in regulation during
the cell cycle. The origin-binding factors of these viruses, the large T antigen of
SV40 and the E1/E2 of papillomavirus, have DNA helicase activity and can initiate
multiple rounds of DNA replication in a single S phase (STENLUND 1996; HASSELL
and BrINTON 1996). This type of replication results in a large copy number of the
genome in each cell. In contrast to these viruses, EBNA1 does not have DNA
helicase activity (FRAPPIER and O’DoNNELL 1991a; MIDDLETON and SUGDEN 1992)
and the latent EBV replicates only once in a single S phase (HAMPER et al. 1974;
ADpAMS 1987). YATES and GUAN (1991) confirmed this by analyzing the replication
of an oriP-containing plasmid in cultured cells. These results suggested that initi-
ation of DNA replication from oriP is regulated to occur only once per S phase.
Replication of the cellular genome is restricted to occur only once during a single S
phase by the replication licensing mechanism (BLow and LAsSkey 1988). The same
mechanism may restrict replication from oriP. Alternatively, oriP could be mod-
erately regulated by a mechanism that is different from cellular replication licensing
and specific for replication from oriP. It is possible, for example, that a protein
kinase that is activated only at the G,/S boundary, e.g., cdc7 kinase (KUMAGAI
et al. 1999; ROBERTs et al. 1999), may activate EBNA1 transiently and initiate
DNA replication from oriP once per S phase. As the regulatory mechanism of oriP
should be part of the initiation process of DNA replication, it is important to
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determine whether oriP is regulated by the cellular regulatory mechanism or by an
oriP-specific mechanism.

3.1 Requirement of Early G, Phase for DNA Replication from oriP

The replication licensing mechanism is conserved in yeast and higher eukaryotes.
Replication origins are found in several autonomous replication sequences in yeast
(BREWER and FANGMAN 1987) and the origin recognition complex (ORCI1-6) binds
to these origins constitutively during the cell cycle (BELL and STiLLMAN 1992). In
vertebrate cells, common sequences of replication origins have not yet been iden-
tified but the ORC-bound chromatin domains presumably function as replication
origins. In early G; phase, replication licensing factors MCM2-7 were loaded onto
chromatin (CHONG et al. 1995; KuBota et al. 1995; MADINE et al. 1995), and ori-
gins become competent at replication on formation of the pre-replicative complex,
which consists at least of ORC1-6, MCM2-7, and Cdc6p (DIFFLEY et al. 1994;
SANTOCANALE and DIFFLEY 1996; NEwWLON 1997). These origins are not active in G,
phase until Cdc45p is loaded to form the pre-initiation complex and the Cdc7p/
Dbf4p kinase is activated at G;/S boundary (Bousser and DIrFrLEY 1998;
DonNALDSON et al. 1998; Zou and STILLMAN 1998; KUMAGAI et al. 1999; ROBERTS
et al. 1999; TAKEDA et al. 1999). Once origins fire in S phase, MCMs are released
from chromatin and origins become incompetent again so that reinitiation of DNA
replication is inhibited in the same S phase.

Loading of MCM proteins onto the cellular chromatin occurs in early G,
phase, and this is essential for DNA replication in the next S phase. Thus, the
cellular chromatin requires passage through early G, phase for the next round of
DNA replication in S phase. If oriP is under control of the cellular licensing
mechanism, oriP should have a similar requirement of early G, phase for DNA
replication. To test this possibility, a series of transient replication experiments were
performed using an oriP-containing plasmid (oriP plasmid) and HeLa/EBI1 cells
(SHIRAKATA et al. 1999). In the initial experiment, the oriP plasmid was transfected
into HeLa/EBI cells and then the cell-cycle progression was blocked at G,/M phase
with nocodazole immediately after transfection. With this nocodazole block pro-
tocol, G| and S cells proceeded through the initial S phase after transfection and
stopped at G,/M, but no cells were allowed to proceed through G,/M and enter
early G, phase after transfection. Therefore, if oriP required early G, phase for
replication, the oriP plasmid transfected into G; and S cells would not replicate in
the initial S phase, and if not, the plasmid could replicate in this initial S phase. The
plasmids were effectively transfected into G, and S cells (41.0% of transfected cells
were in Go/G and 34.5% were in S phase) by the calcium phosphate method, and
most transfected cells (98%) were arrested at G,/M phase within 24h by noco-
dazole. When replication was analyzed at 24h by the Dpnl/Mbol method
(DePAMPHILIS 1995), replication of the oriP plasmid was not detected in the
nocodazole-blocked cells, while replication of the plasmid was efficient in the un-
blocked cells. This result indicated that the oriP plasmid does not replicate in the
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initial S phase under G,/M block. This was also confirmed by a bromodeoxyuridine
(BRdU)-labeling experiment. Replication licensing does not regulate SV40 ori and
the origin initiates multiple rounds of replication in a single S phase. SV40 ori does
not require early G; phase for replication, and replicated in the initial S phase
under G,/M block in a similar nocodazole block experiment. When the cells were
released from the G,/M block, the Dpnl-resistant oriP plasmid (once-replicated)
appeared by 24h after release. As the doubling time of these cells is about 24h, this
result indicated that replication of the oriP plasmid occurred in the subsequent S
phase after the cells proceeded though the initial G,/M. In another experiment, the
transfected cells were cultured under normal conditions for 24h and then the cell
cycle was blocked at G,/M. With this delayed G,/M block protocol, most trans-
fected cells underwent the initial G,/M within 24h (one cell cycle) after transfection
and then stopped at second G,/M phase during the next 24h. If the oriP plasmid
requires early G, phase for the next DNA replication, the plasmid should replicate
in these cells only once. In fact, in this delayed G,/M block experiment, the Dpnl-
resistant oriP plasmid appeared within 24h after transfection and had increased
in number at 48h, but no Mbol-sensitive oriP plasmids (twice-replicated) were
detected at 48h. Thus, like the cellular genome, the oriP plasmid requires the cell
cycle window including early G, phase for the next round of replication in S phase.

3.2 The DS Element Was Responsible
for Cell Cycle-Regulated Replication

The minimal region required for DNA replication is the DS element, but oriP could
have additional regulatory elements that are important for cell cycle-regulated
replication. To examine this possibility, the plasmid containing only the DS ele-
ment, the DS plasmid, was analyzed by a similar transient replication assay under
G,/M block (SHIRAKATA et al. 1999). Like the oriP plasmid, the DS plasmid did not
replicate in the initial S phase under G,/M block. This result indicated that the DS
region is responsible for the cell cycle-dependent regulation of replication. The
replication-licensing event, if it is involved in the replication from oriP, should
occur at the DS element.

3.3 Structural Changes Occurred in the oriP Minichromosome
Between G,/M and Late G,

The requirement of early G, phase for replication from oriP suggested that some
modifications or structural changes might occur in the circular minichromosome of
the oriP plasmid (the oriP minichromosome) during this period of the cell cycle. An
experiment was performed to detect any changes of the oriP minichromosome by
sucrose density gradient centrifugation (SHIRAKATA et al. 1999). The oriP mini-
chromosomes were prepared from cells transfected with the oriP plasmid. As an
internal control, the SV40 ori plasmid was also transfected with the oriP plasmid
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and the SV40 minichromosomes were extracted from the same cells. The SV40
plasmid was chosen as the control because cellular replication licensing does
not regulate the SV40 origin, as mentioned in Sect. 4.2. The mixture of the oriP
minichromosome and the SV40 minichromosome was analyzed by sucrose density
gradient centrifugation (15%-30%, 38,000rpm, 3h). Before extraction of mini-
chromosomes, cells were arrested at G,/M or late G; phase with nocodazole or
mimosine so that the minichromosomes of G,/M and those of late G, could be
compared. When 11 fractions were collected in total, both the SV40 minichro-
mosomes in G,/M and those at late G; phases were collected mostly in fraction 6.
Thus, there were no detectable differences in sedimentation velocity of the SV40
minichromosomes extracted from G,/M and late G, cells. The oriP minichromo-
somes in G,/M phase were collected in fraction 6, the same fraction in which the
SV40 minichromosomes were detected. In contrast, the oriP minichromosomes
in late G; migrated faster in a sucrose density gradient and were recovered mostly
in fraction 4. The sedimentation velocity of the oriP minichromosome increased
significantly between G,/M and late G;. Thus, this experiment revealed that the
oriP minichromosome exists in two distinct states during the cell cycle, one formed
in late G, and the other formed in G,/M.

The result of sucrose density gradient centrifugation analysis suggested a large
increase in molecular mass and/or structural change of the minichromosome.
Nucleosome structure and supercoiling of the extracted minichromosomes of the
oriP plasmid were analyzed, but there was no significant difference between G,/M
and late G;. These results suggest that the conformation of the oriP minichro-
mosome does not change, but molecular mass of the minichromosome increases
during G, phase. Association of several replication factors, i.e., an MCM-hexamer
complex (approx. 600kDa), may occur at early G, but it does not account for the
difference in sedimentation velocity. Recent findings concerning eukaryotic DNA
replication suggest that DNA replication may occur at particular locations in
nuclei where the replication machinery forms a large factory, a replication factory
(reviewed by Cook 1999). It is possible that in late G; phase several oriP mini-
chromosomes may associate with a cellular replication factory in nuclei, and the
extracted oriP minichromosome may contain a fragment of this large factory.

3.4 Association of MCM2 with the oriP Minichromosome

The requirement of early G, phase for the replication from oriP suggested that
the MCM family of replication licensing factors may be loaded on the oriP
minichromosome. Association of MCM2 and the oriP minichromosome was
suggested by an experiment using an in situ cross-linking and chromatin immu-
noprecipitation method (SoLomoN et al. 1988, STRAHL-BOLSINGER et al. 1997)
(Fig. 2). When the fixed chromatin of late G; cells was immunoprecipitated with
anti-human MCM2 antibody, the oriP plasmid was precipitated. In contrast, the
replication defective internal control, the oriPADS plasmid, which was co-trans-
fected with the oriP plasmid, was not precipitated by the antibody. This indicated
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Fig. 2A,B. MCM2 associated with the oriP minichromosome in vivo. A The oriP plasmid and the
oriPADS plasmid. The same primer set used in the assay (arrows) produced the 469bp fragment from the
oriP plasmid and the 329bp fragment from the oriPADS plasmid. The oriPADS plasmid did not replicate in
cells because it lacked the DS region, the replication origin. B In situ cross-linking and chromatin im-
munoprecipitation analysis. The oriP plasmid and the oriPADS plasmid were co-transfected into HeLa/
EBI cells and cultured for 2 days and then blocked with mimosine or nocodazole for 24h. The chromatin
fragments (2ul) were prepared from the mimosine-treated (late G,) and nocodazole-treated (G,/M) cells
and immunoprecipitated with anti-human MCM2 antibody or the control antibody (anti c-fos). DNA of
the DS region in the precipitated chromatins was amplified by PCR using the primers described in A and
electrophoresed in an agarose gel and stained with EtBr. DNA was also purified from the same amount
of chromatin fragments without immunoprecipitation and amplified with PCR to show the amount of
plasmid contained in the chromatin fragment sample (inpur). The gradation of gel images is inverted

that association of MCM2 with the minichromosome requires the DS element in
the plasmid. Furthermore, the association of MCM2 with the oriP minichro-
mosome is regulated by the cell cycle: it is detected at late G; but not at G,/M
phase. MCM proteins form a hexamer complex containing all of the MCM2-7
proteins and associate with the chromatin (THOMMEs et al. 1997; KuBoTA et al.
1995). However, associations of the other members of the MCM protein family
have not yet been examined.
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3.5 Interaction of EBNA1 and MCM Proteins on the DS Element

The requirement of the DS element for the loading of MCM?2 on the oriP mini-
chromosome suggests that the MCM proteins may associate with EBNAI1. Yeast
two-hybrid assay, however, did not reveal any interactions between EBNA1 and
MCM proteins. As discussed in Sect. 2.2, a particular arrangement of EBNAI
proteins on the DS element is required for DNA replication (HARRISON et al. 1994).
This suggests that MCM proteins may interact with EBNA1 only on the DS ele-
ment. To analyze such interactions, a yeast one-hybrid system was used (Fig. 3).
The reporter gene was the LacZ gene containing the DS element in the upstream
regulatory sequence, pDSLacZi. When the GAL4AD-MCMS hybrid protein and
EBNA1 were co-expressed in yeast, the reporter gene was activated in a manner
dependent on the DS element. Expression of either GAL4AD-MCMS or EBNAI
alone did not activate the reporter gene. Co-expression of GAL4AD-MCM4 and
EBNAI1 also activates the reporter gene weakly. Although these interactions have
to be confirmed by other methods, activation by MCMS5 and MCM4 fusion pro-
teins suggests that these MCM proteins may interact with EBNA1 on the DS
element.

3.6 A Possible Role of EBNAL1 in the Initiation of DNA Replication

The requirement of early G, phase for replication from oriP, association of MCM?2
with the oriP minichromosome, and interaction of EBNA1 and MCM proteins on
the DS element suggests that oriP is regulated by the cellular replication licensing
mechanism. As loading of MCM2 on the oriP chromosome is dependent on the DS
element and the MCM proteins associate with EBNA1 only on the DS element,
EBNAI1 may facilitate loading of MCMs onto the oriP minichromosome. For
cellular chromatin, loading of MCM proteins occurs at the replication origins
where the ORC proteins are bound. Like EBNA1 (HsIieH et al. 1993), the ORC
proteins bind to a replication origin constitutively during the cell cycle and facilitate
loading of the MCM proteins. EBNA1 may function as an ORC protein and form

»
>

Fig. 3A,B. EBNAI associates with MCM5 and MCM4 on the DS element. Binding of EBNAI to one of
the human MCM proteins or human CDC6 protein was examined using the yeast one-hybrid assay.
A Plasmids used for the one-hybrid assay. Plasmid pEBNA1d2 expressed the deletion mutant (aa 1-618)
of EBNA1, and pGAD-MCM2-7 expressed the fusion protein of the GAL4 activator domain and one of
the MCM proteins. Plasmid pGAD-CDC6 expressed the GAL4 fusion protein with human CDC6
protein. The pDSLacZi reporter plasmid contained the DS sequence upstream of LacZ gene. When the
GAL4AD hybrid protein was bound to the EBNA1d2 protein in the DS region, it activated the LacZ
gene. B Expression of B-galactosidase in the cells co-transfected with the EBNAI expression plasmid
(PEBNA1d2) and the MCM or CDC expression plasmid (pGAD-MCM, pGAD-CDC6). Plasmid
pAS2-1 was the control vector without EBNAd2 coding sequence and expressed only the GAL4
DNA-binding domain. Plasmid pGADI10 was the control vector for pGAD plasmids. Levels of back-
ground expression of each reporter plasmids are indicated by dotred lines
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a pre-replicative complex at the DS element. It is also formally possible that the
ORC binds at the DS element and EBNAT1 facilitates its binding. However, this is
unlikely to occur in cells, because genomic footprinting analysis did not reveal any
strong protection near the DS element (NILLER et al. 1995), which is often observed
at the ORC-binding site of the yeast cellular genome (BELL and STiLLMAN 1992;
DIFFLEY et al. 1994).

EBNAI is essential for DNA replication from oriP, but it has none of the
replication-related enzymatic activities, i.e. DNA helicase, polymerase, or ATPase
(FrapPIER and O’DoNNELL 1991a; MIDDLETON and SUGDEN 1992). Besides its
origin-binding activity, EBNA1 has been shown to induce distortion of the DNA
structure at the binding site (FRAPPIER and O’DONNELL 1992; HsIEH et al. 1993)
and form a DNA loop within oriP by the EBNA1-EBNAI interaction (FRAPPIER
and O’DonNNELL 1991b; Su et al. 1991; MACkKEY et al. 1995), and also bind to
RNA (SNUDDEN et al. 1994) and EBP2, a cellular factor that may be important for
chromosome segregation (SHIRE et al. 1999), but these functions are not associated
directly with DNA replication. RP-A, a cellular single-stranded DNA binding
protein, is a replication factor that associates with EBNA1 is (ZHANG et al. 1998).
Like replication by large T antigen of SV40, this interaction may be involved in the
process of DNA replication. However, loading of MCM proteins and formation of
the pre-replicative complex could be a major function of EBNATI in the initiation of
DNA replication.

4 DS-Dependent Replication from oriP Is Suppressed
in Several EBV-Infected Cell Lines

The oriP region was initially identified by screening for ARS activity (YATEs et al.
1984), and the DS element was shown to function as a replication origin as dis-
cussed in Sect. 2. However, the DS element is not necessarily active as a replication
origin in EBV-infected cells, and the DS-independent replication of the EBV ge-
nome was also reported. In the Burkitt’s cell line Raji, DNA replication of the EBV
genome initiates mainly at multiple sites in a region distant from oriP, meanwhile
replication from the DS element is very rare (LITTLE and SCHILDKRAUT 1995). The
occurrence of DS-independent replication of EBV DNA was also suggested by
analysis of the EBV-transformed B-cell line X50-7, in which the EBV genome has a
deletion of the DS element (YANDAVA and Speck 1992). Furthermore, some plas-
mids containing oriP can replicate without the DS element in EBNA 1-expressing
143B and 293 cells (KIRCHMAIER and SUGDEN 1998, AIYAR et al. 1998). Thus, in
these cell lines, the DS element does not function as a replication origin and
EBNA1 works only to prevent loss of the oriP plasmid (A1YAR et al. 1998). When
the DS-independent replication occurs, some elements in the EBV genome and the
plasmid work as a replication origin, and the origin function of the DS element is
suppressed.
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In contrast to these cell lines, DS-dependent replication did not occur above a
detectable level in HeLa/EBI cells when replication was analyzed with an oriP
plasmid. Cell types in which the EBV genome or the oriP plasmid is present may
determine the type of replication that can occur. Another possible explanation is
that a specific size and structure of the plasmid may be required for a specific type
of replication to occur. To examine these possibilities, long-term maintenance of
an identical set of oriP plasmid and its deletion mutants was analyzed in HeLa
and P3HRI1 cells. About 20 copies of the oriP plasmid, p220.2 (provided by
Dr. Sugden), were replicated and maintained in both HeLa and P3HR1. However,
the mutated p220.2 plasmid containing only the FR element in the oriP region did
not replicate in HeLa cells (<1 copy per cell), but it replicated and was maintained
efficiently in P3HRI1 cells (170 copies per cell). The p220.2 plasmid was maintained
by the DS-independent replication in P3HR1 but not in HeLa cells. These results
suggested that DS-independent replication requires specific conditions in cells. This
may involve expression of particular cellular factor(s) with or without mutations
and the expression of viral factors. The involvement of EBNAI in this DS-inde-
pendent replication is not known, but the region that initiates this type of repli-
cation has no apparent EBNA-binding sites.

There are some possible explanations for the suppression of DS-dependent
replication from oriP in several lymphoma cell lines. Transcription can interfere
with DNA replication (HAAsg et al. 1994; DgsHPANDE and NEWwWLON 1996).
Therefore, transcription occurring near the DS element may prevent DNA repli-
cation from the DS element. There are some TATA-box like sequences near the DS
element that could act as transcriptional promoters. Formation of the transcrip-
tional machinery near the DS element could interfere with formation of the repli-
cation machinery because of their very large size. Alternatively, EBNA1 may be
modified, e.g. phosphorylated, in these cells and therefore may not initiate repli-
cation from the DS element. The DS-dependent replication is suppressed mostly in
cultured cell lines derived from the EBV-positive Burkitt’s lymphoma, in which the
viral nuclear antigens (EBNA1-6) and the latent membrane proteins (LMPI,
LMP2) are expressed in vitro. Therefore, it is likely that some of these virus-en-
coded proteins may be responsible for the suppression of DS-dependent replication.
In contrast, the EBV-positive Burkitt’s lymphoma and the circulating EBV-infected
B cells express only EBNA1 and LMP2 in some cases (Qu and Rowg 1992;
TiERNEY et al. 1994; CHEN et al. 1995; THORLEY-LAWSON et al. 1996).

5 Stable Nuclear Retention and Partitioning
of EBV Episomes During Cell Division

The copy number of latent EBV DNA may vary from one to several tens per cell in
latently infected cell lines, whereas the number remains fairly constant in any
specific cell line during multiple passage in culture. For example, the prototype BL
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cell line Raji harbors an average of 50 copies of latent EBV genome equivalents per
cell, which are mostly circular plasmids. However, very little is known about the
mechanism by which equal numbers of EBV episomes become segregated during
mitosis and are deposited in each daughter cell. EBV minichromosomes associate
with the cellular chromosomes during mitosis, possibly by EBNAI1. Latent EBV
DNA was shown by in situ hybridization to be randomly associated with meta-
phase chromosomes (HARRIS et al. 1985; SHIRAISHI et al. 1985; DELECLUSE et al.
1993). EBNAI1 is also associated with metaphase chromosomes (REEDMAN and
KLEIN 1973; GROGAN et al. 1983; PerTI et al. 1990).

5.1 Requirement of the FR for Stable Retention of oriP Plasmid

More than two EBNAI1 binding sites on the FR are required for retention of oriP-
containing plasmids (MIDDLETON and SUGDEN 1994). Plasmids carrying the FR but
lacking the DS replicate very poorly but persist for a long time (more than
2 months) in cells expressing EBNA1 (REISMAN et al. 1985; KrysAN et al. 1989).
The plasmid containing only the DS element (the DS plasmid) replicates but is lost
rapidly from HeLa/EB1 cells (28% loss per generation), meanwhile the oriP plas-
mid containing both DS and FR elements is retained in cells more efficiently (4%
loss per generation) (SHIRAKATA et al. 1999). Rapid loss of plasmids was also
observed in experiments using several cell lines (MIDDLETON and SUGDEN 1994).
Thus, the FR element works to retain the EBV genome in nuclei, and EBNAI is
also required for this function. JANKELEVICH et al. (1992) demonstrated that the
EBYV chromosome is associated with nuclear matrix in the region of the BamHI-C
fragment that includes oriP. It is likely that the FR element is a matrix attachment
region (MAR) and EBNA1 mediates binding between the FR element and the
nuclear matrix structure.

5.2 EBNALI Is Required for Nuclear Retention
and Partitioning of oriP Plasmid

EBNAI1 has been shown to play a role in efficient retention of the episomal EBV
DNA as well as in its replication (RAWLINS et al. 1985; YATEs et al. 1985) and
EBNAI binding to the FR element enables plasmids containing the element to
segregate stably (REISMAN et al. 1985; KrysAN et al. 1989). The requirement of
EBNALI for retention and segregation of latent EBV was also demonstrated using
EBNAI-deficient mutants of EBV (LEE et al. 1999; SHIRE et al. 1999). Since
EBNAL is the sole viral gene product required for nuclear retention and segregation
of the EBV plasmid, cellular factors that interact with EBNA1 may be required for
plasmid maintenance. The human protein EBP2 that interacts with EBNAI was
isolated by a yeast two-hybrid system (SHIRE et al. 1999). Although the function of
EBP2 is not known, it is a component of the nucleoli of proliferating human cells
(CHATTERIEE et al. 1987). EBP2 was shown to interact with aa 330-386 of EBNAL.
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This region includes the Gly-Ala repeats and DNA linking domains that mediate
interactions between EBNA1 molecules bound to distant DNA binding sites for
DNA looping (GoLDpsMITH et al. 1993; LAINE et al. 1995; MACKEY et al. 1995).
EBNAI mutants that removed all of the Gly-Arg-rich region abrogated the plasmid
maintenance function in human cells (WENDELBURG and Vos 1998; SHIRE et al.
1999).

Circular yeast artificial chromosomes containing oriP were also shown to
bind to chromosomes in human cells expressing EBNA1 (Simpson et al. 1996).
Therefore, EBNA1 may facilitate the interaction of episomal EBV on human
cellular chromosomes. The domains that mediate binding to chromosomes have
been identified in three independent regions of EBNA1 (Fig. 4, MARECHAL et al.
1999).

5.3 Analysis of Latent EBV State by Fluorescence In Situ Hybridization

Recently, the introduction of fluorescence in situ hybridization (FISH) for detec-
tion of latent EBV DNA has provided a unique tool for detection of the integrated
and episomal forms. When the latent state of EBV DNA is examined by FISH, it is
assumed that the integrated copies will be detected as the same symmetrical doublet
signals at homologous sites of both chromatids. In contrast, the signals of the
episomal copies are assumed to be distributed randomly over the host chromo-
somes. FISH demonstrated that several B-cell lines contained only integrated EBV
DNA (HENDERSON et al. 1983; LAWRENCE et al. 1988; HURLEY et al. 1991; HirAl
et al. 1993, 1998), while coexistence of episomal and integrated EBV DNAs was
observed in other B-cell lines (HURLEY et al. 1991; DELECLUSE et al. 1993). Inte-
gration of EBV DNA into the host chromosomal DNA may occur through the
terminal repeat (TR) region (MATsuo et al. 1984: GULLEY et al. 1992; KLIPALANI-

Fig. 4. Functional domains of EBNAI
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JosHi and Law 1994) or the unique sequence region Ul adjacent to the left terminal
end of the EBV genome (HURLEY et al. 1991; GuALANDI et al. 1992; YANDVA and
SPECK 1992; Hiral et al. 1993). The presence of full-sized integrated EBV DNA in
the Namalwa cell line was demonstrated by molecular cloning of the cell-virus
DNA junction fragments from restriction DNA fragments of cellular DNA
(HenNDERSON et al. 1983; MATsuo et al. 1984). Although the integration site does
not appear to occur at a preferential site in human chromosomes, the integration
may affect viral and cellular gene expression, possibly resulting in oncogenic
transformation. However, the biological significance of the integrated form remains
to be determined.

As stated above, the copy number of latent EBV DNA in the Burkitt’s
lymphoma cell line Raji remains constant during multiple passage in culture.
However, the number by in situ hybridization was shown to be variable at the
single-cell (DELECLUSE et al. 1993; Hiral et al. 1998). Chromosomal denaturation
required for in situ hybridization may affect the stability of episomal EBV DNA
on chromosomes. Especially, the copy number at the single-cell level may be
dependent on the denaturation temperature used for in situ hybridization, as
suggested by HArris et al. (1985). Circular episomal DNA might be unstably
associated with host chromosomes by the non-covalent linkage, and higher tem-
peratures would be required for denaturation compared with the integrated DNA
covalently linked to that of host cell. Thus, the increased temperature required for
chromosomal denaturation resulted in release of the episomal molecules from host
chromosomes, whereas the symmetrical doublet signals increased with decreases
in temperature (Hirar et al. 1998). Since the symmetrical doublet signals at the
decreased temperature were weaker than the strong symmetrical doublet signals
characteristic of the integrated form, the increased symmetrical doublet signals
may represent the episomal form. This result indicated that the integrated form of
latent EBV genome should not be determined only by FISH analysis. Molecular
cloning of the cell-virus DNA junction fragments is also needed to define the
integrated form. Thus, the episomal copy as well as the integrated EBV DNA
would be present on both sister chromatids at the same location in every cell so
that the replicated episomal copies as well as the integrated copies may be equally
segregated to daughter cells. However, much more research is needed to further
define the stability of the EBV episomal state on host chromosomes and to con-
firm the above hypothesis because interpretation of the FISH results is still very
difficult.

6 Summary

The latent EBV genome may persist in the integrated form as well as the circular
episomal form. However, most of the latent viral DNA molecules are known to
exist in the circular episomal form, which binds to host chromosomes during
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mitosis. The DS element of oriP in the circular episomal DNA functions as a
replication origin. As it replicates once in a single S phase, it is possible that oriP is
regulated by the cellular replication licensing mechanism including the MCM
family of replication licensing factors. Transient replication analysis using the oriP
plasmid and HeLa/EBI cells revealed that the DS element requires early G, phase
for the next round of replication, the same cell-cycle window in which the repli-
cation licensing of cellular chromatin occurs. After this phase, the sedimentation
velocity of the oriP minichromosome increases. MCM2 associates with the oriP
minichromosome at late G; but not at G,/M, and this association requires the DS
element in the plasmid. The interaction of EBNAI and the MCM proteins on the
DS element was also suggested. These results suggested that the cellular licensing
mechanism controls the replication from oriP. This also suggested a similarity in
the replication machinery of the cellular chromatin and the latent EBV genome. In
addition to DS-dependent replication, the EBV genome replicates in a manner
independent of the DS element in several cultured cell lines. The DS-dependent
replication is likely to be suppressed in these cell lines by the expression of other
viral proteins. In contrast, EBV-positive Burkitt’s lymphoma and circulating EBV-
infected B cells express only EBNAI or both EBNA1 and LMP2. DS-dependent
replication may play a major role in these EBNAl-only cells, and the licensing
regulation of oriP is important for maintenance of the EBV genome during this
latent period of the viral life cycle. EBNAL is required for efficient nuclear retention
and partitioning of oriP-carrying plasmid by its binding to the FR element, thus
providing stable persistence of the latent EBV genome during cell division. The
copy number of latent EBV DNA molecules in B-cell lines remains fairly constant
during multiple passage in culture. However, very little is known about the
mechanism by which the viral DNA molecules are equally segregated into daughter
cells. To understand the mechanisms responsible for stable nuclear retention and
partitioning of the latent viral genome, it is essential to analyze the episomal and
integrated viral DNAs at a single-cell level by FISH and other techniques.
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1 Introduction

Epstein-Barr virus has a unique ability to transform human B cells into activated
lymphoblasts and establish lymphoblastoid cell lines (LCLs) with infinite proli-
ferative potential in vitro (for review, see Kierr 1996). This process, termed growth
transformation or immortalization, is supposed to be a prerequisite for the virus’
ability to establish life-long persistent infection in humans. Since similar signal
pathways are activated and similar genes are induced in both EBV-mediated im-
mortalization and antigen-induced activation, it is generally considered that EBV
utilizes the normal mechanism of antigen-induced activation to immortalize B
lymphocytes. In EBV-immortalized lymphoblastoid cells, viral DNA persists as
circular episomes, and 11 viral genes are expressed. This program of EBV gene
expression is called latency III (for review, see RickinsoN and KIErr 1996). Six of
the eleven genes code for EBV nuclear proteins (EBNAs 1, 2, 3A, 3B, 3C, and LP)
and three for latent membrane proteins (LMPs 1, 2A, and 2B). The remaining two
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genes code for the EBV-encoded small RNAs (EBERs 1 and 2), that are not
translated into proteins. In addition, a family of extensively spliced messenger
(m)RNAs containing the BARFO open reading frame are transcribed from a region
including the BamHI A fragment, but their protein products have not been defi-
nitely identified. Genetic analyses using recombinant EBVs so far showed that
EBNA2, EBNA3A, EBNA3C, and LMP1 are essential for lymphocyte immorta-
lization (K1errF 1996). EBNAI is required for intracellular persistence of EBV DNA
in a plasmid form.

EBV nuclear protein 2 (EBNAZ2) is one of the six nuclear proteins expressed in
LCLs and has a pivotal role in lymphocyte immortalization (HAMMERSCHMIDT and
SuGDEN 1989; CoHEN et al. 1989). EBNAZ2 transactivates certain viral and cellular
genes that, in concert, cause the uncontrolled proliferation and the characteristic
activated phenotype of LCLs (AMAN et al. 1990; CorbDIER et al. 1990; PENG and
LuUNDGREN 1992; KEMPKES et al. 1995). In the following discussion, recent ad-
vances in the analysis of EBNA2 function are reviewed first, and then the author’s
own results of EBNA2 gene transfer into Burkitt’s lymphoma (BL) Akata cells,
revealing new aspects of EBNA2 function, are described.

EBYV isolates can be divided into two types, 1 and 2, by sequence divergence
in several genes including EBNA2. Only 53% identity in the predicted amino
acid sequence is found between type-1 and type-2 EBNA2s. Type-2 EBV has less
efficiency of lymphocyte immortalization and this is ascribed to the functional
differences in EBNA2 (CoHEN et al. 1989; WANG et al. 1990a). The properties of
EBNAZ2 reviewed below will apply to that encoded by the type-1 EBV.

2 EBNA2 Is a Transcription Factor Essential
for EBV-Induced Immortalization of B Lymphocytes

EBNA2 encoded by a prototype EBV strain, B95-8, is composed of 487 amino acid
residues and has an apparent molecular weight of 85kDa in sodium dodecyl sulfate
(SDS) -polyacrylamide gel electrophoresis. EBNA2 is encoded by the open reading
frame BYRF1 residing in the BamHI YH region of the EBV genomic DNA. The
importance of this region of EBV DNA in lymphocyte immortalization was ini-
tially suggested by properties of a laboratory EBV mutant, P3HR-1. The P3HR-1
virus lacked the ability to immortalize lymphocytes and had a deletion in this
particular region of the genome. Subsequent analyses identified two open reading
frames, coding for EBNA-LP and EBNA2 (HeNNEssy and KIEFF 1985; MUELLER-
LaNTzscH et al. 1985; Rowe et al. 1985; RyMo et al. 1985), in this region and
showed further that the deficiency in the EBNA2 coding capacity was responsible
for the loss of immortalizing ability (CoHeN et al. 1989; HAMMERSCHMIDT and
SuGpEN 1989). Although EBNA-LP was found dispensable for immortalization,
the efficiency of immortalization was severely impaired in EBNA-LP-deficient
recombinant viruses, indicating that this protein also plays an important role in
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immortalization (MANNICK et al. 1991). EBNA2, together with EBNA-LP, is one
of the first EBV proteins to be synthesized after EBV infection of B lymphocytes
(ALLDAY et al. 1989; ALFIERI et al. 1991).

EBNA2 acts as a key regulator of latent EBV gene expression in LCLs
through transactivation of the Cp EBNA promoter (SUNG et al. 1991; WaLLs and
PERRICAUDET 1991; JiN et al. 1992) and the LMP promoters (ABBOT et al. 1990;
FAHRAEUS et al. 1990; WaNG et al. 1990b; ZiMBER-STROBL et al. 1991) (Fig. 1).
Cp is responsible for transcription of a family of extensively spliced mRNAs coding
for all six EBNAs, whereas the LMP promoters direct transcription of mRNAs
coding for all three LMPs. EBNA2 also transactivates cellular genes, including
CD21 (WANG et al. 1990a), CD23 (WANG et al. 1987), c-fgr (KNuTsoN 1990), and
c-myc (KAISER et al. 1999). Because CD21, CD23, and c-myc are supposed to have
important roles in antigen-induced B-cell activation, they may have critical func-
tions also in EBV-induced immortalization. However, the exact roles of EBNA2 in
immortalization have not been fully elucidated, and it is very likely that EBNA2
transactivates more cellular genes than is known at present.

3 EBNA2 Functions as a Transcription Factor
Through Interaction with Cellular Proteins

EBNAZ2 does not bind DNA directly. In several promoters including Cp, the LMP
promoters, the CD23 promoter, and probably also in the CD21 promoter, its

Latency III EBV gene expression

Fig. 1. Schematic representation of the roles of EBNA2 in the gene regulation in EBV-immortalized
lymphoblastoid cells
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transcriptional activation function is dependent on association with a DNA-
binding protein, recombination signal-binding protein (RBP)-Jkx (GROSSMAN et al.
1994; HENKEL et al. 1994; ZiMBER-STROBL et al. 1994; HsieH et al. 1995). RBP-Jx is
a cellular protein initially identified as a protein binding to the recombination signal
Jx (MATSUNAMI et al. 1989). Later studies, however, indicated that it does not bind
to the recombination signal itself, but recognizes the related sequence GTGGGAA.
RBP-Jk is normally a transcriptional repressor protein, but when associated with
EBNAZ2, its transcriptional repressor domain is masked by EBNA2 (HsieH et al.
1995) and the protein complex acts as a transcriptional activator by virtue of the
acidic transcriptional activation domain of EBNA2. RBP-Jk is a component of the
Notch signal pathway that has critical roles in vertebrate embryogenesis (for re-
view, see ARTAVANIS-TSAKONAS et al. 1995). Notch is a transmembrane receptor
protein and activation by its ligand Delta or Serrate leads to its proteolytic
cleavage. The intracellular portion of the protein (Notch-IC) is then translocated to
the nucleus and transactivates genes previously repressed by RBP-Jk in the same
way as EBNA2 exerts its function (SCHROETER et al. 1998; STRUHL and ADACHI
1998). By binding to the common target RBP-Jx, EBNA2 and Notch transactivate
similar genes (HOFELMAYR et al. 1999). Furthermore, EBNA2 has the ability to
functionally replace the intracellular region of the mouse Notchl protein and
suppresses differentiation of myeloblast progenitor cells (SAkal et al. 1998). Do
EBNA2 and Notch have more functional similarity than just transcriptional acti-
vation assisted by RBP-Jk? This may not be very likely since these two proteins are
not structurally related outside the RBP-Jk-binding motif.

In contrast to other EBNA2-regulated genes, c-myc does not contain the
RBP-Jk-binding motif and the RBP-Jk-binding domain of EBNA?2 is dispensable
for transactivation of this gene. An interferon-stimulated response element termed
the plasmacytoma repressor factor (PRF) element was found to be involved in the
c-myc transactivation by EBNA2 (JAYACHANDRA et al. 1999).

Besides RBP-Jk, several cellular proteins are involved in the EBNA2-mediated
transactivation of the LMP-1 promoter. The ets family protein PU.I interacts with
EBNAZ2 and takes part in the EBNA2-mediated transactivation (JOHANNSEN et al.
1995). Because PU.1 has important roles in gene regulation in B cells and myeloid
cells, it may also be involved in the EBNA2-induced transactivation of cellular
genes important for immortalization. The EBNA2 domain required for association
with PU.1 overlaps with that for binding to RBP-Jx (JOHANNSEN et al. 1995). The
LMPI1 promoter contains an ATF/CRE [activating transcription factor/cyclic
adenosine monophosphate (cCAMP) response element] having a role in EBNA2-
induced transactivation, and direct interaction of EBNA2 with an ATF-2/c-Jun
heterodimer was demonstrated (SyoBLoM et al. 1998). In addition, a POU domain
protein distinct from Oct-1 and Oct-2 may mediate EBNA2-induced transactiva-
tion of the latent membrane protein (LMP)1 promoter (SioBLOM et al. 1995).

EBNAZ2 also interacts with hSNF/Inil, the human homolog of the yeast
transcription factor SNF5 (Wu et al. 1996). SNF5 is a component of the SNF-SWI
complex that is supposed to mediate chromatin structure alteration associated with
transcriptional regulation. The association of EBNA2 with hSNF/Inil therefore
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suggests that it has a role in alteration of nucleosome structure and thereby pro-
motes transcription from certain genes. Only the phosphorylated form of EBNA2 is
associated with hSNF/Inil in cells. A recent report described the association of
EBNAZ2 with a novel DEAD box protein, DP103 (GRUNDHOFF et al. 1999). The
DEAD box family proteins are thought to be ATP-dependent RNA helicases, but
the functional significance of this association is at present not known. EBNA2 has
an acidic transactivation domain near its C terminus and general transcription
factors such as TFIIB, TFIIH, and TAF40 are recruited to the RNA polymerase 11
transcription complex by interaction with this domain (ToNG et al. 1995).

4 The Effects of EBNA2 on Cellular Phenotype

Gene transfer into EBV-negative cell lines as well as into primary-culture B cells
provided evidence that EBNA2 can produce certain phenotypes characteristic to
both EBV-immortalized lymphoblastoid cells and antigen-activated B cells. As
described above, EBNA2 induces expression of CD21, CD23, c-myc, and c-fgr.
CD21 and CD23 are both B-cell activation surface markers and supposed to have
important roles in the process of antigen-induced activation. The soluble form of
CD23 may act as a growth factor. c-Myc has an essential role in the regulation
of cell proliferation in general and therefore should be important in proliferation of
activated B cells and EBV-immortalized LCLs. Although little is known about the
behavior of c-fgr in B-cell activation, there is evidence that murine c-fgr expression
is induced by B-cell-activating stimuli and that the c-Fgr kinase activity is activated
following cross-linking of the B-cell antigen receptor (BCR) (WECHSLER and
MONROE 1995; HATAKEYAMA et al. 1996). EBNA2 and EBNA-LP cooperatively
induce expression of the G1 cyclin, cyclin D2 (SINCLAIR et al. 1994). EBNA2 also
changes cellular phenotype and growth characteristics of non-lymphoid cells.
EBNA2 reduces the serum requirement for the growth of the Rat-1 cells, although
it did not confer malignant characteristics such as transplantability to nude mice
and anchorage independence (DAMBAUGH et al. 1986). Transgenic mice possessing
EBNA2 gene under control of the SV40 early promoter fused to the endogenous
Wp EBNA promoter developed renal adenocarcinoma (TORNELL et al. 1996).
Kempkes and others engineered EBNA2-estrogen receptor chimera proteins
and established an experimental system in which EBNA2 functions could be con-
trolled by estrogen (KEMPKES et al. 1995). Lymphoblastoid cell lines were estab-
lished by co-infection of P3HR-1 EBV and mini EBV (HAMMERSCHMIDT and
SUGDEN 1989) encoding this chimeric protein. When estrogen was removed from
culture and EBNA?2 function was blocked, cells went into either growth arrest or
apoptosis. Growth arrest occurred at G1 and G2 stages of the cell cycle, suggesting
that EBNA2 regulates the cell cycle at multiple stages. Growth arrest at the G1
stage was reversible and could be released by re-addition of estrogen, but that in G2
was irreversible. These results clearly demonstrated that EBNA2 is required not
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only for initiation of lymphocyte immortalization but also for its maintenance.
Interestingly, the role of EBNAZ2 in continued proliferation of these cells could be
substituted by constitutive expression of c-myc by gene transfer, suggesting that
c-myc transactivation is a critical step in the growth promotion by EBNA2
(PoLACK et al. 1996). Another interesting finding in this work was that EBNA2 can
transcriptionally downregulate the p immunoglobulin heavy chain gene (JOCHNER
et al. 1996). This downregulation is quick and evident within 30min of activation of
EBNAZ2. It is at present not known whether RBP-Jx is involved in this function of
EBNAZ2. The downregulation of the Ig heavy chain gene by EBNAZ2 is consistent
with the growth suppression of BL cell lines by this protein (KEMPKES et al. 1996).
In these cell lines, c-myc on chromosome 8 is juxtaposed to the Ig heavy chain locus
on chromosome 14 by translocation, and c-myc expression is constitutively acti-
vated. This c-myc deregulation, resulting in its overexpression, is thought to be
critical in the uncontrolled proliferation of BL cells. When EBNA2 suppresses
transcription of Ig heavy chain gene, c-myc expression under control of the heavy
chain locus, will be also downregulated, and this should lead to growth suppres-
sion. This explanation, however, does not apply to the cell line BJAB that also went
into growth arrest and cell death after induction of EBNA2 (JOCHNER et al. 1996;
KEMPKES et al. 1996). BJAB cells do not have chromosomal translocation involving
c-myc and the Ig heavy chain gene. Thus, EBNA2 may have intrinsic anti-prolif-
erative and cytocidal effect when expressed in established cell lines. These effects
may have been overlooked in previous gene transfer experiments using constitutive
expression vector, because cells expressing EBNA2 should not survive the selection
process after transfection.

5 Expression of EBNA2 in Akata Cells by Gene Transfer

This section deals with the author’s own results of EBNA2 gene transfer into
Burkitt’s lymphoma Akata cells. Here experiments with a constitutive expression
vector gave a suggestion of deleterious effect of EBNA2 on cells, and subsequent
analysis with an inducible vector revealed the unexpected EBNA2-induced acti-
vation of EBV-replicative cycle in Akata cells.

5.1 Burkitt’s Lymphoma Line Akata

EBYV gene expression in Burkitt’s lymphoma cells is more restricted than LCLs, and
only EBNA1, BARFO, and occasionally LMP2A are expressed as proteins (for
review, see RICKINSON and Kierr 1996). In this form of EBV latency, termed
latency I, Cp is not active and instead Qp is used for transcription of the EBNA1
mRNAs. When BL cells are transferred in vitro and established as a cell line, this
restricted pattern of EBV gene expression is not usually maintained and eventually
replaced by latency III.
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The Burkitt’s lymphoma line Akata, derived from a Japanese case of BL,
is unique in that it maintains the latency I phenotype after long-term culture
(Takapa et al. 1991). Another unique property of Akata cells is that they have a
tendency to lose EBV genomes spontaneously and to give rise to virus-negative
sublines (SHIMIZU et al. 1994). Akata cells express surface IgG molecules and their
cross-linking by antibodies results in activation of EBV replication, through signal
transduction pathways involving Ca®?" mobilization and activation of protein
kinase C (TAKADA and ONo 1989; DAIBATA et al. 1990). In contrast, EBV genomes
in LCLs with the latency III phenotype are not significantly activated by ligation of
surface immunoglobulin molecules.

