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Epstein-Barr virus (EBV) nuclear antigen (EBNA) 2 (EBNA2) is involved in upregulating the expression of
both EBNAs and latency-associated membrane proteins. Transcription of the six EBNA genes, which are
expressed in EBV-immortalized primary B cells, arises from one of two promoters, Cp and Wp, located near
the left end of the viral genome. Wp is exclusively used to drive EBNA gene transcription during the initial
stages of infection in primary B cells; induction of transcription from Cp follows. We previously have mapped
an EBNA2-dependent enhancer upstream of Cp (M. Woisetschlaeger et al., Proc. Natl. Acad. Sci. USA
88:3942-3946, 1991) and, more recently, have demonstrated that deletion of this enhancer results in EBV-
immortalized lymphoblastoid cell lines (LCLs) that are heavily biased toward the use of Wp to drive tran-
scription of the EBNA genes (L. Yoo et al., J. Virol. 71:9134-9142, 1997). To assess the immortalizing capacity
of this mutant EBV and to monitor the early events after infection of primary B cells, B cells isolated from
cottontop marmosets were used to generate LCLs immortalized with the Cp EBNA2 enhancer deletion mutant
virus. As previously reported, all EBV-infected marmoset LCLs examined could be triggered to produce
significant levels of virus. Infection of human B cells with wild-type or Cp EBNA2 enhancer mutant viruses
recovered from marmoset B-cell lines demonstrated that (i) the Cp EBNA2 enhancer mutant virus immortal-
izes primary human B cells nearly as efficiently as wild-type virus and (ii) the Cp EBNA2-dependent enhancer
plays an important role in the induction of Cp activity during the early stages of infection. The latter is
consistent with the phenotype of LCLs immortalized with the Cp EBNA2 enhancer mutant EBV. Finally, using
an established LCL in which EBNA2 function is regulated by (3-estradiol, we showed that the loss of EBNA2
function results in an ~4-fold decrease in the steady-state levels of Cp-initiated transcripts and a concomitant
increase in the steady-state levels of Wp-initiated transcripts. Taken together, these results provide strong
evidence that EBNA2 plays an important role in regulating Cp activity. These results also demonstrate that
diminished induction of Cp activity does not appear to affect the ability of EBV to immortalize primary B cells
in cultures. Finally, as shown here, infection of marmoset B cells with immortalization-competent mutants of

EBYV provides a convenient reservoir for the production of mutant viruses.

Epstein-Barr virus (EBV) infection of resting human B lym-
phocytes results in the differentiation of infected B cells into
lymphoblastoid cell lines (LCLs), which can be passaged in-
definitely. These LCLs have an activated B-cell phenotype and
express a subset of viral genes which are crucial for the trans-
formation of the cells. The viral genes known to be critical for
transformation are EBV nuclear antigens (EBNAs) 1, 2, 3A,
and 3C and latency-associated membrane protein 1 (4, 8, 9, 11,
20).

Expression of the EBNAs in LCLs is driven by the BamHI C
promoter (Cp) and the BamHI W promoter (Wp) (Fig. 1).
Studies of virus promoter usage at early times postinfection
have shown that Wp activity is readily apparent by 18 h postin-
fection, whereas Cp activity is not detectable until 48 to 72 h
postinfection (18, 21). When Cp activity rises, Wp activity
begins to decline (22). One possible explanation for the de-
crease in Wp-initiated transcripts is that upstream transcrip-
tion initiation from Cp may interfere with transcription initia-
tion from Wp (transcriptional interference). This hypothesis
has been supported by the finding that, in transient transfec-
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tion assays with reporter constructs containing both Cp and
Wp, Wp activity is induced when Cp is either deleted or in-
verted (17).