To obtain a possible explanation for these unique properties of Akata
cells, EBNA2 gene transfer experiments were carried out to answer two primary
questions: (1) Does EBNA2 induce the latency III phenotype in Akata cells?
(2) regardless of whether latency I1I is induced, does EBNA2 have any influence on
the anti-IgG-induced EBV activation in Akata cells?

5.2 Expression of EBNA2 by a Constitutive Expression Vector

For efficient stable expression of EBNA2 by gene transfer, an EBNA2 expression
vector, pPOH-SGE2, was constructed. This vector contains the following elements in
the pBluescript SK(-) backbone; SV-40 early promoter, B-globin intron, EBNA2
open reading frame, poly-A signal, EBV Ori-P, and a hygromycin resistance gene.
The detail of the structure of this plasmid was given elsewhere (FuJiwARA et al.
1999). When EBNAL is provided in trans, Ori-P is the only cis element required for
episomal persistence of a plasmid. Since Akata cells produce EBNAI1, expressed
from their endogenous EBV genomes, it was expected that pOH-SGE2 would be
maintained in Akata cells as multiple copies of episomes, thereby facilitating effi-
cient expression of EBNA2.

Akata cells were transfected with pOH-SGE2 and hygromycin-resistant clones
were examined for expression of EBNAZ2. In most of these clones, however, either
no EBNAZ2-positive cells, or only a few, were found. After screening 220 hygro-
mycin-resistant clones, only two clones were found, in which a majority of the cells
were EBNA2-positive. This inefficient selection of EBNA2-positive cells suggested
that expression of this protein was disadvantageous for the cells. Concurrently, two
hygromycin-resistant Akata clones were isolated after transfection with pOH-
SG2E, containing the EBNA2 gene in the reverse orientation with respect to the
SV40 promoter, and used as negative controls.

To examine whether these EBNA2-positive Akata cells have any traits of
latency III, activities of latent EBV promoters as well as transcription of some
latent EBV genes characteristic to latency III were examined by the reverse
transcription-polymerase chain reaction (RT-PCR) method. The results indicated
that Cp was not detectably activated by expression of EBNA2, and consistent to
this, no detectable level of EBNA3A and EBNA3B mRNAs was found. The
EBNA2 mRNAs transcribed from the endogenous Akata EBV genome was not
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detected either. Both EBNA2-positive and control Akata cells used Qp for ex-
pression of EBNA1. LMPI was detected by immunoblotting in one of the two
EBNAZ2-positive Akata clones, but its level was much lower than in B95-8 and
LCLs. Thus thess EBNA2-positive Akata clones did not have characteristics of
the latency III in spite of expression of EBNA2. There were, however, two sig-
nificant changes induced by EBNA2; RT-PCR showed that expression of LMP2A
and transcription from the Fp promoter were induced by EBNA2. Induction of
LMP2A was consistent to previous results (ZIMBER-STROBL et al. 1991). Activa-
tion of Fp, on the other hand, was unexpected and suggested that EBNA2 has a
potential to activate EBV replication, since this promoter is activated in lytic EBV
infection (LEAR et al. 1991).

To test whether expression of EBNA?2 has any influence on spontaneous and
anti-IgG-induced activation of the EBV cycle, the two Akata transfectant clones
expressing EBNA2 and the two control clones were cultured with or without goat
affinity-purified antibodies to human IgG and activation of the viral cycle was
assessed by indirect immunofluorescence. Without anti-IgG, less than 0.1% of the
control transfectant cells expressed the early antigens (EA). Upon stimulation with
anti-IgG, EA was induced in 15-29% of these control cells. In contrast, an unex-
pectedly large fraction (1.1-4.8%) of the EBNA2-expressing cells were already
positive with EA even without treatment with anti-IgG. After addition of anti-IgG,
however, increase in the number of EA-positive cells was significantly smaller than
control cells (1.4-8.1%).

These results strongly suggested that EBNA2 has a potential to induce the
EBYV cycle. Since EBV replication is generally presumed to have deleterious effects
on cells, it was suspected that significant number of EBNA2-positive cells were lost
after transfection with pOH-SGE2. The unexpectedly low rate (2/220) of EBNA2-
expressing clones among hygromycin-resistant clones (see above), despite the
presence of both the EBNA2 gene and the hygromycin resistance gene on the same
plasmid, supported this notion.

5.3 Expression of EBNA2 by an Inducible Expression Vector

More direct evidence of EBNA2-induced activation of EBV replication in Akata
cells was obtained by experiments with a tetracycline-regulated expression vector.
Two plasmids, pTet-SGE2 and pTAk-Hyg, derived from a modified tetracycline-
regulated expression system described by Schokett and others were constructed
(GosseN and Buiarp 1992; ScHokEerrt et al. 1995). pTet-SGE2 contains the
EBNAZ2 gene under the control of the tetracycline-responsive promoter, whereas
PTAk-Hyg contains tetracycline-responsive transactivator and a hygromycin-
resistance gene. Akata cells were co-transfected with these two plasmids and a
number of Akata clones expressing EBNA2 in a tetracycline-regulated manner
were isolated (Fig. 2) (FunwaRra et al. 1999). In presence of 0.5ug/ml tetracycline,
EBNA2 was not detected either by immunoblot analysis or immunoenzymatic
staining. Upon removal of tetracycline, EBNA2 expression was efficiently induced
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Fig. 2A,B. Tetracycline-regulated expression of EBNA2 in Akata cells. A Immunoenzymatic staining.
Cell smears of an Akata transfectant clone harboring pTet-SGE2 and pTAk-Hyg were cultured with (a)
or without (b) tetracycline and examined with the anti-EBNA2 monoclonal antibody PE2. B Immuno-
blot analysis. Cells of three Akata transfectant clones (lanes 2—7) were maintained with (lanes 2, 4, and 6)
or without (lanes 3, 5, and 7) tetracycline and cell lysates were analyzed by immunoblotting with the PE2
antibody. As a reference, untransfected Akata cells (lane 1), B95-8 cells (lane 8) and two LCLs (lanes 9
and 10) were also analyzed

and the level of its expression was higher than the average among EBV-immor-
talized lymphoblastoid cell lines. When the cells were examined at various times
after removal of tetracycline, EBNA2 was first detected at 12h and reached the
plateau by 48h.

To examine whether EBNA2 expression in these cells induces the EBV-repli-
cative cycle, smears of an Akata transfectant clone were prepared at 72h after
removing tetracycline and examined for expression of EA and viral capsid antigens
(VCA) by indirect immunofluorescence. The results indicate that EA was induced
in more than 50% of the cells and VCA around 25% (Fig. 3A). Similar levels of EA



44 S. Fujiwara

Fig. 3A,B. Expression of EBV-replicative cycle proteins following induced expression of EBNA2.
A Immunofluorescence. An Akata transfectant clone harboring both pTet-SGE2 and pTAk-Hyg were
maintained in culture medium with (@) or without (b and c) tetracycline and examined by indirect
immunofluorescence. Serum from an NPC patient was used to detect EA (a and b) and that from a
healthy EBV carrier was used to detect VCA (c). As a reference, a control Akata transfectant clone
harboring pTAk-Hyg alone was maintained in tetracycline-free medium and examined with serum from a
patient with NPC (d). B Immunoblot analysis. Three Akata transfectant clones harboring pTet-SGE2
and PTAk-Hyg (lanes 3-8) and a control Akata clone harboring pTAk-Hyg alone (lanes 9 and 10) were
cultured with (lanes 4, 6, 8, and 10) or without (lanes 3, 5, 7, and 9) tetracycline and examined by
immunoblot analysis with pooled sera from patients with NPC. As a reference, Akata cells before (lane 1)
and after (lane 2) treatment with anti-IgG antibodies were also examined

and VCA were detected in three other Akata transfectant clones after removing
tetracycline. Expression of EBV lytic-cycle proteins similar to those induced by
anti-IgG antibodies were also detected by immunoblot analysis of three Akata
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transfectant clones (Fig. 3B). As expected, no such replication-cycle proteins were
induced in control Akata transfectants harboring pTAk-Hyg alone. These lytic-
cycle proteins were first detected at 18h after removing tetracycline in a low level
and increased until 36h and remained at plateau until 96h. The BZLF1 protein, an
immediate early protein critical to activation of EBV replication from latent state,
was also shown induced. Immunoblot analysis using a monoclonal antibody to the
BFRF3 protein, an immunodominant component of the EBV capsid, indicated that
the 18-Kd band seen in Fig. 3B corresponds to this protein.

Simultaneous to EBV activation, proliferation of Akata cells were suppressed
and cell viability declined after several days of induction of EBNA2 (S. Fujiwara
et al., submitted for publication). Because the EBV-replicative cycle is harmful to
cells, it was first suspected that these effects of EBNA2 were consequences of
EBYV activation. To test this hypothesis, the same tetracycline-regulated EBNA?2
expression vector was introduced into cells of an EBV-negative Akata subline.
Interestingly, growth suppression and cell death were also seen in these EBV-
negative Akata cells that were induced to express EBNA2. Thus, growth retarda-
tion and cell death are not dependent on EBV-replicative cycle and could be as-
cribed to intrinsic functions of EBNA2. Because Akata cells contain the t(8;14)
translocation and c-myc expression is suppressed upon induction of EBNA?2, these
EBNA2? effects may be mediated by c-myc downregulation.

To test whether RBP-Jx is involved in the EBNA2-induced EBV-replicative
cycle, a deletion mutant lacking the RBP-Jx -binding domain was investigated
(S. Fujiwara et al., submitted for publication). By deleting a Sphl fragment within
BYRF1, an EBNA2 mutant lacking the amino acid residues 248-382 was prepared.
This mutant barely, if ever, induced the EBV cycle, suggesting that RBP-Jk has an
important role in the EBNA2-induced EBV cycle, although critical involvement of
other proteins such as PU.1, also binding to this portion of EBNA2, cannot be
excluded.

5.4 Discussion

Gene transfer experiments with pOH-SGE2 indicated that in Akata cells consti-
tutively expressing EBNA2 (1) the efficiency of the anti-IgG-induced viral cycle
was decreased, (2) the rate of spontaneous activation of EBV-replicative cycle was
increased, and (3) the Cp promoter was not activated and therefore the latency III
program was not induced. The decreased rated of anti-IgG-induced viral cycle may
be explained by the EBNA2-induced upregulation of LMP2A. LMP2A blocks
Ca’" mobilization and thereby impedes activation of the EBV cycle triggered by
cross-linking of surface immunoglobulins (MILLER et al. 1993). The spontaneous
EBV replicative cycle in Akata transfectants, despite expression of LMP2A,
therefore, suggests that EBNA2 promotes a certain step downstream of Ca®”"
mobilization, in the signal pathway of EBV activation. The Cp promoter, a hall-
mark of latency III, was not induced by EBNA2 and this is consistent with the
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finding that DNA methylation around Cp is a decisive factor in the maintenance
and possibly establishment of latency I (SCHAEFER et al. 1997).

Gene transfer with a tetracycline-regulated EBNA2 expression vector gave
decisive evidence for the EBNA2-induced EBV activation. EBV-replicative cycle
was more efficiently induced in this experiment (>50%) than with pOH-SGE2
(1.1-4.8%). Considering deleterious effects of EBV-replicative cycle on cells, con-
stitutive expression vectors like pPOH-SGE2 may not be suitable for the analysis of
stable effects of EBNA2 on Akata cells, since most cells expressing the protein are
likely to be lost soon after transfection. Because the level of EBNA2 expression in
individual cells was much higher in transient transfection of pOH-SGE2 than
in stable transfection with the same plasmid (S. Fujiwara, unpublished observa-
tion), it is suspected that only cells with low EBNA?2 expression survived. This
implies that high-level EBNA?2 expression is required to activate the EBV cycle.

Akata is a rare exception among BL cell lines in that its latency I phenotype
was not replaced by latency III after long-term culture. The EBNA2-induced
disruption of the EBV cycle may provide an explanation for this unique property
of the cell line. Similar to other BL-derived cell lines, occasional Akata cells may
express EBNA2 spontaneously, yet instead of inducing the latency III phenotype,
EBNAZ2 expression will result in activation of the EBV replicative cycle and cell
death. This scenario may be also relevant to the mechanism of spontaneous loss of
EBYV genomes from Akata cells. If the rate of spontaneous EBNA2 expression and
consequent viral replication is beyond a certain level, cells that have lost EBV
genomes should have advantage for survival. It will be interesting to test whether
EBNAZ2 activates viral cycle in other few BL cell lines that retain the latency I
phenotype.

The EBV-activating, growth-suppressing, and cell-death-inducing potentials of
EBNAZ2 are apparently suppressed in latency III, possibly by the products of other
latent EBV genes, such as EBNA3C and LMPI. It is also conceivable that high-
level expression is required for EBNA2 to exert these effects, because gene transfer
experiments, especially that by tetracycline-regulated system, tend to cause over-
expression. The molecular mechanism involved in EBNA2-induced the EBV cycle
remains as an open question. Although the RBP-Jx -binding motif (GTGGGAA) is
not found close to immediate-early EBV genes such as BZLF1 and BRLF1, there
still remains possibility that other cellular factors may mediate the action of
EBNA2. A more likely mechanism may be that EBNA2 primarily transactivates a
certain cellular gene(s) and its product(s) induces an immediate-early EBV gene.

As reviewed in the earlier part of this chapter, EBNA2 can induce cellular
genes responsible for the uncontrolled proliferation and activated-B-cell phenotype
of LCLs. The author’s work described here, together with that presented by
Kempkes and others, not only confirmed these previous findings but also showed
that EBNA2 can suppress lymphoid cell proliferation, induce cell death, and ac-
tivate EBV-replicative cycle. When B lymphocytes are stimulated through their
antigen receptor (BCR), either by antigen or antibody, the cellular response varies
depending on a number of factors, including the strength of stimulation, the stage
of B-cell differentiation, and accessory signals from other cells and cytokines. A
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variety of responses ranging from B-cell activation and proliferation to apoptosis
can be elicited by stimulation of BCR. In Burkitt’s lymphoma cell lines, anti-
immunoglobulin antibodies can either suppress proliferation, induce apoptosis, or
activate EBV replication (reviewed in THompsoN 1998). Thus, it should be noted
that a striking similarity exists between the cellular responses to stimulation of BCR
and those to expression of EBNA2. A possible explanation for this interesting
parallelism is that EBNA2 may transactivate a certain cellular gene(s) that is in-
volved in gene regulation coupled with the signal pathway from BCR.

6 Concluding Remarks

Previously, effects of EBNA2 on EBV and cellular gene regulation, as well as on
cellular phenotype, has been mainly analyzed by gene transfer with constitutive
expression vectors. These experiments provided evidence that EBNA2 plays a
central role in EBV gene regulation in virus-immortalized LCLs, and also that, in
cooperation with other latent EBV proteins, EBNA?2 is responsible for initiation
and maintenance of cell cycle and activated B-cell phenotype in these cells. By
designing experimental systems in which either expression or function of EBNA2
can be readily controlled, the author’s work described here and that by Kempkes
and others revealed unexpected effects of EBNA2, such as growth suppression, cell
death, and activation of the EBV cycle. These novel effects of EBNA2 may provide
valuable information in elucidating the exact roles of EBNA2 in lymphocyte
immortalization.
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1 Introduction

The envelopes of all herpesviruses contain multiple glycoprotein species, each one
of which is potentially important to virus entry, to virus egress and to trafficking of
virus-producing cells throughout the body. In addition, membrane-associated
proteins or glycoproteins that are found in the infected cell, but not in the virion,
may influence virus assembly and yield. Thus, as a class these molecules have a
major impact on virus tropism and virus load and contribute significantly to the
outcome of infection.

The total complement of membrane proteins encoded by Epstein-Barr virus
(EBV) is not yet certain. Currently, eleven unique species are known to be expressed
(Table 1), although the information available about several is still quite meager.
Least is know about four gene products that have no known homologs in alpha and
beta herpesviruses. These are the BDLF3, BILF2, BILFI, and BMRF2 gene
products (BAER et al. 1984). The BDLF3 open reading frame (ORF) encodes gp150
(KuriLLaA et al. 1995; NoLAN and MoORGAN 1995), a mucin-like molecule to which
N- and O-linked sugars contribute more than 50% of the mass. Recombinant
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Table 1. Open reading frames currently known to express membrane proteins

Open reading Number of amino acids in Protein Homolog conserved

frame primary translation product in all known
herpesviruses

BDLF3 234 egpl50 None

BILF2 248 gp78 None

BILF1 312 gp60 None

BMREF2 356 5SS None

BLLFla/b 907/710 gp350/220 None

BALF4 857 gpl10/125 ¢B

BXLF2 706 gp85 gH

BKRF2 137 gp25 gL

BZLF2 223 gp42 None

BLRF1 102 gpls N

BBRF3 405 gp48/84/113 M

viruses lacking gpl150 are not impaired for growth in tissue culture (BorzA and
Hurr-FLETCHER 1998). The BILF2 ORF encodes gp78 (MACKETT et al. 1990),
another highly glycosylated protein that carries primarily N-linked sugars. Both
gp150 and gp78, which are predicted to be type 1 membrane proteins with relatively
short cytoplasmic tails, are known to be present in the virion. However, the dis-
tribution of the poorly studied products of the BILF1 and BMRF2 ORFs remains
uncertain. Preliminary data suggest that BILF1 encodes a glycosylated protein of
approximately 60kDa, which aggregates upon boiling (KENyoN and Hurt-
FLETCHER 1999). This is consistent with its predicted structure as protein that spans
the membrane multiple times. The BMRF2 gene product has a similar predicted
structure, but although RNA transcripts mapping to this ORF have been shown to
be present in abundance in the virus producing cells of oral hairy leukoplakia
(PENARANDA et al. 1997), the only information available concerning its protein
product comes from a study with an anti-peptide antibody that places its mass at
approximately 55kDa (Mobprow et al. 1992).

Considerably more information is available about the remaining gene products
and there is increasing understanding of the roles they play in infection. The
products of the BALF4 and BLLFI1 open reading frames are perhaps the most
abundant gene products although they have complementary distributions. BLLF1
encodes the virion envelope proteins gp350 and gp220, which are often referred to
as one, gp350/220, since the smaller form is derived by in a frame splice which
results in the loss of residues 500—-757 of the 907-amino-acid gp350 protein (BEISEL
et al. 1985). Both molecules carry a large amount of N- and O-linked sugar and
they are responsible for attachment of virus to the B-cell receptor for EBV, the
complement receptor type 2, CR2, or CD21 (FINGEROTH et al. 1984; NEMEROW
et al. 1985). The binding site in gp350/220 includes a short sequence, 21 amino
acids from the N-terminus of the protein, which is homologous to the binding site
in the natural ligand, the C3dg fragment of complement (TANNER et al. 1988;
NEeMEROW et al. 1989). CR2 is part of a signal transduction complex and the in-
teraction of gp350/220 with CR2 interaction may do more than simply tether virus
to the cell surface. It apparently triggers endocytosis of the virion (TANNER et al.
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1987) and several observations have suggested that it may alter the phenotype of
the B cell and facilitate expression of virus genes (SINCLAIR and FARRELL 1995;
SuGaNo et al. 1997).

In contrast, the BALF4 gene product, gpl10, is primarily a cell-associated
glycoprotein that carries only endoglycosidase-sensitive high mannose sugars
(GoNG and KIEFF 1990; PAPWORTH et al. 1997; LEE 1999). This is consistent with its
retention in the endoplasmic reticulum and nuclear membrane (GONG et al. 1987;
GonNG and KIerr 1990) via a string of four arginine residues in its cytoplasmic
tail (LEe 1999). The distribution is somewhat unexpected given that gp110 is the
homolog of gB, a highly conserved glycoprotein which in most herpesviruses is
abundant in the virion envelope where it plays a major role in virus-cell fusion
(SpeAr 1993). The only BALF4 gene product that may be found in the virion in
very small amounts (L.M. Hutt-Fletcher, unpublished data) is a differentially
glycosylated form, gpl125 (EMint et al. 1987; GonG and Kierr 1990; LEe 1999),
which carries complex sugars. Studies of the relative distributions of gp350/220 and
gpl10, the former found in the plasma membrane and Golgi and the latter in the
nuclear membrane, have suggested a model for assembly and egress of EBV that
involves two sites of envelopment. The model, which is compatible with those
proposed for other herpesviruses, suggests that virus first acquires an envelope as it
buds through the nuclear membrane. At some point this enveloped form fuses back
out into the cytoplasm. Unenveloped virions then acquire a second envelope rich in
gp350/220 either by budding back into the Golgi and leaving the cell by exocytosis,
or by budding through the plasma membrane (GoNG and KIErr 1990). The model
proposes that gpl10 is important to the exit of virus from the nucleus, and is
consistent with the observation that recombinant virus lacking gp110 is not released
from the cell (HERROLD et al. 1995; LEE and LONGNECKER 1997).

In addition to those molecules that appear to exist either as single proteins or
as homopolymers, EBV encodes at least two heteromeric, multi-protein complexes,
the members of which have inter-dependent functions. One, the gH/gL/gp42
complex, plays a major role in virus entry and tropism, the other, the gN/gM
complex, appears to be important to assembly and disassembly of the enveloped
particle. The remainder of this chapter focuses on these two important protein
complexes.

2 The gH/gL/gp42 Complex

2.1 Identifying the Components

The largest of the three components of the gH/gL/gp42 complex is the 85-kDa gH
molecule itself, described in the early literature as gp85, and for many years its
association with the other two components went undetected. gp85 was identified as
the EBV homolog of the conserved herpesvirus gH protein when it was mapped as
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the product of the BXLF2 ORF (HEINEMAN et al. 1988; OBa and HuTtT-FLETCHER
1988). It is a 706-amino-acid protein which carries N-linked sugar and is predicted
to be a type I membrane protein with a sequence that is overall quite hydrophobic.
Like its counterparts in other herpesviruses, the EBV gH is improperly folded and
retained in the endoplasmic reticulum if it is expressed alone as a recombinant
protein (YasweN et al. 1993). Coexpression with a viral chaperone encoded by the
BKRF?2 OREF is essential for its authentic processing (L1 et al. 1995). The BKRF2
OREF is the EBV homolog of the conserved glycoprotein gL and encodes a 137-
amino-acid protein which, after addition of N-linked sugars, is expressed as a
molecule of 25kDa sometimes referred to as gp25 (YASWEN et al. 1993). It is pre-
dicted to have only one hydrophobic domain, close to the amino terminus, which is
long enough to span a membrane, and since all attempts to demonstrate that the
protein is secreted have failed (Q.X. Li and L.M. Hutt-Fletcher, unpublished data),
it is assumed to be a type II membrane protein.

Formation of a complex between gH and its chaperone gL is a common theme
in herpesviruses. However, unlike the prototype gH/gL complex of the alpha
herpesviruses, there is a third component in the EBV gH/gL complex, gp42. This
223-amino-acid glycoprotein has been mapped to the BZLF2 ORF (Li et al. 1995).
Like gL, it is a type II membrane protein anchored by an uncleaved signal sequence
and carries N-linked sugars. Neither gp42 nor gL are dependent on gH for pro-
cessing if they are expressed as recombinant proteins.

2.2 The Role of the gH/gL./gp42 Complex in Entry
into B Lymphocytes

One of the original monoclonal antibodies (Mabs) made to study EBV glycopro-
teins was one called F-2-1 which immunoprecipitated gH and neutralized infection
of B cells. The antibody had no effect on virus binding, but inhibited virus/cell
fusion as judged by a fluorescence dequenching assay (MiLLErR and HuTtT-
FLETCHER 1988). In addition, the same assay was used to show that virosomes
made from EBV proteins could bind specifically to CR2 positive cells, but could not
fuse if the gH/gl/gp42 complex was first removed by affinity chromatography
(Happap and HutT-FLETCHER 1989). Both observations are compatible with a role
for gH in virus cell fusion, which is proposed for its homologs in other herpes-
viruses. The identification and expression of gL and gp42, however, revealed that
Mab F-2-1 did not recognize an epitope on gH as had originally been proposed
(STRNAD et al. 1982), but instead reacted with gp42 (L1 et al. 1995).
Computer-assisted analysis performed by investigators at Immunex indicated
that gp42 has some features characteristic of the C-type lectin gene family and
raised the possibility that there might be a cellular partner with which it could
interact. The predicted extracellular domain of the protein (amino acids 34-223)
was expressed as a soluble chimeric molecule, in which the putative signal peptide
was replaced by the Fc portion of human immunoglobulin G,. Probing of a
complementary (c)DNA expression library made from activated T cells and
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analysis of monkey kidney cells transfected with wild-type or mutant HLA-DR
chains demonstrated that the chimeric protein bound to the B; domain of the HLA
class II protein, HLA-DR (SpriGGs et al. 1996).

Put in the context of our own observations that gp42 carries an epitope critical
to penetration of B cells, this suggested that an interaction between gp42 and HLA
class IT might have important implications for B-cell infection. In collaboration
with Immunex, four additional observations were then made. First it was shown
that the soluble form of gp42, gp42.Fc, could inhibit B-cell infection, second, that
the interaction between gp42.Fc and HLA class IT could be inhibited by the neu-
tralizing Mab F-2-1, third, that a Mab called Alva 42 that reacts with HLA-DR
(GAYLE et al. 1994) could inhibit both gp42.Fc binding to class II and virus in-
fection, and, finally, that B cells that lacked HLA class II could only be superin-
fected with EBYV if class II expression were restored (Liet al. 1997). To confirm the
importance of gp42 to B-cell infection, a virus was made in which the BZLF2 ORF
was interrupted with a neomycin resistance cassette. This virus, which lacked gp42,
could bind to B cells but could not infect them unless cells and bound virus
were treated with the exogenous fusogen polyethylene glycol (WANG and
HutT-FLETCHER 1998).

The interpretation of these data was that penetration of B lymphocytes by
EBYV involves use of HLA class II as a virus coreceptor. The model we propose for
B-cell infection, based on results to this point, is that EBV first uses gp350/220 to
bind to CR2. An essential interaction between gp42 and HLA class II then occurs,
perhaps bringing virus closer to the cell surface. Finally, based on analogy with
other herpesvirus, the gH/gL complex mediates virus/cell fusion, either alone or in
cooperation with additional virus proteins.

One unresolved question was whether or not a conformational change has to
occur in the gH-gl.-gp42 complex before an interaction with class II can take place.
Such a conformational change occurs when the HIV attachment protein gpl120
binds to CD4 and creates a new recognition site for one of the chemokine receptors
used to facilitate penetration (TRKOLA et al. 1996; Wu et al. 1996). Immunopre-
cipitation of HLA class IT from Akata cells in which lytic replication of virus has
been induced has never revealed any association between gp42 or the gH/gL/gp42
complex and HLA class II within the cell. However, an interaction between gp42
and HLA class II in the endoplasmic reticulum might lead to targeting of gp42 to
endosomal compartments where it could be the substrate for serine proteases. The
HLA class II complex in the endoplasmic reticulum consists of three dimers of
alpha and beta chains and three invariant chains. The invariant chain occupies the
peptide binding groove, and targets HLA class I to endosomal compartments.
Here it is partially degraded and displaced so that exogenously derived peptides can
be loaded for antigen presentation (MELLMAN et al. 1995). Were gp42 to replace
one or more of the invariant chains in the nine-component class II complex, it too
might be targeted to an endosome and degraded.

To test this possibility, an association between HLA class II and the gH/gL/
gp42 complex was sought in cells that had been treated with the serine protease
inhibitor leupeptin. Drug treatment revealed such an association and suggested that
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no conformational changes would be required for the gH/gL/gp42 complex to
interact with HLA class II at the cell surface. The observations also have some
implications for the relative behavior of virus released from B cells and epithelial
cells as discussed below.

2.3 The Role of the gH/gL/gp42 Complex
in Entry into Epithelial Cells

Although the model described above could account for experimental observations
made with B lymphocytes, direct application of the same model of infection to
epithelial cells was complicated by three observations made with an epithelial cell
line called SVKCR2, and subsequently confirmed with the gastric carcinoma cell
line AGS. The SVKCR2 cell line is derived from skin epithelium that has been
transformed with simian virus 40 and stably transfected with the B-cell receptor
CR2 (L1 et al. 1992), whereas the AGS line can be infected in a CR2-independent
manner (YOSHIYAMA et al. 1997). The observations that were made with these lines
were (1) that they do not constitutively express HLA class II, (2) that infection
cannot be neutralized by Mab F-2-1 which reacts with gp42, and (3) that another
Mab called E1D1 that reacts with gH, neutralizes infection although it has no effect
on infection of B lymphocytes (L1 et al. 1995). This suggested that HLA class II is
not required for epithelial cell infection, that gp42 may not be required either, and
that usage of gH is different.

To explore these issues further (WANG et al. 1998) we first confirmed the lack
of interaction with HLA class II by showing that the Mab Alva 42 to HLA-DR
that neutralized B-cell infection had no effect on infection of SVKCR?2 cells. To
confirm that gp42 was not involved in the process a comparison was made of the
infectability of wild-type and gp42 minus virus. If the amounts of wild-type and
recombinant virus were normalized in terms of virion DNA, gp42 minus virus
could infect epithelial cells equally well as wild-type.

However, the soluble form of gp42, gp42.Fc, was if anything, better able to
inhibit infection of SVKCR2 cells that infection of B cells. Previous workers have
demonstrated the presence of HLA class II in the EBV virion (Knox and YouNG
1995) so it was possible that gp42.Fc inhibited SVKCR2 cells infection by binding
to class II in the virus and interfering, perhaps sterically, with the function of EBV
glycoproteins. To eliminate this possibility, infections were repeated with the
P3HRI strain of virus. P3HR1 virus is derived from cells that express only an allele
of HLA-DQ to which gp42.Fc cannot bind (Li et al.) and although infection of
SVKCR2 cells with this strain is not very efficient, it was nevertheless inhibited by
gp42.Fc.

If inhibition of epithelial cell infection could not be attributed to gp42.Fc
binding to class II in the virion, the next most likely possibility seemed to be that it
might result from binding to gH or gL. The fact that such an interaction could
occur was demonstrated by showing that soluble gp42.Fc in conjunction with
protein A-agarose beads, which bind to the Fc domain of the construct, could
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precipitate not only HLA class II, but also gH and gL from lysates of virus-
producing Akata cells. A series of amino terminal deletion mutants of gp42.Fc
made at Immunex could still interact with class II, but not with gH and gL. This
allowed the gH/gL binding domain to be mapped to amino acids 34-58; the class 1I
binding domain was already known to be in the carboxyterminal 110 amino acids
of the 223-amino-acid protein (SPrIGGS et al. 1996)

Since gp42.Fc retained both the class II binding domain and the gH-gL in-
teractive domain it was also possible that it could substitute for the native protein
in trans and rescue the ability of the gp42 minus virus to transform normal B cells.
B-cell transformation by recombinant virus was, in fact, rescued by gp42.Fc at
concentrations below those needed to inhibit infection of B cells, but only as long as
the full-length construct was used. None of the constructs that lacked the gH/gL
binding domain could rescue recombinant virus. Furthermore, only the construct
that retained the gH/gL binding domain, and not those that had lost it, could
inhibit epithelial cell infection, although, to varying extents depending on the extent
of the deletion, they could still inhibit B-cell infection. It was already clear that a
virus that contained only a bipartite complex of gH and gL could not infect B cells.
It now appeared that a virus that contained only three part complexes, or at least
one in which the stoichiometry of the complex was altered to contain much larger
amounts of gp42, was unable to infect epithelial cells. This was consistent with the
observation that more than four times as much gp42.Fc was needed to inhibit gp42
minus virus than wild-type virus. Stoichiometric analysis of proteins in wild-type
virus then indicated that both three-part gH/gl./gp42 and two-part gH-gLL com-
plexes coexist (WANG et al. 1998).

The interpretation of these data (WANG et al. 1998) was that in contrast to
infection of B cells, where an interaction between gp42 and HLA class II is re-
quired, infection of epithelial cells requires direct interaction of gH with a yet
unidentified novel coreceptor which serves an analogous function to HLA class II.
Conversion of all gH/gLL complexes in virus to the three-part form gH/gL/gp42 by
addition of soluble gp42.Fc, or addition of Mab EID1 blocks the interaction of gH
and this novel coreceptor. The possibility also exists that in the absence of CR2, for
example on AGS cells, the coreceptor functions as a primary receptor as well.

2.4 Implications for Pathogenesis

The addition of gp42 to the EBV gH/gL complex is an event that from an evolu-
tionary standpoint might be thought of as occurring as divergence of EBV as a
gamma herpesvirus took place allowing expansion of its host range from epithelial
cells to lymphocytes. The retention of two forms of the complex in virus, however,
has interesting potential implications for both cell types.

In the case of the B cell, the use of a highly polymorphic molecule as a core-
ceptor for entry raises the question of whether or not there might be differences in
the efficiency with which alleles expressed in different individuals might function.
Expression of alleles with higher binding affinities for gp42 might influence the ease
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with which lymphocytes can be infected and thus potentially affect the size of the
virus load that is established in an individual during primary infection. In a similar
way, mutations in gp42 that increase or decrease its affinity for HLA class II could
affect the fitness and spread of a given virus isolate.

There is some controversy in the field as to whether or not infection of epi-
thelial cells normally occurs during infection with the virus. Indeed it has been
cogently argued that there is no need to evoke a role for any cell other than the
B lymphocyte in the persistence of EBV in vivo (THORLEY-LAWSON et al. 1996).
However, although infection of epithelial cells is not very efficient, a model that
uniquely involves EBV with B cells provides little insight into the development of
nasopharyngeal carcinoma, its presence in carcinomas of the gastrointestinal tract
(GULLEY et al. 1996; OsaTo and IMAI 1996), and its replication in the lesions of oral
hairy leukoplakia (GREENSPAN et al. 1985). Certainly access to B cells at mucosal
surfaces during primary infection would be easier if at least a small amount of
replication were possible in the epithelium, even if it were not a persistent phe-
nomenon. A transient, but nevertheless important interaction between EBV and
epithelial cells might explain the conflicting results from several searches for rep-
licating virus in this cell type (LEMON et al. 1977; SixBEY et al. 1984; NIEDOBITEK
et al. 1992; ANAGNASTOPOULOS et al. 1995). The finding that a proportion of the
gp42 that is made in B cells is degraded as a result of association with HLA class II
implies that virus replicated in an HLA class II-negative epithelial cell might
contain a higher proportion of gH complexes in the three part gH/gL/gp42 form.
This should increase its ability to infect B cells and decrease its tropism for epi-
thelial cells, driving it directionally through one round of lytic replication in an
epithelial cell into latency in a B cell.

3 The gN/gM Complex

3.1 Identifying the Components

The second heteromeric complex of proteins detected in EBV is the gN/gM com-
plex, so named because it also represents two molecules that are conserved
throughout the herpesvirus family. The EBV gN homolog is encoded by the
BLRF1 ORF (BARNETT et al. 1992; Jons et al. 1996). The sequence predicts a
type 1 membrane protein of 102 amino acids with a 9-amino-acid cytoplasmic tail
and a cleavable signal peptide of 32 amino acids. An anti-peptide antibody made to
a sequence in the predicted extracellular domain immunoprecipitated an 8-kDa
doublet from cells expressing the ORF as a recombinant protein (LAKE et al. 1998).
However, the same antibody immunoprecipitated the 8-kDa doublet, and four
additional glycosylated proteins of approximately 113, 84, 48, and 15kDa from
virus-producing Akata cells. The 15-kDa species proved to be the mature form of
gN. After cleavage of the signal peptide, O-linked sugar is added to an approxi-
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mately 8-kDa molecule to produce the upper component of the 8-kDa doublet.
This sugar is further processed by addition of 2,6-linked sialic acid, rendering the
mature protein readily visible with radiolabeled sugar.

The remaining three higher-molecular-weight glycoprotein species proved to be
products of the BBRF3 ORF, which encodes the EBV gM homolog. The sequence
predicts a 405-amino-acid protein with multiple membrane spanning domains and
a 78-amino-acid carboxyterminus, which is unusually rich in proline residues and is
predicted to be on the cytoplasmic face of the membrane. An anti-peptide antibody
made to a sequence in this predicted cytoplasmic tail immunoprecipitated the
same complex of 113-, 84-, and 48-kDa glycoproteins as the antibody to gN. Long
exposures of the autoradiograms provided evidence of mature gN as well. Ex-
pression of gM as a recombinant molecule recapitulated the expression of the three
largest glycoproteins and coexpression of gN and gM as recombinant molecules
restored the authentic processing of gN (LAKE et al. 1998). Thus expression of
mature gN was dependent on coexpression with gM whereas gM expressed alone,
at least as a recombinant protein expressed at high levels under control of a het-
erologous T7 promoter, was processed in the same way as gM made in the context
of all other virus proteins. The complex thus appeared to behave in a manner very
similar to that of gH and gL, where gH expression is dependent on gL, but gL is
processed in the same way in the presence or absence of gH.

3.2 The Role of the gN/gM Complex in Virus Exit and Entry

The role of the gN/gM complex in the virus life cycle was initially explored by
making recombinant viruses in which the BLRF1 ORF encoding gN was inter-
rupted by a neomycin resistance cassette. Somewhat surprisingly in view of the
findings described above with respect to the expression of the complex from plas-
mids, these viruses apparently lacked both gN and its partner gM. This might
reflect a very rapid turnover of the smaller amounts of virally produced gM in the
absence of its partner or a failure of the protein to be glycosylated, perhaps as a
result of retention by another, unknown, virus protein. It does, however, argue that
a virus that lacks gN is deficient in both components of the complex.

Further analysis of the phenotype of the virus lacking gN and gM revealed
several defects. First, a comparison of the amount of the total amount of virion
DNA associated with induced cells and the DNAse-resistant, encapsidated DNA
that was released from cells indicated that consistently less virion DNA was re-
leased in the absence of the complex. This stimulated an electron microscopic
examination of virus-producing cells. Cells making wild-type virus contained the
expected condensed and marginated chromatin and capsids in various stages of
maturation in the nucleus. These included capsids surrounded by what appeared to
be rings of precursors. Virus particles could also be seen in vesicles in the cytoplasm
and enveloped virus was visible outside cell. In contrast in cells making virus that
lacks gN, there was a marked accumulation of capsids within the condensed
chromatin itself. Although clearly not all particles were within chromatin, a
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majority were. Subjectively few viruses were seen in vesicles in the cytoplasm and
the number of cells with extracellular virus was at too low a frequency to detect.

Next it was found that although the specificity of binding of recombinant virus
to B cells was unchanged, more than tenfold less of the encapsidated virus DNA
harvested from cells making recombinant virus bound to receptor positive, EBV
negative cells than did similarly isolated wild-type virus DNA. Since the specificity
of virus binding was unaltered this suggested either that preparations of recombi-
nant virus contained a large number of empty virions with empty capsids that
competed for binding or that the virus was damaged in some way. To test the first
possibility, stocks of recombinant and wild-type virus that contained the same
amount of virion DNA were added singly or as mixtures to receptor-positive cells
and the amount of DNA that bound was measured. The amount of virion DNA
bound in the mixtures was the same as would have been expected from simple
addition of each virus. Thus, although less recombinant virus was bound to cells,
there was no evidence that this was because the recombinant stocks contained
empty virions that could compete for binding. To test the second possibility,
namely, that virus was damaged in some way, equal amounts of recombinant and
wild-type virus, as judged by virion DNA content, were sedimented through a
20-40% Nycodenz gradient. Fractions were collected and analyzed by slot blot and
scanned to measure virus DNA content. Wild-type virus sedimented as a large peak
consistent with enveloped virus and a second smaller peak that sedimented with a
higher density. In contrast, little of the recombinant virus sedimented with the first
lower density peak and more was found distributed throughout the higher density
region of the gradient. This was consistent with the idea that more of the recom-
binant virus was either lacking an envelope or was incompletely enveloped. The
viability of cells producing recombinant virus was typically about 50% less than
those making wild-type virus at 72h after induction, even though similar numbers of
cells were induced. This suggested that improperly enveloped particles might be
being released from the recombinant cells as a result of cell death and lysis.

Finally, a defect was also found in those recombinant viruses that were able to
bind to receptor positive cells. If the amounts of wild-type and recombinant virus
added to EBV-negative Akata cells were adjusted so that equal amounts were
bound, infectivity of the bound recombinant was significantly lower. To determine
whether this represented a block in virus—cell fusion, wild-type virus, a recombinant
virus that lacks gp42 and is known to be deficient in fusion, and the gN minus virus
were bound to normal B cells. Cells and bound virus were then treated with the
exogenous fusogen polyethylene glycol. Infectivity of virus lacking gp42 was re-
stored at a low level and polyethylene glycol treatment even increased infectivity of
wild-type virus. In repeated attempts, however, it was never possible to increase the
infectivity of virus lacking gN, suggesting that the defect was in a step that occurred
after the fusion of virus and cell. The combination of the binding defect and the
post-fusion defect resulted in a virus that, when adjusted for DNA content, was
greater than 3 logs lower in infectivity than wild-type virus.

Thus, in summary, viruses that lack both gN and at least a mature form of
its partner gM are deficient at several points in the replication cycle. As described
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above, wild-type virus is thought to bud through the inner nuclear membrane and
either follow the default exocytic pathway to the cell surface, or perhaps, more
likely, undergo a second step of de-envelopment and re-envelopment. Enveloped
particles bind to a new cell, fuse with the cell membrane, and the capsid moves
away from the membrane to the nucleus. In contrast, it appears that in the absence
of the gN/gM complex, capsids associate with condensed chromatin. Fewer of them
appear as enveloped particles in vesicles and a significant amount of the virus that is
released is damaged, perhaps lacking an envelope completely. Even those viruses
that do bind to new cells are impaired in infectivity, likely in an event that occurs
after fusion, perhaps involving movement of capsids away from the cell membrane
to the nucleus. Thus, both association of capsids with envelopes in preparation for
exit from the cells and dissociation of capsids from an envelope that has fused with
a cell membrane to allow penetration into a cell appear to be impaired.

The hypothesis that is currently being explored to explain these data is first that
loss of gN affects function of gM, and second that the long, potentially cytoplasmic
tail of gM plays a role in association and dissociation of capsids with membranes.
Although the phenotypes of other viruses lacking gN or gM have not been dra-
matic in vitro, Mettenleiter and colleagues have recently suggested that in
pseudorabies virus gE, gl, and gM share overlapping functions that include mat-
uration of enveloped virions (BRACK et al. 1999). In EBV, which lacks a gE or gl
homolog, somewhat similar functions may have been concentrated in the gN/gM
complex itself.

4 Unanswered Questions

The two heteromeric complexes of EBV that are described here provide several
different examples of the ways in which membrane proteins impact virus replica-
tion, virus tropism, and thus ultimately virus pathogenesis. The gH/gL/gp42
complex clearly plays an important part in virus penetration and an unexpectedly
important role in virus tropism. Neither has yet been fully explored, either for the
B cell, where at least one of its cellular partners has been identified, or the epithelial
cell, on which the coreceptor remains unidentified. Basic questions remain about
whether the components of this complex are the only virus proteins required to
mediate fusion of the virus envelope with the cell membrane and about how fusion
is triggered; more subtle issues concerning potential polymorphism of either virus
or cell proteins involved in the process also need to be addressed. There is even
greater uncertainty about how proteins such as gN and gM influence the critical
steps of virus assembly and disassembly and how they may complement the ac-
tivities of gp110, the EBV gB homolog. Although these proteins do not pertain
directly to the unique transforming properties of EBV, their influences on growth
and spread of the virus have a far-reaching impact on the diseases that the virus
causes.
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1 Introduction

The Epstein-Barr virus (EBV) can choose between two alternative life styles. It
infects B lymphocytes, transforming them into lymphoblastoid lines and, in contrast
to neurotropic herpesviruses such as herpes simplex virus type I that establish
latency in nondividing neurons, must maintain its latent genomes in cells that have
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the potential to divide. In B lymphoblastoid cell lines established by EBV infection,
the viral genome is maintained as covalently closed circular plasmids forming
nucleosomal structures with histone proteins. The number of copiesis maintained at
10-50 per cell to be duplicated once during each cell division cycle by the host
cellular DNA replication machinery. When production of virus is induced, the
circular genome becomes a ready template for amplification, generating thousands
of copies per cell during lytic infection. Replication intermediates are head-to-tail
concatamers, perhaps through a rolling-circle DNA replication, which are cleaved
and packaged into infectious viral particles. The lytic phase of EBV DNA replica-
tion is dependent on seven viral replication proteins: BZLF1, BALF5, BMRF1,
BALF2, BBLF4, BSLF1, and BBLF2/3 gene products. The BZLF1 protein is an
oriLyt-binding protein and also acts as the lytic transactivator. The BALFS gene
encodes the DNA Pol catalytic subunit and the BMRF1 gene encodes the DNA Po/
accessory subunit. They form a complex to act as the Pol holoenzyme. A single-
stranded (ss)DNA-binding protein is encoded by the BALF2 gene. The enzymatic
activities of the remaining three proteins, encoded by the BBLF4, BSLF1, and
BBLF2/3 genes, have yet to be determined but they are predicted to act as helicase-,
primase-, and helicase—primase-associated proteins, respectively, from sequence
homology to the herpes simplex virus type 1 (HSV-1) ULS, UL52, and ULS genes.
Viral replication proteins other than the BZLF1 protein conceivably work together
at replication forks to synthesize leading and lagging strands of the concatemeric
EBV genome. Thus, EBV uses two distinct systems to replicate its DNA. In this
review, cis- and trans-acting viral factors involved in the lytic phase of the viral DNA
replication are described with an especial focus on viral replication enzymes. Re-
constitution of the lytic phase of EBV replication remains a challenge for the future.