The kinetics of Cp upregulation after B-cell infection may be
explained in part by the action of the EBNA2-dependent en-
hancer located 350 bp upstream of Cp. Consistent with this
hypothesis, we have previously shown that LCLs harboring a
Cp EBNA2 enhancer deletion mutant virus use Wp almost
exclusively to drive EBNA transcription, whereas most wild-
type (wt) EBV-infected LCLs predominantly use Cp to drive
transcription of the EBNA genes (23). A separate character-
ization of LCLs harboring a mutant EBV in which the RBP-Jk
binding site in the Cp EBNA2-dependent enhancer was mu-
tated revealed a more modest impact on Cp activity (6); this
result may reflect either the ability of the other cis elements in
the EBNA2 enhancer to function in the absence of a functional
RBP-Jk site or residual activity of the mutated RBP-J«k site.

To date, it has not been possible to examine the initial stages
of infection of resting B cells with the Cp EBNA2 enhancer
deletion mutant virus or to rigorously determine whether this
virus is impaired for B-cell immortalization, because of the
lack of productively infected cell lines harboring this mutant.
Here we report the generation of cottontop marmoset LCLs
harboring either wt EBV or the Cp EBNA2 enhancer mutant
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FIG. 1. (A) Schematic diagram of the linearized EBV genome. EBNA open reading frames are indicated as gray arrows. The functions of the various EBNAs for
regulating viral promoter activity are indicated with plus and minus signs. Viral transcription programs during type I, II, and III latencies are indicated below the genome
diagram. TR, terminal repeat; IR, internal repeat; Qp, Q promoter. (B) Diagram of regulatory regions controlling Cp and Wp activities. The top diagram shows
wild-type viral DNA sequences. oriP, latency origin of replication. Gray box I indicates the location of the glucocorticoid response element. Box IT indicates the location
of the Cp EBNA2-responsive enhancer. Box III indicates the location of the shared Cp-Wp enhancer. The C1, C2, W0, W1, and W2 exons are shown as black boxes.
The bottom diagram represents the targeting plasmid used to incorporate the Cp EBNA2-responsive enhancer deletion into the viral genome. Cp*, tagged Cp in which

the C1 exon contains a nucleotide sequence tag as previously described (23).

virus and demonstrate the general utility of such cell lines for
producing stocks of EBV that can be used to monitor early
events after infection of primary B cells. This approach was
used to critically compare the immortalizing capacity of the Cp
EBNAZ2 enhancer mutant virus to that of wt EBV as well as to
determine the role of the Cp EBNA2-dependent enhancer in
upregulating Cp-initiated transcription during the establish-
ment of latency.

MATERIALS AND METHODS

Generation of marmoset LCLs. Cp EBNA2 enhancer deletion mutant-in-
fected marmoset LCLs (mE2mut) were generated as follows. One day prior to
infection, HS68 fibroblasts were irradiated with 3,000 rads and plated in 96-well
plates. Human LCLs (clone 19-112) (7 X 10°) harboring the Cp EBNA2 en-
hancer mutant virus were resuspended in RPMI 1640 medium, 10% fetal calf
serum, 1 pg of tetradecanoyl phorbol acetate (TPA) per ml, and 1 uM ionomy-
cin. On the day of infection, 2 to 3 ml of heparinized cottontop marmoset
(Saguinus oedipus) blood (generously provided by Ronald Desrosiers) was di-
luted 1:1 in phosphate-buffered saline, and mononuclear cells were isolated on a
Histopaque (Sigma) gradient. Platelets were removed by spinning the cells at
1,000 X g through a cushion of fetal calf serum and recovering the pellet.
Erythrocytes were lysed by TAC treatment (9 parts 140 mM NH,CI, 1 part 17
mM Tris). Marmoset peripheral blood mononuclear cells (PBMCs) were washed
and resuspended in cold (4°C) complete RPMI 1640 medium. Human LCLs
which had been treated with TPA-ionomycin were washed twice in complete
RPMI 1640 medium, irradiated with 7,000 rads, and cocultured with marmoset
PBMC:s in 96-well plates in the presence of 1 ug of cyclosporin A per ml (3).
Both the human LCLs and the marmoset PBMCs were plated at densities of 5 X
10* cells/well. Wells were monitored for LCL formation over several months, and
LCLs were expanded on feeder layers until they were well established.

mB95 cells were generated by purifying marmoset PBMCs as described above,

infecting them with 10 pl of B95.8 virus stock for 2 h, washing them, and plating
them on a feeder layer in the presence of cyclosporin A.

Nucleic acid hybridization blots. Southern blotting was performed as previ-
ously described (23). To quantitate the amount of viral DNA in virus stocks, 100
wl of virus stock was treated with DNase I by mixing with 100 .l of 2X DNase
I incubation buffer (100 mM Tris [pH 7.5], 20 mM MgCl,, 100 wg of bovine
serum albumin per ml) and 280 ng of DNase I to remove unpackaged DNA. The
samples were incubated for 30 min at 37°C, mixed, and incubated for an addi-
tional 5 min, followed by the addition of 5 pl of 0.5 M EDTA (pH 8) to stop
DNase I digestion. Virions were subsequently lysed by mixing with 200 ul of 2X
lysis buffer (2% Sarkosyl, 0.5% sodium dodecyl sulfate [SDS], 40 mM Tris [pH
7.5], 200 mM NaCl, 20 mM EDTA, 100 pg of proteinase K per ml) and incu-
bation for 1 h at room temperature. Samples were extracted with 1:1 phenol-
CHCl; and ethanol precipated.

Dilutions of viral DNA were denatured in 0.4 N NaOH-10 mM EDTA (pH 8),
heated for 5 min at 37°C, mixed with 20X SSC (1X SSC s 0.15 M NaCl plus 0.015
M sodium citrate), and loaded into wells of a Bio-Dot SF apparatus (Bio-Rad).
Hybond membranes (Amersham) were used for sample binding. Prehybridiza-
tion, hybridization, and wash protocols were performed as for Southern blotting.
An oriP-specific probe (bp 7316 to 9135) was used, and signal intensity was
quantified with a PhosphorImager (Molecular Dynamics).

S1 nuclease protection. RNA was prepared as previously described. S1 nucle-
ase protection assays were performed as previously described with 10 pg of RNA
from each sample in all experiments, except for the B-estradiol titration exper-
iment with the er/eb 2-5 cell line in which 40 pg of RNA was used. The sequences
of the W0-W1 and C1 S1 nuclease probes have been previously published. The
sequence of the C1-C2 S1 nuclease probe was 5'-ACGTGCAG
GAGGCTGTTTCTTCAGTCGGTTTAGATGATTTGGTATCGGAGCTGG
ACCTA-3". The sequence of the BHLF1 S1 nuclease probe was 5'-GCTGGG
AGGTGTGCACCCCCCGAGCGTCTGGACGAGCTGGCGAGCCGGGCCGG
CTCGCC-3'.

Transformation assay. Partially purified human peripheral B cells were pre-
pared from leukopaks by E-rosette depletion of T cells (13). For each virus stock,
100, 10, 1, and 0.1 wl of virus was used to infect 3 X 10° human B lymphocytes
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in a 1-ml volume for 2 h at 37°C. Infected cells were plated on irradiated
fibroblast feeder layers (HS68) in 96-well plates at a density of 5 X 10* cells/well.
After 3.5 weeks, plates were screened on a weekly basis for the presence of LCLs.
At 10 weeks, final counts were made to determine the transforming titer of the
virus stocks at the appropriate dilutions.

RESULTS

Production of marmoset LCLs. PBMCs were purified from
2- to 3-ml samples of heparinized cottontop marmoset (S.
oedipus) blood. Marmoset LCLs were generated using one of
two protocols. For the generation of marmoset LCLs infected
with the B95.8 strain of EBV, marmoset PBMCs were directly
infected with a high-titer B95.8 cell-free viral preparation for
2 h, followed by washing and plating of the cells on irradiated
fibroblasts in 96-well plates. This method, however, was not
successful in generating marmoset LCLs that harbor the Cp
EBNA2 enhancer deletion mutant virus. The latter result was
presumably due to the fact that the human LCLs immortalized
with the Cp EBNA2 enhancer deletion mutant virus are tightly
latent; thus, it is difficult to induce reactivation. In addition,
marmoset B cells are more difficult to immortalize with EBV
than human B cells. As an alternative method, we used cocul-
tivation of marmoset B cells with human LCLs that had been
treated with TPA and ionomycin for 24 h, washed, and irradi-
ated with 7,000 rads. These irradiated LCLs were then cocul-
tured with marmoset PBMCs on fibroblast feeder layers in
96-well plates in the presence of cyclosporin A. This method
was successfully used to generate multiple marmoset LCLs
harboring the Cp EBNA2 enhancer deletion mutant virus.