2 Life Cycle of the Epstein-Barr Virus

A scheme of Epstein-Barr virus genome replication is depicted in Fig. 1. The life
cycle of the Epstein-Barr virus is bipartite. EBV infects B lymphocytes via the viral
receptor, CD21. When the virus enters the nucleus, the linear viral double-stranded
(ds)DNA circularizes to form an extrachromosomal plasmid that is then amplified
to multiple copies by some unknown mechanism. The EBV genome appears to
replicate once per cell cycle during the S phase, following the rules of chromosome
replication (YATEs and GUAN 1991; SHIRAKATA et al. 1999), and is a negatively
supercoiled circular plasmid DNA covered with histone proteins. The plasmid
DNA is synthesized via theta-like DNA replication by host-cell replication ma-
chinery, resulting in a stable number of genome copies per cell. The EBV latent
replication origin, oriP, has been shown to be the only element in the viral genome
capable of supporting efficient, stable replication of recombinant plasmids intro-
duced into cells under selection conditions (YATEs et al. 1984). The viral protein,
EBNAI, binds to repeat sequences both in the family of repeated sequences (FR)
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Fig. 1. Life cycle of the Epstein-Barr virus

and dyad symmetry (DS) regions of oriP. However, it now appears that its function
as an initiation site for replication is not always needed. LITTLE and SCHILDKRAUT
(1995) have revealed that initiation of replication on the EBV chromosome occurs
not only at oriP but also at distant sites over a broad region. Both EBNA1 and FR
are required for the EBV genome to be maintained in proliferating cells (A1YAR
et al. 1998). At present EBNALI is supposed to function in stable segregation of
EBYV episomes during cell division rather than in replication of the episome (AIYAR
et al. 1998; LEE et al. 1999; SHIRE et al. 1999).

Full EBV replication appears to be highly dependent on the differentiated state
of the epithelium. Also, replication of EBV, as well as other herpesviruses, can
occur in cells treated with agents shown previously to arrest cell cycle progression.
Thus, the lytic replication cycle can be induced in latently infected B cells experi-
mentally by treatment with chemical agents such as phorbol esters, sodium
n-butyrate, and calcium ionophores or by introduction of the BZLF1 gene encoded
transactivator. Lytic replication differs from the latent amplification state in that
multiple rounds of replication are initiated within oriLyt (HAMMERSCHMIDT and
SuGDEN 1998), and the replication process has a greater dependence on EBV-
encoded proteins (FIxMAN et al. 1995). The first genes expressed on induction are
those for the immediate-early BZLF1 and BRLF1 transactivators. The initial
transcription of these genes is further upregulated by the BZLF1 protein, which
binds to specific sequences in both promoters. The BZLF1 and BRLF1 proteins
then activate expression of the third transactivator BMLF1. The concerted action
of these viral transactivators results in sequential activation of early gene expression
followed by the lytic cascade of replication and late gene expression. The BZLF1
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protein induces a G0/G1 cell-cycle block through the induction of p53 and the
cyclin-dependent kinase inhibitors, p21 and p27, to facilitate the viral replicative
program (CAyroL and FLEMINGTON 1996).

The oriLyt-mediated EBV DNA replication appears to be biphasic and a two-
stage model has been proposed (PFULLER and HAMMERSCHMIDT 1996). Soon after
induction of the lytic cycle, viral DNA is amplified to yield monomeric plasmid
progeny DNA dependent on a functional oriLyt in cis. The BZLF1 protein binds to
the oriLyt. The plasmid progeny DNAs have far fewer negative supercoils and
fewer nucleosomes, which might be preferentially nicked by DNase I to provide the
ideal template DNA for rolling-circle replication. In the late phase of the viral
productive cycle, the EBV genome is amplified 100- to 1000-fold. Intermediates of
viral DNA replication are found as large head-to-tail concatemeric molecules,
probably resulting from rolling-circle DNA replication (HAMMERSCHMIDT and
SuGDEN 1988), which are subsequently cleaved into unit length genomes and
packaged into virions. At present, there is no information on how DNA replication
switches from a presumed theta mode to a rolling-circle mode or what trans- and
cis-acting factors are required for this transition.

3 EBYV Lytic Replication Origin, oriLyt

The EBV genome contains two lytic-phase replication sequences, called oriLyt,
which were determined by two essentially identical copies of a 695-bp gene, located
in DR and DL, one of which is sufficient for lytic-cycle replication of EBV. oriLyt
is located within the divergent promoter regions of the BHLF1 and BHRFI genes
and contains two essential core elements, separated by about 400bp, and several
auxiliary components (HAMMERSCHMIDT and SUGDEN 1988; SCHEPERS et al. 1993).
One core component, the upstream part of oriLyt, plays a dual role in transcription
and replication, being a strong early promoter that is activated by the BZLF1
protein. Replication from oriLyt requires that the BZLF1 protein binds to these four
sites (BZLF 1-responsive elements; ZRE). Deletion of the TATA box, ZRE1, ZRE2,
and the CAAT box abolishes replication, while mutation of the ZRE1 and ZRE2
sites reduces replication efficiency (SCHEPERS et al. 1996). The second essential do-
main, in the downstream part of oriLyt, is delineated by a central 225-bp region
including two AT-rich palindromes and an adjacent polypurine-polypyrimidine
tract. Such elements appear to facilitate the localized unwinding and helical desta-
bilization essential for initiation of replication (GAHN and ScHILDKRAUT 1989;
PorTES-SENTIS et al. 1997). Several cellular transcription factors have been found to
bind to a functional subsequence of the downstream component, the TD element,
which is extremely sensitive to mutations with regard to oriLyt-dependent replica-
tion (SCHEPERS et al. 1993; GRUFFAT et al. 1995). Two of these transcription factors,
ZBP-89 and Sp1, stimulate replication and interact with the viral DNA polymerase-
processivity factor complex (BAUMANN et al. 1999). The third component, a non-
essential auxiliary element, is a powerful enhancer region that contains
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DNA-binding sites for BRLF1 and BZLF1 proteins and responds synergistically to
the presence of these transactivators. The transcriptional enhancer can be replaced
by a heterologous enhancer (HAMMERSCHMIDT and SUGDEN 1988).

4 The EBV Gene Products Essential
for oriLyt-Dependent DNA Replication

The essential EBV replication genes were identified by FIxMAN et al. (1992, 1995)
with a transient DNA replication assay in which oriLyt-containing plasmids are
replicated by transfected EBV sequences that supply trans-acting factors. This
analysis allowed identification of seven essential core EBV replication genes
(BZLF1, BALFS5, BMRF1, BALF2, BBLF4, BSLF1, BBLF2/3) that are necessary
and sufficient for oriLyt-specific DNA replication as well as the BRLF1 and BMLF1
lytic cycle transactivators. The BRLF1 protein is a transcriptional activator, which
binds DNA as a dimer and acts in combination with the BZLF1 protein to produce a
synergistic response in targets containing binding sites for both factors. BRLF1
augments DNA replication but is not required. BMLF1 primarily serves a post-
transcriptional function and contributes to replication in an indirect manner. An
absolute dependence was demonstrated for BZLF1 protein, which has an essential
origin-binding function, mutation of all BZLF1 binding sites in the oriLyt abro-
gating replication function. The functions of the EBV replication gene products
required for the lytic phase of viral replication are summarized in Table 1.

5 EBV Replication Enzymes

5.1 oriLyt-Binding Protein, BZLF1 Gene Product

The BZLF1 protein is the only transcription factor that is known to be essential for
the replication function of the oriLyt. It composes 245 amino acids that contain two

Table 1. EBV DNA replication proteins

Protein Gene Size Function
(kDa)
Origin-binding protein BZLF1 38 oriLyt-binding protein
DNA polymerase holoenzyme BALFS 110 DNA polymerase, 3'-5" exonuclease
BMRFI 50 dsDNA binding activity; DNA
polymerase processivity factor
Single-stranded BALF2 130 Single-stranded DNA-binding protein;
DNA-binding protein Helix-destabilizing activity
DNA helicase—primase complex BBLF4 98 Putative DNA helicase?
BSLF1 89 Putative primase?

BBLF2/3 80 Helicase—primase associated protein?
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specific domains: a transactivation domain, which binds to TFIID, and a DNA-
binding/dimerization domain. The protein activates its target genes by binding
to BZLF1-responsive elements (ZRE) which are similar to AP1 sites and are pre-
sent in many of the EBV early gene promoters as well as in the promoters of the
two immediate-early genes, BZLF1 itself and BRLF1 (PAckHAM et al. 1990). The
BZLF]1 protein is a member of the bZIP family and shares homology within the
DNA-binding domain to the c-Fos and c-Jun proteins (FARRELL et al. 1989). It
binds as a homodimer to ZRE sites and its binding to DNA is modified by
phosphorylation. A region within the N terminus genetically separates transcrip-
tional activity from replication function within the polypeptide (SARisky et al.
1996). The mechanisms by which the BZLF1 protein functions to fulfill its essential
role in the replication process are not currently understood, but it has recently
reported that it interacts with the CREB-binding protein (CBP) in a functional
manner to activate EBV early gene expression (ApamsoN and KeEnny 1999). CBP
possesses histone acetylase activity and functions as a coactivator for several cel-
lular transcriptional activators. In addition to the role in inducing early trans-
cription, this interaction could potentially be required for histone acetylation near
oriLyt ZRE sites, thereby weakening the association of histones and oriLyt
allowing access of the replication machinery.

5.2 Epstein-Barr Virus DNA Polymerase Holoenzyme

The EBV DNA polymerase has been purified to varying degrees from cultured
EBV-infected cells and characterized (KALLIN et al. 1985; Li et al. 1987; TsurRuMI
1991a). The purified EBV DNA polymerase contains the 110-kDa catalytic poly-
peptide encoded by the BALFS5 open reading frame with the 48- to 55-kDa nuclear
phosphoproteins encoded by the BMRF1 open reading frame identified as a part of
the EA-D (early antigen diffuse component). Neutralization of the EBV DNA
polymerase activity by monoclonal antibody to the BMRF1 protein (CHiou et al.
1985) and low activity in the DNA polymerase fraction lacking BMRF1 (KIEHL
and Dorsky 1991) strongly suggests that the EBV DNA polymerase catalytic
subunit forms a complex with the BMRF1 protein in EBV-infected cells to function
as the EBV Pol holoenzyme.

DNA polymerase activity of the purified EBV DNA polymerase is stimulated
by ammonium sulfate when activated DNA is used as template-primer and is
inhibited by aphidicolin or phosphonoacetic acid (Tsurumi 1991b). Poly(dC) oli-
go(dG) is a good template-primer for the EBV DNA polymerase. Furthermore, the
EBV Pol holoenzyme can efficiently extend both RNA and DNA primers on the
template DNA without ATP hydrolysis and exhibits strikingly high processivity,
which is a desirable feature for the synthesis of multiple copies of the EBV genome
in rolling circle DNA replication (Tsurumi 1991b).

The 3'-to-5" exonuclease activity has been also demonstrated to be associated
with the purified EBV DNA Pol holoenzyme, which liberates 5'-deoxynucleoside
monophosphates from primer termini (Tsurumi 1991a). The exonuclease activity is
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stimulated by ammonium sulfate and is proposed to have a proofreading function
as it preferentially excises terminally mismatched nucleotides incorporated at the
primer terminus. The 3’-to-5’ exonuclease activity can be selectively inhibited by
purine ribonucleoside 5-monophosphates, while no inhibition of the DNA poly-
merase activity is observed (Tsurumi 1992). Kinetic studies have shown that
5-GMP, the most potent inhibitor of the exonuclease, inhibits its activity competi-
tively with respect to DNA template-primer. The exonuclease domain appears to be
separated from the polymerase domain in the EBV DNA polymerase molecule as is
the case with the Klenow fragment of Escherichia coli Pol 1 (Joyce 1989) and
5-GMP binds to the catalytic site of the 3’-to-5" exonuclease domain, rather than the
polymerase domain, blocking entry of a primer terminus into the catalytic site of the
exonuclease. The EBV DNA polymerase catalyzes DNA-dependent conversion
of complementary or noncomplementary deoxynucleoside triphosphates to the
monophosphate form with poly(dT).oligo(rA) as a template primer, suggesting
functional association of exonuclease with polymerase activity (Tsurumi 1992).

5.3 EBV Pol Catalytic Subunit (BALF5 Gene Product)

It has been demonstrated in an in vitro transcription-translation system that the
BALFS5 open reading frame encodes an EBV DNA polymerase catalytic subunit
(KienL and Dorsky 1991; LiN et al. 1991). To characterize enzymatic activity and
functional interactions between the subunits of EBV DNA polymerase holoenzyme
in detail, the EBV DNA Pol catalytic subunit (BALFS protein) and its accessory
subunit (BMRF1 protein) have been independently overexpressed in insect cells
and purified (Tsurumi 1993a.,c). The expressed EBV Pol catalytic polypeptide
(BALF5 gene product) purified from recombinant virus AcBALF5-infected insect
cells, with a molecular mass of 110kDa, exhibited both DNA polymerase and
3’-to-5' exonuclease activities (TsuruMi et al. 1993c). Thus, the 3’-to-5' exonuclease
activity associated with the EBV DNA polymerase (TsuruMi 1991a) is an inherent
feature of the BALFS polymerase catalytic polypeptide. The DNA polymerase and
the exonuclease activities associated with the EBV DNA polymerase catalytic
subunit are sensitive to ammonium sulfate (Tsurumi et al. 1993b,c, 1994) in
contrast to those of the polymerase complex purified from EBV producing lym-
phoblastoid cells, which are stimulated by the salt (Tsurumi 1991b). Thus, it might
be speculated that the binding affinity of the Pol catalytic subunit for the primer
terminus is weak and that high ionic strength destabilizes the catalytic protein-
primer terminus interaction. The BMRF1 Pol accessory protein may increase the
affinity of the polymerase for the primer terminus by its double stranded (ds)DNA
binding activity and decrease the dissociation of the polymerase from the template
DNA.

The template-primer preference for the polymerase catalytic subunit was found
to be different from that for the polymerase complex (Tsurumi et al. 1993c). The
EBV DNA polymerase purified from EBV-producing cells utilized poly(dC).
oligo(dG) 29-fold more efficiently than activated DNA as template-primer, while
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the single subunit of the EBV DNA polymerase utilized it poorly. The latter,
however, is sensitive to PAA or aphidicolin as well as the EBV Po/ holoenzyme.

5.4 EBV Pol Accessory Subunit (BMRF1 Gene Product)

The BMRF1 protein is a major component of the EBV EA-D complex and is the
major early phosphoprotein induced during EBV infection (PEARsON et al. 1983;
EpsTEIN 1984). In Burkitt’s lymphoma-cell lytic EBV replication, the BMRF1 and
BALFS5 proteins co-localize to intranuclear replication compartments where DNA
synthesis occurs (KieHL and Dorsky 1991). The 48- to 55-kDa phosphoprotein
BMRF1 gene products appear to function as EBV DNA Pol accessory proteins
since the EBV DNA polymerase activity is neutralized by specific monoclonal
antibodies (CHiou et al. 1985). Overexpressed in the recombinant baculovirus
AcBMRF1-infected insect cells, the BMRF1 gene products have been purified and
characterized (TsuruMi 1993a) as phosphorylated forms of 52 and 50kDa and an
unphosphorylated form of 48kDa. The functional significance of the phosphory-
lation has yet to be elucidated. The BMRF1 DNA Pol accessory subunits have
neither DNA polymerase nor exonuclease activity, but exhibit higher binding
affinity for double stranded than for single-stranded DNA without ATP hydrolysis.
The protein—-DNA interaction does not require a primer terminus.

5.5 Functional Interactions Between the BALFS Pol Catalytic Subunit
and the BMRF1 Pol Accessory Subunit

5.5.1 Polymerase Activity

The DNA polymerase activity catalyzed by the BALFS protein in the presence or
absence of the BMRF1 Pol accessory subunit has been compared in vitro using
short or long single-stranded (ss)DNA templates in order to facilitate the study of
the role of each of these two components in the EBV DNA polymerase reaction
(TsuruMmi et al. 1993b)

The BALFS catalytic subunit alone was sensitive to 100mM ammonium sulfate
with activated DNA template (90% inhibition), but addition of the Po/ accessory
subunit greatly enhanced the DNA polymerase activity under these conditions
(tenfold stimulation). Optimal stimulation was obtained with a molar ratio of
BMRF1 protein/BALFS5 protein of two or more. The DNA polymerase activity of
the combined subunits was neutralized by the monoclonal antibody to the BMRF1
protein, whereas that of BALF5 protein alone was not (Tsuruwmi et al. 1993b).
Bipartite DNA-binding region of the BMRFI protein is essential for the DNA
polymerase accessory function (KiesL and Dorsky 1995).

The BALFS5 Pol catalytic subunit alone extended the primer slightly
(~50 nucleotides) and no full-length product was observed (TsuruMi et al. 1993b).
Analyses of the replication products in an alkaline agarose gel showed no increase
in size of the products throughout the time course, indicating a distributive action
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of the Pol catalytic subunit in the absence of the BMRF1 Pol accessory protein.
Addition of BMRFI1 protein, however, resulted in accumulation of full-length
replicative form II. Some of the products demonstrated specific bands for pause
sites on the template, which presumably represent sites of substantial helical regions
on the ssDNA template. In the presence of the BMRF1 protein the BALF5 Pol
catalytic protein moved through these barriers and completed synthesis of the 7.2kb
M13mpl8 template within 20min. Most of the primed ssDNA remained unchanged
as detected by UV-induced ethidium bromide fluorescence, during the time in
which full-length products (RF II) were formed (data not shown). These obser-
vations support a highly processive mode of nucleotide polymerization (> 7200
nucleotides) by the EBV DNA Pol holoenzyme reconstituted in vitro, consistent
with previous observations of the EBV DNA Pol holoenzyme purified from EBV-
producing lymphoblastoid cells (Tsurumi 1991b). The 20min required for the
complete replication of a M13 ssDNA circle (7.2kb) yields an average nucleotide
turnover of 6 nucleotides/s/polymerase molecule. In the absence of the accessory
protein, the template is replicated at a rate of about 1.5 nucleotides/s, quantified by
measuring the kinetics of deoxyribonucleotide incorporation. Thus, addition of
BMRF1 protein results in a highly processive mode of polymerization with at least
fourfold stimulation of the rate of incorporation to a value of 6 nucleotides/s.
These observations suggest that the BMRF1 protein acts at growing primer ter-
minus to increase the processivity of the DNA polymerase by decreasing the dis-
sociation of the polymerase from the 3'-primer terminus of the growing chain
during polymerization.

5.5.2 3-to-5' Exonuclease Activity

The EBV DNA polymerase catalytic subunit, BALF5 gene product, possesses
an intrinsic 3'-to-5 proofreading exonuclease activity in addition to 5'-to-3' DNA
polymerase activity (Tsurumi et al. 1993c). The exonuclease hydrolyses both
double- and ssDNA substrates with 3’-to-5" directionality, releasing deoxyribonu-
cleoside 5'-monophosphates, which for double strands are very sensitive to high
ionic strength, whereas the single-strand exonucleolytic activity is moderately
resistant (TsuruMr et al. 1994). Addition of the BMRF1 polymerase accessory
subunit to the reaction enhances the double-strand exonucleolytic activity in the
presence of high concentrations of ammonium sulfate (fourfold stimulation at
75mM ammonium sulfate). Optimal stimulation was obtained again when the
molar ratio of BMRFI1 protein/BALFS5 protein was two or more, identical to the
case for reconstituting optimum DNA polymerizing activity (Tsurumi et al.
1993b). Furthermore, product size analyses revealed that the polymerase catalytic
subunit alone excised a few nucleotides from the 3’ termini of the primer hybridized
to template DNA and that the addition of the BMRF1 polymerase accessory
subunit stimulated the nucleotide excision several fold. In contrast, the hydrolysis
of single stranded DNA by the BALFS protein was not affected by the addition of
the BMRF1 polymerase accessory subunit. These observations suggest that the
BMRF1 polymerase accessory subunit forms a complex with the BALF5 poly-
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merase catalytic subunit to stabilize the interaction of the holoenzyme complex with
the 3’-OH end of the primer on template DNA during exonucleolysis.

Our current concepts regarding the role of the BMRF1 Pol accessory subunit
in the 3'-to-5' exonuclease activity of the EBV Pol catalytic subunit acting on single
stranded or duplex DNA ends are described below and depicted in Fig. 2 (TsuruMi
et al. 1994). (1) When the Pol catalytic subunit and partially dsDNA substrate are
present in the reaction, the Po/ catalytic subunit excises a few nucleotides from the
3’ end. The exonucleolytic movement of the enzyme on the duplex DNA is very
slow. If the physical model for the editing function of the Klenow fragment can be
applied for the EBV DNA polymerase, the last several nucleotides of the primer
end must become single-stranded to reach the 3’-to-5' exonuclease active site.
(2) The addition of the Pol accessory subunit stimulates the rate of hydrolysis of
the dsDNA substrates by the Pol catalytic subunit strongly. The Pol accessory
subunit and the Pol catalytic subunit appear to assemble at the primer terminus to
hold the polymerase holoenzyme on the primer end for a prolonged period during
exonucleolysis. (3) When the Pol catalytic subunit and ssDNA substrate are pre-
sent in the reaction, the degradation of the single-stranded template appears to be
processive. The Pol catalytic subunit may preferentially bind to the 3’-OH primer
end of the single stranded DNA substrate and hydrolyze rapidly. (4) Even when
the Pol catalytic subunit interacts with the Pol accessory subunit to form the Pol
holoenzyme, the catalytic subunit of the holoenzyme appears to interact with the 3’
hydroxyl terminus of the single-stranded oligonucleotide and degrade the single-
strand substrates at the same rate as the Pol catalytic subunit alone.

Thus, the BMRF1 Pol accessory subunit does not affect the single strand
exonuclease activity at all. Therefore, the 3’-to-5" exonuclease active site of the EBV

Fig. 2. The action of the 3'-5' exonuc-
lease activities of the BALFS5 Pol cata-
lytic subunit in the presence and
absence of the BMRF1 Pol accessory
subunit on single-stranded and partially
duplex DNA substrates
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Pol holoenzyme appears to bind and act at the 3’ end of the ssDNA substrate.
Alternatively, it is possible that the Pol accessory subunit does not make a complex
with Pol catalytic subunit in the absence of a primer template junction.

5.6 Comparison with the Prokaryotic
and Eukaryotic Replicative DNA Polymerases

Most replicative DNA polymerases consist of a catalytic subunit and accessory
proteins and display highly processive polymerization (Table 2). The BMRF1
protein plays an analogous role to the accessory subunits of phage T4 DNA
polymerase, DNA polymerase 8, and E. coli DNA Pol 111 holoenzyme to increase
the processivity and thereby the macroscopic rate of DNA synthesis by the enzy-
matically active core polymerases. In the case of phage T4, the gene 43 protein itself
is a DNA polymerase, and a 3'-to-5' exonuclease (YOUNG et al. 1992). The three
accessory proteins encoded by genes 44/62 and 45 of phage T4 increase the pro-
cessivity and hence the rate of polymerase activity (Javis et al. 1989; YouNG et al.
1992). The T4 gene 44/62 complex has both DNA-dependent ATPase activity and
primer terminus binding activity that are stimulated by gene 45 protein. The
ATPase activity is thought to reflect an energy requirement to maintain a stable
polymerase accessory protein complex at the primer terminus. The gene 45 protein
by itself has little DNA binding activity, but forms a sliding clamp to increase the
processivity. As a second example, processive DNA synthesis by DNA polymerase
& requires eukaryotic replication factors, RF-C and PCNA (Hurwitz et al. 1990;
TurmMoTO and STILLMAN 1991). RF-C exhibits DNA-dependent ATPase activity
and primer terminus binding activity as well as T4 gene 44/62 complex (TsURIMOTO
and STILLMAN 1990). PCNA cooperates with RF-C to stimulate processive DNA
synthesis by DNA polymerase 3, like the T4 gene 45 protein. PCNA by itself has
little DNA binding activity. The DNA Pol/ 111 holoenzyme of E. coli shows a
similar functional homology (HurwiTzZ et al. 1990), accessory subunits y/3, and B
cooperating to increase processivity (FAY et al. 1982). The v/6 complex has a DNA-
dependent ATPase and ATP hydrolysis is required for these subunits to form a
preinitiation complex on a primed DNA template. The B subunit of E. coli Pol 111
has no intrinsic affinity for DNA but dimerizes to form a torus that is sterically
retained on the nucleic acid strand (O’DoNNELL and STUDWELL 1990). In all three

Table 2. Replicative DNA polymerase holoenzymes

E. coli Bacteriophage Eukaryotic EBV
Pol 111 T4 Pol &
Pol catalytic Core Gene43 o Pol BALF5
subunit (o, &, 0)
Pol accessory B Gene45 PCNA BMRF1
subunits (Clamp) (Clamp) (Clamp) (dsDNA binding)
v/d Gene44/62 RF-C

(Clamp loader; DNA-dependent ATPase)
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systems the action of the accessory proteins can be visualized as clamping the core
polymerase to the primer template, enabling processive DNA synthesis to occur.
Processivity of the bacteriophage T7 DNA polymerase, the product of gene 5, is
increased by E. coli thioredoxin (HUBER et al. 1987). The gene 5 protein has low
processivity, dissociating from the primer template after catalyzing the incorpo-
ration of 1-50 nucleotides. E. coli thioredoxin binds tightly to the gene-5 protein
with a 1:1 stoichiometry and increases the processivity of polymerization by
1000-fold. Thioredoxin by itself possesses neither DNA-binding activity nor
ATPase activity. It has been speculated that thioredoxin binds gene-5 protein at the
edge of the DNA-binding crevice such that the two proteins together clamp the
primer template into position.

Although the BMRFI1 protein does not exhibit DNA dependent ATPase
activity, it possesses dsSDNA-binding activity for primer recognition and acts to
increase processivity. However, the DNA-binding properties of EBV BMRF1
protein differ from those of the accessory proteins in these systems. For example,
the BMRFI1 protein binds to dsDNA without ATP hydrolysis and does not require
a primer terminus, whereas RF-C, for example, binds specifically to primer ter-
minus junctions but not to ssDNA or dsDNA (TsuriMoTO and STILLMAN 1990).
The HSV-1 Pol accessory subunit increases the processivity of polymerization
catalyzed by the HSV-1 Pol catalytic subunit (GotTLIEB et al. 1990). GoTTLIEB and
CHALLBERG (1994) demonstrated that HSV-1 Pol catalytic subunit protects 14bp of
the 3’ duplex region and an adjacent 18 bases of the single-stranded template. The
HSV-1 Pol accessory subunit results in additional protection of a contiguous
5-14bp in the duplex region but does not affect the 5’ position of the Po/ subunit.
From these observations, it can be speculated that the increase in processivity in
the presence of the BMRF1 protein is related to the dsDNA-binding activity of
free BMRF1 protein and that the role of the latter in the EBV DNA polymerase
complex is to act as a clamp stabilizing the BALFS protein at the primer terminus
without energy requirements. However, it remains to be clarified how the BMRF1
Pol accessory protein can slide to follow the elongating primer without acting as a
brake.

5.7 EBYV Single-Stranded DNA-Binding Protein (BALF2 Gene Product)

5.7.1 General Properties

The EBV ssDNA-binding protein (EBV SSB) is the product of the BALF2 gene
(Tsurumt et al. 1996, 1998) and consists of 1128 amino acids with a calculated
molecular mass of 123,122Da. Although Raji cell is a virus-nonproducer line, the
lytic cycle can be rescued by the expression of the BALF2 protein (DECAUSSIN
et al. 1995). Studies on a number of SSB proteins have already revealed an
distinctive structural motif (Prasap and CHiu 1987; WANG and HALL 1990;
GuTIERREZ et al. 1991): (K/R)-X3-12-(K/R)-X4-15-(Y/F/W)-X3-36-(Y/F)-X4—
13-(Y/F)-X0-27-(K/R)-X6-11-(K/R). This is based on the best alignment of
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aromatic and positively charged residues in a number of SSB proteins, which
otherwise lack a strong amino acid homology. There is considerable evidence that
the aromatic and positively charged residues in the ssDNA binding motif are
directly involved in the binding of T4 gene 32 protein (SHAMOO et al. 1989), fd gene
5 protein (KING and CoLEMAN 1988), E. coli SSB (KnawMis et al. 1987), and Ad-
enovirus SSB (NEAL and KITCHINGMAN 1990) to ssDNA. Since the EBV SSB
possesses the consensus motif (741-785aa) as with other SSB proteins, we speculate
that a similar binding mechanism also occurs in this case. EBV SSB lacks any zinc
finger (Gao et al. 1988).

The BALF2 protein has been purified to near homogeneity from nuclear
extracts of B95-8 cells in the virus-productive cycle (Tsurumi et al. 1996). Sodium
dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis showed the presence of a
single polypeptide with a molecular mass of 130kDa, which was identified as
BALF2 protein by Western immunoblot analysis. On Superose 6 HR 10/30 gel
filtration the BALF2 protein eluted at a position corresponding to an apparent
molecular mass of approximately 128kDa, indicating that the BALF2 protein be-
haves as a monomer in solution. The native forms of SSB proteins differ in different
species (KORNBERG and BAKER 1992): T4 gene 32 protein exists as monomer of
33.5kDa, M13 gp5 is a dimer of 9.69kDa subunits and E. coli SSB is a tetramer of
18.9kDa subunits. However, the binding mode of these SSB proteins to ssDNA
appears to be similar in that it is always cooperative. The purified BALF2 protein
binds to ssDNA preferentially over dSDNA or ssRNA. The curve for ssDNA
binding to nitrocellulose filters obtained with increasing concentrations of EBV
SSB provides information on the cooperativity of binding (TsurumiI et al. 1996).
Saturation of the labeled ssDNA by the EBV SSB occurs at a protein/nucleic acid
weight ratio of 13:1, indicating that the EBV SSB binds to ssDNA at a molar ratio
of approximately one EBV SSB monomer/30 nucleotides, assuming that the native
protein has a molecular mass of 128kDa.

5.7.2 Helix Destabilizing Activity

The BALF2 protein can displace short DNA strands from their complementary
sequences in the single stranded form of M13 (Tsurumr et al. 1998) and the EBV
SSB can displace labeled oligonucleotide in a concentration-dependent fashion.
However, incubation of the substrate in the absence of the EBV SSB does not
result in the release of labeled 20-mer oligonucleotide, indicating that the DNA
duplex is stable under the conditions employed for the reaction. DNA unwinding
activity is not stimulated by the addition of ATP, CTP, UTP, dATP, or dCTP
and the activity is not influenced by the addition of the ATP analogue, ATPYS,
indicating that the EBV SSB does not function as a helicase. Maximum dis-
placement occurs at concentrations saturating the DNA substrate. The helix
destabilization reaction mediated by the EBV SSB is highly cooperative and
extremely rapid, with no directionality or any requirement for either ATP or
MgCl2, two essential cofactors for DNA helicase activity. Displacement of the
59-mer from complementary sequence in M13 ssDNA requires higher levels of
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the EBV SSB compared with the 20-mer displacement. Moreover, the EBV SSB
fails to displace oligonucleotides more than 100 bases long. In contrast, human
SSB, RP-A (GEORGAKI et al. 1992) and adenovirus DNA-binding protein (DBP)
(MONAGHAN et al. 1994; ZUDERVELD and VAN DER VLIET 1994) are found to
possess significant unwinding activity up to 200-350 nucleotides. The helix-
destabilizing property of the EBV SSB may function to melt out the secondary
structures on an ssDNA template, thereby facilitating the movement of the EBV
DNA polymerase.

5.8 Functional Interactions Between the EBY SSB
and the EBV Pol Holoenzyme

Replication of singly primed M 13 ssDNA by the EBV DNA Po/ holoenzyme in the
absence of the BALF2 protein exhibits a highly processive mode of replication with
generation of full-length products in addition to some bands of pausing sites.
Regions that block DNA polymerase passage are known to form particularly stable
duplex hairpin structures (ViLLANI et al. 1981). Although addition of the BALF2
protein has been shown not to affect the replication rate, the average chain length
of the replication products is slightly increased with elimination of bands of pausing
sites. Similar effects are observed with the in vitro reconstituted polymerase com-
plex composed of the BALF5 and BMRF1 Po/ subunits. On the other hand, in the
absence of the EBV SSB, most of the BALFS Pol catalytic subunit pauses at
secondary structures on the M13 ssDNA template, incapable of synthesizing effi-
ciently through duplex regions. However, addition of the BALF2 protein stimulates
DNA synthesis and yields a distribution of replication products with long lengths in
addition to full-length products. Although the BALF2 protein behaves as if it
converts a low processive EBV Pol catalytic subunit to a highly processive form,
like the BMRF1 Pol accessory subunit, challenger DNA experiments have revealed
that the BALFS Pol catalytic subunit is frequently transferred to challenger DNAs
in the presence of the BALF2 protein while the Pol complex is not transferred
during polymerization (TsurRUMI et al. 1996). From these observations the function
of the EBV SSB on the EBV DNA replication appears not to be as processivity
factor of the EBV DNA Pol catalytic subunit but rather to remove secondary
structures in the DNA, thus reducing and eliminating pausing of the EBV DNA
polymerase at specific sites. The ability of the EBV SSB to transiently destabilize
dsDNA duplexes could be utilized in the progress of the replication fork movement.
The helix-destabilizing activity would disrupt loops, hairpins, or other secondary
structures formed by complementary sequences in the ssDNA template. It is
therefore likely that the EBV BALF?2 protein functions to melt out the regions of
secondary structure on the ssDNA template, thereby reducing and eliminating
pausing of the EBV DNA polymerase at specific sites and keeping the DNA
template in the optimal conformation for DNA elongation. It was demonstrated
that the BALF2 protein physically interacts with the EBV Pol holoenzyme (ZENG
et al. 1997).
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5.9 EBV Putative Helicase—Primase Complex

The enzymatic activities of the BBLF4, BSLF1, and BBLF2/3 proteins have yet to
be demonstrated. The BBLF4 gene product shares 34% amino acid sequence
identity with the HSV-1 ULS gene product and, further, possesses the six conserved
motifs found in all members of helicase superfamily I, as well as the HSV-1 UL5
gene product (GRAVES-WooDWARD and WELLER 1996; SPECTOR et al. 1998). Subs-
titutions of the conserved residues in each of the six helicase motifs of the HSV-1
ULS5 protein abolished the ability of ULS to support viral DNA replication in vivo
(Znu and WELLER 1992) and the helicase activity of the purified UL5-ULS52 sub-
complex in vitro, but not the primase activity (GRAVES-WOODWARD and WELLER
1996). The BSLF1 gene product has 23% amino acid sequence identity with the
HSV-1 UL52 gene product and contains five regions conserved among other
identified herpesvirus UL52 homologs, including a DXD motif, which resembles
the putative metal-binding site found in other primases. Changing either of the two
aspartate residues in the primase DXD motif of the HSV-1 UL52 gene product was
found to abolish the primase activity of the purified ULS-UL52-ULS8 complex, but
not the ATPase and helicase activities (KLINEDINST and CHALLBERG 1994; DRrA-
CHEVA et al. 1995). The BBLF 2/3 gene product has no significant similarity with
the HSV-1 ULS8 gene product in overall identity but has a stretch of 55 amino acids
with considerable homology. Unlike the HSV-1 ULS protein, the BBLF2/3 protein
has a potential ATP binding motif, whose function is unclear (FIxMAN et al. 1992).
Although the ULS8 gene product is not absolutely required for the helicase and
primase activities in vitro, it interacts with the UL5-ULS52 subcomplex and is
essential for viral DNA replication in vivo.

Relatively few studies of the EBV putative helicase-primase have been
performed. Gao et al. (1998) provided evidence of BSLF1-BBLF4-BBLF2/3
complexes through immunofluorescence assays with nuclear re-translocation, ex-
pressing three BBLF4, BSLF1, and BBLF2/3 proteins fused to the myc epitope in
Vero cells by transfecting their expression vectors. When individually transfected,
Myc-BBLF2/3 showed mixed nuclear and cytoplasmic staining, Myc-BSLF1 was
perinuclear, and Myc-BBLF4 localized to the cytoplasm. The concurrent presence
of all three members resulted in nuclear localization of the BBLF4, BBLF2/3, and
BSLF1 proteins, suggesting the existence of a BSLF1-BBLF4-BBLF2/3 complex.
When expressed in B95-8 cells after induction of virus productive cycle, these
proteins demonstrated apparent molecular masses of 89kDa, 90kDa, and 80kDa,
respectively (YOKOYAMA et al. 1999). Anti-BSLF1 or anti-BBLF2/3 protein-specific
antibodies immunoprecipitate all of the BSLF1, BBLF4, and BBLF2/3 proteins
from extracts of cells in the virus productive cycle, indicating that these viral
proteins are assembled in vivo. Assembly has been reproduced in insect cells triply
infected with the three recombinant baculoviruses, indicating that the complex
formation does not require other EBV replication proteins (YOKOYAMA et al.
1999). Glycerol density gradient centrifugation analysis revealed that these proteins
form a heteromeric complex (N. Yokoyama et al., unpublished results). Further-
more, experiments performed with double infection of pairs of recombinant viruses
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established that within the BBLF4-BSLF1-BBLF2/3 complex each component
interacts directly with the other two (YOKOYAMA et al. 1999).

The products of HSV-1 ULS5, UL8, and ULS52 genes form a heterotrimeric
complex with helicase and primase activities (CRUTE et al. 1988, 1989; Dobson et al.
1989), the former presumably acting to unwind duplex DNA ahead of the pro-
gressing replication fork, thereby producing the open configuration needed for both
continuous and discontinuous strand synthesis. By analogy with other primases, the
primase of HSV-1 can be concluded to initiate discontinuous DNA synthesis on the
lagging strand by providing oligonucleotide primers that are elongated by the
HSV-1 DNA polymerase. Although the enzymatic activities of the EBV BBLF4-
BSLF1-BBLF2/3 heterotrimeric complex have yet to be demonstrated, it may act as
a helicase and primase like the HSV-1 UL5-ULS52-ULS8 complex.

5.10 Physical Interaction Between the EBV Pol Catalytic Subunit
and the EBV BBLF4-BSLF1-BBLF2/3 Complex

The multiple steps essential for DNA replication are catalyzed by a number of
proteins whose enzymatic reactions must be closely coordinated. This is most ap-
parent at the replication fork where both leading and lagging strand synthesis must
occur simultaneously in order to achieve movement. It is, therefore, not surprising
that replication proteins are frequently isolated as complexes or interact physically
one another, so that their individual enzymatic reactions are coordinated. The
specific interactions that occur among the six viral replication proteins appear to be
essential for EBV DNA replication. A physical interaction between the EBV DNA
Pol holoenzyme and the EBV putative helicase primase complex via the BALF5
DNA Pol catalytic subunit was demonstrated by immunoprecipitation analyses
using anti-BSLF1 or anti-BBLF2/3 protein-specific antibody with clarified lysates
of B95-8 cells in a viral productive cycle (Fuim et al. 2000). Although the Pol
holoenzyme-the BBLF4-BSLF1-BBLF2/3 complex was stable in 500mM NacCl
and 1% NP-40, the BALF5 protein became dissociated in the presence of
0.1% SDS. By experiments using lysates from insect cells superinfected with
combinations of recombinant baculoviruses capable of expressing each viral rep-
lication protein, it was shown that not the BMRF1 Po/ accessory subunit but rather
the BALF5 Pol catalytic subunit directly interacts with the BBLF4-BSLF1-
BBLF2/3 complex. Furthermore, double infection with pairs of recombinant
viruses revealed that each component of the BBLF4-BSLF1-BBLF2/3 complex
makes contact with the BALFS Pol catalytic subunit.

5.11 Polymerase and Helicase—Primase Complex Interactions
in Other Systems

Polymerase and helicase—primase complex interactions have also been observed in
other replication systems. In the case of bacteriophage T7, gene 5 DNA polymerase
interacts with the gene 4 helicase-primase via its carboxyl terminus (NakaIl and
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RicHARDSON 1986; NoTARNICOLA et al. 1997), playing an important role in its
coordination of leading and lagging strand DNA synthesis at the replication fork
(DEBYSER et al. 1994). Also, the catalytic subunit of the HSV-1 DNA polymerase
interacts with the carboxyl terminus of the UL8 protein of the HSV-1 helicase—
primase heterotrimeric complex (MARSDEN et al. 1997). Considering these obser-
vations, the interaction of the EBV DNA Pol holoenzyme with the helicase—
primase complex might be central to the coordination of the leading and lagging
strand synthesis at the replication fork of EBV.

The interaction of the helicase—primase and DNA polymerase is required not
only for strand displacement DNA synthesis but also for priming DNA synthesis
on the lagging strand of the replication fork. Little is known about DNA primase-
DNA polymerase interactions involved in the transition from RNA to DNA
synthesis. The bacteriophage T7 gene 4A protein catalyzes the synthesis of tetra-
ribonucleotides at specific sequences on ssDNA in a template-mediated reaction
(TABER and RiCHARDSON 1981), these then being stabilized on the template by gene
4A protein until T7 DNA polymerase can use them as primers to initiate DNA
synthesis (NAkAl and RICHARDSON 1986). Such short oligonucleotides prime
T7 DNA polymerase extremely poorly in the absence of the gene 4 protein. The
effective use in its presence implies that a specific protein—protein interaction is
required. In the case of bacteriophage T4, a complex of two proteins encoded by
genes 41 and 61 is necessary to catalyze synthesis of the pentaribonucleotide
pppACNS3 efficiently, which in turn primes DNA synthesis by T4 DNA polymerase
on ssDNA (Liu and ALerts 1980). In a variety of eukaryotic systems, DNA
polymerase o has been purified in a tight complex with DNA primase (Fry and
Loes 1986). Interaction between DNA primases and polymerases may in general
play an important role in promoting efficient transition from RNA primer to DNA
synthesis on lagging strands. Thus, the interaction of the BBLF4-BSLF1-BBLF2/3
complex and the EBV Pol holoenzyme at the replication fork may be an important
aspect of the replication process and a possible new target for antiviral agents.

6 Proposed Model for the Initiation Step of the Lytic Phase
of EBY DNA Replication

Considering other DNA replication systems, it is likely that the initiation of the lytic
phase EBV DNA replication involves the formation of an initiation complex at
oriLyt, which consists of two essential domains, upstream and downstream compo-
nents. Whereas the upstream component contains several BZLF1 binding sites, the
downstream includes binding sites of several cellular proteins. The first step in this
process would be the binding of the BZLF1 protein and two of transcription factors,
ZBP-89 and Spl, to recognition sequences within oriLyt to form an initial complex.
ZBP-89 and Sp1 stimulate replication (BAUMANN et al. 1999). The interaction of the
BZLF1 protein with the BBLF4-BSLF1-BBLF2/3 complex reported by Gao et al.
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(1998) supposes that the BZLF1 protein recruits the viral helicase—primase complex
to oriLyt. Also, the BZLF1 protein can interact with both BALF5 and BMRF1
proteins (ZHANG et al. 1996; BAUMANN et al. 1999). The BALF2 ssDNA-binding
protein then appears to interact with the BZLF1-BBLF4-BSLF1-BBLF2/3 prepri-
ming complex (Gao et al. 1998). These proteins together, therefore, would have the
potential to open up the duplex DNA in the origin region and synthesize RNA
primers. The interaction between the EBV Pol holoenzyme and the BBLF4-BSLF1-
BBLF2/3 complex (Fusniet al. 2000) may play an important role in bringing the viral
polymerase into the prepriming complex to initiate DNA synthesis. Furthermore,
Spl and ZBP-89 transcription factors binding to the downstream component of
oriLyt are able to tether EBV Pol holoenzyme (BAUMANN et al. 1999). It is possible,
for example, that binding of the Po/ holoenzyme to the BBLF4-BSLF1-BBLF2/3
complex reduces its affinity for BZLF1, allowing the polymerase-helicase-primase
complex to migrate away from oriLyt to the replication forks.