The presence of the Cp EBNA2-dependent enhancer dele-
tion in the marmoset LCLs established with mutant virus re-
covered from human clone LCL 19-112 (23) was verified by
Southern blot analyses (data not shown). We investigated the
spontaneous lytic activity and TPA-ionomycin inducibility of
the marmoset LCLs. The analysis of independently derived
marmoset LCLs demonstrated that, as a general rule, marmo-
set LCLs are significantly more inducible than human LCLs
(data not shown), and most of the newly established marmoset
LCLs were more inducible than the established B95.8 marmo-
set LCL.

Virus stocks were generated by resuspending 4 X 10° cells in
1.2 liters of complete medium in a roller bottle and leaving the
culture for 11 days without further feeding. The cells were
subsequently spun down, the supernatant was recovered, and
the virus was concentrated 100-fold by centrifugation at
14,000 X g for 2 h. The resulting virus stocks were quantified
using a DNA dot blot (Fig. 2), and titers were determined
using a B-cell immortalization assay (Fig. 3). Both assays re-
vealed higher viral titers in the new marmoset LCL (mB95)
stock than in the stock prepared from the established B95.8
cell line (B95.8). The viral DNA dot blot, done with a probe
containing oriP (the latency origin of replication), demon-
strated that the mB95 stock had about eightfold more viral
DNA than the B95.8 stock (Fig. 2). Consistent with this anal-
ysis, the transformation assay demonstrated that there was a
ninefold higher level of immortalizing units in the mB95 stock
than in the B95.8 stock (Fig. 3). Notably, at higher input virus
levels with the mB95 stock and, to a lesser extent with the
mE2mut stock, there was a delay in the appearance of LCLs,
suggesting that either higher virus titers or some substance
present in these stocks may mildly delay LCL outgrowth (Fig.
3). Based on the viral DNA dot blot, the mE2mut stock had
about sevenfold more virus that the B95.8 stock (Fig. 2). Im-
portantly, the mE2mut stock demonstrated about fivefold
more immortalizing units than the B95.8 stock (Fig. 3). Based
on the good correlation between viral DNA content and im-
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FIG. 2. PhosphorImager analysis of a dot blot measuring the quantity of viral
DNA in viral stocks. B95.8, mB95, and mE2mut stocks (1, 2, 10, and 20 pl) were
lysed, blotted onto a nitrocellulose membrane, and hybridized with a probe
specific for oriP. Relative signal quantitation is indicated in parentheses.

mortalization titer observed with the B95.8 and mB95 stocks,
estimating virus titer by measuring the amount of viral DNA
present in a virus stock appears reasonable. This has been
confirmed by additional analyses of B-cell immortalization
with other mB95 and mutant virus stocks (unpublished data).
Although the mE2mut virus and the B95.8 virus are not iso-
genic, a previous study has shown that when an EBNA2 gene
from the B95.8 genome is recombined into the P3HRI1 ge-
nome, the resulting intertypic virus has a transforming effi-
ciency similar to that of the B95.8 virus (4). The mE2mut virus
is just such an intertypic virus, except that it harbors the Cp
EBNAZ2-dependent enhancer deletion as well. These data
therefore indicate that little or no reduction in B-cell immor-
talization is caused by deletion of the Cp EBNA2-dependent
enhancer.

Examination of promoter usage at early times postinfection.
Equivalent amounts of mB95 and mE2mut viruses, as deter-
mined by the viral DNA dot blot, were used to infect 2 X 10°
purified human B cells. Cells were harvested at 24, 72, and
120 h postinfection, and RNA was prepared. S1 nuclease pro-
tection assays were performed using probes specific for tran-
scripts initiating from Cp or Wp (Fig. 4). The Cp-specific probe
spans the C1-C2 exon junction, while the Wp-specific probe
hybridizes to the 5’ end of the W0 exon through the W0-W1
exon junction. We did not assay for the presence of W0-W1’
spliced transcripts, since previous analyses of early viral tran-
scription during the establishment of B-cell latency indicated
that (i) the majority of Wp-initiated transcripts at early times
contain the W0-W1 exon splicing pattern and (ii) there is no
apparent change in the relative ratio of W0-W1 and W0-W1’
spliced transcripts over time (1).