7 Proposed Model for the EBV Replication Fork

The proposed model for EBV replication fork is depicted in Fig. 3. BALF5 Pol
catalytic and BMRF1 Pol accessory subunits form a heterodimer to function as

Fig. 3. Proposed model for the EBV replication fork
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the Pol holoenzyme, with high polymerase processivity, presumably synthesizing
both leading and lagging strands. The BALF2 protein, EBV SSB, binds ssDNA
templates and may function to melt out secondary structures in the viral dis-
placed ssDNA of the replication fork, thereby facilitating movement of the EBV
DNA Pol holoenzyme on ssDNA template. As expected with the HSV-1 helicase/
primase complex, the proposed EBV helicase and primase complex consisting of
the BBLF4-BSLF1-BBLF2/3 proteins may bind to the lagging strand at the
fork, translocate in the 5'-to-3’ direction and synthesize the RNNA primer. The
BALFS Pol catalytic subunit physically interacts with each component of the
BBLF4-BSLF1-BBLF2/3 complex (Fui et al. 2000). Thus, the six viral repli-
cation proteins appear to all work at the replication fork as the replication
machinery.

In the HSV case, aphidicolin-resistant mutants have been isolated (NISHIYAMA
et al. 1984). The drug inhibits host-cell DNA Pols a, 6, and € and blocks cellu-
lar DNA synthesis. However, even in the drug’s presence, the mutant viruses
can synthesize viral DNA well. Therefore, the possibility that cellular polyme-
rases are involved in viral replicative DNA synthesis is very low. By analogy
with bacteriophage T4, or T7, the EBV Pol/ holoenzyme might synthesize both
leading and lagging strands. However, we cannot be precluded that a dimer
consisting of BALF5 and BMRF1 proteins catalyzes leading strand synthesis and
the BALFS protein alone with its relatively low processivity catalyzes lagging
strand synthesis.
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1 Introduction

Epstein-Barr virus (EBV) is the first virus that was identified in a human neoplastic
cell in 1963 (EpsTEIN 1994). More than 90% of the world population is infected
with EBV before adolescence, and it is thought that a small population develops
EBV-associated malignancy in an endemic manner, such as Burkitt’s lymphoma in
equatorial Africa (OsaTo 1998) and nasopharyngeal carcinoma (NPC) in Southern
China (RAAB-TRAUB 1992). However, recent advances in molecular biological
techniques have demonstrated that an unexpectedly wide variety of neoplasms in
the general population is associated with EBV infection (ANAGNOsTOPOULOS and
HuMMEL 1996), among which EBV-associated gastric carcinoma (EBVaGC) is the
most common with a worldwide distribution. In Japan, for example, more than
5,000 patients are estimated to develop gastric carcinoma annually in association
with EBV (less than 10% of total gastric cancer) (FUKAYAMA et al. 1998).
EBVaGC occurs in two forms, lymphoepithelioma-like carcinoma and ordi-
nary gastric carcinoma (Fig. 1). The relative frequency of the two types is roughly
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1:4. Both types of carcinomas exhibit predominance in males, occur primarily in the
proximal stomach, show a moderately or poorly differentiated type of histology,
and exhibit various degrees of lymphocytic infiltration, which at one extreme
corresponds to lymphoepithelioma-like carcinoma. Since EBVaGC seems to be a
distinct entity among gastric carcinomas, its molecular pathology should be com-
pared with that of EBV-negative gastric carcinomas (CHONG et al. 1994, 1996).

2 EBVaGC and Early Gastric Carcinoma

2.1 EBYV in Early Gastric Carcinoma

Few studies have focused on the early stages of EBVaGC (ARIkKAWA et al. 1997b),
and controversy still remains as to whether EBV infects the gastric epithelial cells
before or after the development of invasive carcinoma (TAKANO et al. 1999).
According to the definition of the JAPANESE RESEARCH SOCIETY FOR GASTRIC
CANCER (1995), gastric carcinoma can be classified into two groups, early and ad-
vanced. Early gastric carcinoma is confined to the mucosa or the submucosa, irre-
spective of the presence of lymph node metastasis, while advanced carcinoma invades
the muscular or deeper layers. In most cases, early gastric carcinomas represent the
preinvasive and early invasive stages of advanced gastric carcinoma, but in some it
could represent a specific type of gastric carcinoma, which spreads superficially rather
than vertically. Nevertheless, the macroscopic appearances of early and advanced
carcinoma are quite characteristic, enabling us to take the fresh tissues selectively
from cases with early gastric carcinoma by gross inspection of the resected stomachs.

We evaluated the collected cases by in situ hybridization (ISH) using EBV-
encoded small RNA (EBER), and thereafter performed Southern blot analysis on
the DNA extracted from the early cases of EBVaGC (M. Fukayama et al.,
manuscript submitted), using BamH I-digestion and hybridization with unique
Xho-1 or EcoR-11I probes (clonal analysis of EBV; Raus-TrauB and FLYNN 1986;
GuLLEY et al. 1992). With these probes, single or double fragments were observed
in the intramucosal carcinomas and single fragments in all of the submucosal
carcinomas. All the fragments were larger than 6kb in size, and each of the frag-
ments was of the same size with both probes. These findings indicate that the EBV
is monoclonal or biclonal in the early carcinoma cases and that EBV is present in
an episomal form without being integrated to the host genome. Furthermore, the
infection is latent, with no viral replication, since the length of the linear infectious
virus is less than 6kb.

According to our observations (FUKAYAMA et al. 1994), as well as the reports
of others (TOKUNAGA et al. 1994; ARIKAWA et al. 1997a), nearly all of the carci-
noma cells in all cases of EBVaGC, whether intramucosal (Fig. 2) or early invasive
stage, showed a positive signal in EBER-ISH. This finding, together with the
presence of clonal EBV in Southern blot analysis, indicates that all of the carci-
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Fig. 1A-F. Histological features of EBV-associated gastric carcinoma (EBVaGC)
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Fig. 1. A lymphoepithelioma-like gastric carcinoma (A, B) is accompanied by diffuse infiltration by
lymphocytes and lymphoid follicles. Gastric carcinoma showing ordinary histology (C, D) consists of
tubular structures with infiltration by lymphocytes to varying degrees. In EBV-encoded small RNA
in situ hybridization (EBER-ISH), a positive signal is demonstrated in the nuclei of carcinoma cells in
both types of gastric carcinoma (E, F). (With permission from FukayaMa et al. 1998)

noma cells of EBVaGC in the mucosa are clonal. Thus, EBVaGC develops from
clonal expansion of EBV-infected cells within the gastric mucosa.

2.2 Pathological Features of Early Cases of EBVaGC

EBV-negative carcinomas can be divided histologically into two subtypes, intestinal
and diffuse, according to LAUREN (1965). The histological features of intramucosal
EBVaGC appear to be different from both types, i.e., irregular budding and fusion
of neoplastic tubules at the neck zone of the gastric glands (Fig. 2). When the
carcinomas invade beyond the muscularis mucosae, lymphocytic infiltration be-
comes marked and prominent enough in some of early invasive carcinomas to
classify these as lymphoepithelioma-like carcinoma. According to our observation,
EBVaGC also showed differences from both of these types in clinicopathological
features: the patients with EBVaGC are significantly younger than those with in-
testinal-type of EBV-negative gastric carcinoma. EBVaGC occurs predominantly
in males and is most often located at the gastric cardia, compared to the diffuse-
type of EBV-negative gastric carcinoma. Remarkably, the incidence of multiple
carcinomas is higher in EBVaGC than in both types of EBV-negative carcinomas,
as suggested by ARIKAWA et al. (1997a) and MATsuNou et al. (1996). Furthermore,
most carcinomas associated with EBVaGC also showed a positive signal in
EBER-ISH. On the other hand, almost all of the carcinomas associated with
EBV-negative gastric carcinomas were negative in EBER-ISH. Interestingly, in the
clonal analysis of EBV as mentioned above, the fragments of the EBV termini
showed different lengths in three different samples derived from the same patient,
indicating that EBVaGC develops at multiple sites independently in the same
stomach. Thus, EBVaGC is likely to occur multiply, in other words, the stomachs
bearing EBVaGC may have been conditioned to develop gastric carcinomas by
EBYV infection (field cancerization; GUOREN et al. 1996).

3 EBYV in Nonneoplastic Gastric Mucosa

3.1 Controversy Over Target Epithelial Cells for EBV Infection

According to our previous study using EBER-ISH on nonneoplastic stomach
mucosa (Fukayama et al. 1994), shedding epithelial cells of the fundic gland mu-



96 M. Fukayama et al.

Fig. 2A,B. Histologic features of intramucosal EBVaGC and its surrounding nonneoplastic mucosa.
Low-power view of intramucosal EBVaGC (A), which is present over a limited area of the mucosa (bar).
Note the paucity of glands in the surrounding nonneoplastic mucosa. There is marked lymphocytic
infiltration, but no intestinal metaplasia around the carcinoma. In EBER-ISH, nearly all of the carcinoma
cells show a positive signal in the cellular nuclei of intramucosal EBVaGC (B). The carcinoma, classified
as moderately differentiated tubular adenocarcinoma, consists of branching of abortive glands at the neck
zone of the gastric glands. Nonneoplastic pyloric glands, negative for EBER-ISH, are observed below the
carcinomatous region. (With permission from Kaizaki et al. 1999)

cosa were rarely positive in solitary or cluster form only in patients with a high titer
of anti-EBV antibodies. We speculate that EBV may infect some proliferating cells
or surface epithelium-committed cells, possibly through EBV-carrying lympho-
cytes, and that the infected cells are shed when EBER is expressed in the infected
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cells. On the other hand, YANAI et al. (1997) and JInG et al. (1997), using a com-
mercially available DNA-ISH kit, recently reported that EBV-infection could oc-
casionally be observed in the epithelial cells in intestinal metaplasia. However,
compared to the theoretically expected level, the signals were too strong in their
studies. The copy number of EBV is generally considered to reach a few hundred at
the most even in EBVaGC (FukAvyaAMA et al. 1994; ImAI et al. 1994), which is the
lower limit of ISH using DNA probes without any enhancing procedure. Since the
methods in both studies lacked sufficient control experiments, the findings are open
to question.

As we could not confirm their findings of DNA-ISH using the same method,
we applied PCR for the BamHI W region of EBV DNA to microdissected tissues
of nonneoplastic gastric mucosa (Ka1zakr et al. 1999). Two of 118 microdissected
samples from stomachs with EBVaGC and 5 of 62 samples from those with
EBV-negative gastric carcinoma showed amplification of EBV DNA. The positive
samples consisted of three from the pyloric glands and four from the fundic
glands, while none of the metaplastic gland samples showed such amplification.
These findings suggest that infection of intestinal metaplastic cells is unlikely.
Thus, at present, we believe that EBV infection is a rare event in the stomach,
and that the primary target of EBV infection is not the epithelial cells of intestinal
metaplasia.

3.2 EBVaGC and Gastritis

We mentioned the possibility that stomachs harboring EBVaGC may be condi-
tioned to develop the virus-associated carcinoma. To clarify the existence of a local
predisposing factor, we histologically evaluated gastritis in nonneoplastic gastric
mucosa that surrounded early carcinoma with or without associated EBV infection
(Figs. 2 and 3) (Kaizaki et al. 1999). For the evaluation, the tissue samples were
taken from early carcinoma as well as nonneoplastic mucosa, encompassing a
length of at least 1cm either from the proximal or distal edge of the carcinoma. The
whole carcinomatous lesion was subjected to routine histologic examination by the
step-section method. The factors that were evaluated were the localization of the
carcinoma relative to the mucosal element, atrophy of the mucosa, topographical
relationship of intestinal metaplasia, and lymphocytic infiltration. The grades of
atrophy and lymphocytic infiltration were determined using the visual analogue
scales of the updated Sydney System (DixoN et al. 1996) to avoid bias of estima-
tion. Infection by Helicobacter pylori in nonneoplastic mucosa was determined by
immunohistochemistry.

As for the location of the carcinoma, EBVaGC was most frequently present at
the intermediate zone between the fundic and pyloric gland mucosa, where gastric
ulcers occur frequently. Atrophy and lymphocytic infiltration were more marked
compared to that in the mucosa of both the intestinal and diffuse types of
EBV-negative carcinomas. Only 13% of EBVaGC were surrounded by intestinal
metaplasia, in contrast to 41% of intestinal-type EBV-negative gastric carcinomas.
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Fig. 3. Histological features of nonneoplastic mucosa of EBVaGC and EBV-negative gastric carcinoma.
The nonneoplastic mucosa of early carcinomas (EBVaGC, n=23; EBV-negative carcinomas, intestinal-
type, n =139, and diffuse-type, n =44) were histologically evaluated. The presence of Helicobacter pylori
was immunohistochemically evaluated in the representative cases (EBVaGC, n = 14; carcinomas, intes-
tinal-type, n = 14, and diffuse-type, n=10)

The frequency of H. pylori infection was not different in EBVaGC and EBV-
negative carcinomas. Thus, the stomachs bearing EBVaGC is characterized by
severe atrophic gastritis, which does not show intimate relationship with intestinal
metaplasia. EBVaGC may develop from EBV-infected epithelial cells in a specific
type of severe atrophic gastritis.

4 Molecular and Cellular Abnormalities in EBVaGC

Studies on the molecular mechanism underlying EBVaGC have only begun,
compared to those on NPC. We investigated the deletion of 5q and/or 17p and
microsatellite instability using polymerase chain reaction-restriction fragment
length polymorphism (PCR-RFLP) and microsatellite markers respectively, in
EBVaGC and EBV-negative gastric carcinomas (CHONG et al. 1994). These ab-
normalities were extremely rare in EBVaGC, in contrast to their high frequency in
EBV-negative carcinoma, especially the intestinal type. These findings indicate that
the genetic pathways underlying the development of EBVaGC and EBV-negative
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carcinoma may be different. An immunohistochemical study revealed that
EBVaGC did not show any specific pattern of bcl-2 expression or p53 accumulation
(GULLEY et al. 1996).

Studies on the cellular characteristics of EBVaGC have similarly been scarce.
Both the frequency of apoptosis and the proportion of proliferative cells were
significantly lower in EBV-associated lymphoepithelioma-like carcinoma than in
conventional EBV-negative gastric carcinoma (OHFuJI et al. 1996). Some isoforms
of CD44, an adhesion molecule expressed on the cell surface, have been associ-
ated with the metastatic potential of carcinomas, such as colon and breast
carcinomas. When CD44 variants 3-5 and 6 were immunohistochemically de-
termined (CHONG et al. 1997), EBV-associated gastric carcinomas are strongly
positive for both variants. By multivariate analysis, EBV-infection and lymph
node metastasis contribute independently to CD44 variant expression. Thus, the
mechanism and significance of CD44 variant expression are different in gastric
carcinoma with and without EBV infection. EBV infection may influence CD44
expression by interacting with cytokine genes, such as those for TNFa, v, and
interleukin-10, which are known to modulate CD44 expression. Infiltration by
lymphocytes in EBVaGC, most of which are CDS8-positive, may be induced
by such a mechanism, rather than as a reaction to carcinoma cells (KuzusHiMA
et al. 1999).

5 Model Systems for EBVaGC

Several experimental systems are now being applied for the study of EBVaGC,
such as an in vitro infection system using the virus-producing cell line Akata and
genetically engineered EBV (YosHivaMA et al. 1997; ImAI et al. 1998; NISHIKAWA
et al. 1999) to investigate the mechanism of EBV infection in epithelial cells. On
the other hand, in vitro cell culture and in vivo transplantation of neoplastic
cells, which retain the characteristics of the original tumor, are also useful for
studying the cell biology and molecular mechanism underlying EBVaGC. Since a
stable cell line of NPC that carries the EBV genome in the nucleus is difficult to
establish, we attempted to transplant a human EBVaGC in mice with severe
combined immunodeficiency (SCID). We established a transplantable strain
designated as KT after the patient from whom the tumor was removed (IWASAKI
et al. 1998). Mucin and cytokeratin expression and the Alu sequence in tumor
DNA confirmed that the KT tumor was derived from human epithelial tissue.
The identity of clonal EBV in the original and KT tumors was demonstrated by
clonal analysis of EBV DNA. The pattern of the latency-gene expression of EBV
was the same in both tumors: EBER1 was also found in tumor cell nuclei
by ISH. Reverse transcription-PCR (RT-PCR) analysis also demonstrated
Qp-driven EBNA1 expression, but not EBNA2- or LMP1-expression (IMATI et al.
1994; SuGiura 1997). Thus, the transplantable human EBVaGC retains the
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Table 1. Infectious agents closely associated with gastric carcinoma. Comparison between Helicobacter
pylori and Epstein-Barr virus

Helicobacter pylori Epstein-Barr virus
General population 75% of adults older than 40 More than 95% after adolescence
Detection of organism in the Nonneoplastic mucosa in 10% or less in the carcinoma
stomach most of gastric cancer tissues
Relationship with gastric Indirect, through chronic Direct?
carcinomas inflammation
Relationship with lymphoma MALToma Various types of lymphomas, but
rare in the stomach
Preventive or therapeutic Eradication of H. pylori in Immunotherapy? Gene therapy?
strategy high-risk group

original EBV with the same latency-gene expression pattern, and serves as a
model system.

6 Concluding Remarks

EBVaGC is a unique type of gastric carcinoma that is tagged by clonal EBV, and is
expected to become a relatively more important gastric carcinoma as the frequency
of other risk factors seems to be declining. Although H. pylori is regarded as a
causative agent for most gastric carcinomas, its effect might be indirect and me-
diated through sustained injury to the mucosa, resulting in atrophic gastritis,
intestinal metaplasia, and precancerous lesion (Table 1). On the other hand, while
EBVaGC accounts for 10% or less of gastric carcinomas, EBV seems to play a
direct role in the development of this carcinoma. As for the therapeutic strategy,
while prevention of the infection or eradication of the organism in high-risk groups
is the primary strategy for H. pylori, other types of therapy should be considered in
the case of EBV. Gene therapy specific for EBV-associated neoplasms (GUTIERREZ
et al. 1996), if established, should establish EBVaGC as a distinct clinical entity in
gastric cancer. Our in vivo model will also be useful in this regard.
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1 Introduction

The etiologic role of Epstein-Barr virus (EBV) for B lymphomagenesis has been
postulated from epidemiologic and in vitro studies. There is now a substantial body
of evidence linking EBV to African Burkitt’s lymphoma, which is a B-cell lym-
phoma (KLEIN 1985). An association between EBV and human malignancies, in-
cluding Hodgkin’s disease (WEiss et al. 1987) and non-Hodgkin’s lymphomas of
either B- or T-cell immunophenotypes (HOCHBERG et al. 1983; HaMILTON-DuUTOIT
et al. 1992), has been reported. EBV-positive rate in immunocompetent patients
with nodal lymphomas is less than 10% in B-cell and approximately 50% in T-cell
lymphoma (Aozasa et al. 1998). The criteria for defining cases as EBV-positive

Department of Pathology (C3), Osaka University Medical School, 2-2 Yamadaoka, Suita, Osaka
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includes (1) presence of EBV genome by polymerase chain reaction (PCR), and (2)
positive signals for EBV in large tumor cells by DNA or RNA in situ hybridization
(ISH) using EBV-encoded small nuclear early region-1 (EBERI1) probe. Among
extranodal lymphomas, nasal natural killer (NK)-cell lymphoma, pyothorax-
associated lymphoma (PAL), and adrenal lymphoma are EBV-associated; the
EBV-positive rate is over 90% in the nasal lymphoma and PAL and approximately
50% in the adrenal lymphoma.

2 Nasal Lymphoma

2.1 General Aspects

Nasal NK-cell lymphoma is one of the constituents of lethal midline granuloma
(LMG), which is a clinical term for progressive, destructive lesions in the midline of
the face. Histologically, LMG comprises three different diseases, i.e., Wegener’s
granulomatosis (WG), NK-cell lymphoma (Fig. 1), and ordinary malignant lym-
phoma (KAsseL et al. 1969). WG is an inflammatory disease of an autoimmune
nature. Nasal NK-cell lymphoma was formerly known as polymorphic reticulosis
(PR) because of its polymorphic character of infiltrates (Fig. 1). Because the pro-
liferating cells in PR showed a positive reaction for anti-T-lymphocyte antibody,
the term nasal T-cell lymphoma was once used. Recent studies indicated the NK-
cell nature of proliferating cells in PR (EMILE et al. 1996; OusAawaA et al. 1999).

Our previous epidemiologic study revealed a much higher frequency of nasal
NK-cell lymphoma in Asian countries, including Japan, Korea, and China than in
Western countries (Aozasa et al. 1989; Aozasa et al. 1992), with the frequency
being highest in Korea (Table 1) . The frequency of nasal NK-cell lymphoma in
Japan was approximately three times higher than that in the UK. Even in Japan,
the disease is much more frequent in Okinawa, islands situated in the southwestern
part of the country with a subtropical climate, than in other Japanese areas.

2.2 EBV Association

In the sino-nasal regions, an etiologic role of EBV in the development of
nasopharyngeal carcinoma (zurR HAUSEN et al. 1990) and nasal NK-cell lymphoma
(HAraBUCHI et al. 1990) was suggested by the combined study of PCR and ISH for
EBV DNA or its transcripts and immunohistochemistry. To examine whether the
higher frequency of nasal NK-cell lymphoma in Okinawa than in Osaka is linked to
the higher rate of EBV infection, we studied the presence of EBV genomes in cases
with nasal NK-cell lymphoma from both locations (TomitA et al. 1995). All but
one case in Osaka and all of the Okinawa cases were EBV positive, showing no
difference in frequency by district.
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Fig. 1. Peak of age in Hodgkin’s disease. EBV association is found in younger age in developing
countries and older age in Japan and Western countries

Table 1. Frequency of lethal midline granuloma (Aozasa et al. 1989)

Diseases Number of patients (frequency per 100,000 ENT patients)
Korea China Japan
(1979-1989) (1979-1990) (1965-1986)
WG 0 (0) 1(0.1)* 64 (4)*
NNKL 56 (40.8)** 73 (9.8)** 114 (8)**
ML 15 (10.9) 54 (7.2) 82 (6)
CI 6 (4.4) 0 (0) 42 (3)
Total 77 (56) 128 (17) 302 (21)

CI, chronic inflammation; ML, malignant lymphoma; NNKL, nasal NK-cell lymphoma; WG, Wegener’s
granulomatosis.
*p<0.03; **p<0.0001.
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We recently examined the chronological changes in incidence of nasal NK-cell
lymphoma in Korea and Japan (Onsawa et al. 1999). A total of 102 cases and 655
cases of LMG admitted to Yonsei University, Korea from 1977 to 1966 and 59
university hospitals in Japan from 1965 to 1996 were examined. The frequency rate
of nasal NK-cell lymphoma per 100,000 outpatients of ears, nose, and throat clinics
in Korea decreased from 40 to 20 between the periods of 1977-1989 and 1990-1996.
However, there were no significant changes in Japan during the period studied.
Socioeconomic factors together with EBV might be important in the development
of nasal NK-cell lymphoma.

Two types of EBV, which differ at the EBV nuclear Ag (EBNA) gene loci, have
been described (Rowe et al. 1989). Difference of subtype frequency was reported
between geographic areas (ZIMBER et al. 1986) and immunologic conditions, i.e.,
immunocompromised or immunocompetent (BOYLE et al. 1991). Majority of nasal
NK-cell lymphoma in East Asian countries had type B EBV (ToMmitA et al. 1995).

2.3 HLA Allele Frequency

Tumor cells in nasal NK-cell lymphoma are known to express EBV-nuclear antigen
(EBNA)-1, and frequently latent membrane protein (LMP)-1 and LMPs, but not
EBNA 2, 3, 4, or 6 (MiINAROVITS et al. 1994). This pattern of EBV latent infection is
Lat II. Then how the lymphomas cells expressing EBV LMPs evade host immune
surveillance by cytotoxic T lymphocyte (CTL) is an important issue. The cells
expressing viral antigens are eliminated primarily by CTL in a MHC class I-re-
stricted manner (RickinsoN and Moss 1997). Several CTL-defined epitopes have
been mapped in LMPs restricted with human leukocyte antigen (HLA)-A2, -All,
or -A24. To examine the possibility that the HLA-A allele may affect the devel-
opment of nasal NK-cell lymphoma, HLA-A alleles of 25 patients were determined
with low-resolution PCR-based typing using HLA-A locus sequence-specific primer
combinations (Table 2; Kanno et al. 2000). The frequency of HLA-A alleles
including HLA-A2 and -A24 antigens in the patients was lower than that in the

Table 2. Antigen frequencies at the HLA-A locus in PR patients and the normal Japanese population

Allele PR (n=25) Japanese (n=303)
n Frequency Frequency P
(%) ()

A2 7 28.0 45.5 0.0665
All 8 32.0 18.1 0.0820
A24 13 52.0 61.0 0.8644
A26 9 36.0 20.1 0.0594
A3l 1 4.0 13.5 0.1413
A33 2 8.0 20.5 0.0994
A*0201 1# 4.0 20.1 0.0314
A*0206 3 12.0 15.2 0.4693
A*0207 4 16.0 8.6 0.1813

#Not exactly identified, and the possibility of A*0222 and A*0224 could not be ruled out.
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Japanese population, but the difference was not significant. Since HLA-A2-
restricted CTL responses are well delineated at A2-subtype level, the A2-subtype of
the cases with HLA-A2 antigen was further determined by high-resolution genetic
typing. The frequency of the HLA-A*0201 in PR was significantly lower than in the
normal population (p=0.0314). The HLA-A*0201-restricted CTL responses might
work in vivo to suppress the development of overt lymphoma.

2.4 Mutations of pS3 Gene

p53 is a well-known tumor suppressor gene which causes cells with damaged DNA
to arrest at the G| phase of the cell cycle or stimulating expression of the bax gene,
the protein of which promotes apoptosis (LEVINE et al. 1991). In a wide variety of
human cancers, p53 gene mutations have been detected mainly in the exon 5-8
(HoLLsTEIN et al. 1991). A high incidence of malignant lymphoma in p53 knockout
mice has been reported (DONEHOWER et al. 1992), suggesting an important role of
pS3 gene mutations in lymphomagenesis. Mutated p53 gene encodes mutant p53
protein, which has a much longer half-life than that of wild-type pS53 protein, thus
accumulating in the cytoplasm in a sufficient amount to be detected immuno-
histochemically. A previous immunohistochemical study showed that pS53 is
overexpressed in a high percentage of nasal NK/T-cell lymphoma cases
(QUINTANILLA-MARTINEZ et al. 1998).

We then examined the expression and mutations of p53 gene in the paraffin-
embedded specimens of nasal lesions from 42 Chinese (Beijing and Chengdu) and
Japanese (Okinawa and Osaka) patients with nasal NK-cell lymphoma by immu-
nohistochemistry and single-strand conformation polymorphism (SSCP) analysis
of PCR-amplified products followed by direct sequencing. Thirty single-nucleotide
substitution mutations were observed in 20 of 42 cases (47.6%; L1 et al. 2000).
Among the 30 mutations, 18 were missense (mainly G:C to A:T transitions), 9 were
silent, and 1 was nonsense. The remaining two mutations involved intron 5 and
exon 5 terminal points. Abnormal expression of p53 protein was also observed in
19 of 42 (45.2%) cases. The incidence was significantly (fourfold) higher in the cases
of Osaka than those in other areas, although the incidence of pS3 mutations in the
cases of Osaka was 1/2 to 1/3 of those in other three areas (Table 3). The results
may suggest some racial, environmental, and/or lifestyle differences in the cause of
human nasal tumorigenesis.

3 Hodgkin’s Disease

The association between EBV and Hodgkin’s disease (HD) is of current interest. A
combined study using the PCR and ISH methods demonstrated the EBV genome in
Reed-Sternberg (R-S) cells (WEIss et al. 1989) and pathognomonic cells in HD.
Several studies showed clonal integration of the EBV genome in R-S cells, sug-
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Table 3. Overexpresssion and mutations of p53 gene in the cases with nasal NK-cell lymphoma of four
different areas

Regions No. of p53 p53
cases overexpression (%) mutation (%)

China

Beijing 14 6 (42.9) 8 (57.1)

Chengdu 5 2 (40.0) 3 (60.0)
Japan

Okinawa 14 3(21.4) 7 (50.0)

Osaka 9 8 (88.9)* 2(222)
Total 42 19 (45.2) 20 (47.6)

* p<0.01 vs Okinawa by Fisher’s exact text.

gesting prior infection with the virus before development of HD (WEiss et al. 1989).
Serologic study has demonstrated that elevation of the antibody titers to EBV
antigens occurred in HD patients before their diagnosis (MUELLER et al. 1989).
Epidemiologic study also indicated a causal association between EBV and HD
(SERRAINO et al. 1991). The EBV positivity ratio in HD is reported to be much
higher in developing countries than in the United States and Europe (AMBINDER
et al. 1993; CHANG et al. 1993). The initial peak incidence of HD is found in
childhood in developing countries but in young adulthood in industrialized coun-
tries (CorREA et al. 1971). Therefore, correlation of primary EBV infection at a
younger age in the developing countries and a peak incidence of HD in childhood
in these countries has been suggested.

We investigated the EBV association with HD in Japan (ToMiTA et al. 1996),
where a distinct peak incidence is found in older adults. EBV genomes were de-
tected in the R-S cells of 32 of the 50 patients examined (64%). This association was
independently affected by histologic subtype (84% in mixed cellularity and 44% in
others), sex (76% in males and 31% in females), and age (76% in patients aged
40 years and older and 38% in patients below age 40: p < 0.01). High EBV as-
sociation is found at the peak in older adults predominantly with mixed cellularity
type. Previous studies revealed high EBV association in the older peak of the
bimodal peaks in Western HD, and a unimodal peak in childhood in developing
countries. Recently Mack et al. (1995) suggested that genetic susceptibility un-
derlies HD in young adults in Western countries (Fig. 1).

4 Pyothorax-Associated Lymphoma

4.1 General Aspects

In 1987, we reported three patients who developed pleural lymphoma after a 22-30-
year history of pyothorax resulting from artificial pneumothorax for the treatment of
pulmonary tuberculosis or tuberculous pleuritis (Iuchi et al. 1987). These cases were
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found among 134 patients with chronic pyothorax (CP) at one of the hospitals
specializing in chest diseases in Osaka, Japan, during the period 1971-1985 (Fig. 2).
We regarded the CP to be etiologically important in the development of pleural
lymphoma because (1) no occurrences of pleural lymphoma were found in over 2,000
cases of malignant lymphoma seen in the general hospitals in Osaka; (2) all six cases
of pleural lymphoma registered in the Annual of the Pathological Autopsy Cases in
Japan (1974-85) were associated with CP; and (3) all cases of pleural lymphoma
reported in the Japanese journals on chest diseases were associated with CP.

Other malignancies, such as squamous-cell carcinoma, malignant mesotheli-
oma, and soft tissue sarcoma, have been reported to develop in the pleural cavity of
patients with CP, in both Japan and Western countries (AozAsA et al. 1997). We
also have emphasized the etiological role of CP in the development of angiosarcoma
(Aozasa et al. 1994). Malignant lymphoma, however, has only rarely been reported
as a complication of CP in Western countries but relatively frequent in Japan. (IucHI
et al. 1987). This is most interesting, although it remains unclear why this difference
occurs between CP patients in Japan and Western countries (IucHi et al. 1989).

4.2 Clinical Findings
The clinical findings in 37 patients with pleural lymphoma are summarized in

Table 4 (IucHi et al. 1989). The age at first diagnosis of lymphoma was 46-81 years
(mean, 63); the male:female ratio was 5.2:1. All patients were admitted to the

Fig. 2. Lymphoma develops adjoining the irregularly thickened pleural wall
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Table 4. Summary of clinical findings in pleural lymphoma patients

Age at diagnosis 46-81 (mean 63 years)
Male:female ratio 5.2:1
Tuberculosis history
Lung tuberculosis 81%
Tuberculous pleuritis 16%
Interval between pyothorax history and onset 22-55 (mean 33 years)
Presenting symptoms
Chest pain 51%
Productive cough and dyspnea 54%
Tumor of chest wall 14%
Diagnosis at admission
Chronic pyothorax 49%
Chronic pyothorax complicated with malignancy 38%
Lung tumor 5%
Detection:
Chest X-ray 35%
Computed tomographic scan 77%
Definitive diagnosis
Biopsy 84%
Autopsy 16%

hospital with a >20-year history of CP resulting from artificial pneumothorax for
the treatment of pulmonary tuberculosis or tuberculous pleuritis. Common pre-
senting symptoms were pain in the chest, back, or shoulder, and respiratory
symptoms such as productive cough, often with hemoptysis, fever, or dyspnea. Five
patients presented with a tumor of the chest wall. Chest X-ray films and computed
tomographic (CT) scans revealed masses in 13 (35%) of 37 patients and 24 (77%) of
31 patients, respectively. The main masses detected by these investigations were
situated in the pleura (28 patients), the lung near the pleura (5 patients), and the
pleura and lung (4 patients). Combined findings from the physical examination,
X-ray films, CT, and echogram revealed direct invasions to adjacent structures,
such as the chest wall, lung, pericardium, and diaphragm, in 21 of 37 patients. Six
patients had regional and nine had distant nodal enlargement. No patient had a
leukemic blood picture.

4.3 Pathologic Findings

The pathologic findings are summarized in Table 5.The pleural tissue adjoining the
tumors generally showed marked fibrous thickening, with sparse nonneoplastic
inflammatory cells mainly comprising small lymphocytes and plasma cells. All cases
were non-Hodgkin’s lymphomas with approximately 80% being of the diffuse large
cell type. Immunohistochemical studies revealed that all cases but one were of B-
cell lineage. Autopsies showed that the malignant lymphomas were localized in the
thoracic cavity in approximately half of the cases. Extrathoracic dissemination was
found in the liver, intra-abdominal lymph nodes, adrenal gland, stomach, kidney,
central nervous system, spleen, superficial lymph nodes, small intestine, and pan-
creas.
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Table 5. Summary of pathologic findings

Histologic classification of tumors®

Diffuse large cell types 30 (81%)
Immunoblastic 22 (59%)
Noncleaved cell 6 (16%)
Cleaved 2 (5%)

Diffuse lymphoplasmacytic type 5 (14%)

Immunologic and immunohistologic marker®
B-cell type 32
T-cell type 1

Extent of tumor at autopsy:

Intrathoracic disease 48%
Extrathoracic extension 52%

#Two cases (5%) could not be classified because of inadequate materials.
> Undetermined in four cases.

From these findings, we proposed the term pyothorax-associated lymphoma
(PAL). PAL is a non-Hodgkin’s lymphoma of exclusively B-cell phenotype de-
veloping in the pleural cavity of patients with a >20-year history of chronic
pyothorax.

4.4 EBV Association

Because of the B-cell nature and development of the tumor under particular
circumstances of chronic pyothorax (CP), we proposed an investigation of the
etiological role of EBV in the development of PAL (AozAasa and MisHIMA 1992).
In 1993 Japanese investigators suggested an association of EBV with PAL
(FukAvaMma et al. 1993; SasaiiMa et al. 1993); detection of the EBV genome was
accomplished by PCR and ISH, clonal form of the structure of the EBV-fused
termini, immunohistochemical detection of EBV-encoded latent gene products,
EBV nuclear antigen-2 (EBNA2) and LMP1. High serum titers against EBV were
also observed. Because the number of PAL cases examined in these reports was
small and the presence of EBV in cases with CP alone was not recorded, we de-
termined the presence of EBV genome in 26 PAL cases and 16 of CP alone (OHsAwWA
et al. 1995). Median duration of CP in patients with this condition alone and with
CP complicated with PAL was 33 and 37 years, respectively. Combined PCR and
ISH showed that the EBV genome was detected in lymphoma cells in all cases with
PAL, but in only one of those with CP alone (Fig. 3). These findings confirmed the
role of EBV in pleural lymphomagenesis. Immunohistochemistry on the paraffin-
embedded specimens showed that PAL cells expressed EBNA-2 and LMPI.

4.5 Characterization of Cell Lines from PAL

We have established two lymphoma cell lines from biopsy specimens of PAL cases,
OPL-1 and OPL-2, and examined their growth characteristics and the expression of
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Fig. 3. In situ  hybridization  using
EBER-1 probe reveals positive signals in
the nucleus of large cells

EBYV latent infection genes and oncogenes (KANNO et al. 1996a). OPL-2 exhibited a
more rapid growth and higher saturation density than OPL-1, and only OPL-2
exhibited colony-forming activity in soft agar. A patient from whom OPL-1 was
derived entered into complete remission with chemotherapy and has remained alive
for more than 3 years since biopsy. Aggressive chemotherapy was not effective in
the patient from whom OPL-2 was derived, and this patient died approximately
2 months after biopsy (Table 6). We regarded OPL-2 (case 2) to be at an advanced
stage and OPL-1 (case 1) at an early stage of disease. OPL-1 and -2 had B-differ-
entiation markers and clonal surface immunoglobulins. Both lines contained a
single predominant form of episomal EBV DNA, indicating clonal cellular pro-
liferation of an EBV-infected progenitor cell. OPL-1 and -2 contained type B and A
EBV genomes, respectively.

Since PALs develop in the sites of chronic inflammation, inflammatory cyto-
kines might be involved in the lymphomagenesis. To address this point, we ex-
amined the regulation of growth of OPLs by human interleukin-6 (IL-6) (KANNO
et al. 1996b). Human rIL-6 enhanced the growth rate of OPLs. OPL-1 responded
to rIL-6 to grow faster, whereas OPL-2 required a higher concentration of rIL-6.
OPLs expressed IL-6 receptor messenger (m)RNA detectable by RT-PCR analysis
and IL-6 receptor on the cell surface by flow cytometric analysis using anti-IL-6



EBV and Malignant Lymphoma with Special Emphasis 113

Table 6. Clinical and biological characteristics of the PAL cell lines and of the patients from which they
were derived

Case 1 Case 2
(OPL-1) (OPL-2)
Clinicopathological features of original cases
Age (years) 76 67
Sex M M
Duration of pyothorax (years) 46 40
Artificial pneumothorax Done Done
Histologic diagnosis DIB DIB
Prognosis CR Died
Growth characteristics
Doubling time (h) 48 24
Saturation density (cells/ml) 5% 10° 1x10°
Colony formation on soft agar =) (+)

CR, complete remission; DIB, diffuse lymphoma of immunoblastic cell type.

receptor antibodies. On the other hand, only OPL-1 showed the expression of IL-6
mRNA detectable solely by RT-PCR and secreted IL-6 protein into the culture
media. The culture supernatant of OPL-1 exhibited growth-enhancing effects on
OPL-1 and OPL-2. Addition of anti-IL-6 antibodies to the cultures inhibited the
growth of OPL-1, but not OPL-2. OPL-2 did not secrete IL-6 protein into the
media, and the culture supernatant from OPL-2 did not enhance the growth of
OPL-2. These findings suggested that IL-6 enhanced the proliferation of PAL-
derived cell lines, and was involved in the lymphomagenesis of PAL.

4.6 Escape Mechanism of PAL Cells from Cytotoxic T-Lymphocytes

PAL is a diffuse large-cell lymphoma of B-cell type, contain EBV DNA and express
some EBV latent infection genes, EBNA 2 and LMP 1. In immunocompromised
hosts, B lymphocytes expressing these molecules can escape from cytotoxic
T-lymphocyte (CTL) immune surveillance. However, systemic immunodeficient
conditions have not been noted in PAL patients. How can PAL cells evade host
immune surveillance? To clarify this point, we examined three hypotheses:
(1) HLA allele frequency, (2) immunosuppressive cytokine, (3) mutations of
EBNA 4 epitope of CTL.

4.6.1 HLA Allele Frequency

Through literature review, it is evident that PAL patients are clustered in Japan.
Therefore, we carried out HLA-A typing under the same hypothesis as nasal NK-
cell lymphoma (2-3): that frequencies of HLA-A2 and A-11 might be lower than
those of the normal population. HLA alleles of 16 patients with PAL were deter-
mined with low-resolution polymerase chain reaction-based typing using HLA-A
locus sequence-specific primer combinations (KANNO et al. 1999). The antigen
frequencies of HLA-A2 and -All in PAL patients were not significantly different
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from those in the normal Japanese population, suggesting that no HLA-A alleles
influence the development of overt PAL.

4.6.2 Immunosuppressive Cytokine

It has been postulated that immunoregulatory cytokines and other factors affecting
CTL induction and proliferation play an important role in the host immune
reaction to EBV latent infection gene-positive cells (RICKINSON et al. 1992).
IL-10 and transforming growth factor (TGF)-B exert immunosuppressive effects
by suppressing antigen-specific CTL induction (RANGEs et al. 1987; MOORE et al.
1993) and by inhibiting cytokine production by helper T cells and macrophages
(MooRrE et al. 1993). Intracellular binding of TGF-B protein with latent TGF-
B-binding protein (LTBP) is required for its efficient secretion and activation
(Mrvazono et al. 1991). Therefore, examination of LTBP expression is necessary
for the estimation of the function of TGF-f protein. In addition, there is another
EBV gene, BCRF-1, that bears partial homology to the human IL-10 gene and
shows some of the biological activities of IL-10 (Hsu et al. 1990). We examined the
expression of these immunosuppressive factors as well as BCRF-1 in the PAL cell
lines (KANNO et al. 1997). Both OPL-1 and OPL-2 expressed TGF-f1 mRNA.
However, neither expressed LTBP. The expression of IL-10 mRNA and protein
was observed only in OPL-1, an EBNA-2- expressing PAL cell line (Fig. 4). IL-10
might contribute to the development of overt lymphoma by inducing locally
immunosuppressive circumstances in the early stage of PAL development (OPL-1).

4.6.3 Mutations of the EBNA4 Epitope of CTL

EBYV latently infects B cells in healthy individuals. Latent infection genes of EBV
including EBNAs and latent membrane proteins (LMPs) are expressed in latently
infected and immortalized B cells (RickinsoN et al. 1992). The infected B cells
expressing all of the latent infection genes are, however, assumed to be killed by
host CTLs, and those expressing only EBNA1, which is not recognized as a target
by CTLs, are assumed to evade host immune surveillance in vivo (RICKINSON et al.
1992). EBNA3, -4, and -6 are immunodominant antigens for CTL responses
(RickinsoN and Moss 1997), and among them, the CTL-epitopes in EBNA4 are
well-characterized (DE Campos-LIMA et al. 1994). There are several HLA-A11-
restricted CTL-epitopes in EBNA4 and mutated sequences in the two immuno-
dominant epitopes compared with the sequence of the prototype type A B95-8 are
reported in endemic strains in Southeast Asia and Papua New Guinea (DE CAMPOS-
LiMa et al. 1993, 1994). These mutated sequences reduce HLA-A11-restricted CTL
responses (DE CAMPOS-L1MA et al. 1994). Since the population with HLA-A11 allele
in Southeast Asia and Papua New Guinea is more than half of the total population,
the genetic pressure of the population with HLA-A11 is likely to make these mu-
tated EBV endemic (DE CAMPOs-LiMA et al. 1993). The population with HLA-A11
in Europe and Africa is approximately 15% and 0%, respectively, thus the strains
with prototype sequence could be endemic (DE Campos-LiMa et al. 1994). The
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Fig. 4A,B. RT-PCR analyses of human IL-10 and BCRF-1. The 0.5-pg samples of DNAse-treated
mRNA prepared from the indicated cell lines were reverse transcribed and amplified by PCR for IL-10
(IL10) or BCRF-1 (BC; A) or for actin mRNA (B). Amplified products were electrophoresed in 2%
agarose gels, Southern blotted, and hybridized with the IL-10/BCRF-1 oligonucleotide probe (A) or
visualized with an ultraviolet transilluminator (B). mRNA samples without reverse transcription (RT)
were also subjected to the same PCR amplification, and 0.5-pg of DNA from EBV-producing B95-8 cells
was used as a positive control for PCR amplification of the BCRF-1 sequence. DNA size markers are
indicated on both sides. EBV-producing B95-8 cells shows the expression of BCRF-1 mRNA. Raji and
OPL-1, but not OPL-2, show the expression of human IL-10 mRNA

sequence of the CTL-epitope region of EBNA4 in normal individuals, nasal NK-
cell lymphoma, and PAL in Japan, where individuals with HLA-A11 allele reach
approximately 20% of the total population (DE CaMpPos-LIMA et al. 1994), was
examined (Kanno et al. 2000). The EBNA4 CTL-epitope region in the normal
Japanese population and in two lymphoid neoplasias, pyothorax-associated lym-
phoma (PAL) and nasal NK-cell lymphoma, was directly sequenced by PCR. Most
EBYV in peripheral blood leukocytes (PBLs) from healthy Japanese donor exhibited
prototype type A sequence, with mutations in approximately 20% (3/16). EBNA4
sequence in lymphoma tissue was obtained in six PAL cases, and five exhibited
mutations compared with the prototype type A sequence. Furthermore, the
EBNA4 sequence in PAL tissue was different from those in PBLs of the same
patients or one of the sequences found in PBLs. On the other hand, the EBNA4
gene in nasal lymphoma tissues exhibited predominantly prototype type A
sequence. Because PAL cells expressed EBNA4 mRNA detected with reverse
transcriptase-PCR, but nasal lymphoma cells did not, mutations of CTL-epitopes
in EBNA4 sequences were specific findings to EBNA4-positive lymphoma. Anti-
tumor and virus immune response might work in vivo and affect the development
of EBV antigen-positive lymphomas.
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4.7 Mutations of pS3 Gene

We analyzed p53 mutations on paraffin-embedded specimens from 21 patients with
PAL by PCR-SSCP followed by direct sequencing (HoNGYoO et al. 1998). An un-
usually high frequency of p53 mutations (14 of 21 cases; 67%) was detected in the
PAL specimens (Table 7), and mutations consisted of 13 nucleotide substitutions
and 1 deletion. Furthermore 10 of 13 substitutions (77%) occurred at the
dipyrimidine site (CC:GG to CT:GA substitution). Dipyrimidine sites are known to
be susceptible to radiation. Therefore, these findings suggest that long-term radi-
ation during the artificial pneumothorax or specific drug exposure may have caused
specific mutations in the p53 gene.

4.8 Kaposi’s Sarcoma-Associated Herpesvirus in PAL

DNA sequences belonging to the recently discovered Kaposi’s sarcoma-associated
herpesvirus (KSHV) (CHANG et al. 1994), now called human herpes virus 8
(HHV-8), have been previously identified in an uncommonly occurring subset of
AIDS-related lymphomas, body-cavity-based lymphomas (BCBL), which present
as lymphomatous effusions (CESARMAN et al. 1995). Although PALs present as
solid tumor masses, they are otherwise similar to BCBL in that they also are B-cell
lymphomas, usually exhibit immunoblastic morphology, and contain EBV. KSHV
sequences were present in two BCBL in patients without AIDS, but not in 12
Japanese or 2 French PAL patients (CESARMAN et al. 1996). From these findings,
the BCBL could be divided into two types; one is pyothorax-associated lymphoma
(PAL) with formation of a mass in the pleural cavities and without KSHV, and the
other is primary effusion lymphoma (PEL) with pleural effusion without mass
formation but with KSHV.
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1 Introduction

Malignant lymphoma is one of the most common malignancies that associate with
AIDS (acquired immunodeficiency syndrome) (HERNDIER et al. 1994; KNOWLES
1999). The revised criteria for the diagnosis of AIDS by the CENTERS FOR DISEASE
CoNTROL AND PREVENTION (CDC) in 1987 includes diffuse aggressive intermediate-
or high-grade non-Hodgkin’s lymphoma (NHL) of B-cell or indeterminate
phenotype as one of the major complications in human immunodeficiency virus
(HIV)-infected individuals (CDC 1987). Recently, the introduction of highly active
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anti-retroviral therapy (HAART) has dramatically decreased various complications
in AIDS patients. In contrast, however, the incidence of AIDS lymphoma did not
decrease as did the other complications (FRANCESCHI et al. 1999; GruLICH 1999).

Ninety-five percent of AIDS lymphomas are the B-cell NHL. EBV has been
thought to be the most causative agent for large portion of AIDS lymphomas
(HerNDIER et al. 1994; GapANO et al. 1998; KNowLEs 1999). However, it was
shown recently that a new human herpes virus, human herpesvirus 8§ (HHV-8,
Kaposi’s sarcoma-associated herpesvirus, KSHV) associates with a part of AIDS
lymphomas. This new virus was also shown to associate with Kaposi’s sarcoma,
and multicentric Castleman’s disease (MCD). Thus, HHV-8 is now becoming one
of the most important causative agents of AIDS-associated illnesses.

In this article we will review the recent knowledge regarding AIDS-associated
NHLs and Hodgkin’s disease.

2 Epidemiology

NHL is the most common malignancy found in Japanese AIDS patients. This is in
contrast to Western countries in which Kaposi’s sarcoma is the most common. In
Western countries the clinical incidence of NHL in AIDS was reported to be 2.9%
(BERAL et al. 1991), and NHLs have been observed in 9%—-16% of autopsied AIDS
patients (WELCH et al. 1984; FALK et al. 1987; MoHAR et al. 1992; KLATT et al.
1994). The incidence was shown to be much higher in Japanese AIDS patients
(around 30%, Mori et al. 1991). We investigated 49 AIDS autopsy cases at the
Institute of Medical Science Hospital, the University of Tokyo, from 1986 to 1997
and found that NHLs were detected in 17 cases (35%). While Kaposi’s sarcoma
usually occurs in homosexual AIDS patients, NHL complicates with various types
of AIDS patients regardless of risk factors. Recently the incidence of AIDS-asso-
ciated illnesses has changed dramatically because of the introduction of HAART.
HAART decreased AIDS-associated illnesses such as opportunistic infections by
Pneumocystis carinii, mycobacterium avium-intracellulare complex, cytomegalo-
virus, and other herpesviruses. However, the rate of NHL did not decrease
(FrRANCESscHI et al. 1999; GrRuULICH 1999).

3 Clinical Findings

Clinically, AIDS lymphomas are classified into systemic, primary central nervous
system (PCNS), and primary effusion lymphoma (PEL; GAIipaNo et al. 1998;
KNowLEs 1999). Systemic AIDS lymphomas account for close to 80% of all AIDS
lymphomas and are found much more commonly in the gastrointestinal tract, skin,
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lungs, liver, and adrenal glands. AIDS lymphomas usually occur when the CD4
cells decrease to below 200 cells/ul. The central nervous system is another major site
of AIDS lymphomas. PCNS lymphoma occurs in AIDS patients with a much lower
CD4 count (less than 50 cells/ul). In the terminal stage, malignant lymphomas
spread into various organs. In patients with a low CD4 count, the progression of
lymphoma is much more rapid.

PEL is a rare subtype of AIDS lymphomas (NADOR et al. 1996). PEL is defined
as a lymphoma subtype causing effusion of the body cavity, involving the pleural,
peritoneal, and pericardial cavity, without the formation of tumor masses. High
serum human interleukin (hIL)-6 levels were reported in PEL patients.

4 Pathological Findings

Histologically, AIDS-NHL (B-cell type) can be categorized into Burkitt’s
lymphoma (AIDS-BL), diffuse large-cell lymphoma (AIDS-DLCL), and primary
effusion lymphoma (AIDS-PEL) (GAIDANO et al. 1998; KNowLEs 1999), while
Hodgkin’s disease and T-cell NHL is rarely observed (HERNDIER et al. 1994).
AIDS-DLCL can be further categorized into large noncleaved cell lymphoma
(LNCCL) and immunoblastic lymphoma (IBL; GaImpaANo et al. 1998). In Japan,
almost all cases of AIDS-associated lymphoma are classified as DLCL (Morui et al.
1991). Microscopically, lymphoma occurs in various organs such as the gastroin-
testinal tract, brain, lungs, skin, liver, kidneys, and adrenal glands. In the brain,
lymphoma cells tend to invade the cuff of blood vessels (Virshow Roban space;
Fig. 1). Vast necrotic regions are often found in AIDS-DLCL. AIDS-DLCL is
usually infected with EBV. Also, almost all AIDS-DLCLs express B cell markers
such as CD19 and CD20. The clonality of AIDS lymphomas has been a matter
of debate. Recent studies tend to conclude that most AIDS-associated NHLs
are monoclonal, or oligoclonal at least (KNOowLES 1999; MEEKER et al. 1991;
SHIRAMIZU et al. 1992).

PEL is a very rare disease, which usually occurs in homosexuals (CESARMAN
et al. 1995; NADOR et al. 1996). Neoplastic cells in PEL exhibit an immunoblastic
morphology, i.e., large and irregular-shaped cells with abundant amphotrophic
cytoplasms and atypical nuclei (Fig. 2). Whereas many AIDS-BLs and AIDS-
DLCLs express some B-cell markers, most PEL cases lack the expression of any
B-cell or T-cell markers, but express CD45 (leukocyte common antigen), and
CD138 (Syndecan-1, a plasma cell marker) (GAIDANO et al. 1997b). Because the Ig
gene rearrangement is detected, the origin of PEL is speculated to be from B-cell
lineages.

Some anaplastic large-cell lymphomas (ALCL) were also reported as rare
complications of AIDS (CHADBURN et al. 1993; HERNDIER et al. 1994; TIRELLI
et al. 1995; Nosari et al. 1996; BUSKE et al. 1997; DEPOND et al. 1997; NAKAM-
URA et al. 1999). However, the definition of ‘ALCL’ was ambiguous in these
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Fig. 1a,b. Primary central nervous system (PCNS)
lymphoma. a Immunoblastic large-cell lymphoma
cells invade the cuff of vessels (H&E staining).
b In situ demonstration of EBER. Almost all
lymphoma cells express EBER

reports. These cases expressed CD30, but its expression is varied among cases.
The skin, lungs, and gastrointestinal tract are the main sites of involvement in
AIDS-ALCL.

5 Etiology

5.1 Genetic Pathogenesis of AIDS Lymphoma

The etiology of AIDS lymphomas is variable even among the histological features.

In the lymph node of HIV-infected patients in the persistent generalized
lymphadenopathy (PGL) phase, hyperplasia occurs in germinal centers, suggesting
B-cell proliferation in the lymph node (PeLiccr et al. 1986). Genetic alteration can
occur in some populations of B cells at this phase. Reciprocal translocation in-
cluding c-myc (8924) is reported in almost all AIDS-BL (CHAGANTI et al. 1983;
GROOPMAN et al. 1986; SuBAR et al. 1988; BALLERINI et al. 1993). Translocation
induces the deregulation of the c-myc proto-oncogene, causing AIDS-BL. EBV is
detected in about 30% of AIDS-BL cases, suggesting the association of
EBV-infection with the translocation involving c-myc (GAIDANO et al. 1998).

In AIDS-DLCL, the translocation involving c-myc is rare. Chromosomal
rearrangement of bcl-6 is reported in approximately 20% of AIDS-DLCL cases



AIDS Lymphoma: Its Virological Aspects 125

Fig. 2a,b. Primary effusion lymphoma (PEL).
a Morphologically, immunoblastic large cells
were observed in the pericardial effusion of a ho-
mosexual AIDS patient (Gimza staining). b Im-
munofluorescence assay of HHV-8. Serum derived
from a Kaposi’s sarcoma patient was used as the
first antibody. Dot-like signals of LANA were
found in the nucleus of HHV-8-infected PEL cell
line

(GaIDANO et al. 1994). In addition, mutations of 5’ regulatory sequences of bcl-6
were detected in 70% of AIDS-DLCL (MiGLiazzaA et al. 1995; GAIDANO et al.
1997a). BCL-6 is physiologically expressed in the germinal center B cells (ON-
1ZUKA et al. 1995). Knockout-mice experiments revealed that BCL-6 is important
for germinal center formation (DENT et al. 1997). In contrast to ordinary
B-DLCL, only a minor portion of AIDS-DLCLs express BCL-6. Such BCL6-
expressing AIDS-DLCLs include both bcl-6 gene-rearranged and non-rearranged
cases. Peculiarly, they usually exhibit LNCCL morphology. In the case of EBV
infection, LMP-1 1is suppressed on such BCL-6-expressing AIDS-DLCLs
(CARBONE et al. 1997b). BCL-6-non-expressing AIDS-DLCLs, which is the
majority of AIDS-DLCLs, usually express LMP-1, suggesting that LMP-1 plays
an important role in the pathogenesis of this type of lymphoma (GAIDANO et al.
1998).

Some AIDS-associated T cell-type NHLs were reported (HERNDIER et al.
1994). Usually, EBV is not detected in those lymphomas. The etiology of these
T-cell lymphomas remains unclear; however, one hypothesis was proposed by
Shiramizu et al. who reported a case of T-NHL in which HIV was integrated into
the host genome (SHIRAMIZU et al. 1994). They showed that the c-fes/fps proto-
oncogene was encoded near the integration site, and speculated that the integration
of HIV caused abnormal expression of that proto-oncogene. Even though this case
raised some interest, no further reports on this subject were published thereafter. In
addition, T-cell lymphoma is exceptionally rare in AIDS patients.
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5.2 EBV and AIDS Lymphoma

5.2.1 Detection of EBV in AIDS Lymphoma

EBYV can be detected in various types of lymphomas regardless of HIV infection
(Table 1). Meanwhile, the incidence of EBV infection is much higher in AIDS
lymphomas than in non-HIV lymphomas (GUARNER et al. 1991; HAMILTON-
Durtorr et al. 1991, 1993a,b; HERNDIER et al. 1993).

In the nonneoplastic lymph nodes of patients in PGL, EBV-infected lympho-
cytes are occasionally observed by in situ hybridization detecting EBV-encoded
small RNA (EBER). Those cells are predominantly large and blastic (ZHENG and
Mori 1997). This finding indicates that cells with latent EBV gene expression
proliferate in lymphoid organs of advanced stage HIV-infected individuals and that
some of the cells are in a transformed state. It is possible to speculate that these cells
are precursors of AIDS-NHL.

Among AIDS lymphomas, almost all cases of PCNS lymphoma harbor EBV
(MAcMAHON et al. 1991; CAMILLERI-BROET et al. 1995, 1997). EBER was detected
in almost all lymphoma cells (Fig. 1b). Many PCNS lymphoma cells express
LMP-1, which is one of the major transforming genes of EBV (CAMILLERI-BROET
et al. 1995). Thus, it is quite clear that EBV plays an important role in the
pathogenesis of AIDS-PCNS lymphoma.

While Hodgkin’s disease is rare in AIDS (HERNDIER et al. 1994), EBV is de-
tected in these cases at high incidence (HERNDIER et al. 1993), and EBER is usually
detected in Reed-Sternberg cells, a diagnostic hallmark of HD. A recent study
concluded that Reed-Sternberg cells are mostly derived from B cells (CossMAN
et al. 1999).

5.2.2 Pathogenesis of EBV Lymphoma

There are three pieces of evidence that indicate the association of EBV with AIDS
lymphoma. The first is that EBV is detected at a high rate in AIDS lymphomas. The
second is that EBV can immortalize B cells in vitro. The third is that EBV encodes
some transforming genes, i.e., LMP-1 and EBNA-2. Particularly, transfection ex-
periments showed that LMP-1 has a full transforming activity in rodent cell lines
(WANG et al. 1985). LMP-1 signal transduction has been clarified recently. TNF-

Table 1. Positivity of EBV in AIDS-associated lymphoma

Reference Lymphoma  Methods Total Positive Positivity
no. no. (%)

1 HERNDIER et al. 1993 AIDS-HD ISH (EBER) 12 11 91.7

2 HAaMILTON-DUTOIT et al. 1991 AIDS-NHL ISH (EBV-DNA) 24 12 50.0

3 GUARNER et al. 1991 AIDS-NHL ISH (EBER) 14 9 64.3

4 HaMiLToN-DuToOIT et al. 1993a AIDS-NHL ISH (EBER) 128 85 66.4

HD, Hodgkin’s disease; NHL, non-Hodgkin’s lymphoma; ISH, in situ hybridization.
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alpha receptor-associated factors (TRAFs) bind to the cytoplasmic domain of
LMP-1 and the signals from TRAFs inducing nuclear localization of NFkB, re-
sulting in cell proliferation (MosiALos et al. 1995). Simultaneously, LMP-1 induces
BCL-2 expression, which at high levels inhibits apoptosis of host cells (HENDERSON
et al. 1991). In fact, it was demonstrated that AIDS-PCNS lymphomas express
BCL-2 highly (CAMILLERI-BROET et al. 1995).

Several EBV-encoded proteins, including LMP-1, -2A, -2B, and six EBNAs,
are expressed in most AIDS-DLCLs. This pattern of EBV-gene expression is
common among EBV-associated opportunistic lymphomas that occur in immu-
nocompromised hosts, designated as latency type III proteins (RoOwE et al. 1992).
LMP-1, -2A and EBNA-2 are strong immunogens. They can be targets of cytotoxic
T lymphocytes (CTLs) (KHANNA et al. 1998; MuURrrAY et al. 1992). Whereas
LMP-1-, -2A- and EBNA-2-expressing cells are killed by specific CTL in immu-
nocompetent host, they can escape attack and can proliferate in immunocompro-
mised hosts as seen with AIDS. The escape from CTL attack is crucial in the
development of AIDS lymphoma.

Recently, it was demonstrated that EBERs have transforming activity in BL
cells (KomaNo et al. 1999). This suggests that EBERs play an important role in the
development of AIDS lymphomas.

It is known that EBV-infected cells express various adhesive molecules, i.e.,
LFAI, LFA3, and ICAMI1 (BiLLAUD et al. 1990). Probably, these adhesion mole-
cules on EBV-infected cells will work towards the settlement of those cells in extra-
nodular organs, and the systemic insufficiency of T-cell function will allow those
cells to grow at those organs, forming extranodal involvement.

5.2.3 Animal Model of EBV Lymphoma

Inoculation of human nonneoplastic B lymphocytes from EBV-infected individuals
to severe combined immunodeficiency (SCID) mice produce B-cell lymphomas at
the inoculation site (BASHIR et al. 1991; ITtoH et al. 1993). Such B lymphocytes in
SCID mice form tumors because these mice do not carry CTL and consequently
cannot reject the EBV-immortalized B cells. Thus, such EBV-infected lymphomas in
SCID mice are useful experimental models for NHL occurring in AIDS patients or
immunocompromised hosts. These lymphomas usually express latency type III
proteins including LMP-1 (Fig. 3). Flowcytometric analysis indicated that all lym-
phoma cells express LMP-1 at quantitatively different levels (KATANO et al. 1996),
suggesting the possibility that LMP-1 can work as an immunotherapeutic target.

5.3 HHV-8 and AIDS Lymphoma

5.3.1 HHV-8 and Kaposi’s Sarcoma

HHYV-8 is a newly described human herpes virus identified from AIDS-associated
Kaposi’s sarcoma (CHANG et al. 1994). HHV-8 is a 170-kbp DNA virus, belonging
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Fig. 3a,b. EBV-positive lymphoma in SCID mice.
a Macroscopic view of SCID mice transplanted
with EBV-infected human B Ilymphocytes.
b Microscopic view of the lymphoma in SCID
mice. Tumors in SCID mice exhibited DLCL
morphologically. Inser an immunostaining for
LMP-1

to the gammaherpesvirinae (RENNE et al. 1996a). HHV-8 has homologous genes to
EBV and herpesvirus saimiri (HVS), which are known to be oncoviruses causing
human lymphoma (EBV) or simian T-cell lymphomas (HVS), respectively. HHV-8
encodes several gene homologous to human cytokines or chemokines, i.e., IL-6,
MIP-1, MIP-II, IRF-1 (Russo et al. 1996). IL-6 is known to be a growth factor for
Kaposi’s sarcoma (MILEs et al. 1990).

Kaposi’s sarcoma was first described in 1872 as a rare tumor in elderly men of
Mediterranean descent (classic type; Kaposi 1872). Recently, three additional
clinical types, which are histologically indistinguishable, have been recognized:
AIDS-associated, post-transplantational (iatrogenic or immunodeficient), and
African (endemic) types (BUCHBINDER et al. 1996). DNA fragments of HHV-8 are
detected in 95% of Kaposi’s sarcoma tissues by polymerase chain reaction (PCR)
regardless of their subtypes (DuPIN et al. 1995; MoorE and CHANG 1995). How-
ever, the copy number of this virus in spindle cells of Kaposi’s sarcoma is low
(approximately one copy per cell) (CESARMAN et al. 1995). Like other herpes-
viruses, HHV-8 has two phases of infection, the latent or lytic phase. Permissive
cells have not been identified. It has been demonstrated that almost all spindle cells
in Kaposi’s sarcoma are in the latent phase (KATANO et al. 1999c). Therefore, it
seems likely that the latent infection of HHV-8 is important for the pathogenesis of
Kaposi’s sarcoma.
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5.3.2 HHV-8 and Primary Effusion Lymphoma

HHV-8 was first detected in 1995 in AIDS-associated body cavity-based lymphoma
(PEL) (CeESARMAN et al. 1995). Its immunophenotypes are undetermined; however,
Ig gene rearrangement was detected (NADOR et al. 1996). PEL cells contain high
copies (40—-100 copies) of HHV-8 DNA (CesARMAN et al. 1995). Some PEL cases
are co-infected with EBV, while others are infected with only HHV-8. Usually
c-myc rearrangement is not detected in PEL (NADOR et al. 1996). In addition,
expression of LMPs and EBNAs is suppressed in PEL cells. Several HHV-
8-infected cell lines have been established from PEL (GAIDANO et al. 1996; RENNE
et al. 1996b; CARBONE et al. 1997a, 1998; SAID et al. 1997; BosHOFF et al. 1998;
KATANO et al. 1999a). We established an HHV-8-positive, EBV-negative cell line,
TY-1 from EBV-positive and HHV-8-positive PEL cases (KATANO et al. 1999a).
These data suggest that HHV-8 plays a very important role in the pathogenesis
of PEL.

HHYV-8-positive PEL cell lines have given us many insights into the features of
this virus. Chemical stimulation using 12-O-tetradecanoyl phorbol-13-acetate
(TPA) induces the PEL cell line into lytic phase (RENNE et al. 1996b). Electro-
microscopy has revealed that many HHV-8 viral particles were found in the nucleus
of TPA-treated cells (SAID et al. 1997) (Fig. 4). It has also been demonstrated that
all of the PEL cells usually express latency-associated nuclear antigen (LANA,
Fig. 2b), suggesting that they are in the latent phase. In addition, LANA and
HHV-8 DNA have been shown to co-localize in dots of interphase nuclei and
mitotic chromosomes. These data suggest that LANA tethers HHV-8 DNA to
chromosomes during mitosis allowing the segregation of HHV-8 episomes onto
progeny cells (BALLESTAS et al. 1999).

HHV-8 encodes some oncogenic proteins like G-protein-coupled receptor
(GPCR) or cyclin D. Among them, ORF K9 (VIRF) is known to inhibit the
interferon signaling pathway, suggesting that K9 works as an oncogene in PEL cells
(Gao et al. 1997). However, expression of K9 protein is restricted in PEL cells

Fig. 4. Electromicroscopy of HHV-8-infected lym-
phoma cell. Many viral particles (virus capsids,
diameter = 100nm) were observed in the nucleus of the
TPA-induced HHV-8-positive cell line TY-1
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regardless of TPA induction. Thus, further studies are needed to clarify the on-
cogenic role of HHV-8 in the pathogenesis of PEL.

5.3.3 HHV-8 and AIDS-ALCL

The existence of AIDS-ALCL has been stressed by some authors (CHADBURN et al.
1993; TIrRELLI et al. 1995; Nosari et al. 1996; BuUskE et al. 1997, DeEPoND et al.
1997; NAkAMURA et al. 1999). However, the diagnostic criteria for ALCL are
ambiguous and confusing in these reports. There is a general consensus that ALCL
exhibits the following histopathological features: (1) anaplastic, large, blastic cell
morphology with occasional horse-shoe-shaped/multiple nuclei and one or two
prominent nucleoli, (2) much larger in size than the cells found in ordinary large
cell lymphomas, with greater cytoplasmic volume, (3) growing in a cohesive sheet-
like pattern (HARRis et al. 1994). ALCL is classified into T/null cell-type lymphoma
by the revised European-American lymphoma (REAL) classification (HARRIS et al.
1994). Meanwhile, reported AIDS-ALCL contained both B- and T-cell lymphoma.

We reported three cases of AIDS lymphomas that took an anaplastic large-cell
morphology. Interestingly, all three were infected with HHV-8 (KATANO et al.
2000b). These three cases were complicated with Kaposi’s sarcoma, PEL, and
MCD. In addition, we demonstrated that inoculation of a PEL cell line to SCID
mice produced HHV-8-positive and EBV-negative tumors in inoculated sites, while
these tumor cells exhibited morphological characteristics of ALCL (Fig. 5). These
findings suggest that HHV-8 can associate with solid lymphomas and that they can
take an anaplastic large-cell morphology. These lymphomas should be distin-
guished from classical ALCLs, which are defined by the REAL classification even
though their morphology and a part of their immunophenotype mimic classical
ALCL.

5.3.4 HHV-8 and MCD

MCD is a rare disease characterized by plasmacytic lymphadenopathy with poly-
clonal hyperimmunoglobulinemia and high levels of IL-6 in the serum (FrizzEra
et al. 1983; CHEN 1984; YosHizak1 et al. 1989). Follicular hyperplasia with pro-
liferation of plasma cells and hyaline vascular alterations in the lymph node are the
histopathological hallmarks of MCD. In 1996, HHV-8 was first detected in some
cases of MCD (SouLIEr et al. 1995). Unlike KS and PEL, the HHV-8 genome is
detected in only a minor portion of MCDs. However, HHV-8 DNA is frequently
detected in tissues obtained from patients with MCD associated with HIV infection
(SouLIER et al. 1995; OKSENHENDLER et al. 1996; PARRAVINCI et al. 1997).

In order to determine the association of MCD with HHV-8, we must clarify at
least three questions. The first is whether HHV-8-encoded IL-6 (viral IL-6, vIL-6)
plays a role in the proliferation of plasma cells: HHV-8 encodes a gene homologue
of human IL-6 (hIL-6). This knowledge is attractive in considering the pathogenesis
of HHV-8-associated MCDs, since the level of IL-6 is high in the sera of patients
with MCD. In addition, vIL-6 was shown to be functional in the B9 cell prolifer-
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Fig. 5a,b. Engraftment of an HHV-8-positive
lymphoma cell line in SCID mice. a Microscopic
view of tumors in SCID mice transplanted with the
HHV-8-positive cell line TY-1. Morphological
features resembled those of an anaplastic large-cell
lymphoma. b Immunohistochemistry revealed that
these lymphoma cells were positive for HHV-
8-encoded ORF73 protein (LANA)

ation assay (MoOORE et al. 1996). However, the amount of vIL-6 in sera of patients
with MCD has not been determined yet. Meanwhile, there are several points of
interest in MCDs. The first point is whether vIL-6 can cause plasma cells to secrete
hIL-6. Autocrine activation of vIL-6 and hIL-6 is expected, but such activation has
not been demonstrated either in vivo, or in vitro.

The second point of interest is the localization and characteristics of HHV-8-
infected cells in MCD. Immunohistochemical analysis revealed that HHV-8-
infected cells are localized in the mantle zone of deformed lymph follicles
(PARRAVINCI et al. 1997; DupIN et al. 1999), and that the lytic proteins as well as
latent proteins encoded by HHV-8 were expressed in cells (KATANO et al. 2000a).
These data suggest that the role of HHV-8 in MCD differs from that in KS
or PEL.

The third point is in serology. Anti-HHV-8 antibodies are detected in sera of
HHV-8-infected individuals. However, there is little serological information indi-
cating an association between MCD and HHV-8-infection so far.

Thus HHV-8 may at least play a role in pathogenesis of MCD. The role of
cytokines such as IL-6 should be studied further.

5.3.5 HHV-8 Serology

Like other human herpes viruses, anti-HHV-8-antibodies are detected in sera of
HHV-8-infected individuals. The seroprevalence against HHV-8 has been found to
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vary between studies, depending on the type of assay used and the countries where
the investigations were carried out (SIMPSON et al. 1996; ANDRE et al. 1997; DAvis
et al. 1997; Kepes et al. 1997; CHATLYNNE et al. 1998; MavamA et al. 1998;
MELBYE et al. 1998; RABKIN et al. 1998; REGAMEY et al. 1998).

To date, two methods [immunofluorescence assay (IFA) and enzyme-linked
immunosorbent assay (ELISA)] have been used to detect antibodies to HHV-8.
However, the target antigens differ among these methods. In IFA, latency-asso-
ciated nuclear antigen (LANA), corresponding to ORF73 protein, is the major
antigen, while in ELISA, ORF59 (PF-8), ORF65 (minor capsid protein), ORF26
(another possible minor capsid protein), or a lysate of whole viral particles have
been used as antigens (SIMPSON et al. 1996; CHATLYNNE et al. 1998; Davis et al.
1997; Pau et al. 1998; RaBKIN et al. 1998; REGAMEY et al. 1998). The use of these
different antigens seems to have caused discrepancies in data reported to date
(RABKIN et al. 1998). Recently, it was shown that lytic proteins such as ORFs 65,
KS8.1A and KS8.1B, and the latent protein ORF73 exhibited high reactivity with
sera of HHV-8-seropositive individuals on Western blot analysis (ZHU et al.
1999).

Thus, current HHV-8 antibody testing includes some problems in the accuracy,
mainly in patients with asymptomatic HHV-8 infection (RABKIN et al. 1998).
However, several groups have reported the seroprevalence to HHV-8 in the general
population. Positivity in these studies has varied from 0% to 53%, depending on
the assay methods used and the countries examined (CHATLYNNE et al. 1998; Fuin
et al. 1998; MAvaMA et al. 1998; KATANO et al. 1999b; TeDESCHI et al. 1999). In-
fection with HHV-8 seems to be uncommon in the United States (0%-25%), Japan
(0.2% or 2.2%) and Northern Europe (3%—5.1%), but more common in certain
Mediterranean countries (4%-12%), and very prevalent in African countries such
as Uganda (35%-53%).

The transmission modes of HHV-8 have not been clarified yet. In countries
with endemic infection, horizontal transmission among children is suggested to be
prevalent (MAYAamA et al. 1998), while sexual transmission appears to play an
important role among homosexual men in non-endemic countries.

6 Conclusion

In this review, we described the association of AIDS lymphoma with two herpes-
viruses, EBV and HHV-8. While EBV and HHV-8 associate with the pathogenesis
of AIDS-lymphomas, their mechanisms seem to be different. The discovery of
HHV-8 contributed much in establishing the disease entity of PEL. HHV-6 and
HHV-7 were identified from AIDS lymphoma, but consequently the associations of
HHV-6 and HHV-7 with lymphoma were denied. However, the possibility of
discovering new viruses that may change the concept of AIDS lymphoma dra-
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matically cannot be ruled out. Probably, the mechanism of AIDS lymphomas will
be more complex than we think at this moment.

Recent anti-retrovirus therapy has changed the pathology of AIDS. Whereas
other AIDS-associated illnesses have decreased, AIDS lymphoma has not. It is
our impression that AIDS lymphoma has changed to become more aggressive and
fatal than before the development of HAART. Probably a longer life in an im-
munodeficient state may change the pathogenesis of AIDS lymphomas. In this
sense, studies on the pathogenesis of AIDS lymphoma will become much more
important.
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1 Introduction

Epstein-Barr virus (EBV) is associated with more than 90% of Burkitt’s lymphoma
(BL) in the African regions of endemicity and less frequently (15%—-20%) with
sporadic BL occurring worldwide (reviewed by RickinsoN and KIErr 1996). The
most consistent finding in BL, whether EBV-infected or not, is the juxtaposition of
the c-myc locus to the immunoglobulin (Ig) H enhancer through a reciprocal
translocation t(8;14) and, more rarely, to the Igk locus t(2;8) or the Igi locus
t(8;22). This feature led to the hypothesis that this translocation results in con-
stitutive activation of the c-myc gene, which seems to be a key step in the devel-
opment of BL (KLEIN 1981). On the other hand, the role of EBV is still obscure.

EBYV infects primary B lymphocytesin vitro and transforms them into blasts that
can proliferate indefinitely. Such EBV-transformed lymphoblastoid cells maintain
the entire viral genome in a plasmid form and express a limited number of EBV gene
products, including six nuclear antigens (EBNA1, EBNA2, EBNA3A, EBNA3B,
EBNA3C, and EBNALP), three membrane proteins (LMP1, LMP2A, and LMP2B),
EBV-encoded small RNAs (EBERs, specifically EBER] and EBER?2), and trans-

Department of Tumor Virology, Institute for Genetic Medicine, Hokkaido University, N15 W7, Kita-ku,
Sapporo 060-8638, Japan
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cripts from the BamHI A region (BARF0). Among them, EBNA2 and LMP1 are
particularly important for the immortalization of primary lymphocytes (Kierr 1996).
However, these proteins are not expressed in BL. These observations raise a question
about the role of EBV in oncogenesis. It has been difficult to answer this question
because we did not have an in vitro system of Burkitt’s-type EBV expression that was
characterized by expression of EBNA1, EBER, BARFO and a slight amount of
LMP2A. We overcame this problem and proved that EBV is required for the
maintenance of malignancies (SHIMIzU et al. 1994; KoMANoO et al. 1998). Similar
results were also reported by CHoposH et al. (1998) and RuF et al. (1999).

Here, we summarize a series of our works. EBV contributes to the malignant
phenotype and resistance to apoptosis in BL line Akata (SHiMizu et al. 1994;
KoMano et al. 1998). The EBERs are responsible for these phenotypes (KomaNo
et al. 1999). Transfection of the EBER genes into EBV-negative Akata clones
restores the capacity for the growth in soft agar, tumorigenicity in SCID mice,
resistance to apoptotic inducers, and upregulated expression of bcl-2 oncoproteins
that are originally retained in parental EBV-positive Akata cells and are lost in
EBV-negative subclones. BL cells, including Akata, possess a chromosomal
translocation involving the c-myc locus, which results in constitutive activation of
the c-myc gene (KLEIN 1981). Our results suggest that EBERs upregulate expression
of bcl-2 protein to protect cells from c-myc-induced apoptosis, and to allow c-myc
to exert its oncogenic function in BL.

2 BL-Derived Akata Cell Line that Retains BL-Type
EBYV Expression after Prolonged In Vitro Cultivation

Most BL lines maintain BL-type EBV expression in vivo, but change the EBV
expression to that of immortalized lymphocytes during in vitro cultivation (ROWE
et al. 1987). The Akata cell line is unique in this respect because it retains BL-type
EBV expression after prolonged in vitro cultivation (SHiMizu et al. 1994). It is
derived from a Japanese BL, possesses a Burkitt’s type c-myc translocation [t(8;14)],
and expresses surface Ig of the G(x) class (TAKADA et al. 1991). The Akata line is
now commonly used as a virus source, a targeting host to generate recombinant
EBV, and a tool to study viral replication since crosslinking of surface IgG with
anti-IgG antibody induces viral replication synchronously and efficiently (TAKADA
1984; TaAkADA and ONO 1989).

3 Isolation of EBV-Negative Subclones
from the BL-Derived Akata Line

Initially, Akata cells were 100% positive for EBNA. However, after serial passage
for about 2 years, we found that approximately half of the cells were negative for



Role of Epstein-Barr Virus in Burkitt’s Lymphoma 143

EBNA. From that culture, we could isolate EBV-positive and EBV-negative cell
clones by limiting dilution (SHiMIZU et al. 1994). Southern blot analysis with the
BamHI K fragment of EBV DNA used as a probe, and polymerase chain reac-
tion (PCR) analysis with primer pairs specific for coding regions of EBNAI,
EBNA2, and LMPI confirmed that EBNA-negative clones do not contain EBV
DNA.

Since parental Akata cells were almost 100% positive for EBNA, it was most
probable that the EBV plasmid was lost in some Akata cells during cultivation. To
further confirm this possibility, one of the EBV-positive Akata cell clones was
maintained in culture. After 6 months, the EBNA positivity decreased from the
initial 100% to 83%. Again, from that culture, EBV-negative cell clones were
isolated by limiting dilution. Both EBV-positive and -negative clones were virtually
100% positive for surface Ig of the G, kappa class and possessed chromosome
markers characteristic of the parental Akata cells, and so were clearly derived from
Akata cells and not from contaminated unrelated cells. Thus, it was confirmed that
the EBV plasmid was lost in some Akata cells during cultivation.

Among the many EBV-positive BL lines, the Akata line is the first case from
which EBV-negative cell clones were isolated. Why were EBV-negative cell clones
isolated from the Akata line but not from other BL lines? It has been reported that
the mechanism of plasmid maintenance is not perfect and 4% of cells lose EBV
plasmids per generation (KIRCHMAIER and SUGDEN 1995). If so, theoretically, the
EBV-negative population should increase during cultivation, although we cannot
see such a phenomenon. The most probable explanation is that all EBV-infected
cell lines except Akata depend on the presence of EBV for their survival. Accu-
mulation of mutations of cellular genes during cultivation of Akata cells made
some fraction of the cells independent of EBV under the ordinary culture condition,
and thus, we could isolate EBV-negative subclones.

4 EBV Reinfection of EBV-Negative Akata Cells:
A Model for BL-Type EBV Infection

Next, we examined whether EBV-reinfection of EBV-negative Akata cells resulted
in BL-type EBV expression (KoMaNo et al. 1998). For this purpose, we generated
and used a recombinant Akata EBV-knockout viral thymidine kinase gene, and
replaced it with a neomycin resistance gene (neoR) (YOsHIYAMA et al. 1995;
Suimmizu et al. 1996), because we could not isolate EBV-reinfected Akata clones
with either wild-type Akata EBV or B95-8 EBV since the population of infected
cells that could stably retain EBV was extremely low. We successfully isolated EBV-
reinfected cell clones in the selection medium. All the G418-resistant clones were
positive for EBNA.

From more than a hundred clones, we randomly selected 12 clones that were
subjected to immunoblotting and reverse transcription (RT)-PCR to identify viral
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latency. EBNAI was detected by Western blotting, and BARFO0, EBERI, and
LMP2A were detected by RT-PCR. The clones utilized the Q promoter for EBNA1
transcription and were negative for other latent proteins. These data were consis-
tent with the conclusion that reinfected Akata cells possessed BL-type EBV
expression.

5 Dependence of Malignant Phenotypes
of EBV-Positive Akata Cells on the Presence of EBV

Isolation of EBV-positive and EBV-negative cell clones with the same origin makes
it possible to examine the effects of EBV in BL cells. Both proliferated at nearly the
same rate in RPMI 1640 medium supplemented with 10% fetal calf serum. How-
ever, phenotypic differences were found in two assays, the soft agar colony assay
and that for tumorigenicity in SCID mice, which are commonly used as markers of
malignancies (SHIMIZU et al. 1994; KomanNo et al. 1998). EBV-positive cell clones
formed colonies in soft agar, but EBV-negative clones scarcely did. EBV-positive
clones produced tumors in SCID mice, but EBV-negative clones did not. Similar
results were obtained in comparison between EBV-reinfected Akata cell clones and
cell clones that were transfected with the neoR gene into the same EBV-negative
Akata cell clones and selected for G418 resistance. These results indicate that
malignant phenotypes are dependent on the presence of EBV.

6 Dependence of Apoptosis Resistance of EBV-Positive Akata
Cells on the Presence of EBV

Akata cells underwent apoptosis after treatment of cells with various inducers such
as cycloheximide, UV light, and glucocorticoid. We examined whether there was
any difference in the susceptibility to apoptotic cell death between EBV-infected
and -uninfected Akata clones (KoMaNoO et al. 1998). After treatment with apoptotic
stimuli, EBV-negative Akata cells showed more prominent DNA laddering than
EBV-positive Akata cells. The survival rate was examined by a colorimetric assay
that measured the activity of mitochondrial dehydrogenases. As a result, EBV-
positive clones from parental Akata cells were found to be more resistant to cell
death than EBV-negative clones. In addition, restoration of the resistance to
apoptosis was observed in the EBV-reinfected Akata clones. These findings made it
clear that resistance to apoptosis of Akata cells was dependent on the presence of
EBV. It should be noted that EBV-infected Akata cells were negative for LMP1
and BHRF1, which are known to be anti-apoptotic proteins. They were expressed
only when virus replication was induced by incubation of cells with anti-IgG.
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We then examined expression of bcl-2, an oncoprotein having an anti-apop-
totic function, in EBV-infected and uninfected cells. In Western blotting, EBV-
positive clones from the parental Akata cells were shown to express a higher level of
bel-2 than EBV-negative clones. Furthermore, expression of bcl-2 was higher in
reinfected clones than in neoR-transfected clones.

7 EBERS’ Role on Malignant Phenotype
and Apoptosis Resistance in Akata Cells

The next question is what EBV product is responsible for malignant phenotypes
and resistance to apoptosis in Akata cells. Four EBV genes are expressed in Akata
cells, EBNA1, EBER, BARFO, and a slight amount of LMP2A. Our conclusion is
that EBER is responsible for these phenotypes (KoMANo et al. 1998, 1999).

We constructed a plasmid, pEK, that carried a single copy of EBER and neoR
and isolated G418-resistant clones by transfecting pEK into an EBV-negative
Akata cell clone (Fig. 1). Compared with the level of EBV-reinfected cell clones, the

Fig. 1A,B. Relative EBER expression in EK- and EKSIO-transfected Akata cells compared with
EBV-reinfected Akata cell. For each EBER transfectant derived from different EBV-negative clones,
more than 50 cell clones were examined for EBER expression and four to six clones with highest EBER
expression were chosen for further studies. This figure shows a representative result. Four EBER-
transfected cell clones from an EBV-negative Akata cell clone were mixed and subjected to quantitative
assays for EBER. A Schematic drawing of the EcoRI K fragment of Akata EBV DNA (/ef?) and relative
EBER expression in EK-transfected cells (right). B Schematic drawing of the EKS10 unit (/efr) and
relative EBER expression in EKS10-transfected cells (right)
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average signal intensity for EBERs in four EK-transfected cell clones was 4.8% by
Northern blot analysis and 6.3% by RT-PCR, even though clones expressing the
highest level were analyzed. To obtain a higher level of EBER expression in
transfected cells, we constructed a plasmid, pEKS10, that contained 10 tandem
repeats of the Sacl/EcoRI subfragment from the EcoRI K fragment of Akata EBV
DNA (Fig. 1). We isolated G418-resistant clones by transfecting pEKS10 into an
EBV-negative Akata cell clone. The average EBER expression in four EKS10-
transfected cell clones was 81% by Northern blot analysis and 66% by RT-PCR
compared with the level of EBV-reinfected cell clones. It was difficult to obtain
levels of EBER expression in transfected cells equivalent to those in EBV-reinfected
cells. The amount of the EBER-1 transcript was approximately twofold greater
than that of EBER-2 in EBV-positive, EBV-reinfected, and EBER-transfected
Akata cell clones by semiquantitative RT-PCR assay.

The growth characteristics of EK- and EKS10-transfected Akata cell clones
were compared with EBV-reinfected cell clones and neoR-transfected cell clones.
First, we performed a soft agar colony assay using cell clones derived from three
independent EBV-negative clones (Fig. 2). EBV-reinfected cell clones formed
colonies but neoR-transfected cell clones scarcely did. The absolute number of
colonies differed among experiments, presumably due to clonal variation. EK-
transfected cell clones formed a few colonies, whereas EKS10-transfected cell
clones formed significantly more colonies than neoR-transfected cell clones, but
formed fewer colonies than EBV-reinfected cell clones did. Second, we examined
whether EKS10-transfected cells were tumorigenic in SCID mice. In three separate
experiments, tumors developed in mice (1/5, 1/5, 7/15) injected with EKSI0-
transfected cells and in those (2/4, 2/4, 8/9) receiving EBV-reinfected cells, but not
in those (0/4, 0/4, 0/15) with neoR-transfected cells. In an in situ hybridization
study, almost all the tumor cells were positive for EBER-1 expression.

To test whether expression of EBERs restored the resistance to apoptosis, we
performed an apoptosis assay using a set of cell clones (Fig. 3). Apoptosis was
induced by exposing cells to inducers such as cycloheximide (CHX), glucocorticoid,
and hypoxic stress, and surviving cells were measured with the MTT assay. The
survival rate (%SR) was the highest in EBV-reinfected cells and the lowest in neoR-
transfected cells. The difference of %SR between neoR-transfected and EK-trans-
fected cells was not significant. In contrast, the % SR of EKS10-transfected cells
was significantly higher than that of neoR-transfected cells for all stimuli.

We then examined whether upregulation of bcl-2 oncoprotein had been
restored in EKS10-transfected cells (Fig. 4). The level of bcl-2 protein expression
in EBV-reinfected cells was found to be higher than that in neoR-transfected cells.
The bcl-2 expression in EKS10-transfected cells was increased compared with
neoR-transfected cells. We could not find significant upregulation of bcl-2 protein
in EK-transfected cells.