Analysis of the infection time courses showed that while
relatively high levels of Cp-initiated transcripts were detectable
by 120 h after infection with the mB95 virus, only a low level of
Cp activity was detectable by 120 h after infection with the
mE2mut virus (Fig. 4). In contrast, the mE2mut virus contin-
ued to exhibit high levels of Wp-initiated transcripts at 120 h
postinfection, whereas in mB95-infected B cells, the levels of
Wh-initiated transcripts routinely started to fall by this time
(Fig. 4). These data are consistent with the previously observed
bias of LCLs immortalized with the Cp EBNA2 enhancer
deletion mutant virus toward the use of Wp to drive EBNA
gene transcription and suggest that the Cp EBNA2-dependent
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FIG. 3. B-cell immortalization determining the transformation titer of viral
stocks. Viral stocks at 100 (), 10 (OJ), 1 (@), or 0.1 I (O) were used to infect
3 X 10° primary B cells for 2 h. Cells were then plated in 96-well plates and
examined for LCL formation over a period of 10 weeks. LCL-positive wells were
scored on a weekly basis. p.i., postinfection.

enhancer plays an important role during the establishment of
latency in the upregulation of transcription from Cp. The
strong “protection” of the full-length Wp probe observed at
72 h after infection with the mB95 virus (Fig. 4A) was not
observed in other experiments and thus likely represents a
small amount of probe which was not exposed to S1 nuclease
digestion.

Effect of EBNA2 on promoter usage in an established LCL.
The early-time-point S1 nuclease protection assay, as well as
previous studies of established LCLs harboring the Cp EBNA2
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after infection with viral stocks. Peripheral blood lymphocytes were infected with
mB95 or mE2mut virus, and cells were harvested for RNA at 24, 72, and 122 h
postinfection. RNA (10 pg) was probed for Cp- and Wp-initiated transcripts.
pos. cntl., positive control. (A) Representative experiment. (B) Summary of four
experiments. Error bars indicate standard deviations.

enhancer deletion mutant virus, have shown that the EBNA2-
responsive enhancer is critical for Cp activity. Previous studies
from our laboratory have also provided evidence that Cp-
initiated transcription may directly serve to downregulate Wp
activity by interfering with Wp-initiated transcription (17). To
further investigate this hypothesis, promoter activity was ex-
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amined in the EBNA2-conditional LCL er/eb 2-5. This cell line
contains an estrogen receptor-EBNAZ2 fusion protein which
renders EBNA2 function dependent on the presence of B-es-
tradiol (10). It has been shown that this cell line growth arrests
and dies within a few days upon withdrawal of B-estradiol.
Thus, the er/eb 2-5 cell line is normally passaged in 1 pM
B-estradiol, since full EBNA2 function is present at this con-
centration. Control of B-estradiol levels in the cell medium
allowed us to manipulate Cp activity via the EBNA2-respon-
sive enhancer while simultaneously monitoring Wp activity.
Cells were incubated for 48 h in 1, 0.1, 0.01, or 0 uM B-estra-
diol and then harvested for preparation of RNA. Notably, no
cell death was evident at this time. In addition, we determined
that the presence of B-estradiol did not affect the levels of Cp-
or Wp-initiated transcripts in three independently generated
LCLs harboring wt EBV (data not shown). RNA samples from
the er/eb 2-5 cell line were assayed for promoter activity by an
S1 nuclease protection assay, using probes which hybridized to
the C1 exon or the W0-W1 exon junction, to identify Cp- or
Whp-initiated transcripts, respectively. As expected, Cp activity
correspondingly decreased as B-estradiol concentrations were
decreased, since EBNA2 function was diminished (Fig. 5).
Furthermore, Wp activity significantly increased as pB-estradiol
concentrations were decreased, again demonstrating a direct
relationship between decreased Cp activity and induction of
Wp activity.