How could EBERs, RNAs, contribute to malignant phenotypes and resistance
to apoptosis? EBERs were reported to bind to some cellular proteins, La (LERNER
et al. 1981), EAP/L22 (Toczyski et al. 1991; Toczyski et al. 1994), and PKR
(CLARKE et al. 1991). Above all, association of EBERs with PKR is noteworthy.
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Fig. 3. Resistance to apoptosis of neoR-transfected, EK-transfected, EKSI0-transfected, and
EBV-reinfected cells against cycloheximide (CHX; A), glucocorticoid (Gluc; B), and hypoxic stress (C).
The bar shows the mean values + standard deviation of six clones. The data presented here are typical
results from three independent experiments. By z-test analysis, the differences between mean values from
neoR- and EKS10-transfected cells were significant at p < 0.01 (CHX), p < 0.05 (Gluc), and p < 0.001
(hypoxic stress) levels

Fig. 4. Expression of bcl-2 protein in neoR-
transfected, EKSI10-transfected, and EBV-rein-
fected cells derived from two independent
EBV-negative Akata cell clones. The data
presented here are typical results of several
experiments

PKR, previously described as an interferon-induced protein kinase, is induced by
interferons (IFs) and activated by double-stranded RNAs to phosphorylate el F-2a,
a translation initiation factor (MEURS et al. 1990). This phosphorylation results in
blockage of protein synthesis, through which interferons are thought to exert their
anti-viral effects. EBERs were shown to bind to PKR and block activation of PKR
as well as adenovirus-associated RNAs (VA)I and VAII, which might result in
enhancement of protein synthesis of general messenger (m)RNAs (SHARP et al.
1993). The dominant negative form of PKR has been shown to predispose cells to
malignant transformation or even initiate it (KoROMILAS et al. 1992; MEURS et al.
1993). In addition, GCN4, a yeast homologue of PKR, is known to regulate specific
gene expression via translational control (ABAsTADO et al. 1991). Since the
expression levels of B-actin, c-myc, bax, and PKR in EBV-positive Akata cells were
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equal to those in EBV-negative Akata cells (data not shown), whereas the ex-
pression of bcl-2 protein was specifically upregulated in EBV-positive Akata cells, it
is possible that inactivation of PKR by EBERs may enhance translation of bcl-2
mRNA more efficiently than other mRNAs to confer the malignant phenotype and
resistance to apoptosis.

8 Summary

We established an in vitro system representing BL-type EBV infection, which is
characterized by expression of EBNA1, EBER, BARF0, and LMP2A, and absence
of EBNA2 and LMPI1 expression (SHIMIZU et al. 1994; KoMANO et al. 1998).
Comparison of EBV-positive and -negative Akata cell clones revealed that EBV
contributes to the malignant phenotype and resistance to apoptosis. This is clear
evidence that EBV is not a passenger and plays a role in BL. Moreover, we found
that EBERs are responsible for these phenotypes (KoMANO et al. 1999). In the
transfection study, EBER-expressing Akata cell clones restored the malignant
phenotype, resistance to apoptosis and upregulated expression of bcl-2 protein to a
level comparable to the restoration rate of EBER expression compared with
EBV-reinfected cell clones. Many RNAs are known to have catalytic functions;
however, there has been no report describing an oncogenic RNA. This is the first
paper that provides evidence that RNA polymerase I1I-transcribed virus-encoded
small RNAs affect the malignant phenotype and resistance to apoptosis.

Like Akata cells (TAKADA et al. 1991), all the BL cells possess a chromosomal
translocation involving the c-myc locus, which results in constitutive activation of
the c-myc gene (KLEIN 1981). In mammalian cells, deregulated expression of c-myc
has been shown to contribute not only to tumorigenesis (LAND et al. 1983) but also
to induce apoptosis (ASkew et al. 1991; EvaN et al. 1992; MILNER et al. 1993).
Therefore, BL cells are predisposed to c-myc-induced apoptosis. Our data imply
that EBV infection would upregulate expression of bcl-2 protein to protect cells
from c-myc-induced apoptosis, and to allow c-myc to exert its oncogenic functions
(Vaux et al. 1988; BrRITO-BABAPULLE et al. 1991; BISSONNETTE et al. 1992; FANIDI
et al. 1992; KARsAN et al. 1993; MoHAMMAD et al. 1993; OLTvaI et al. 1993; MARIN
et al. 1995). In this way bcl-2 might cooperate with c-myc in the development of BL
(Fig. 5).

Growth promotion
BL ¢-myc translocation —» c-myc 1 G1-S

Apoptosis
Fig. 5. Myc-EBER  synergy

in the development of BL
(hypothesis)

EBV EBER
infection > expression —® bci-2 1
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1 Introduction

Epstein-Barr Virus (EBV) latency-associated gene expression in Burkitt’s lym-
phoma (BL) cells is limited to a small set of gene products, none of which are
known to overtly influence cell growth potential. Designated type I latency, this
program of viral gene expression is characteristic of BL tumor cells in vivo and is
restricted to expression of the EBNA-1 protein, the BamHI-A rightward transcripts
(BARTsS), and two small non-coding RNAs, EBER-1 and EBER-2 (ARRAND and
Rymo 1982; RoOweE et al. 1986; GREGORY et al. 1990; BRooks et al. 1993; FRIEs
et al. 1997). Notably, with the exception of EBNA-1, which is required for viral
genome maintenance, none of these latency-associated gene products is essential for
EBV-mediated immortalization of B lymphocytes in vitro (SWAMINATHAN et al.
1991; ROBERTSON et al. 1994). Consequently, a direct contribution of EBV to tu-
morigenic potential in BL has not been established. Thus, the dominant factor
presumed to be responsible for maintenance of tumorigenicity in BL is the
deregulated expression of the c-MYC proto-oncogene, which occurs as a conse-
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quence of chromosomal translocation (reviewed in MAGRATH 1990). This as-
sumption, however, was challenged by the work of Takada and colleagues (SHI-
Mizu et al. 1994) who found that spontaneous loss of the EBV genome in the BL
cell line Akata is associated with a concomitant loss of tumorigenic potential. The
main objectives of this study were to define the contribution of EBV and individual
latent gene products to tumorigenicity in BL using the Akata BL cell system.

2 Results

2.1 The Type I EBV Latency Program Promotes Cell Survival
in BL Following Withdrawal of Survival Factors

EBV-negative Akata BL cells have previously been shown to be non-tumorigenic
relative to their EBV-positive counterparts when assayed for growth in soft agar
and tumor induction in athymic nude mice (SHIMIZU et al. 1994). Despite this
observed difference in tumorigenicity between EBV-positive and EBV-negative
Akata cells, we did not observe any difference in the growth properties of these cells
under standard culture conditions (Fig. 1A). This suggested that EBV may confer a
growth advantage which is primarily manifest under growth-limiting conditions,
such as would be encountered in soft agar assays or in vivo. To address this pos-
sibility, BL cells from the logarithmic and stationary phases of the growth cycle
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log-phase growth stationary-phase growth

Fig. 1A,B. Type I latency promotes BL cell survival following serum deprivation. A Clonal EBV-
positive (shaded symbols) and EBV-negative (open symbols) Akata cells were seeded at 2.5 x 10°cells/ml in
standard growth medium containing 10% serum, and cell concentration was monitored daily for 6 days
to assess growth rate. B Cells from the log (day 2) and stationary (day 5) phases of growth were washed
and transferred to growth medium containing 0.1% serum, in triplicate, at a density of 5 x 10°cells/ml.
Cell viability was determined daily by trypan blue dye exclusion
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were analyzed for survival in low serum (0.1%) over a 4-day period. As demon-
strated in Fig. 1B (left panel), cells from log-phase growth, regardless of EBV
status, were sensitive to the reduced-serum conditions, resulting in the death of the
majority of cells over the 4-day course of the assay. By contrast, EBV-positive BL
cells from stationary-phase growth exhibited a marked delay in cell death when
compared to stationary-phase EBV-negative cells, which died at rates comparable
to log-phase cells. We confirmed that the death of these cells in our assay was due to
apoptosis through the examination of cytospin preparations of stationary-phase
EBV-positive and EBV-negative cells cultured in low serum for three days (RuF
et al. 1999). EBV-negative cells displayed the morphologic changes characteristic of
apoptotic death (condensed chromatin and vacuolation), while the majority of
EBV-positive cells appeared relatively normal. Thus, EBV-positive Akata cells were
found to be more resistant to induction of apoptosis than their EBV-negative
counterparts and, as predicted, this difference in susceptibility to apoptosis was
most apparent under growth-limiting conditions.

2.2 EBV- and Growth-Phase-Associated Expression
of c-MYC and Bcl-2

Given that c-MYC is the primary mediator of apoptosis in BL (MILNER et al.
1992), we next investigated the possibility that altered c-MYC expression might
account for the observed EBV-dependent resistance to apoptosis. To do so, we
examined the level of c-MYC protein in EBV-positive and EBV-negative Akata
cells throughout the cell growth cycle. As shown in Fig. 2, no detectable difference
in the level of c-MYC protein was observed between EBV-positive and EBV-
negative cells in the log phase of growth (days 1-3). However, a dramatic decrease
in c-MYC levels was observed in EBV-positive cells as they entered the stationary
phase of growth (days 4 and 5), in agreement with the increased resistance to
apoptosis observed in EBV-positive stationary-phase cells. By contrast, EBV-
negative cells maintained a constant level of c-MYC expression throughout the
cell growth cycle (Fig. 2). We also examined three additional (non-Akata) EBV-
positive BL cell lines and found a similar decrease in c-MYC expression as cells
entered stationary phase (RUF et al. 1999). Thus, EBV-mediated downregulation
of c-MYC under growth-limiting conditions appeared to be a general property of
EBV-positive BL cells. In addition to c-MYC, we examined the expression of
several pro- and anti-apoptotic proteins of the Bcl-2 family. We consistently found
that the level of the anti-apoptotic protein Bcl-2 increased in both EBV-positive
and EBV-negative cells as they progressed through the cell growth cycle. Fur-
thermore, EBV-positive Akata cells generally expressed a higher steady-state level
of Bcl-2 protein than EBV-negative Akata cells (Fig. 2). No EBV- or growth-
phase-associated differences in expression levels were observed for Mcl-1, Bcl-X;,
or Bax (data not shown).

The potential mechanism of c-MYC regulation was initially investigated by
examining the effects of growth phase on c-myc messenger (m)RNA levels. In
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Fig. 2. EBV- and growth-phase-associated expression of c-MYC and Bcl-2. Clonal EBV-positive (A.3
and A.15) and EBV-negative (3F2, 2C1 and 2A8) Akata BL cells were seeded (2.5 x 10° cells/ml) in
complete growth medium, and 2 x 10° cells were harvested daily from the experiment presented in Fig. 1
for the first 5 days in culture to monitor expression of c-MYC and Bcl-2 by immunoblot analysis.
Detection of actin served as a loading control

contrast to c-MYC protein levels in EBV-positive cells, no changes in c-myc
transcripts were detected as cells progressed into stationary-phase (Fig. 3). This
suggests that EBV-induced regulation of c-MYC expression occurs at the post-
transcriptional level. We subsequently examined the half-life of c-MYC in EBV-
negative and EBV-positive Akata cells from both log- and stationary-phase growth
by cyclohexamide- and pulse-chase experiments and found no difference in c-MYC
112 between EBV-positive and EBV-negative cells, regardless of cell growth phase
(RuF et al. 1999). Consequently, we propose that EBV-mediated downregulation of
¢c-MYC likely occurs via a translational mechanism.

2.3 EBY Infection, but not EBNA-1 alone, Regulates c-MYC
Levels, Sensitivity to Apoptosis, and Restores Tumorigenic Potential
to EBV-Negative BL Cells

The correlation between EBV infection and resistance to apoptosis, c-MYC regu-
lation, and tumorigenic potential suggests that EBV is essential for these pheno-
types. However, it was plausible that loss of the EBV genome was a consequence
of loss of tumorigenic potential, rather than the underlying cause of the loss of
tumorigenicity. To test this, as well as begin to investigate the contribution of
individual latent gene products, we established several reinfected EBV-negative
Akata cell lines (2A8.1, 2A8.2, and 2A8.3) and EBV-negative Akata lines con-
stitutively expressing EBNA-1 (EBV /EBNA-1"). We then evaluated the ability of
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Fig. 3. EBV down-regulates c-MYC expression through a post-transcriptional mechanism. Northern
blot analysis of c-myc mRNA and 28S rRNA (loading control) levels is EBV-negative (3F2 and 2A8) and
EBV-positive (A.3 and Keml) BL cells at 2, 3, 5, and 6 days after seeding in complete growth medium at
2.5 x 10° cells/ml. Each lane contained 10pg of total cellular RNA

these reinfected and EBV /EBNA-1" cell lines to mediate c-MYC downregulation
and sensitivity to apoptosis. Reinfection of EBV-negative Akata cells was sufficient
to restore downregulation of c-MYC in stationary-phase cells (Fig. 4A, left panel).
However, as also illustrated in Fig. 4A (right panel), enforced expression of
EBNA-1 in the context of EBV-negative Akata cells was insufficient to mediate
downregulation of c-MYC. Consistent with these results, the reinfected cells dis-
played less susceptibility to apoptosis than their EBV-negative counterparts when
deprived of serum, while EBNA-1 expression provided no significant survival ad-
vantage (Fig. 4B).

We next assessed the tumorigenic potential of both the reinfected cells and
EBV /EBNA-1" cells by tumor induction assays in SCID mice. As shown in
Table 1, reinfected 2A8 cells produced tumors in all mice injected with these cells,
whereas the parental 2A8 line and an additional EBV-negative Akata line (3F2)
failed to yield any tumors in the 20 weeks post-injection during which mice were
observed for tumor formation. All tumors obtained in this study were analyzed for
latent gene expression patterns, including expression of the EBV oncoprotein
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Fig. 4A,B. EBYV infection, but not EBNA-1 alone, regulates c-MYC levels and sensitivity to apoptosis.
A Immunoblot analysis of c-MYC throughout the cell growth cycle in reinfected and EBV-negative/
EBNA-1-positive Akata cells. Cells were seeded as described in Fig. 1 and harvested at the indicated day
post-seeding. B EBV infection, but not EBNA-1 alone, protects Akata cells from apoptosis during
stationary-phase growth. After reaching stationary phase (day S post-seeding), indicated cells were
deprived of serum, and percent viability was determined at the indicated intervals by trypan blue dye
exclusion

LMP-1, and were found to accurately reflect the phenotype of the injected cell line
(Table 1 and data not shown). Consistent with the inability of EBNA-1 to provide
a survival advantage under growth-limiting conditions, EBV /EBNA-1" cell lines
failed to produce tumors in SCID mice. Thus, EBV infection of Akata cells, but not
EBNA-1 expression alone, is sufficient to mediate the downregulation of c-MYC
and resistance to apoptosis under growth-limiting conditions, as well as enhance
tumorigenic potential.
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Table 1. EBV, but not EBNA-1, restores tumorigenicity to EBV-negative Akata cells

Akata cell line(s)* EBV/EBNA-1 No. of mice that No. of tumors in which
status developed tumors LMP-1 was detected®

A.15 +/+ 3/3 0/3

3F2(3) and 2A8(9) o 0/12 NA

Reinfected +/+ 10/10 0/10

pLXSN -/- 0/12 NA

EBNA-1 -/+ 0/8 NA

NA, not applicable.

# Numbers in parentheses are number of mice injected with each cell line; three clones of re-infected 2A8
cells were injected in triplicate and one mouse received a pool of reinfected 3F2 cells; each of three clones
of pLXSN-containing 3F2 cells (vector control) were injected in quadruplicate; two pools of 3F2 lines
expressing EBNA-1 were each injected in triplicate, and two cloned 3F2 lines expressing EBNA-1 were
each injected into individual mice.

bExpression of the EBV oncoprotein LMP-1 in tumor cells, relative to an LCL-positive control, was
determined by immunoblot analysis; all tumors were EBNA-17.

3 Conclusions

We have investigated the contributory role of EBV and an individual latent gene
product (EBNA-1) to tumorigenicity in Akata BL cells and have shown that
reestablishment of type I latency in EBV-negative Akata cells is sufficient to re-
store tumorigenic potential. Similar results were recently reported by others
(Komano et al. 1998). Additionally, we have shown that EBV-positive BL cells
display an increased resistance to apoptosis under growth-limiting conditions,
which correlates with a modest upregulation of the anti-apoptotic protein Bcl-2
and a concomitant post-transcriptional decrease in c-MYC expression. Although
the EBNA-1 protein is expressed in all EBV-associated tumors and is reported to
have oncogenic potential, enforced expression of the EBNA-1 protein in EBV-
negative Akata cells failed to restore the observed EBV-dependent regulation of
¢-MYC and tumorigenic potential (WILsON et al. 1996; KUBE et al. 1999). These
results provide direct evidence that EBV can significantly contribute to the tu-
morigenic potential of BL, and suggest a novel mechanism whereby the restricted
latency program of EBV promotes long-term survival of latently infected cells, and
thus virus persistence. Additionally, recently we have shown that stable expression
of the EBERs in EBV-negative Akata cells can significantly enhance the tumori-
genic potential of these cells. Interestingly, this enhancement of tumorigenicity
occurs independently of an effect on apoptosis or regulation of c-MYC and Bcl-2.
Thus, EBV likely promotes the tumorigenic potential of BL cells through at least
two avenues: an EBER-dependent mechanism that enhances proliferative poten-
tial, and a second mechanism, mediated by an as yet unidentified EBV gene, that
counters the pro-apoptotic consequences of deregulated expression of c-MYC in
BL cells.
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1 Introduction

Much attention has been given to the close association of Epstein-Barr virus
(EBV) with human epithelial cancers following the first detection of the virus
in nasopharyngeal carcinoma (NPC) tissues (zurR HAUSEN et al. 1970). Related
examinations confirmed the regular presence of the viral genome in poorly
differentiated and undifferentiated subtypes of NPC, irrespective of its local and
ethnic incidence rate, thereby suggesting a strong etiological link of EBV to the
tumor (reviewed in KLEIN 1979). Additionally, oral hairy leukoplakia (OHL) in
AIDS patients and lymphoepithelioma-like carcinoma histologically resembling
EBV-positive NPC at sites other than nasopharynx, such as the lung or salivary
gland, have also been categorized as EBV-associated human epithelial proliferative
lesions (for review, see RickiNnsoN and KIerr 1996). The first report by BURKE
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et al. (1990) suggesting that EBV infection was a pathogenetic factor in primary
gastric carcinoma of the lymphoepithelioma type evoked further studies on this
subject (MIN et al. 1991; SHIBATA et al. 1991; NIEDOBITEK et al. 1992). The sub-
sequent accumulation of evidence has emphasized a novel etiological link of EBV
to gastric carcinoma, including a common type of the tumors (SHIBATA and WEIss
1992; TOKUNAGA et al. 1993; Fukayama et al. 1994; ImaI et al. 1994; OTT et al.
1994; UeEMURA et al. 1994). Based on a number of worldwide epidemiological
surveys, it was estimated that gastric carcinoma is the most frequent of the
EBV-associated human malignancies (for reviews, see OsaTto and ImA1 1996;
LEvIN and LEVINE 1998).

Recent studies also suggested that EBV is related to breast and hepatocellular
carcinoma (LABRECQUE et al. 1995; BoNNET et al. 1999; SuGAWARA et al. 1999). In
the latter, EBV may bear the oncogenic outcome indirectly through transactiva-
tion of hepatitis C virus replication (SUGAWARA et al. 2000). Apparently, in light
of the above observations, the extent of EBV-positive epithelial malignancy is still
expanding. Apart from these newly found epithelial tumors, where a link with
EBV remains to be investigated, all tumor cells in individual NPCs and gastric
carcinomas are infected exclusively and clonally with EBV and express, though
limited in number, latent EBV genes (DESGRANGES et al. 1975; RAaAB-TRAUB and
FLYNN 1986; YOuUNG et al. 1988; WEIss et al. 1989; IMmAI et al. 1994; OTT et al.
1994). This suggests a specific and active role for EBV in carcinogenesis. Of greater
significance, clonal EBV infection was demonstrated in almost all precursor cells
(dysplasia) and early tumor cells (carcinoma in situ) of each individual pre-inva-
sive lesion related to NPC as well, implying a decisive role for the virus in the
initiation or early phase of NPC development (PATHMANATHAN et al. 1995). The
detection of EBV genome in early gastric carcinoma and in normal, or meta-
plastic, gastric epithelium likewise suggests virus involvement in gastric carcino-
genesis (UEMURA et al. 1994; FukAvAMA et al. 1994; HAvasHi et al. 1996;
ARIKAWA et al. 1997; YANAI et al. 1997).

In contrast to B cells, however, either the mechanism of EBV infection or of
the EBV-induced pathological events in epithelial cells, is less-well understood.
This is due mainly to the unavailability of an in vitro infection model for inves-
tigating EBV activity in epithelial cells. This lack of progress may lead some to
question a putative oncogenic role of EBV in epithelial cells, and thereby support
the notion that EBV is merely “a passenger” or “‘a silent bystander”. Such a
negative concept, particularly for gastric carcinoma, has been supported by some
epidemiological and pathological data obtained with a small number of specimens
(RowLaNDs et al. 1993; HorrucHrI et al. 1994) or by limited testing of differences
in clinicopathologic findings and viral genetic variations between EBV-positive
and -negative gastric carcinomas (TAKANO et al. 1999). Nevertheless, the present
chapter will investigate and review the recent impact of EBV on human epithelial
cancers, as reported in some major studies. We will stress those studies that may
provide a breakthrough in elucidating the role of the virus in epithelial tumor
development.
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2 In Vitro Infection Model

2.1 Attempts to Infect Epithelial Cells by EBYV in Culture

A few classical, but important, studies reported the successful experimental infec-
tion of epithelial cells by EBV. Artificial implantation of membrane receptors with
subsequent exposure to EBV led to the entry and expression of EBV in epithelial
cells, indicating that epithelial cells can inherently permit EBV infection, providing
that they are supplemented with sufficient numbers of receptor molecules for EBV
(Suariro and VoLsky 1982). Evidence for direct infection of some primary cultures
of NPC tumor cells and a specific cultured epithelial cell line was also found,
signifying that certain epithelial cells possess a naturally occurring EBV receptor
(GLASER et al. 1976; BEN-BASSAT et al. 1982). A further interesting finding was that
primary explant cultures of human ectocervical epithelia could be infected only by
wild-type EBV strains, but not by laboratory strains such as B95-8 or P3HR-1
EBV, which might have adapted to lymphoid cells during long-term in vitro
propagation (SixBEY et al. 1983). This finding raised the possibility that the bio-
chemical difference of the viral envelope among the virus strains may be a key
component as the ligand to the naturally occurring epithelial receptor(s) for EBV
(see also Sect. 2.3).

Another success in EBV infection of epithelial cells in vitro was deduced from
a well-known serological finding commonly seen in patients with NPC. The ma-
jority of NPC patients mount immunoglobulin A (IgA) antibodies to the EBV viral
capsid antigen (VCA) and to the major envelope glycoprotein gp350/220, or more
specifically, to the early antigen (EA) complex in their sera, all of which are usually
measured as a diagnostic and/or prognostic parameter for NPC (HENLE and HENLE
1976). Detection of these virus-specific IgAs sometimes presages the clinical onset
of NPC, and this may be the case also with EBV-associated gastric carcinoma
(LEVINE et al. 1995). Based on this finding, an in vitro transient assay has been
conducted, which demonstrated that coexistence of EBV virions and polymeric IgA
(pIgA) antibody against virus gp350/220, but not virions alone, were necessary for
the entry of EBV into colon carcinoma-derived epithelial cells HT-29 (SixBEY and
Yao 1992). Immune complexes between EBV and anti-gp350/220 pIgA bind to the
plg receptor (pIgR), i.e., the secretory component (SC) protein, expressed on the
epithelial surfaces. These complexes are subsequently endocytosed into the cells.
This phenomenon was reproduced later by others, using NPC-derived cell lines
from which the EBV genome had been lost during in vitro passages; however, in
this study, examination of NPC biopsy samples documented the restricted ex-
pression of SC protein in a fraction of NPC tumor cells, but not in untransformed
metaplastic oropharyngeal epithelia, indicating that EBV infection through this
pathway may require previous certain malignant changes of epithelial cells (LIN
et al. 1997). Neither this pIgR-mediated nor the known EBV receptor (complement
receptor type 2, CR2; CD21)-mediated experimental infection succeeded in pro-
ducing epithelial cells persistently infected with the virus in vitro (SixBEY and YAo
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1992; Li et al. 1992, 1997). Overall, these early attempts to infect epithelial cells
would have been carried out with considerable difficulty, and thus any successful
achievements would have been few and far between. Recently however, a new,
powerful analytical tool for investigation has been introduced into this research
field (see below).

2.2 Establishment of an Efficient Infection System

The genetic engineering required to produce recombinant EBV has contributed
greatly to the identification of the latent EBV genes essential for B-cell immortali-
zation by the virus (HAMMERSCHMIDT and SUGDEN 1988). Subsequently, a more
organized system for the large-scale production of clonal EBV recombinants was
established, based on a Burkitt’s lymphoma (BL) cell line, designated Akata
(TAakADA and ONo 1989; SHiMIzU et al. 1996). This has opened a way to investigate
the complex interactions in the EBV-epithelium field.

The first series of experiments was undertaken using a recombinant virus clone
carrying a neomycin-resistant gene (neo") as a selective marker (neo"-rEBV), which
had been inserted in the BamHI X leftward reading frame 1 (BXLF1) locus of the
virus genome. This region codes for viral thymidine kinase, which is dispensable for
B-cell immortalization by EBV and production of progeny virus. This unique and
powerful system has yielded new insights into EBV-epithelial cell interactions.
Exposure to the neo’-rEBV preparation, followed by G418 selection in culture, has
resulted in the successful isolation of many EBV-converted cell clones from three
virus-negative gastric carcinoma cell lines (YosHIYAMA et al. 1997). A related study
further extended the range of epithelial cells used and has confirmed that many
epithelial cell lines from various tissues are susceptible to EBV infection in vitro
(ImaAr et al. 1998). This efficient epithelial infection system was also applied to a
study using NPC cell lines that had suffered EBV genomic loss caused by long-term
in vitro culture, and has established stably reinfected clones of the tumor cells as
well (CHANG et al. 1999). Interestingly, almost all the isolated carcinoma cell clones
infected with neo’-rEBV have been shown to reproduce EBV gene expression,
similar to the behavior of epithelial tumors in vivo (YOUNG et al. 1988; BROOKS
et al. 1992; ImAI et al. 1994; SuGIURrA et al. 1996; YosHIYAMA et al. 1997; IMAI
et al. 1998; CHANG et al. 1999), thereby providing a useful in vitro model.

2.3 Mechanism of Infection

The CR2 molecule expressed on B cells serves as a functional EBV receptor
(FINGEROTH et al. 1984). The viral ligand for CR2 is the major EBV glycoprotein
gp350/220 coded by the BLLF1 locus, which has a similar sequence to the natural
ligand C3d (NEMEROW et al. 1989). It is controversial, however, whether normal
epithelial cells express CR2 and utilize it normally as a functional receptor for EBV
in vivo. There have been histochemical findings suggestive of actual CR2 expres-
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sion, both in normal and malignant epithelial tissues, in various anatomical sites
(BiLLAUD et al. 1989; TiMENSs et al. 1991). In gastric tissues, both detectable CR2
expression (LEONCINI et al. 1993) and the converse (OpA et al. 1993; HARN et al.
1995; SHIN et al. 1996; CHAPEL et al. 2000; our own observations) have been found.
A molecule immunostainable and/or immunoprecipitable by the well-defined anti-
CR2 monoclonal antibody anti-B2 or HB-5 was reported to be expressed in the
normal oropharyngeal mucosal epithelia and in uterine cervical epithelia (YOUNG
et al. 1986; SixBEY et al. 1987). However, this molecule (~195kDa) was shown to
clearly differ in molecular weight (MW) from reported MW of the genuine CR2
(approximately 145kDa) and was unable to interact with viral gp350/220. It is still
uncertain whether this CR2-like molecule is actually functional in EBV infection,
partly because subsequent observations revealed its rapid disappearance on the cell
surface following explantation of cells to in vitro culture (YOUNG et al. 1989). A
transcriptional variant of CR2 messenger (m)RNA with additional 5’ untranslated
sequences was identified in some human epithelial cell lines, RHEK-1 and Hela,
which have weak capacity for EBV binding; however, this transcript was proven to
have a coding sequence identical to CR2 mRNA transcribed in B cells (BIRKEN-
BACH et al. 1992). Conclusively, these data indicate that some epithelial cells can
express CR2 molecule, but in general, the abundance is substantially lower, the
level insufficient for mediating infection.

Experimental infection of epithelial cells using neo-rEBV, described in the
previous section, has shown that carcinoma cell lines, which are clearly negative for
CR2, could still be infected with EBV. This therefore implicates a CR2-independent
entry of the virus into human epithelia (YosHivaMa et al. 1997; Imar1 et al. 1998;
CHANG et al. 1999; NisHikAwA et al. 1999). A similar experimental approach, on
the other hand, has also proved that CR2-mediated infection of EBV can occur in
another human epithelial cell line, 293, without exogenous transduction of the CR2
gene (FINGEROTH et al. 1999). Accordingly, it is likely that EBV exploits several
different mechanisms for entry into epithelial cells; thus, in the next step of the
investigation, it is necessary to determine the nature of this CR2-independent in-
fection. We have found that cell-to-cell contact increases markedly the transmission
efficiency of EBV from virus-producing B cells to virus-recipient epithelial cells
in vitro, possibly reflecting a common mode for virus transmission in epithelia
in vivo (IMAI et al. 1998). A mechanism involving cell fusion between virus-donor
and recipient cells, as had been proposed previously (BAyLiss and WoLF 1980), can
be readily excluded in our co-cultivation experiment (IMAI1 et al. 1998). A more
precise re-examination of the original finding was carried out by others, who have
confirmed that direct cell-to-cell contact indeed enhances EBV infection efficiency
in NPC cell lines (CHANG et al. 1999). Moreover, their data led these authors to
conclude that cell-to-cell contact not only provides a CR2-independent epithelial
route of EBV infection, but also synergistically reinforces CR2-mediated infection.
Cell-to-cell contact, therefore, seems to be particularly attractive as a comprehen-
sive mechanism for EBV infection in epithelial cells, because it may be able to
explain the in vivo spread of EBV over diverse epithelial tissues, even though CR2
is not expressed there. This concept may also be upheld by the detection of lytically
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infected intramucosal B cells as a probable virus source (TAo et al. 1995). Although
such an augmented viral transmission by close cell-to-cell contact was observed also
in human T-cell leukemia virus type I (HTLV-I), the exact mechanism is still
unknown (CANN and CHEN 1996). These recent in vitro studies regarding EBV,
however, indicate at least that epithelial cells are presumed to utilize both CR2-
dependent and CR2-independent ““devices” for EBV infection, the latter of which
may shed light on the existence of an unidentified receptor-ligand system.

As stated in the previous section of this chapter, the pIlgA-mediated entry of
EBYV into epithelial cells is another conceivable infection mechanism (SixBey and
Yao 1992). A subsequent study performed by the same group has suggested that
the epithelial polarization status is a key determinant for the infectious outcome of
EBYV, mediated through the pIgR process (GAN et al. 1997). Based on the in vivo
results obtained from a mouse model, they prepared the plgR-transfected
Madin-Darby canine kidney (MDCK/pIgR) epithelial cells, whose polarity can be
manipulated in vitro, and demonstrated that, when MDCK/pIgR cells, but
not untransfected MDCK cells, retain their proper polarity, basolaterally inter-
nalized viruses (as a pIgA-EBV complex) are eliminated apically from the cells by
transcytosis without evidence of infection (e.g., viral gene expression). In contrast,
nonpolarized MDCK/pIgR cells, as most carcinoma cells have disorganized
polarity or apolarity, permitted infection after pIgA-mediated entry of EBV. This
also involves postulating that a loss of polarity, associated with certain prema*
lignant or dysplastic changes in cells, may be essential for the successful infection
of epithelium by EBV (GAN et al. 1997; also see Sect. 3.3). Another approach
utilizing CR2-transfected MDCK cells, however, has demonstrated that EBV
enters into the polarized MDCK/CR2 cells preferentially from the apical surface
rather than from the basolateral surface and establishes infection, as ascertained
by the expression of viral BZLF1, despite the relatively dense distribution of CR2
on the basolateral site (CHopoOsH et al. 2000). The lytic cycle initiated in BZLF1-
positive MDCK/CR2 cells largely ends in abortive infection, as shown by the bare
detection of viral late lytic antigens such as gp350/220 and the undetectability of
infectious virion in culture, perhaps due to the inherent low permissiveness of
MDCK cells per se. Nonetheless, a small fraction of infected cells displayed the
basolateral accumulation of gp350/220 indicative of newly synthesized virions.
This apical EBV entry followed by the possible basolateral release of progeny may
illustrate well the initial step of systemic EBV dissemination in primary infection
in vivo; EBV can overcome an epithelial barrier of the normal mucosa (generally
oral mucosa) by polarity-dependent virus translocation, consequently reaching
submucosal tissues containing B cells, a natural reservoir for EBV. To explain the
disparity of consequences between plgR-mediated and CR2-mediated viral traf-
ficking seen in the same cell system, the authors speculated the existence of a
cellular cofactor in polarized MDCK cells, which is segregated mainly on the
apical side and enhances apical infectivity synergistically with CR2 (CHODOsSH
et al. 2000).

Genetic construction of mutated EBV recombinants, in which several genes
encoding envelope glycoproteins are deleted from the entire virus genome, has
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provided significant progress toward understanding the infection mechanism. A
clonal EBV recombinant, lacking gp42 coded by the BZLF2 locus, was shown to
be capable of binding to B cells, perhaps through the classical gp350/220-CR2
interaction; however, this recombinant was unable to penetrate the B-cell
membrane (WANG and Hurr-FLETCHER 1998). Nevertheless, this mutant virus
was still capable of infecting epithelial cells. This same group previously dis-
covered the binding property of gp42 to the HLA-DR B chain (SPRIGGS et al.
1996), and further demonstrated the absolute requirement of HLA-DR as a
cofactor for the infection of B cells by EBV (L1 et al. 1997). The authors have
speculated that the gp42-HLA-DR interaction facilitates virions to obtain closer
access to the cell membrane than does the initial gp350/220-CR2 interaction and
to catalyze subsequent membrane fusion through an interaction with an addi-
tional major glycoprotein complex, gp85-gp25 (the EBV homolog of herpes
simplex virus gH-gL) (L1 et al. 1995). Similarly, another recent study has dem-
onstrated that exogenous introduction of the HLA-DP or -DQ gene, as well as
HLA-DR, conferred susceptibility to EBV infection on resistant cells that ex-
press CR2 but not HLA class II (HAAN et al. 2000). The authors, therefore,
concluded that CR2 and HLA class II are sufficient for EBV infection in cells of
various origins. However, as these authors also stated, CR2 gene-transfected
epithelial cells (SVK-CR2), which lack HLA class II expression as most epi-
thelial cells do, can be efficiently infected by EBV (L1 et al. 1992), further im-
plying that a coreceptor(s) different from the HLA class II molecules naturally
exists in epithelial cells.

A most recent experiment using recombinant EBV lacking gp85 coded by the
BXLF2 locus has shown that there is a drastically reduced binding capacity, and, of
course, loss of infectivity as well, of EBV to both epithelial cells and B cells (OpA
et al. 2000). The data suggested that gp85 is not only a virion component essential
for the formation of the tripartite gH-gL-gp42 complex and subsequent fusion of
the viral envelope with the cell membrane as demonstrated before (MILLER and
Hutt-FLETCHER 1988), but that gp85 is also another ligand for an unidentified,
possibly epithelial-specific binding receptor. WANG et al. (1998) described a model
in which wild-type EBV virions are proposed to contain two types of envelope
glycoprotein complexes, the tripartite gH-gL-gp42 and the bipartite gH-gL com-
plexes, which can mediate the infection of B cells and epithelial cells, respectively, in
a mutually exclusive manner. The gH-gL. complex is deemed to interact with the
putative epithelial receptor. With respect to this concept, some other recent results
by others are of special interest. JANz et al. (2000) have shown that a gp350/220-
disrupted mutant virus can still infect both B cells and epithelial cells, thereby
supporting the existence of not only an additional viral ligand, but also a functional
receptor different from the CR2-gp350/220 and HLA-DR-gp42 combinations. The
reason for this is, again, that epithelial cells sometimes express little or no CR2 and
are usually negative for HLA class II expression. A relevant recent finding has also
suggested that EBV entry into primary human monocytes could occur through a
CR2-independent process (SAVARD et al. 2000). Taken together, these data support
the existence of a novel, generally used (co-)receptor for EBV on epithelial cells. A
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future topic for investigation is the identification of a receptor, other than CR2,
expressed preferentially on epithelial cells and the determination of its ligand on
the virion.

3 Expression and Function of EBV Genes in Epithelial Cells

3.1 Viral Latent Gene Expression

Thus far, EBV-associated epithelial diseases have been examined extensively for the
expression of latent EBV genes in vivo and in vitro. There are three representative
forms of viral latency, i.e., latency I, IT and III. Cells of latency III, represented by
EBV-immortalized lymphoblastoid B-cell lines (LCLs), express all virus latent
genes: six EBV-determined nuclear antigens (EBNAs), two EBV-encoded small
RNAs (EBERs), three latent membrane proteins (LMPs), and BamHI A rightward
transcripts (BARTs), which are also referred to as complementary strand trans-
cripts (CSTs), or BARFO RNAs. Latency I and latency II cells share in common
the expression of EBNA1, EBERs, and BARTs/CSTs; cells of latency II addi-
tionally express LMP1, LMP2A, and LMP2B (reviewed in RickiNsoN and KIEFF
1996).

In general, latency II is displayed by NPC cells. Furthermore, latency II was
reproduced experimentally by hybridomas between latency III LCL and virus-
negative nonlymphoid cells (CONTRERAS-SALAZAR et al. 1989; CONTRERAS-BRODIN
et al. 1991; KERR et al. 1992). Latency I, typically seen in BL, is observed in
gastric carcinoma cells. However, some variants of latency I/II are also recognized
in these same epithelial tumors. About 30% of NPC cases are negative for LMP1
and LMP2B at the transcriptional (single-round PCR amplification) and protein
levels (FAHRAEUS et al. 1988; YOUNG et al. 1988; Brooks et al. 1992), and about
40% of gastric carcinoma cases are positive for LMP2A mRNA (SuGIURA et al.
1996). Such latency I-like gene expression was further reported in transplantable
EBV-associated gastric carcinoma cells, which can be propagated through severe
combined immunodeficient (SCID) mice (Iwasaki et al. 1998). Several nonma-
lignant gastric epithelial cell lines harboring EBV (designated GT38 and GT39)
have been established in vitro by another laboratory (TasmMAa etal. 1998).
Surprisingly, these cell lines exhibited latent gene expression consistent with
latency III, with a high proportion being lytic cycle gene-expressing cells
(TAakasaka et al. 1998). This difference in latency type between in vivo gastric
carcinoma cells and the above cell lines may simply reflect the different genetic
cellular background — fully malignant vs non-malignant. The possible reason for
this is that latency III with partial spontaneous, productive infection similar to
GT38 and GT39 cell lines is seen in OHL, another EBV-related non-malignant
epithelial lesion (WEBSTER-CYRIAQUE and RaAB-TRAUB 1998). The isolation of
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GT38 and GT39 lines from noncancerous tissues provides direct evidence for
the EBV infection of a gastric epithelium in vivo, although it may be a rare event.

It has been demonstrated that another EBV gene, BARF1, is possibly involved
in the oncogenic process of NPC. BARFI mRNA is organized with open reading
frames (ORFs), located in a large fragment (~40kb) spanning from BamHI D to A
of the genome. Although the BARF1 gene was considered initially as an early gene
in B cells, subsequent experiments revealed its transforming and immortalizing
capacities on both primate and rodent cells; thus, BARF1 is now defined as a
latency-associated gene (GRIFFIN and KARRAN 1984; WEr and OokaA 1989; KARRAN
et al. 1992; WEer et al. 1997). Using biopsy specimens, some transcriptional studies
have detected BARF1 expression preferentially in an EBV-associated malignant
epithelial lesion (i.e., NPC), compared to a benign epithelial lesion (i.e., OHL), and
only rarely in other lymphoid neoplasias, such as Hodgkin’s disease and T-cell
lymphoma (BRrInK et al. 1998; HAYEs et al. 1999). In addition, more than 80% of
EBV-associated gastric carcinomas have recently turned out to express BARF1
(zur HAUSEN et al. 2000). Together, these data indicate that the BARF1 gene is
most likely expressed in an epithelial-specific manner and has a potential oncogenic
role (also see next section), though the expression is generally low at the mRNA
level (SBIH-LAMMALI et al. 1996).

Another recent study identified two novel rightward transcripts (termed A73
and RPMSI1 according to their cloned complementary (c)DNAs), which are clas-
sified as members of the BARTSs/CSTs family (HitT et al. 1989; KARRAN et al.
1992), from a cDNA library of the nude mouse-passaged NPC cell line C15 (SMiTH
et al. 2000; also see Sect. 3.2). In the same article, the RNase protection assay
indicated that, of all the transcripts of the BARTs/CSTs family capable of encoding
proteins, these two transcripts occur more abundantly and, furthermore, that they
have a remarkable diversity in their amino acid sequences, compared with the
hitherto well-analyzed BARFO and RK-BARFO proteins (Fries et al. 1997;
KIENZLE et al. 1999).

Finally, recent discoveries of a novel latency pattern of virus gene expression
are worthy of mention. Detection of the expression of EBERs by in situ hybridi-
zation has been commonly used to examine EBV infection, due to the high copy
numbers in an infected cell. However, the transcription of EBERs has been found
to be suppressed in certain epithelial tumors latently infected with EBV, namely in a
subset of NPCs (TAKEUCHI et al. 1997), in hepatocellular carcinoma (SUGAWARA
et al. 1999), and in breast cancer (BonNNET et al. 1999). Although the pathogenetic
significance of EBV in the last two malignancies is largely unknown at present, such
variable, or occasional lack of, EBERS’ expression in epithelial neoplasms may
account for, to some degree, the conflicting results in the literature concerning the
association of EBV with breast carcinoma, especially when the association itself is
attributed to the expression of EBERS in certain breast carcinomas (IEzzoni et al.
1995; GLASER et al. 1998; BONNET et al. 1999). These case-oriented studies indicate
that in situ detection of EBER expression cannot always be used as a reliable and
sensitive diagnostic tool of EBV infection.
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3.2 Latent Gene Functions for Malignant Cell Growth

The fact that epithelial cells can remain in the latency II viral program, such as
NPC, has lead to studies focusing mainly on a unique virus oncogene, LMPI1.
Many studies have documented the multi-potency of LMP1 implicated in epithelial
oncogenesis. When singly transduced, LMP1 transforms rodent fibroblasts (WANG
et al. 1985; BaicuwAL and SUGDEN 1988), alters keratin gene expression (DAWSON
et al. 1990), induces consistent morphological changes, and inhibits cell differen-
tiation in several immortalized human keratinocytes (FAHRAEUS et al. 1990). LMP1
also induces expression of the epidermal growth factor receptor (MILLER et al.
1995), blocks p53-mediated apoptosis via activation of the A20 gene (FRries et al.
1996), and activates matrix metalloproteinase 9 (MMP-9) which may be involved
in the highly invasive and metastatic capacity of NPC (YosHIzAKI et al. 1998).
Moreover, the development of epidermal hyperplasia was reported in
LMPI-transgenic mice (KurLwicHIT et al. 1998). These pleiotropic biological
activities of LMPI are based on its molecular associations with the tumor necrosis
factor receptor-associated proteins (TRAFs) (MosIALOs et al. 1995; MILLER et al.
1997; DEVERGNE et al. 1998), as well as nuclear factor (NF)-xB signaling
(MirtcHELL and SUGDEN 1995; HUEN et al. 1995; PAINE et al. 1995; SyLLA et al.
1998), and c-Jun N-terminal kinase (JNK) signaling (EriorouLos and YOUNG
1998). These associations are mediated through the longer cytoplasmic domains of
LMPI, called C-terminal activating regions (CTARs) 1 and/or 2. In addition, a
recent publication has shown that LMPI is able to transform MDCK epithelial
cells with concomitant induction of the cellular Ets-1 transcription factor, sug-
gesting a regulatory role for Ets-1 in LMPIl-inducible urokinase-type plasminogen
activator (UPA) activity (Kim et al. 2000).

There has been no clear evidence that EBV provides any continuous contri-
butions to the malignant phenotype of EBV-positive (but LMP1-negative) gastric
carcinoma cells, or to the promotion of growth in the gastric epithelium. For the
first time, we have recently shown that after EBV infection, cultured gastric epi-
thelial cells derived from a nonmalignant gastric tissue (designated PGE-5) gain the
capacity of enhanced population doubling and a higher saturation density, together
with the acquisition of clonability in agar, whereas the virus-negative parental
PGE-5 cells have a limited lifespan (NisHIKAWA et al. 1999; also see Figs. 1 and 2).
Furthermore, a few of the EBV-converted clones of PGE-5 formed tumors sub-
cutaneously in SCID mice (Fig. 2). The EBV-convertants of PGE-5 displayed a
gene expression pattern similar to that of latency I, the same as that seen in gastric
carcinoma cells in vivo (Fig. 1) A similar, growth-promoting effect by EBV and
viral latency-type has also been observed in the gastric carcinoma cell line NU-
GC-3 (Imar et al. 1998; NisHIKAWA et al. 1999). EBV-induced immortalization of
gastric epithelium may be inferred also from the establishment of nonmalignant
gastric epithelial cell lines infected with EBV, namely, the GT38 and GT39 lines
mentioned in the previous section (TANMA et al. 1998; TAKASAKA et al. 1998).

A lower frequency of tumor cells undergoing apoptosis in EBV-positive gastric
carcinomas, compared with in EBV-negative ones (OHFuJI et al. 1996), may predict
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Fig. 1A-C. EBYV latent gene expression in nonmalignant gastric epithelial cells. A Immunofluorescence
staining of EBNA with EBV-seropositive human serum. Results of a neo"-rEBV-infected, G418-resistant
PGE-5 cell clone (/eft) and the parental PGE-5 cells (right) are shown, x400. B In situ hybridization for
EBERI. An EBV-infected PGE-5 clone was hybridized with the antisense oligoprobe (/eft) and with the
sense oligoprobe (right). Intense nuclear signals are evident only in the case using the antisense probe,
x200. C Immunoblotting for detection of EBNAs and LMPI1. The blots were probed with pooled human
sera for EBNAL, -2, -3A, -3B and 3C (top blot), PE2 monoclonal antibody for EBNA2 (middle blot), and
with CS1-4 monoclonal antibodies for LMP1 (bottom blot). Lane 1: LCL immortalized with neo’-rEBV;
lanes 2 to 5: neo"-rEBV-infected PGE-5 cell clones; lane 6: parent PGE-5 cells. Cell lysates extracted from
10° cells were loaded per slot
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Fig. 2A-C. Malignant growth of EBV-infected PGE-5 clones. A Growth in fluid culture. A neo'-
transfected PGE-5 clone (/eft) and a neo'-rEBV-infected PGE-5 clone (right) are representatively shown,
x100. Both clones were trypsinized, reseeded into culture wells under the same culture conditions, and
photographed 5 days after passage. B Growth in semisolid agarose. A neo'-transfected PGE-5 clone as a
control (left) and a neo™-rEBV-infected PGE-5 clone (right) are representatively shown, x40. 10* cells
were seeded per well in 6-well plates and photographed 4 weeks after seeding. Almost all colonies in the
control culture consisted of dead cells, whereas the virus-infected clone formed many large colonies of
viable cells. C Tumorigenesis in SCID mice. 10 cells of neo’-rEBV-infected PGE-5 clone were injected
subcutaneously per mouse and photographed 72 days after inoculation

an undefined anti-apoptotic virus gene expressed in epithelial tumors representing
latency I, such as gastric carcinoma. In the study, as well as another study (GULLEY
et al. 1996), there were no significant differences in both p53 and Bcl-2 positivity
between the two groups of gastric carcinomas. Another recent examination also
produced the similar results indicative of a significantly lower rate of apoptosis in
EBV-positive gastric carcinoma than EBV-negative one; by contrast, the low sus-
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ceptibility to apoptosis was found to closely correlate with overexpression of Bcl-2,
but not with p53 expression, suggesting the virus-induced, bc/-2-mediated anti-
apoptotic effect (KuME et al. 1999). Although BHRF-1 (HENDERSON et al. 1993)
and, more recently, BALF1 (MARSHALL et al. 1999) have been identified as a
functional EBV homolog of the bcl-2 proto-oncogene so far, and in fact, the
BHRF-1 product can suppress epithelial apoptosis induced by tumor necrosis
factor alpha (TNF-a) or anti-Fas antibody (KawanisHi 1997), both genes are
expressed during the virus lytic cycle. A recent study using a latency I BL line,
Akata, has demonstrated that optimal EBERs expression may be responsible for
the malignant phenotype and the resistance to apoptosis related to upregulation
of Bcl-2 expression (KoMmANoO et al. 1999). By contrast, except for LMPI1, little
knowledge concerning the functional roles for the viral latent genes known to be
expressed commonly in latency I and latency II (i.e., EBNAI, EBERs, BARTs/
CSTs, and LMP2A/2B) has been obtained in the epithelial cell environment. At
present, since our data have indicated that an upregulation of Bcl-2 associated with
EBV or EBERs is not observed in epithelial cell lines (S. Imai et al., unpublished
observation), it appears that mechanisms other than those for BL must be involved
in EBV-induced malignant changes in epithelial cells. In this context, analogous to
Akata BL cells, our PGE-5 cells may be a useful tool for investigating the role for
the “latency I genes” in epithelial cells, including an anti-apoptotic effect. Inter-
estingly, a paradoxical biological function of LMPI possibly associated with gastric
carcinogenesis has been reported recently: LMPI expression reversibly deprives
gastric carcinoma cells of their malignant phenotypes and, furthermore, renders the
cells more susceptible to apoptotic cell death (SHEU et al. 1998). These results can
explain a possible in vivo event that the selective elimination of LMPI-positive
clones of gastric carcinoma cells may occur, thereby facilitating the emergence
of more malignant and immune-resistant clones. The upregulation of bcl-2 was
observed also in most NPC cases, but there has been no correlation between
Bcl-2 expression and the presence of EBV or LMPI1 positivity (Lu et al. 1993;
AGATHANGGELOU et al. 1995).

The EBV BARF1 latent gene, preferentially expressed in epithelial lesions with
latent EBV infection, encodes a 33-kDa protein homologous to the human colony-
stimulating factor 1 receptor (hCSF-1R); the predicted degree of similarity is
approximately 38% at the amino acid level (STROCKBINE et al. 1998). Furthermore,
this BARF1-encoded 33-kDa protein has been shown to be functional, as ascer-
tained by the neutralizing activity of hCSF-1 in vitro (STROCKBINE et al. 1998). This
strongly suggests a biological activity of the BARF1 protein to promote EBV-
infected cell growth directly (WEeI and OokA 1989; KARRAN et al. 1990; WEI et al.
1997) and/or through inhibition of the virus-specific immune response, because
hCSF-1 is known to act as a potent immunomodulator that induces cytokine
release from mononuclear cells, such as interferon alpha (CoHEN et al. 1999). In-
terestingly as well, among the products of the newly identified BARTs/CSTs family
transcripts, A73 has been shown to interact with RACK1, a repressor protein
involved in the signaling pathway via the src kinase and protein kinase C families
(SMmITH et al. 2000). The other product, RPMSI, has been proven to bind to a
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cellular factor, CBF1 (RBP-Jk), resulting in inhibition of the CBF1-mediated
transcription associated with activated Notch (NotchIC) (SmitH et al. 2000).

Based on these recent achievements in this research area, it is now more im-
portant than ever to analyze and clarify the roles of latent EBV genes including
such newly identified ones in epithelial oncogenesis.

3.3 Virus Productive Infection

Latent EBV infection concomitant with virus replicative gene expression has been
reported to occur in EBV-associated human epithelial lesions. However, except for
OHL, infected cells entering the lytic cycle, if any, generally form only a very minor
population in the whole tumor mass or occasionally express the immediate early
protein BZLF1 only (CocHET et al. 1993; PATHMANATHAN et al. 1995; SELVEs et al.
1996). Although productive infection may play an important role in virus spread
in vivo, it is probably disadvantageous for tumor cell survival and growth. This has
suggested a therapeutic approach specific for EBV-infected cancer cells, whereby
induction of the lytic cycle is enforced by delivery of EBV genes BZLF1 or BRLFI,
with the parallel use of antiherpesvirus drugs such as ganciclovir (WESTPHAL et al.
2000). Nevertheless, in terms of epithelial tumor development, several experimental
findings regarding productive infection in epithelial cells seem to be intriguing. An
experimental EBV infection system using SVK-CR2 epithelial cell lines revealed
previously that most acutely infected cells underwent a shift to the lytic cycle in a
differentiation-dependent manner (L1 et al. 1992). The subsequent study conducted
by the same group successfully isolated stable, latently infected clones of SVK-CR2
through long-term cloning culture (KNox et al. 1996). These stable infected clones
were found to become extremely refractory to stimulation for both differentiation
and virus lytic cycle induction, and they displayed latent gene expression positive
for EBNA1, EBERs, and BARTs/CSTs only (LMP1 and LMP2 were detected at an
extremely low level), which resembles in vivo tumor cells of LMP1-negative NPC.
Thus, these observations strongly support again the former assumption (BECKER
et al. 1991) that sustained, intrinsic inability of keratinocytes to differentiate, which
correlates strictly with the latent infection state, is the absolute cellular prerequisite
for the occurrence of this malignancy. In addition, documented capability of LMP1
to inhibit epithelial cell differentiation may explain a direct role for EBV in another
possible in vivo scenario for LMP1-positive NPC development; LMP1 blocks
further differentiation of partially differentiated keratinocytes or those predisposed
to differentiation, resulting in establishment of stable latent EBV infection. It is still
unknown whether the phenomenon mimics exactly in vivo events: the clonal se-
lection of cells with intrinsic nonpermissiveness from the heterogeneous, infected
cell population, or a rare, special precursor clone of keratinocytes, which will not
permit productive infection (i.e., differentiation-resistant), is preferentially targeted
by EBYV, thereby endowing the precursor with growth potential. In any event,
however, EBV-infected clones susceptible to productive infection will presumably
fail to proceed into a more malignant stage. Rather, they are reminiscent of a highly
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productive but nonmalignant disease, OHL (BECKER et al. 1991). Given that the
biological substrate for the future appearance of the NPC tumor is the stratified
squamous epithelium, which gained the inability to differentiate prior to EBV in-
fection, it is possible that naturally existing cofactors (dietary substances) may also
be capable of playing a role in the initial neoplastic changes in NPC (KNox et al.
1996; PoIriER et al. 1987), in addition to a well-established genetic factor (Lu et al.
1990). In this context, chemical inducers of EBV replication are also assumed to
represent possible environmental risk factors for the known, local endemic nature
of NPC (Ito et al. 1981; MizuNo et al. 1983; ZENG et al. 1984; ToMmeEI et al. 1987).
Certain types of naturally occurring phorbol esters like 12-O-tetradecanoyl phor-
bol-13-acetate (TPA), known as a tumor-promoting compound, may contribute to
tumor development through the induction of the lytic cycle (L1 et al. 1992; KNox
et al. 1996). This would then lead to an increase in the size of the virus-infected cell
pool and to the selective survival and growth promotion of nonpermissive clones
as tumor progenitors. The TPA enhancement of lytic cycle was observed also in
in vitro EBV-converted gastric carcinoma cell lines and EBV-infected gastric epi-
thelial cell lines derived from stomach biopsy (YosHIYAMA et al. 1997; TAKASAKA
et al. 1998), though any epidemiological evidence for the possible linkage of such
nonviral environmental risk factors or genetic predisposition to EBV-associated
gastric carcinoma has not yet appeared (Qru et al. 1997; TAsHIRO et al. 1998).

4 Immunological Aspects of EBV-Associated Epithelial Tumors

The representative EBV-associated epithelial tumor NPC exhibits a distinctive
pathological feature of intense lymphocyte infiltration in the stroma (i.e., so-called
lymphoepithelioma-like histology). This is also the case with EBV-associated
gastric carcinoma; the undifferentiated subgroup of gastric carcinoma with lym-
phoepithelioma-like histology has extremely high EBV positivity (over 90%) (MIN
et al. 1991; SHIBATA et al. 1991; TOKUNAGA et al. 1993; ImaI1 et al. 1994). Fur-
thermore, most of the usual histological subgroups, including early gastric carci-
noma, are frequently accompanied by prominent lymphocytic infiltration (SHIBATA
and WEIss 1992; TOKUNAGA et al. 1993; UEMURA et al. 1994). This clearly dif-
ferentiates such tumors from those gastric carcinomas unrelated to EBV. Such
tumor-infiltrating lymphocytes (TILs) are known to predominantly comprise T
cells (HErRAIT et al. 1987; MIN et al. 1991; TokUNAGA et al. 1993). This charac-
teristic histology presumably represents host immune response directed to the
tumor cells, which may also be reflected by a relatively preferable prognosis in
TIL-rich gastric carcinoma cases (so-called gastric carcinoma with lymphoid
stroma), compared with TIL-less cases (WATANABE et al. 1976). A correlation
between the degree of lymphocyte infiltration and prolonged survival rate of
patients is observed also in NPC cases (GIANNINI et al. 1991; ZoNG et al. 1993). In
NPC biopsies, TILs with CD4-positive and CD8-positive (CD8 *) phenotypes are
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present in varying proportions (HERAIT et al. 1987). Immunophenotypic analysis
of EBV-associated gastric carcinomas, on the other hand, revealed that most TILs
in the tumor bear the CD8" cytotoxic T-lymphocyte (CTL) phenotype together
with several markers indicative of active proliferation (Saiki et al. 1996). However,
it has been obscure whether the TILs are making any contribution to operative
host defense machinery against EBV-carrying malignant cells or, conversely, to
tumor cell growth. Functional characterization of the infiltrating CD8% T cells
was performed for EBV-associated gastric carcinomas and demonstrated that these
T cells are able to recognize and lyse EBV-infected autologous and HLA-matched
allogeneic LCLs, but not mitogen-activated autologous B Ilymphoblasts
(KuzusHiMA et al. 1999). However, both relevant antigenic peptide-pulse and
vaccinia recombinant virus vector-mediated gene transfer failed to identify the
target EBV gene for CTL. The authors speculate that some cellular proteins, which
provide epitopes effective for massive TIL stimulation but insufficient for eliciting
CTL-mediated killing, may be involved in the strong T-cell response seen in
EBV-associated gastric carcinoma. Since this study utilized HLA class I (A24)-
matched B-cell and fibroblast system, it is unclear which EBV gene is attributable
to the expression of such cellular proteins in gastric epithelia. In this regard,
emerging experimental evidence (also see Sect. 3.1) raises another possibility that
novel EBV-coded latent proteins, which are preferentially expressed and suggested
to be functional in the epithelial environment in vivo, may provide other antigenic
viral epitopes recognizable by the tumor-infiltrating CD8 " T cells (zur HAUSEN
et al. 2000; SmiTH et al. 2000). Additionally, another group has recently identified
CTLs specific to a latent EBV protein, BARFO; however, its expression level in
infected cells is trickily regulated by differential splicing, thereby silencing or
minimizing the CTL-mediated lysis of target cells (KiENzLE et al. 1998, 1999).
Further research is to be expected also in this area.

It is known that NPC cells are highly proliferative (very short doubling time)
and invasive in vivo, whereas the tumor cells are prone to apoptotic cell death
in vitro as represented by their poor adaptation to in vitro culture and their low
transplantability into immunodeficient mice (Busson et al. 1988). This biological
gap of NPC cell growth between in vivo and in vitro conditions strongly suggests
the importance of tumor tissue microenvironment in situ, which is advantageous
for the tumor cell survival and growth. SBiH-LAMMALI et al. (1999) have provided
clear evidence for this recently. The authors have demonstrated, consistent with a
previous study (AGATHANGGELOU et al. 1995), that the majority of NPC cells
express both CD95 (Fas/APO-1) and CD40 at the high level in vivo, raising pos-
sible pathogenetic significance of the immunoregulatory molecules. Indeed in the
same examination, NPC-derived cell lines have been shown to enter the apoptotic
process when the CD9S5 pathway alone is activated, while pretreatment with CD40
ligand (CD40L; CD154), which is often presented by TILs in vivo, can prevent the
cells from apoptosis induced by CD95 activation (SBIH-LAMMALI et al. 1999). This
finding would validate a role for TILs in tumor cell survival in vivo, thereby
enhancing the tumor growth associated with EBV infection.
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Immunological characterization of gastric carcinoma cells revealed that CD54
(intercellular adhesion molecule-1, ICAM-1) and CD95 are expressed more abun-
dantly in EBV-positive tumor cells than in EBV-negative tumor cells, although the
expression of CD95 ligand (CD95L) on TILs was not examined (SAIKI et al. 1996).
In some cancers such as malignant melanoma, tumor cells are known to express
CDOS5L on their surfaces or release its soluble form, thereby inducing apoptotic cell
death of TILs (HAHNE et al. 1996). TILs are substantially expressing upregulated
CD?95 relative to peripheral blood T cells (CArDI et al. 1998). This “Fas counter-
attack” mechanism is suggested to enable tumor cells to evade tumor-specific im-
mune surveillance through CD95-mediated killing of tumor-infiltrating T cells
(O’ConnELL et al. 1996). To understand the better prognosis in EBV-associated
gastric carcinoma by this phenomenon, the CD95L status should be verified in
comparison with the virus-negative tumors.
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1 Introduction

The long-term goal of our study is to explore how Epstein-Barr virus (EBV)
associates with the pathogenesis of gastric carcinoma. The first goal is to establish
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EBV-positive epithelial cell lines from EBV-infected gastric carcinoma tissues and
to characterize the cell lines and EBV infection in the cells. EBV, a ubiquitous
human herpesvirus with oncogenic potential, is predominantly associated with the
infection of two target tissues in vivo: (1) B lymphocytes, where the infection is
largely nonproductive, and (2) the epithelium, in which virus replication occurs
(RickinsoN and Kierr 1996). Both target tissues are susceptible to EBV-associated
malignant change, leading to tumors of B-cell origin, such as Burkitt’s lym-
phoma, or of epithelial-cell origin, such as nasopharyngeal carcinoma (NPC)
(PATHMANATHAN et al. 1995). Recently, EBV has also emerged as an etiologic agent
implicated in gastric carcinoma (MIN et al. 1991; SHIBATA et al. 1991; SHIBATA and
WEIss 1992; TOKUNAGA et al. 1993a,b; FukayaMA et al. 1994; IMAI et al. 1994;
OHFuII et al. 1996; Iwasaki et al. 1998). EBV has been found in most cases of rare
gastric lymphoepithelioma-like carcinomas (MIN et al. 1991; SHiBATA et al. 1991;
OnFun et al. 1996) and a small but significant proportion of common gastric
adenocarcinomas (SHIBATA and WEIss 1992; ToKUNAGA et al. 1993a,b). EBV
infection was found in approximately 7% of Japanese gastric carcinomas
(TokuNAGA et al. 1993a,b; FukAYAMA et al. 1994; IMmAI et al. 1994). The world
distribution of gastric carcinomas with EBV infection is shown from 4% to 18% of
total gastric carcinoma in different countries (TASHIRO et al. 1998).

The interaction of EBV with epithelial cells and the role of the virus in
the etiology of EBV-associated NPC and gastric carcinoma are poorly understood.
The major reason is that the EBV-infected epithelial cell line which is available for
the study in vitro had not been established, while numerous EBV-infected B-cell
lines have been established and used for the study on the bases of cellular and
molecular biology to the etiological role of EBV. Recently Cheung et al. reported
the establishment of NPC cell line (C666-1) consistently harboring EBV (CHEUNG
et al. 1999). To understand the role of EBV infection in the epithelial cells, we have
been trying to establish EBV-positive epithelial cell lines from EBV-infected gastric
carcinomas. Two EBV-infected epithelial cell lines, GT38 and GT39 have been
established from gastric tissues bearing carcinoma by Tajima, one of the co-authors
of this paper (TANMA et al. 1998). This review describes, according to the character
of cell lines, EBV latency, reactivation, effect of 12-0-tetradecanoylphorbol
13-acetate (TPA) on the cell growth and EBV reactivation, regulation of EBV
latency by nitric oxide (NO) and tumorigenesis of the cell lines in severe combined
immunodeficient (SCID) mouse.

2 “Spontaneous” Establishment
of EBV-Positive Gastric Epithelial Cell Lines

There was no report to the spontaneous establishment of EBV-positive epithelial
cell lines from gastric carcinomas, while many epithelial cell lines have been
established from them (SExiGucH1 and Suzuki 1994).
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2.1 GT38 and GT39 Cell Lines

GT38 and GT39 cell lines were established spontaneously from gastric tissues of
two male patients bearing adenocarcinoma. These cell lines were derived from
noncancerous portions, but not from the cancerous portions in each tissue after
lengthy cultivation in vitro. The cell lines grew as adherent cells and were epithe-
lioid cells in morphology. They were positive for cytokeratin, an epithelial marker,
but were negative for lymphocyte-related markers such as CD3 and CD19. We
tested the clonality of cell lines. It has been reported that all EBV-carrying gastric
carcinoma cells have individual single clonotypes of EBV DNA (FukAyAMA et al.
1994; Imar et al. 1994; Iwasaki et al. 1998). The clonality of EBV genomes
indicated, by extension, cellular monoclonality (RAAB-TRAUB and FLYNN 1986).
Hybridization with a Xhol fragment identified a single EBV DNA restriction
enzyme fragment in each of the cell lines of GT38 and GT39. It implied that these
cell lines may be clonal proliferations of a single EBV-infected cell in agreement
with Raab-Traub and Flynn.

2.2 Chromosomal Analysis

Chromosomal abnormalities are observed in all types of gastric carcinoma cell lines
without specific patterns (SEkIGUcCHI and Suzuki 1994). Preliminary karyotypic
analysis of GT38 and GT39 cells demonstrated a modal number 44-49 (Fig. 1).
The 3n nor 4n was not seen. This is interesting; however, we could not explain the
exact abnormalities by the obstruction of enormous chromosomal aberrations in
the karyotypes. It remains to be studied why they had such aberrations and
whether the aberrations are related to the persistent and productive EBV infection
in the cell lines.

3 EBYV Infection in GT38 and GT39 Cell Lines

3.1 Latency Type

Different patterns of viral gene expression have been identified in EBV-carrying
cells (RickinsoN and KIErFF 1996). Expression of all the latent viral genes detected
in lymphoblastoid cell lines is a feature of the immunoblastic lymphomas of
immunosuppressed patients. This form of latency is commonly defined as laten-
cy III. The EBV-nuclear antigen (EBNA) was detected by immunofluorescence in
all GT38 and GT39 cells (TAkAsAKA et al. 1998). The EBNA1, EBNA2, and latent
membrane protein (LMP)1 were detected by immunoblotting in both cell lines. The
EBV infection on these cell lines was referred to latency III classification by
Rickinson and KIerr (1996). The latency III is also determined by the analysis of
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Fig. 1. Karyotype of G-
banded metaphase chromo-
somes of GT38 and GT39
cells

transcriptional promoters Cp and Wp for EBNA genes. Transcripts initiated from
Cp and Wp were detected in GT38 and GT39 cell lines (MURAKAMI et al. 2000).
The latency III pattern in these cell lines is very interesting, because it is charac-
teristic of the immunoblastic lymphomas of B-cell type, and of EBV-transformed
lymphoblastoid cell lines (LCL) from nonmalignant B cells (KLEIN 1998). The
EBV-associated gastric carcinoma occurs in immunocompetent individuals who
can eliminate latency III cells by the cytotoxic T-cell mediated immunity. The
latency type of GT38 and GT39 was clearly different from the latency I of EBV-
associated gastric carcinoma cells (FUKAYAMA et al. 1994; IMAI et al. 1994; IwASAKI
et al. 1998) and of the gastric carcinoma cell lines infected with EBV in vitro
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(YosHiYAaMA et al. 1997; ImATI et al. 1998) and of the immortalized primary gastric
epithelial cells with EBV infection in vitro (NiSHIKAWA et al. 1999).

3.2 Genotype of EBV

The EBV genotype determined by differences in the sequence of the EBNA2 region
was type 1 in both GT38 and GT39 cells (TAKASAKA et al. 1998). The type 1 virus
was observed in EBV-associated gastric carcinoma (FUKAYAMA et al. 1994) and
was the predominant type in throat washing of normal donors in Japan (KuniMoTo
et al. 1992; IkuTa et al. 2000).

3.3 Spontaneous EBV Reactivation

These cell lines had spontaneous EBV reactivation in the short-term passaged cells
after establishment (TAkAsakaA et al. 1998). The EBV immediate-early BZLF1
replication activator (ZEBRA) protein, the early antigen diffuse component
(EA-D), and the EBV major envelope protein (gp350/220) were detected usually in
3%—5% of both cell lines. The infectious virus was detected in the culture fluids.
However, the spontaneous EBV reactivation has disappeared in the cell lines for
long-term passage in vitro as mentioned below.

3.4 EBV Reactivation with TPA

TPA or n-butyrate can induce EBV reactivation (zur HAUSEN et al. 1978; Luka
et al. 1979). To analyze the reactivation, GT38 and GT39 cells were treated with
these chemicals (TAKASAKA et al. 1998). TPA and/or n-butyrate clearly induced
EBYV reactivation in GT38 and GT39 cells, although TPA for EBYV reactivation was
more efficient than n-butyrate. This was different from B-cell lines in which the EBV
reactivation was induced more efficiently by n-butyrate than TPA (SAIRENJI and
HinumA 1980). The differences between TPA and n-butyrate may reflect the
mechanisms leading to the disruption of EBV latency in B cells and epithelial cells
(ZaLaNt et al. 1996). TPA is a tumor promoter that promotes cell growth
(CASTAGNA et al. 1982) and reactivates EBV in the cells. We have characterized the
effect of TPA on cell growth and EBV reactivation for GT38, GT39, and a Burkitt’s
lymphoma cell line Raji in detail (KANAMORI et al. 2000). The mode of actions of
TPA in GT38 and GT39 cells was clearly distinguished from Raji in terms of the
effect of cell growth and EBV reactivation. The inhibition of cell growth of GT38,
GT39, and Raji was induced with high concentrations (0.5-20 ng/ml) of TPA,
dose-dependently in liquid medium. These cell lines formed colonies in soft agar
and were analyzed for the effect of TPA in the condition. The colony formation of
GT38 and GT39 cells was enhanced with low concentrations (0.01-0.05 ng/ml) of
TPA, but was inhibited with the high concentrations (> 0.5 ng/ml). On the other
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hand, the colony formation of Raji cells was enhanced with the concentrations
(0.01-0.5 ng/ml); however, it was inhibited with 5 ng/ml of TPA. The latent EBV
was reactivated with the high concentrations of TPA as shown by the expression of
ZEBRA. The effective concentrations of TPA for cell growth inhibition and EBV
reactivation were much higher in Raji cells than GT38 and GT39 cells. These
results demonstrated that TPA affects differentially for the stimulation and inhi-
bition of cell growth, and EBV reactivation is not induced by the stimulation of cell
growth but by the inhibition of cell growth.

3.5 Production of Infectious Virus

The virus particles were found in the nuclei of the TPA-treated GT38 cells by an
electron microscope (TAkAsAKA et al. 1998). We analyzed the production of infec-
tious virus. The production of the transforming virus was demonstrated by mea-
suring the ability of the virus to transform cord lymphocytes in both cell lines. The
titers were 10*° and 10*° 50% transforming doses (TDso)/ml in GT38 and GT39
cells, respectively. The titer was increased 5—10 times in the cells treated with TPA or
TPA plus n-butyrate. The production of EA-inducing virus was assayed by mea-
suring the ability of EA to superinfect Raji cells. The titers were estimated at 10*® and
103 EA-inducing units/ml in the culture fluids of GT38 and GT39 cells, respectively.
The EBV with transforming and EA-inducing ability was observed in NPC-KT cells
of a NPC hybrid cell line by fusing primary NPC epithelial cells with an epithelial cell
line derived from a human adenoid tissue (TAkiMoOTO et al. 1985). Zhang et al.
reported that only an EA inducing virus was rescued from a NPC tumor cell line by
treatment with iododeoxyuridine (1990). No cell line that produces a transforming
and EA-inducing virus has been reported in B-cell lines, while the P3HR-1 cell line
produces EA-inducing virus, and the parental Jijoye line is known to produce a
transforming virus (SAIRENJI and HinumA 1980). The P3HR-1 virus is probably
uniquely efficient in inducing lytic infection in Raji cells because of the presence of
defective virus in P3HR-1 virus (COUNTRYMAN and MiLLER 1985). The strains of
EBYV on GT38 and GT39 cells appear to be unique in that they have transforming
and EA-inducing properties. The infection of GT38 and GT39 may represent the
EBYV infection of gastric epithelial cells, because the other gastric epithelial cell line,
GTC-4, had also the same type of EBV production (data not shown). These viruses
could serve as new prototype viruses derived from gastric epithelial cells, and as
in vitro models for studying the system of EBV infection for epithelial cells.

4 Nitric Oxide Downregulates EBV Reactivation

The spontaneous EBV reactivation has been lost in the GT38 and GT39 cell lines
passaged in vitro long-term as mentioned above. We wondered why the sponta-
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neous reactivation disappeared in these cell lines and hypothesized that a cellular
factor(s) may regulate the spontaneous EBV reactivation. NO is an important
signaling molecule regulating a wide array of biological activities in neural,
vascular, and immune cells (NATHAN 1992). INF-y-induced NO production by
macrophages has been implicated in resistance to intracellular pathogens, such as
parasites, fungi, mycobacteria, and viruses, such as vaccinia virus (HARRIS et al.
1995), Friend leukemia virus (AKARID et al. 1995), herpes simplex virus type 1
(CroEN 1993), and murine hepatitis virus type 3 (Popk et al. 1998). NO has been
shown to inhibit viral reactivation in EBV-infected B cells (MANNICK et al. 1994)
and DNA replication in EBV superinfected Raji cells (KAwaNisHI 1995). These
observations lead us to postulate that NO might be a controlling factor in EBV
reactivation.

4.1 iNOS Gene Expression in GT38 and GT39 Cell Lines

In this study we found that a constitutive, low level of inducible NO synthase
(INOS) messenger (m)RNA was expressed in GT38 and GT39 cell lines, by analysis
with the reverse transcriptase polymerase chain reaction (RT-PCR) (Gao et al.
1999). We detected iNOS mRNA in both of them, although the iNOS mRNA
expression level was much higher in GT38 cells than that in GT39 cells. The results
are consistent with our idea that spontaneous EBV reactivation is controlled by
endogenous NO.

4.2 EBV Reactivation by a Competitive Inhibitor of NOS, L-NMMA

We analyzed the effects of endogenous NO on EBYV reactivation in GT38 and GT39
cells. N®-monomethyl-L-arginine (L-NMMA), a specific competitive inhibitor of
NOS, was used to examine the reactivation of EBV in GT38 and GT39 cells. The
ZEBRA was induced in a time-dependent manner after exposure to L-NMMA.
These results showed that latent EBV can be reactivated in these cells by L-NMMA,
which blocks NO synthesis, supporting the conclusion that endogenous NO can
have an inhibiting effect on EBV reactivation in these cells.

4.3 Effect of TPA on EBV Reactivation and iNOS mRNA Expression

The BZLF1 immediate-early transactivator initiates the switch between latent and
productive infection in B cells (COUNTRYMAN and MILLER 1985; CHEVALLIER-
GRrEco et al. 1986; TAKADA et al. 1986). We examined the induction of BZLF1
gene by TPA in the GT38 and GT39 cells. The mRNAs of BZLF1 and BRLF1
genes were expressed in a time-dependent manner. To investigate whether iNOS
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mRNA expression could be affected by TPA, we further examined the levels
of iNOS mRNA in the cells treated with TPA. TPA led to a marked reduction
of iNOS mRNA expression. The reduction of iNOS mRNA coincided with the
appearance of BZLF1 and BRLF1 transcripts. These results suggested that TPA
induced EBV reactivation through inhibiting iNOS activation.

4.4 Effect of L-NMMA and SNAP, a NO Donor
on TPA-Induced EBV Reactivation

We analyzed whether L-NMMA could enhance TPA-induced EBV reactivation.
The TPA-induced BZLF1 and BRLFI1 levels were increased more by treatment
with L-NMMA. L.-NMMA increased TPA-induced ZEBRA expression, indicating
that the interaction between L-NMMA and TPA in EBV reactivation is probably
through a common pathway. We examined whether exogenous NO also has a
similar effect in inhibiting EBV reactivation. The effect of NO donor S-nitroso-N-
acetylpenicillamine (SNAP) on EBV reactivation was tested. SNAP generates NO
in an aqueous solution, resulting in the formation of peroxynitrite (GILAD et al.
1997). SNAP inhibited the TPA-induced BZLF1 and BRLF1 expression. These
results demonstrated that reactivation of EBV in GT38 and GT39 cells could be
inhibited by exogenous NO.

5 Loss of EBV DNA Copy in GT38 and GT39 Cell Lines

We have reported that GT38 and GT39 cell lines were EBV producers expressing
lytic antigens and producing infectious virus spontaneously. However, they have
been changed to nonproducer cells in the long-term passage in vitro. We dem-
onstrated that the EBV reactivation could be suppressed by endogenous NO in
GT38 and GT39 cells. We hypothesized that the EBV genome number in the cells
may be reduced by the inhibition of EBV reactivation. It has been reported that
EBV DNA was lost from NPC cell lines HNE-1 and HONE-1 (GLASER et al.
1989; Yao 1990) and from a Burkitt’s lymphoma Akata cell line (SHIMIZU et al.
1994). The copy number of EBV DNA was analyzed quantitatively by fluorescent
in situ hybridization (FISH) using EBV DNA BamHI-W fragments (M. Kana-
mori, manuscript in preparation). The short-term cultured cells, after their es-
tablishment, had more EBV DNA copies compared with the long-term cultured
cells for more than 2 years after establishment. EBV DNA-negative cells were
observed in a small proportion of the long-term cultured cells (Fig. 2), but not in
the short-term cultured cells. These results demonstrated that EBV DNA is not
stably maintained in the cells and is lost spontaneously in the long-term-passaged
cells.
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6 Oncogenic Potential

6.1 Cell Growth in Soft Agar

One of the markers of tumor cells is anchorage-independent growth in soft
agar (MACPHERSON and MONTAGNIER 1964). The growth of GT38 and GT39 cells
was tested by a colony formation procedure in soft agar. The colony formation
was observed in these cell lines (KANAMORI et al. 2000). The colony-forming
efficiencies of GT38 and GT39 cells were 13.8% and 7.3%, respectively, under the
same growth condition. This result indicated that GT38 and GT39 cell lines have
the character of tumor cells.

6.2 Tumorigenesis in SCID Mice

Most cultured cells of stomach cancer origin are tumorigenic in athymic nude mice
(SexiGucHI and Suzuki 1994). To study the tumorigenesis of GT38 and GT39, we
inoculated these cells under the skin of severe combined immunodeficiency (SCID)
mice. The development of tumors in SCID mice was observed approximately
2 months after the inoculation of GT39 or GT38 cells (MURAKAMI et al. 2000).
Both tumors were diagnosed as undifferentiated carcinomas. EBV-encoded small
RNA was detected in the tumor cells by in situ hybridization. These tumors were
solid carcinoma and were clearly different from EBV-positive B-cell lymphoma in
the SCID mouse. This is the first evidence of the tumorigenesis of EBV-positive
epithelial cell lines derived from gastric tissues in the SCID mouse, while there have
been many discoveries on EBV-infected B cells in SCID mice (Rowe et al. 1991;
KaTaNoO et al. 1996). However, we do not know the exact origin of GT38 and GT39
cell lines because they have been established from noncancerous portions of gastric
tissues bearing carcinoma and after lengthy cultivation in vitro (TAJIMA et al.
1998). Recently, it has been reported that a transplantable EBV-associated gastric
carcinoma was propagated in SCID mice (Iwasaki et al. 1998). The EBV-infected
tumor tissues were trimmed and inoculated subcutaneously into the backs of SCID
mice. The tumor grew in the SCID mice. It was a poorly differentiated adenocar-
cinoma and transplantable from SCID mouse to SCID mouse. The pattern of
latency gene expression of EBV was the same as the original gastric carcinoma.
However, the cell line could not grow in vitro (M. Fukayama, personal commu-
nication).

7 Conclusions

We characterized two EBV-positive epithelial cell lines, GT38 and GT39, estab-
lished from gastric tissues bearing carcinomas. These cell lines had intensive
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chromosome abnormality and character of tumor cells as shown by the colony-
forming ability in soft agar and tumorigenesis in SCID mice. However, we question
the origin of these cell lines, because they were not established from cancerous
portions but from noncancerous portions after lengthy cultivation in vitro. Also,
the EBV latency was not type I, which is seen in EBV-infected gastric carcinoma
cells, but type III, which is common in LCL. These questions will be cleared by the
establishment of real EBV-infected gastric carcinoma cell lines which have the same
genetic markers or tumor-associated proteins, such as alpha-fetoprotein and car-
cinoembryonic antigen of gastric carcinoma. In spite of such questions, these cell
lines are useful to understand the EBV infection on gastric epithelial cell lines. We
observed the spontaneous EBV reactivation and a lot of production of EA-in-
ducing virus on GT38 and GT39 cells cultured for the short-term after establish-
ment of the cell lines, although the spontaneous reactivation disappeared in the
cells passaged for long-term in vitro. The EA-inducing virus may be associated with
the spontaneous EBV reactivation and/or cell transformation in vitro. Therefore,
we have been trying to isolate the virus.

We demonstrated that all epithelial cell lines GT38, GT39, and GTC-4 have
high sensitivity to TPA. The cell-growth inhibition and EBV reactivation in the
epithelial cell lines were induced with lower concentrations of TPA than those of
B-cell lines. It indicates the difference of intracellular signaling pathways between
epithelial cell lines and B-cell lines. It may be related that EBV replication occurs
in some epithelial cells; although, the infection in B cells is largely nonproductive.
Our preliminary data show that the productive infection was clearly detected in
EBV-infected gastric carcinomas (Y. Hoshikawa et al., manuscript in prepara-
tion).

We found that constitutive iNOS mRNA expression in GT38 and GT39 cells
can downregulate EBV reactivation in the cells. The iNOS mRNA expression
paralleled the reduction of spontaneous EBV reactivation in these cell lines. Now
we are trying to get the EBV genome free clones in order to understand the
biological role of EBV in the epithelial cells. The role of NO on EBV reactivation
and loss of EBV genome should be expanded in EBV-infected gastric carcinoma
cells.

We have been encouraged to establish more EBV-infected epithelial cell lines
from gastric carcinoma tissues by the establishment of GT38 and GT39 cell lines.
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1 Introduction

Animal models have not been widely used for studying Epstein-Barr virus (EBV)
pathogenesis. In large part this has been due to the lack of good animal model
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systems which reproduce the many different aspects of EBV infection in humans.
Many aspects of EBV pathogenesis would benefit from an authentic animal model
system, including studies about infectious mononucleosis, immune responses that
control acute and persistent infection, mechanisms for immune evasion and per-
sistent infection, natural reservoirs for infection in hematologic and epithelial cell
compartments, transition to hematologic and epithelial cell malignancies, and
vaccine development.

Murine models using xenogeneic transplantation of human peripheral blood
lymphocytes (PBLs) into severe combined immunodeficiency (SCID) mice have
been used for studying EBV-associated lymphomagenesis (Mosier 1996). How-
ever, in this system EBV-infected human cells grow uncontrolled, and the murine
host is not actually infected. In addition, the reconstitution of the human immune
response is not complete. EBV infection of New World primates, such as cotton-
top tamarins, has been used to develop potential vaccine strategies (EPSTEIN et al.
1985). In this model, host cells are infected with EBV and can develop malignant
tumors. However, the natural route of transmission is bypassed by parenteral
virus injection, and in most cases there is no homeostasis established between the
host immune response and viral evasion resulting in the lack of persistent viral
infection. More recently, infection of nonhuman primates with lymphocrypto-
viruses (LCVs) closely related to EBV has been developed for study of EBV
pathogenesis (MoGHADDAM et al. 1997). Recent molecular characterization of
these Old World nonhuman primate LCVs has demonstrated the close and well-
conserved relationship between the simian and human viruses. The similar bio-
logic responses to LCV infection in human and nonhuman hosts suggests that
this animal model system can provide an authentic animal model for studying
EBV pathogenesis.

2 Lymphocryptoviruses Naturally Infecting Old World
Nonhuman Primates

2.1 Serologic Studies

Studies beginning in the early 1970s recognized that Old World nonhuman pri-
mates, such as rhesus monkeys, were infected with lymphotropic herpesviruses
(LCVs) closely related to EBV (FrRANK et al. 1976; reviewed in ABLASHI et al. 1979).
Using EBV-infected human cell lines, cross-reactive antibodies to viral capsid an-
tigens, early antigens, and nuclear antigens could be routinely found in Old World
monkeys and great apes, but not prosimians nor New World monkeys (LANDON
and MALAN 1971; DUNKEL et al. 1972; KALTER et al. 1972; KALTER et al. 1973;
DiLLNER et al. 1987). Evidence for LCV infection has now been identified in species
from all families and virtually all subfamilies of Old World primates.
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2.2 LCV-Infected B Cells

Soon after the serologic studies, investigators identified that LCV-infected cell lines
could be derived from malignancies as well as the peripheral blood of healthy,
seropositive animals, similar to the EBV-infected cell lines derived from humans
(LANDON et al. 1968; STEVENS et al. 1970; O’GARA et al. 1971; SCHABLE et al. 1974;
Frank et al. 1976; RABIN et al. 1977; RANGAN et al. 1986). LCV-infected B-cell lines
have now been derived from tumors or the peripheral blood of several Old World
primates including rhesus monkeys (Macaca mulatta; RANGAN et al. 1986; CHO
et al. 1999), cynomolgus monkeys (Macaca fascicularis; HEBERLING et al. 1981;
FEICHTINGER et al. 1990), stumptailed monkeys (Macaca arctoides; LAPIN et al.
1985), African green monkeys (Cercopithecus aethiops; BOCKER et al. 1980), baboons
(Papio sp.; AGRBA et al. 1975; FaLk et al. 1976), chimpanzees (Pan troglodytes;
LANDON et al. 1968; GERBER et al. 1977), orangutan (Pongo pygmaeus; RASHEED
et al. 1977; RABIN et al. 1978), gorilla (Gorilla gorilla; NEUBAUER et al. 1979).

These cell lines have phenotypic characteristics similar to human EBV-infected
lymphoblastoid cell lines, are derived from B lymphocytes, can contain herpesvirus
particles as seen by electron microscopy, and express viral antigens that can be
detected by immune animal and human sera (FALK et al. 1974; FRANK et al. 1976;
ABLASHI et al. 1979; DILLNER et al. 1987; L1 et al. 1993). Cell-free virus derived
from some cell lines can also immortalize na B lymphocytes from the autologous
species as well as other primate species, further demonstrating the conserved
growth transforming potential in these related viruses (FRANK et al. 1976; ABLASHI
et al. 1979; RANGAN et al. 1986).

2.3 Nomenclature

Historically, these viruses have acquired various names using nonstandard
nomenclature such as rhesus EBV (rhesus macaque), cyno EBV (cynomolgous
macaque), herpesvirus papio (baboon), and herpesvirus pan (chimpanzee). Un-
fortunately, these colloquial names are often neither correct nor very specific.
Epstein-Barr virus is the name applied to the LCVs found in humans and the
simian LCV described subsequently, although similar to EBV, they are genetically
and biologically distinct. Many Old World nonhuman primates are infected with
alpha- and betaherpesviruses as well as gammaherpesviruses, so that names such as
herpesvirus papio are not very specific. Official nomenclature recommended by the
Study Group for the International Committee on the Taxonomy of Viruses (http://
www.ncbi.nlm.nih.gov/ICTV/) uses a sequential number in order of discovery
combined with the family or subfamily of the natural host, e.g., cercopithicine
herpesvirus 15 for “rhesus EBV” as the 15th herpesvirus found to naturally infect
species in the family Ceropithicidae. This system recognizes the unique identity of
these various virus species, but fails to provide a very useful and easily recognizable
name. Thus, we propose using the combination of the host species and LCV for
vernacular usage, e.g., rhesus LCV, baboon LCV, and chimpanzee LCV.
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3 Similarities Between Natural Infection
with EBV and Simian LCV

Like humans, nearly all Old World nonhuman primates in a given species are
infected with LCV by adulthood. Similarly, newborn animals are often LCV se-
ropositive due to maternal antibody transplacental transfer. When newborn rhesus
macaques are followed in captivity, the majority become seronegative by 6 months
of age due to the loss of maternal antibodies. In conventional breeding colonies,
60%—-70% will become LCV seropositive by 1 year of age due to natural virus
infection (F. Wang, unpublished observations). If animals are hand reared, they are
more likely to remain LCV seronegative (Rao et al. 2000). This indicates that
simian LCV infection, like EBV, is transmitted horizontally through close contact
with persistently infected hosts. Since LCVs can be detected in the oral secretions of
naturally infected animals (MOGHADDAM et al. 1997), transmission is most likely
via the oral exchange of virus containing saliva, as in humans.

Once infected, simian LCV establishes asymptomatic persistent infection
similar to EBV infection in humans. Simian LCV establishes a persistent lytic
infection in the oropharynx, which can be detected by PCR amplification of DNA
from oral secretions (CHoO et al. 1999). Persistent simian LCV infection in the
peripheral blood mononuclear cells can be detected by the spontaneous outgrowth
of LCV immortalized B-cell lines in vitro (RABIN et al. 1978) or by reverse
transcriptase polymerase chain reaction (RT-PCR) amplification of the small
nonpolyadenylated RNAs, or EBER homologs, expressed during latent B-cell
infection (Rao et al. 2000).

3.1 LCV-Associated Malignancies

Simian LCV infection also has the potential for inducing B-cell malignancies in
immunosuppressed hosts. In the late 1960s, an epidemic of lymphoma in over 30
baboons was reported at the Institute of Experimental Pathology, USSR Academy
of Medical Sciences in Sukhumi (LAPIN 1974). An EBV-like agent with herpesvirus
particles, a viral capsid antigen that cross-reacted with EBV-immune sera, and
nucleic acid homology to human EBV was demonstrated in cell lines established
from lymphomatous baboons. This agent was very closely related to baboon LCV
isolated from a normal healthy baboon in the USA. The precipitating cause of the
outbreak was unclear, but it was epidemiologically associated with introduction of
baboons that had been inoculated with human leukemic blood. Interestingly, a
primate retrovirus was later isolated from a lymphomatous baboon in the Sukhumi
colony suggesting that a simian immunodeficiency virus (SIV) outbreak may have
contributed to the malignant epidemic (GOLDBERG et al. 1974).

In the late 1960s, an outbreak of lymphoma in 40 rhesus monkeys was also
reported at the National Center for Primate Biology at Davis, California (STEVENS
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et al. 1970). The tumors were histologically characterized as poorly differentiated
neoplastic cells with a number of histological features resembling Burkitt’s lym-
phoma. Epidemiologic studies showed that the outbreak was temporally associated
with several unusual events at the primate center including the inoculation of hu-
man Burkitt’s lymphoma tissue into several chimpanzees, a fatal outbreak of herpes
simplex in owl monkeys, and the presence of splenectomized malaria-infected and
treated animals.

More recent work with SIV-infected primates suggests a direct analogy with
EBV-induced lymphomas in AIDS patients. FEICHTINGER et al. (1990) reported
that malignant B-cell lymphomas, containing DNA which cross-hybridized with
human EBV, appeared 5-15 months after SIV infection of cynomolgus macaques.
Tumors formed at a very high frequency in LCV seropositive animals infected
with SIV (62%; 8 of 13 LCV-seropositive animals developed tumors). These
animals were naturally infected with LCV prior to experimental infection with
SIV, thus the development of LCV-positive B-cell lymphomas in these SIV-
infected animals is similar to the EBV-positive B-cell lymphomas which arise in
adult AIDS patients.

It is less clear whether simian LCVs are associated with B-cell malignancies in
hosts without overt immunosuppression, i.e., similar to the EBV association with
Burkitt’s lymphoma and Hodgkin’s disease. It is also unclear whether simian LCV
infection is associated with malignancies in the epithelial cell compartment, i.e.,
similar to the EBV association with nasopharyngeal and gastric carcinomas. The
failure to recognize an association between simian LCV infection and these types of
malignancies in nonhuman primates may be due to the relatively low frequency of
disease and small captive population. However, it is interesting to note that simian
LCV infection has been detected in epithelial skin and esophageal lesion in
SIV-immunosuppressed animals suggesting that LCV can cause epithelial cell dis-
ease in both human and nonhuman hosts (BAskIN et al. 1995; M. Simon, personal
communication).

4 Molecular Comparisons Between EBV and Simian LCV

4.1 Hybridization Studies

Hybridization studies performed in the 1980s indicated that EBV and baboon LCV
DNA share ~40% homology, have similar densities (1.717-1.718), are colinear,
and share a similar structural format with tandem repeats at both ends and tandem
direct repeats separating long and short unique regions (HELLER et al. 1981;
HEeLLER and KIerr 1981). Chimpanzee, baboon, and orangutan LCV also showed
30%—50% nucleotide homology with EBV (FrRANK et al. 1976; GERBER et al. 1976;
HEeLLER et al. 1982). This level of homology is similar to that between herpes
simplex type 1 and type 2 viruses (HELLER and KIErr 1981).
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4.2 Lytic Infection Genes

More recently cosmid clones from the baboon and rhesus LCV have been derived,
and selected genes have been sequenced. In addition, our laboratory has initiated
an effort to derive the complete nucleotide sequence for the rhesus LCV genome.
From these more detailed studies, it appears that the baboon and rhesus LCV
genome encode for an identical repertoire of lytic and latent infection genes.
Overall, the lytic genes are more well-conserved with 50%—-90% amino acid identity
to the EBV homologs (Table 1). This is not surprising given the well-conserved
nature of many lytic infection genes among all herpesviruses, e.g., BALF2, the
major DNA binding protein. Several lytic infection genes are unique to LCV, and
homologs are not found even in gamma 2 herpesviruses, e.g., gp350, viral inter-
leukin (VIL)-10, BARF1, BALF1 (MoGHADDAM et al. 1998; P. Rivailler et al.,
unpublished observations). These genes are probably not essential for lytic repli-
cation or B-cell immortalization in vitro, but are likely to play an important role
during virus replication in vivo. The preservation of these genes in the rhesus LCV
with a high degree of homology underscores the similar biology and pathogenesis
conserved through the evolution of these human and nonhuman LCV.

Table 1. Homology of simian LCV lytic and latent infection genes to EBV*

Rhesus Baboon Description
LCV (%) LCV (%)
Lytic gene
BARFI 75.7 ND Lytic oncogene; CSF1R homolog
BALF1 84.1 ND bcl2 Homolog
BALF2 94.7 ND Major DNA-binding protein
BALF3 82.9 ND
BCRF1 84.7 79.4 IL-10 homolog
BZLF1 71.3 ND Zebra transactivator
BFRF3 69.4 ND Viral capsid antigen
gp350 49.2 ND Major membrane glycoprotein
Latent gene
LMPI1 36.5 ND
23.3 23.8 Carboxy terminus
LMP2A 54.7 51.1
31.4 29.8 First exon only
LMP2B 27.0 ND Nucleotide homology, first exon only
EBNA-1 46.4 44.1
EBNA-2A 26.5 26.3
EBNA-2B 31.5 ND Type 2 EBV and rhesus LCV EBNA-2
EBNA-3A 29.4 ND
EBNA-3B 29.1 ND
EBNA-3C 31.0 ND
EBNA-LP 53.3 ND
EBERI1 70.1 71.9 Nucleotide homology
EBER2 41.7 44.7 Nucleotide homology

ND, sequence not determined yet.
#Homology is expressed as % amino acid similarity, or nucleotide homology where noted, as determined
by performing clustal alignments with the DNAstar program.
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4.3 Latent Infection Genes

Somewhat surprisingly, the latent infection genes are not as well-conserved (Ta-
ble 1). Epstein-Barr nuclear antigen (EBNA)-1 is one of the most well-conserved,
and this likely reflects the essential role for episomal maintenance during latent LCV
infection (YATEs et al. 1996; BLAKE et al. 1999). Most other latent infection genes
are much less well-conserved, but all appear to function similar to the EBV ho-
mologs. For example, the baboon and rhesus LCV EBNA-2, EBNA-3A, -3B and
-3C can all interact with RBP-Jk, and the simian EBNA-2 and EBNA-3C homologs
can act as transcriptional transactivators in human cells despite having relatively low
overall amino acid homology with the EBV homologs (LING and HAYWARD 1995;
PENG et al. 2000; Jiang et al., in press). The baboon and rhesus LCV latent mem-
brane protein (LMP)-1s have conserved Transformation effector site (TES)-1 and
TES-2 sites that can interact with TNF receptor associated factors (TRAFs) and
induce nuclear factor (NF)-xB activity in human cells, despite otherwise dramatic
sequence divergence in the carboxy terminal cytoplasmic domain (FRANKEN et al.
1996). The baboon and rhesus LCV LMP2As are most divergent in the first exon,
but have conserved the immunoreceptor tyrosine-based activation motif (ITAM)
and the ability to interact with src kinases in human B cells (FRANKEN et al. 1995;
RivAILLER et al. 1999). This sequence divergence associated with conserved function
suggests that these are relatively new genes in evolution, arising from a relatively
diverse gene pool, with convergence of domains important for gene function.

4.4 A Species-Restricted Block
to LCV-Induced B-Cell Immortalization

Despite this functional similarity and interchangeable nature for in vitro assays,
there is a species-restricted block to B-cell immortalization (MOGHADDAM et al.
1998). Thus, EBV can efficiently immortalize human B cells and B cells from closely
related Old World nonhuman primates such as chimpanzees. However, EBV
cannot efficiently immortalize B cells from more distant Old World species, such as
rhesus macaques. Similarly, baboon LCV can immortalize B cells from other Old
World species in the same cercopithecine family, e.g., rhesus monkeys, but cannot
efficiently immortalize human B cells.

Studies clearly demonstrate that this species-specific block is beyond the point
of virus binding and penetration (MOGHADDAM et al. 1998). In fact, baboon LCV
can infect, persist, and replicate in human B cells, but only in the presence of EBV
co-infection. The simplest hypothesis is that one or more latent infection genes
perform some yet-to-be-described function essential for B-cell immortalization,
which is species specific. The EBNA-3 genes may be one locus for this species
restriction since chimeric EBV where the EBNA-3 genes had been replaced with the
rhesus LCV EBNA-3 locus were able to initiate human B-cell growth, but unable to
sustain B-cell immortalization (Jiang et al., in press). Other preliminary experi-
ments suggest that multiple loci may contribute to the species restricted block, but
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the precise genetic loci responsible remain to be determined. This species restriction
may identify molecular interactions that are important for B-cell immortalization
using a comparative approach with the EBV and simian LCV genes.

These species differences may also explain why investigators were generally
unsuccessful at infecting Old World nonhuman primates with EBV in the 1980s.
Pre-existing natural LCV infection in Old World nonhuman primates may also
have resulted in some cross-reactive immunity that may have blocked infection with
EBV. These factors suggest that careful screening for natural LCV infection and the
autologous virus species must be used for an experimental model in Old World
nonhuman primates. The molecular similarities between rhesus LCV and EBV
suggest that use of rhesus LCV will provide a valid and accurate model for EBV
infection.

4.5 Two Types of Rhesus LCV

The discovery of two types of rhesus LCV infection resembling type 1 and type 2
EBV further underscores the similarities between the simian LCV and EBV. These
two types of rhesus LCV were identified by polymorphisms in the EBNA-2 gene
from two naturally occurring rhesus LCV isolates (CHo et al. 1999). The two rhesus
LCV EBNA-2 alleles not only demonstrated similar degrees of sequence divergence
as the EBV-1 and EBV-2 EBNA-2s, but the domains with the most divergence were
positionally conserved in the rhesus LCV and EBV EBNA-2s. It is still unclear
what biologic advantage is provided by the two different EBV types, but it appears
that the same biologic advantage has also resulted in the evolution of two rhesus
LCYV types. Furthermore, the observation that co-infection with both rhesus LCV
types can occur in immunocompetent animals is consistent with the increasing
evidence that some humans can be naturally co-infected with two types of EBV
(SixBEY et al. 1989; ApoLLONI and ScULLEY 1994; BrooKs et al. 2000).

4.6 Nonconserved and Conserved Molecular Strategies
for Immune Evasion

The only significant difference discovered to date between the simian LCV and EBV
has been associated with the putative immune evasion function associated with the
glycine-alanine repeat (GAR) repeats in the EBV EBNA-1. The GAR domain in
EBV EBNA-1 has been shown to inhibit antigen presentation of cytotoxic T-cell
epitopes in cis (LEVITSKAYA et al. 1995). The GAR is hypothesized to prevent
molecules from entering the class I antigen presentation by protecting GAR-con-
taining molecules from proteosomal degradation, and this mechanism may con-
tribute to the apparent lack of robust EBNA-1 specific CTL activity in EBV
infected individuals.

The baboon and rhesus LCV EBNA-1 both contain similar GAR domains;
however, in both instances the repeats are somewhat simpler and significantly fewer
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in number compared to EBV EBNA-1 (YATEs et al. 1996; BLAKE et al. 1999).
When these simian LCV GAR domains were used to replace the GAR domain in
EBV EBNA-1, they failed to reproduce the effect of the EBV GAR by failing to
inhibit antigen presentation (BLAKE et al. 1999). When cytotoxic T-lymphocyte
(CTL) epitopes were cloned into the rhesus LCV EBNA-1s, the simian LCV GAR
domain still failed to inhibit antigen presentation in the context of the native
protein. Since this system also used rhesus monkey antigen-presenting cells and
CTLs, this ruled out any potential species-restricted effect (BLAKE et al. 1999).
Thus, despite the dramatic conservation of function among the various simian LCV
latent infection genes studied to date, the protection of antigen presentation by
the EBV EBNA-1 GAR has not been conserved in other Old World nonhuman
primate LCV. This suggests that this is not a strategy for immune evasion common
to all LCVs.

It is interesting to note that a functional homolog for the type 1 latency Qp
EBNA-1 promoter has been conserved in both rhesus and baboon LCV (RUF et al.
1999). Thus, the downregulation of latent gene expression (ROwWE et al. 1987) due to
a Cp/Wp to Qp switch does appear to be a common strategy for immune evasion in
human and nonhuman LCV.

5 Experimental Infection of Naive Rhesus Macaques
with Rhesus LCV

The biologic and molecular similarities between the rhesus LCV and EBV suggest
that experimental infection with the native virus in na rhesus macaques will provide
a valid model for EBV infection in humans. The species restriction for LCV-
induced B-cell immortalization suggests that using EBV to infect rhesus macaques
is unlikely to reproduce the natural LCV infection seen in macaques and humans.
Theoretically, it might be possible to engineer chimeric EBV capable of successfully
infecting rhesus monkeys, similar to the chimeric SIV containing the HIV envelope
gene. Chimeric LCV/EBV may be especially useful for evaluating the efficacy of
potential therapeutic agents against EBV in an animal model system. However, the
loci responsible for the species restriction remain to be defined, and studies to date
suggesting the possible involvement of multiple loci may make chimeric LCV a
difficult proposition (Jiang et al., in press).

5.1 Identifying Rhesus LCV-Naive Hosts

Experimental infection requires the use of rhesus LCV-naive animals. The group
housing used at most primate centers results in ubiquitous natural LCV infection at
even earlier ages than in humans. Thus, by 1 year of age, most rhesus macaques
raised in conventional colonies are LCV seropositive (Wang, unpublished obser-
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vations). Fortunately, there have been widespread efforts to raise specific pathogen-
free colonies in order to reduce the adverse effects of simian retrovirus D infection
to rhesus macaques and to reduce the risk of transmitting herpesvirus B infection to
human care-takers (Desrosiers 1997). Typically, these colonies are initiated by
hand-rearing abandoned newborns. Animals are serologically screened on a regular
basis to ensure that they are free of retrovirus D and herpes B infection. Naive
animals are then housed together. When sufficient animals have been raised,
breeding colonies can be established to naturally maintain the specific-pathogen-
free (SPF) colony. Although these efforts have not typically screened for LCV
infection, we have found that these procedures can be successful for raising LCV-
naive rhesus macaques (Rao et al. 2000). However, the inadvertent introduction of
rhesus LCYV seropositive animals can result in relatively rapid spread of LCV in-
fection in the na colony. Therefore, vigilant serologic screening for LCV infection
should be used. Recent cloning of the VCA pl18 (BFRF3) homolog from rhesus
LCYV indicates that immunodominant epitopes are present in the carboxy terminus
as for EBV, and enzyme immunoassays with the rhesus LCV VCA peptide are a
sensitive assay for both type 1 and type 2 rhesus LCV infection (Rao et al. 2000).

5.2 Experimental Rhesus LCV Inoculation

We have chosen non-traumatic oral instillation as our route of inoculation in order
to most closely mimic natural transmission (MOGHADDAM et al. 1997). Generally,
10 x 6 transforming units in 10-20cc of tissue culture media are used to bathe the
oropharynx, and variable amounts of virus can be swallowed or expectorated
making the virus dose difficult to titrate by this route. However, this relatively
imprecise mode of inoculation is useful since we do not know the site for initial
EBV/LCYV infection. The concept that EBV first infects epithelial cells has been
recently challenged (ANAGNOSTOPOULOs et al. 1995), and the observation that EBV
infection can be associated with the gastric epithelium and gastric carcinomas
(RowLAaNDs et al. 1993; GULLEY et al. 1996; ArRIKAwA et al. 1997) raise the pos-
sibility that other parts of the gastro-intestinal tract beyond the oropharynx may be
involved.

5.3 Acute Clinical and Laboratory Responses to Experimental Infection

It is difficult to evaluate subjective symptoms of acute infections in rhesus ma-
caques, e.g., fatigue, malaise. Fevers are also difficult to measure without implanted
devices since anesthesia alone may elevate body temperature. Physical exam can
detect lymphadenopathy and splenomegaly in some, but not all experimentally
infected animals (MOGHADDAM et al. 1997). It remains to be determined whether
development of these physical signs in response to rhesus LCV infection has some
degree of age-dependence similar to the age dependent association of the infectious
mononucleosis syndrome with adolescent humans.
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Laboratory studies often provide simpler and more objective measurements of
acute infection. Atypical lymphocytosis is seen in many animals, but the degree can
be quite variable, similar to the physical findings (MOGHADDAM et al. 1997). More
recently, we have developed specific assays for viral load and immune activation to
study the responses during acute infection. Using real-time quantitative PCR, we
can detect viral DNA in the peripheral blood mononuclear cells of experimentally
infected animals 7-14 days after oral inoculation. This initial viral load generally
peaks around 14-21 days and slowly resolves over the next 10—12 weeks when it
often becomes undetectable by DNA PCR (Rao et al. 1999).

Evidence for immune activation can be detected as early as 3 days after oral
inoculation by the appearance of T cells expressing intracellular cytokines, such as
IL-2, gamma interferon, and IL-10 (KAur et al. 1999). Intracellular IL-10 is
prominent in both T- and B-cell populations, and sometime has a biphasic pattern
of appearance. The proportion of cellular and viral encoded IL-10 remains to be
determined, but the high expression levels of cellular and viral IL-10 in infectious
mononucleosis patients supports a prominent role for this cytokine during acute
LCV infection (TAGA et al. 1995). Preliminary evidence for activated CTL activity
against rhesus LCV-infected cells has been detected in the first few weeks after
infection similar to that described in infectious mononucleosis patients (KAUR et al.
1999). Humoral responses to viral capsid antigen and EBNA-2 develop relatively
early after oral inoculation (MOGHADDAM et al. 1997; Rao et al. 2000). Thus, ex-
perimental rhesus LCV infection by oral inoculation induces a similar clinical and
laboratory picture as EBV infection in humans, and experimental infection allows
for detailed study of the early events initiating primary infection as well as those
contributing to the resolution of primary infection.

5.4 Persistent Infection After Experimental Inoculation

Persistent infection can be detected in both the peripheral blood B-cell
compartment and oropharynx of experimentally infected animals. Persistent B-cell
infection can be detected by the recovery of rhesus LCV-infected B cells after their
spontaneous outgrowth in tissue culture, as in humans (MoGHADDAM et al. 1997).
Furthermore, persistent infection can be detected in experimentally infected ani-
mals by RT-PCR amplification for the rhesus LCV EBER homologs in peripheral
blood mononuclear cells (Rao et al. 2000). Persistent infection detected by EBER
RT-PCR has been detected in experimentally infected animals as long as 3 years
after infection. EBER RT-PCR can detect persistent infection in approximately
95% of naturally infected animals; however, a semiquantitative EBER assay
showed a very broad range of expression levels, e.g., 4 logs. Thus, this is a useful
qualitative assay for persistent infection, but other assays need to be developed in
order to determine whether there is any subtle, quantitative difference in persistent
infection after experimental versus natural infection. Persistent infection in the
oropharynx can also be detected in experimentally and naturally infected animals
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by PCR amplification of DNA extracts from oral washes (MOGHADDAM et al. 1997;
CHo et al. 1999).

Thus, these experiments demonstrate that rhesus macaques can be successfully
infected by experimental inoculation with rhesus LCV. The animals develop an
acute syndrome, which provides a unique window into the early events immediately
after viral inoculation, and experimental infection results in an acute and persistent
infection that is similar to that of EBV infection in humans. The rhesus LCV
animal model can be useful for addressing a number of questions.

6 Future Directions for the Rhesus LCV Animal Model

6.1 Molecular Pathogenesis of Acute and Persistent Infection

Genetic EBV studies have now identified many viral genes which appear to be
‘nonessential’ for virus replication and B-cell immortalization in vitro. Most, if not
all, of these genes have been conserved in the rhesus LCV genome suggesting they
play an essential role for viral pathogenesis in vivo, even though they are appar-
ently unnecessary in vitro. Laboratory studies can provide some clue as to the
function for some of these genes, but how they affect acute or persistent LCV
infection in vivo remains unknown.

For example, functional attributes have been assigned from in vitro experi-
ments to ‘nonessential’ latent infection genes such as LMP2A/B, EBNA-3B, and
EBERSs (SWAMINATHAN et al. 1992; ToMKINSON and KIErF 1992; LONGNECKER et al.
1993), and one can speculate how they may contribute to viral pathogenesis in vivo.
LMP2A may promote latency by inhibiting viral replication, but recent experiments
suggest that LMP2A might also contribute a positive effect to B-cell growth and
persistence in vivo (CALDWELL et al. 1998). This hypothesis can be directly tested
by constructing LMP2A rhesus LCV mutants and asking whether experimental
infection results in excessive lytic infection or a failure to develop persistence. The
mystery surrounding the role of LMP2B is further compounded by the strong
conservation in simian LCV and the apparent lack of recognizable functional do-
mains (RIVAILLER et al. 1999). One might predict that the EBERs might play an
important role during acute infection due to their potential ability to block inter-
feron-induced responses (Rosa et al. 1981). The presumed EBNA-3B function as a
transcriptional regulator suggests that it may be important for inducing cell genes
that modulate cell survival or the immune response in vivo (LE Roux et al. 1994).

LCVs also encode for a number of lytic infection genes which appear to be
‘nonessential’ for virus replication in vitro (MARCHINI et al. 1991; SWAMINATHAN
et al. 1993; ROBERTSON et al. 1996; CoHEN and LEksTROM 1999). Many of these
genes are cell gene homologs and have also been conserved in the simian LCV
suggesting an essential role for viral pathogenesis in vivo. These genes include two
bcl2 homologs (BHRF1 and BALF1), a CSF1 receptor homolog (BARF1), and a
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viral IL-10 homolog (BCRF1) (P. Rivailler et al., unpublished observations). The
capture of a vIL-10 homolog is particularly intriguing since it has been tightly
conserved in the rhesus LCV, and only a few viruses are known to encode for a viral
IL-10. EBV IL-10 can be detected in the serum of infectious mononucleosis patients
along with high titers of cellular IL-10, so the unique requirement for vIL-10 during
acute infection is not evident (TAaGa et al. 1995). It is difficult to attribute a
significant role for vIL-10 in the immune evasion of latently infected B cells, since
vIL-10 is a lytic infection gene. Perhaps, vIL-10 is important for persistent viral
infection in the oropharynx where local immunosuppression may be required to
mask the antigenic viral proteins produced during replication. These types of
questions can be directly addressed by genetically mutating these genes in the
rhesus LCV and assessing the impact in vivo after experimental infection.

6.2 Immune Responses and Immune Evasion

The animal model will also be useful for identifying host immune responses im-
portant for control of acute infection and to test the relevance of viral strategies for
immune evasion and persistent infection. The EBNA-3 genes are immunodominant
targets for the CTL response in humans (KHANNA et al. 1992; STEVEN et al. 1996),
however, it is unknown whether these CTLs are protective and whether EBNA-3
epitopes would represent an effective target for potential vaccination. A conserved
immunodominant response to the EBNA-3s in rhesus macaques would argue for a
protective role versus a bias due to the human MHC background. Similarly, it is
unknown whether the vigorous and persistent response to lytic infection genes
might represent an important component of the immune response important for
control of virus infection (CALLAN et al. 1998; STEVEN et al. 1997).

Conservation of the latency type 1 Qp promoter suggests that downregulation
of latent gene expression is an important strategy of immune evasion common to all
LCV. This hypothesis can be directly tested by deleting the Qp and asking whether
the virus is still able to establish persistent infection. In this way, the virus may
become attenuated, while still evoking a strong immune response, important
characteristics for a potential live viral vaccine.

6.3 Pathogenesis of Epithelial Cell Infection

The initial site of EBV infection in humans remains controversial. The classic
paradigm is that EBV first infects epithelial cells in the oropharynx and then infects
B cells that migrate close to the mucosal surface. There is no question that EBV can
infect epithelial cells in immunosuppressed patients, e.g., oral hairy leukoplakia in
AIDS patients, or during malignant transformation, e.g., nasopharyngeal carci-
noma. However, whether EBV naturally infects epithelial cells in immunocompe-
tent hosts has been challenged by some investigators who fail to find evidence for
EBV infection in tonsillar epithelial cells from patients with infectious mono-
nucleosis (ANAGNOSTOPOULOS et al. 1995).
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Naturally or experimentally infected rhesus macaques can be used to ask
whether epithelial cells are infected during acute infection or if epithelial cells a site
for persistent infection. Although many clinical trials have shown that acyclovir is
ineffective when used to treat patients presenting with infectious mononucleosis
(WaNG 1999), the ability to treat rhesus macaques with acyclovir prior to infection
would test whether viral replication is required to establish primary infection. The
association of EBV infection in some gastric carcinomas also raises the possibility
that other regions of the gastrointestinal tract beyond the oropharynx may be
important for LCV infection.

6.4 LCV-Associated Tumorigenesis

Providing a model for LCV-induced tumors is also an important goal. Simian LCV
are clearly associated with the development of B-cell lymphomas, but the ability
to reproduce these tumors experimentally represents a significant challenge. The
high frequency of LCV-infected B-cell tumors in cynomolgous macaques with
natural LCV infection followed by experimental SIV infection is encouraging
(FEICHTINGER et al. 1990). In fact, this frequency is probably much higher than in
humans, since only a fraction of EBV seropositive adult AIDS patients develop
lymphomas. But, even the reported incidence and rate of tumor development in
the SIV-infected cynomolgous macaques may not be experimentally feasible for an
expensive animal model system. In addition, the incidence of tumors in these
SIV-infected cynomolgous macaques appears higher than other centers using
SIV-infected rhesus macaques, and the reason for this difference, e.g., species, viral
strain, etc., is not obvious.

Therefore, we have recently begun exploring the risk of tumorigenesis when
primary LCV infection is initiated after Simian-Human Immunodeficiency Virus
(SHIV)-induced immunosuppression. The markedly higher risk of lymphoprolifer-
ative disease in pediatric transplants, who acquire primary EBV infection in the post-
transplant period, provide precedence for an increased risk of tumorigenesis (Ho
et al. 1988). SHIV infection is particularly advantageous since CD4 " T cells decrease
rapidly and reproducibly after experimental inoculation (REIMANN et al. 1996). Our
preliminary experiments suggest that acute rhesus LCV infection is initially con-
trolled, perhaps by some innate immune response unaffected by the SHIV infection,
and uncontrolled LCV viral loads can develop later, which may be a primary event or
secondary to opportunistic infection. The potential for a tumorigenesis model re-
mains to be developed, but this system also provides interesting insight into the
interaction of SIV/LCYV interactions and the role of the innate immune response.

6.5 Vaccine Development

A proposed EBV vaccine candidate currently under development is based on the
membrane antigen, gp350. While a gp350 vaccine can induce serum-neutralizing
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antibodies (Gu et al. 1995), it is still uncertain how successful this vaccine strategy
will be for preventing infectious mononucleosis or establishment of persistent
infection. It also remains unknown whether the induction of mucosal immunity or
cellular immunity against lytic or latent infection antigens may be important for an
effective EBV vaccine. The membrane antigen in rhesus LCV shows 50% amino
acid identity with EBV gp350 (MoGHADDAM et al. 1998), and the rhesus LCV
animal model can be used to address how successful these different vaccine strat-
egies may be for protecting against an oral virus challenge.

7 Conclusion

The rhesus LCV animal model holds great promise as an experimental model
system for studying EBV pathogenesis. Recent work has demonstrated the strong
evolutionary conservation between the rhesus LCV and EBV genomes with highly
conserved genetic repertoires and molecular signaling pathways. Modern breeding
practices and dedicated resources for developing SPF colonies make experiments
with rhesus LCV-naive animals feasible and provide important infrastructure for
these biologic studies. Experimental infection of rhesus macaques with rhesus LCV
reproduces the natural mode of transmission and provides a model system for
studying the earliest phases of acute infection, the establishment of persistent
infection, the development of host immune responses important for controlling
infection, and viral strategies for immune evasion. The impending completion of
the rhesus LCV genome sequence will be an important step in the development of
genetic systems for mutating rhesus LCV and for subsequent molecular patho-
genesis studies in vivo. Co-infection with SIV and rhesus LCV provides a potential
model for LCV-induced B-cell lymphomas and AIDS-associated malignancies. The
rhesus LCV animal model will also contribute to the development of potential EBV
therapies through a better understanding of LCV pathogenesis and a model system
for testing novel vaccines and therapeutics.
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1 Introduction

The goal of immunotherapy is to overcome the immune response deficits of the host
or the immune stimulatory deficits of the tumor and activate an effective tumor-
specific immune response. The cytotoxic T-lymphocyte (CTL) arm of the cellular
immune response is thought to be the most important defense against tumors and
virus-infected cells. CTLs recognize short peptides derived from viral antigens that
are carried to the infected cell surface in association with major histocompatibility
(MHC) molecules (see Fig. 1). Epstein-Barr virus (EBV)-associated malignancies
express a range of antigens against which to target CTLs. For immunotherapy,
CTLs may be activated and expanded in vivo or ex vivo. In vivo strategies involve
immunization with DNA, tumor vaccines, or antigen- or peptide-loaded dendritic
cells. Ex vivo strategies involve exposing T cells to tumor or viral antigens expressed
on antigen-presenting cells (APCs) and expanding them in T-cell growth factors
in vitro. Although the ex vivo approach may be more costly in the time, effort, and
expertise required to grow CTLs for patient infusion, it may be the only option in

Center for Cell and Gene Therapy, Baylor College of Medicine, 6621 Fannin St, Houston, TX 77030,
USA



222 C.M. Rooney et al.

Fig. 1. Requirements for reactivation of memory CTL in vitro. First, adhesion molecules are important
for bringing the T cell into contact with the antigen-presenting cell (APC). Second, the T-cell receptor
(TCR) must bind its specific antigenic peptide in the groove of the appropriate HLA molecule. Third, a
costimulatory signal, which can be provided by CD28 on the T-cell surface binding to B7 on the APC;
without costimulation, the CTL may be anergized

cases where the patient is immunosuppressed or where the tumor secretes inhibitory
factors. In these cases, it is often possible to activate and expand antigen-specific
CTL precursors in a culture environment that is conducive to CTL growth, even
though the same cells cannot expand and function in vivo. There are additional
advantages to the ex vivo approach. The phenotype and function of the CTLs can
be determined prior to infusion, anti-tumor activity can be ensured, and anti-host
activity can be excluded. CTL numbers can be controlled and repeat infusions given
if required. Finally, transfer of marker genes into CTL lines allows the function and
persistence of CTLs in vivo to be followed, transfer of suicide genes allows the
in vivo destruction of the CTLs should they prove toxic, and transfer of functional
genes may improve the activity of CTLs once infused (Hwu et al. 1993; HesLop
et al. 1996; Bonini et al. 1997). We have used the ex vivo approach for the pre-
vention and treatment of EBV-related malignancies in stem cell recipients, because
they are unable to mount an immune response in vivo, and in patients with relapsed
EBV-positive Hodgkin’s disease, because the tumor secretes inhibitory factors.

2 EBV-Specific CTLs for the Treatment
of Lymphoproliferative Disease in Stem Cell Recipients

EBV-associated lymphoproliferative disease (EBV-LPD) in stem cell recipients has
provided an excellent model system in which to test the biological efficacy of
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ex vivo-expanded, adoptively transferred antigen-specific CTL lines. EBV-LPD
occurs in up to 20% of recipients of T cell-depleted stem cells from HLA-mis-
matched or unrelated donors (AGuiLAR et al. 1999). No anti-viral agents are
reproducibly effective for EBV-LPD. Immunotherapy with unmanipulated donor
leukocytes is associated with a high incidence of disease progression and survivors
have a high incidence of graft-vs-host disease (GVHD) (O’REILLY et al. 1996; Lu-
cas et al. 1998). To avoid the GvHD and the immunopathology associated with the
treatment of active disease, we have treated patients with selectively activated and
expanded, EBV-specific CTLs. EBV-specific CTL lines are readily established from
the majority of stem cell donors, since over 90% are persistently-infected with EBV
and therefore carry a high frequency of circulating EBV-specific CTL precursors.
EBV-transformed B-lymphoblastoid cell lines (LCLs) are easy to establish from
normal donors, they reproducibly activate EBV-specific CTL lines from seroposi-
tive donors and provide a continuous source of excellent APC.

2.1 CTL Activation and Expansion

Figure 2 shows our method of generating EBV-specific CTL lines. The first step is
the generation of EBV-transformed B-cell lines for use as APCs. Peripheral blood
mononuclear cells (5 x 10°) are resuspended in concentrated supernatant from the
B95-8 virus producer line and cultured in the presence of cyclosporin A. The LCL is

Fig. 2. Generation of EBV-specific CTL lines. The first step is the generation of an EBV transformed B-
cell line (LCL) from the donor. Peripheral blood mononuclear cells are infected with concentrated virus
stock from the B95-8 cell line in the presence of cyclosporin A, an inhibitory of T-cell activation. From
day 14 the cells are expanded in the presence of acyclovir to inhibit the release of infectious virus. Once
the LCL is established and sterility testing is complete, it is irradiated and co-cultured with fresh or frozen
PBMC from the same donor. This stimulation is repeated on day 10 and then weekly until the patient
dose is reached. IL-2 at 40-100units/ml is added twice weekly from day 14. Retrovirus transduction is
performed less than 3 days before cryopreservation of the CTL line. The CTL product is tested for
sterility, identity (HLA typing), phenotype, and cytotoxic specificity before it is released for patient
infusion. The test for replication competent retrovirus (RCR) is performed, but is not a release criterion
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usually established within about 4 weeks, when it can be sterility tested and
cryopreserved before being used to initiate CTL lines. The LCLs are maintained in
100uM acyclovir to prevent the production of infectious virus.

For CTL generation, fresh or frozen donor peripheral blood mononuclear cells
(PBMCs) are cultured with the irradiated autologous LCL at a responder:stimu-
lator ratio of 40:1 in 2ml wells. They are restimulated on day 9 and interleukin
(IL)-2 is added on day 14. Thereafter, the cultures are restimulated weekly with the
irradiated LCL (4:1 ratio) and twice weekly with IL-2 (40-100units/ml). When
sufficient cell numbers for patient treatment are obtained, the cells are safety tested
(see Table 1) and frozen using a controlled rate freezer. EBV-specific CTL lines
were established from all but three of over 150 normal donors. Two of these were
seronegative and one had recently seroconverted.

CTL lines established in this way are variable in phenotype and cytotoxic
activity. Both CD4 and CD8 numbers ranged from 2% to 98%, with widely
varying numbers of CD56" lymphokine-activated killer cells. The release criteria
require first that the line should contain less than 1% B cells, ensuring that there is
no LCL growth in the line, and second that there should be significant killing of the
autologous LCL with less than 10% killing of patient-derived phytohemagglutinin
(PHA) blasts (grown from blood obtained prior to transplant), a measure of
potential GVHD activity.

2.2 Prophylactic Use of EBV-Specific CTLs

Since 1993, over 60 recipients of T cell-depleted bone marrow from
HLA-mismatched or unrelated donors have received infusions of donor-derived,
EBV-specific CTL lines, as prophylaxis for EBV-LPD (HEesLoP et al. 1994; ROONEY
et al. 1998). The first 26 patients received CTL that had been genetically marked
with a retrovirus vector carrying the neomycin-resistance gene. Marking efficiencies
of 0.5-10% allowed us to track the in vivo persistence of the CTLs and to deter-
mine their involvement in any toxicity. An initial dose escalation study revealed
that low numbers of CTLs were biologically effective and so currently, patients

Table 1. Release criteria required by CTLs for infusion

Test Result required
Viability >70%
Sterility
Fungus, bacteria No growth after 7 days
Mycoplasma Negative
Endotoxin <5EU/ml
Identity Donor HLA class I type
Phenotype <2% B lymphocytes
Cytotoxic specificity <10% killing of patient-derived lymphoblasts

at an E:T ratio of 20:1

EU, endotoxin unit.
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receive one dose of 2 x 10’CTL/m?. The target date of infusion is day 45, at which
time GvHD should be apparent if it is to occur.

2.2.1 Safety

Used prophylactically, CTLs are safe and effective. The main anticipated toxicity
was GvHD. No patient developed de novo GVHD, although previously occurring
GvHD reactivated in two. Both responded to low-dose steroids. No other toxicities
could be associated with CTL infusions.

2.2.2 Persistence

Amplification of marker DNA from EBV-specific CTLs reactivated from patients
at serial times after infusion showed that the infused CTL lines expanded up to
4 logs in vivo and then persisted for up to 6 years after infusion (ROONEY et al.
1995b, 1998; HesLop et al. 1996). Marking studies also showed that the CTLs could
expand in vivo in response to EBV reactivation; a rise in EBV DNA levels in two
patients over one year after infusion was accompanied by reappearance of the
marker gene.

2.2.3 Immunological Efficacy

Prior to CTL infusion, we were unable to detect EBV-specific CTL precursors.
Within 1 week of infusion, low level activity could be detected, and within 4 weeks
the levels of immunity were within the range seen in normal individuals, where they
remained (HEesLop et al. 1996).

2.2.4 Virological Efficacy

High EBV DNA Ilevels, as measured by amplification of EBV DNA in peripheral
blood, are frequently accompanied by fevers and lymphadenopathy and are asso-
ciated with an extremely high risk for EBV-LPD (RooNEY et al. 1995a). About
20% of our patients developed a high virus load after bone marrow transplantation
(BMT). Infusion of CTLs uniformly resulted in a dramatic drop in virus load, to
low or undetectable levels. The most important result of the study was that none of
the patients who received prophylactic CTL developed EBV-LPD, in contrast with
about 12% of controls.

2.3 CTLs as Treatment

Further evidence for anti-tumor effects came from four patients who had not re-
ceived CTLs and developed frank lymphoma. These four received CTLs as treat-
ment and three achieved complete remission. One case, in which tumor biopsies
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could be studied, clearly demonstrated that EBV-specific CTL home to tumor sites,
then accumulate or expand to effect lymphoma regression. Comparison of tumor
biopsy material taken pre- and 10 days post-CTL infusion showed that CD20 "
tumor B cells were replaced almost entirely by CD3™ T cells. In situ PCR dem-
onstrated neo-marked CTLs in the tumor tissue at levels over 100-fold seen in
peripheral blood (RooNEY et al. 1998).

2.3.1 Pitfalls Associated with the Use of CTLs as Treatment

Two of the patients who received CTLs as treatment also illustrated two of the
pitfalls that can result from treating bulky disease. First, if the tumor occurs in a
sensitive anatomical location, the inflammatory response can be damaging. Second,
mutation of important CTL epitopes becomes increasingly likely with tumor size.
The second patient, who presented with airway obstruction due to bulky disease in
the nasopharynx, developed increased swelling after CTL infusion, requiring in-
tubation and tracheotomy. He also developed ulceration of the soft palate and gut,
illustrating the damage that a CTL-mediated inflammatory response can generate.
The patient eventually recovered and is now well over 3 years after CTL infusion.
The third patient also presented with bulky disease involving the nasopharynx and
lung (GoTtTscHALK et al. 1998). She received CTLs but the tumor progressed and
she died of respiratory failure 24 days after CTL infusion. EBV-transformed B-cell
lines grew rapidly from patient peripheral blood before and 7 days after CTL
infusion. Comparative analysis of tumor virus DNA with DNA from the patient-
derived B-cell lines and B95-8 DNA revealed a deletion in the tumor’s Epstein-Barr
virus nuclear antigen (EBNA) 3B gene that removed two immunodominant HLA-
All-restricted epitopes. Analysis of the donor CTL line showed that it also was
dominated by these two EBNA 3B epitopes. No other epitope specificity could be
identified from peptides predicted from the literature to sensitize targets to killing
through the donor HLA class I allotype (RickiNnsoN and Moss 1997).

Thus, while the use of EBV-specific CTL lines is a safe and effective strategy to
prevent EBV-associated disease after stem cell transplant, CTLs as therapy should
be used with caution. Inflammatory responses can be damaging because of the
aggressive nature of the tumor and its preference for respiratory tissues. Escape
mutants may also be a problem, since even polyclonal EBV-specific CTL lines may
be specific for only a few viral epitopes, and with a large tumor burden there is
ample opportunity for mutation.

3 Hodgkin’s Disease

EBV-positive Hodgkin’s disease is another candidate for EBV-specific CTL, since it
provides viral antigens as targets. A number of problems can be anticipated to
complicate the use of CTLs to treat Hodgkin’s disease (see Fig. 3). First, the tumor
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Fig. 3. Immune evasion strategies of Hodgkin’s Reed-Sternberg cells. CTL epitopes in EBNA 3a, 3b, or
3c dominate the CTL response to EBV when CTL lines are activated by in vitro culture with LCLs. Reed-
Sternberg cells do not express the EBNA 3 proteins and therefore are not susceptible to the bulk of
circulating EBV-specific CTLs. They also secrete chemokines and cytokines that inhibit the recruitment,
activation, and function of CTLs

cells downregulate the immunodominant latency-associated proteins that are
expressed in post-transplant lymphomas, Hodgkin’s lymphoma cells express only
EBNAI, which is not processed for presentation by HLA class I molecules, and
latent membrane protein LMP1 and LMP2 (LEVITSKAYA et al. 1997). Therefore, if
LCLs are used to activate CTLs, the major activity will likely be directed against
the immunodominant EBNAs 3A, 3B, and 3C proteins that are not expressed in
Hodgkin’s Reed-Sternberg cells. Second, the tumor cells secrete cytokines and
chemokines that are inhibitory to CTLs. IL-10 is an anti-inflammatory cytokine
that prevents the activation of professional APC, which may be important in cross-
priming the immune response to viral proteins. Transforming growth factor
(TGF)-B is directly inhibitory to CTLs, and thymus and activation-associated
cytokine (TARC) is a chemokine that specifically recruits TH2 cells that promote
antibody responses and inhibit CTL responses. Third, since these patients have
received multiple rounds of chemotherapy and irradiation as well as autologous
stem cell rescue, the immune system is usually in poor shape when blood is received.
Lymphocyte yields are low and they respond poorly to in vitro stimulus. Even the
LCL may take up to 4 months to establish.

To ensure the successful generation of CTL lines, after initial specific activa-
tion, CTLs are expanded in a powerful mitogenic cocktail of irradiated allogeneic
PBMCs as well as irradiated LCLs, high dose IL-2 and anti-CD3 antibody (SMITH
et al. 1995). Nevertheless, some patients have died before completion of the CTL
line. Seven patients have received autologous EBV-specific CTL lines on a dose
escalation study, and had temporary improvements in clinical and immunological
parameters. These included increases in EBV-specific CTL precursor frequency,
reduction in high virus load, resolution of type B symptoms and mixed tumor
responses (Roskrow et al. 1998). Study of these patients revealed that their CTL
lines did have anti-tumor specificity, despite the fact that LCLs were used as APC
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(see Fig. 3). Comparative polymerase chain reaction (PCR) and in situ hybridiza-
tion to the neo marker gene showed CTLs in a malignant pleural effusion in one
patient, and in a mediastinal tumor in a second (Roskrow et al. 1998). Further,
tetramer studies demonstrated the presence of LMP2-specific CTLs in the patient
lines, albeit with a low frequency (L.K. Aguilar, unpublished observations). Cur-
rent improvements include the generation of lines in which the majority of CTLs
are specific for the limited range of viral antigens expressed in Reed-Sternberg cells.
Dendritic cells, transduced with viral vectors that express individual EBV proteins,
are effective antigen-presenting cells, even in na or non-responder individuals (NAIR
et al. 1993; CHoUDHURY et al. 1998). Further developments should involve the
genetic modification of antigen-specific CTLs with genes that facilitate CTL
function in a TH2 environment.
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