DISCUSSION

An increasing number of engineered EBV mutants have
been generated in the past decade. Some of the strategies used
to produce these mutants have involved infecting human B
cells with pools of virus from transfected P3HR1 cells and then
screening resulting clonal LCLs for viral genomes with the
desired recombinant mutation. Once the desired virus is latent
in these cells, however, it is difficult to generate large quantities
of viral particles because human LCLs are refractory to lytic
induction with currently known methods. TPA, sodium bu-
tyrate, ionomycin, 5-azacytidine, and dexamethasone (2, 12, 14,
24) are examples of chemicals with which we have treated
human LCLs in order to boost lytic induction. However, in our
experiments, none of these methods induced newly established
LCLs to sufficient levels to produce high-titer viral stocks.

To circumvent this limitation, we have developed a method
for generating marmoset LCLs that allows the production of
relatively large quantities of mutant virus which can be used for
analysis of the early events in B-cell immortalization. This
approach is limited to EBV mutants that retain immortalizing
capacity, since it is dependent on the immortalization of mar-
moset B cells. Previous studies have shown that marmoset
LCLs are more spontaneously lytic than human LCLs and
therefore might be useful for virus production (5, 15, 16).
However, marmoset B cells are relatively difficult to transform
with EBV, perhaps due to high levels of spontaneous lytic
activity during initial infection. Using cocultivation of irradi-
ated human LCLs with marmoset PBMCs, we have been able
to generate marmoset LCLs harboring the virus strain of in-
terest.

We have used this approach to analyze the behavior of the
Cp EBNAZ2 enhancer deletion mutant virus during the early
stages of infection of primary B cells. We have demonstrated,
using a robust and quantitative immortalization assay, that
deletion of the Cp EBNA2-dependent enhancer does not di-
minish the immortalizing capacity of this virus in vitro. How-
ever, this mutation does affect the induction of Cp-initiated
transcription during the establishment of EBV latency. The
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latter observation demonstrates that EBNA2 plays an impor-
tant role in the induction of Cp activity and is consistent with
our previous analyses of LCLs harboring the deletion virus,
which exhibited only low levels of Cp-initiated transcription.
Based on the current analyses, as well as previous character-
izations of the kinetics of induction of Cp-initiated transcrip-
tion during the early stages of B-cell infection (18, 21), it
appears that both EBNA2 and EBNAI are required for effi-
cient induction of Cp-initiated transcripts.

Previous analyses of EBNA gene transcription indicated that
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Wp activity is directly linked to Cp activity. Notably, here we
have shown that the failure to efficiently induce Cp-initiated
transcription during the early stages of primary infection leads
to a continued high level of transcription from Wp. Thus,
upregulation of transcription from the distal EBNA gene pro-
moter Cp results in diminished transcription from the proximal
EBNA gene promoter Wp, consistent with transcriptional in-
terference. In support of this hypothesis, we have previously
shown, using reporter constructs, that inversion or deletion of
Cp results in maximal Wp activity (17). Here we have extended
this analysis by examining the impact of diminished EBNA2
activity on transcription initiation from Cp and Wp. As pre-
dicted from the analysis of the Cp EBNA2 enhancer deletion
mutant virus, diminished EBNA2 activity led to decreased
levels of Cp-initiated transcripts and increased levels of Wp-
initiated transcripts. Thus, all the available data strongly argue
that transcription initiation from Cp directly diminishes the
level of Wp-initiated transcription.

Several independent lines of evidence indicate that dimin-
ished, or absent, Cp activity does not adversely affect EBV
immortalization of primary B cells in vitro (19, 23). The cur-
rent data from the analysis of EBNA gene transcription dem-
onstrate that Wp-initiated EBNA gene transcripts can fully
substitute for Cp-driven EBNA gene transcripts. Still unre-
solved is the importance of Cp during EBV infection in vivo.
Analysis of the sequences around Cp in two primate lymphoc-
ryptoviruses has demonstrated the preservation of all the
known cis elements involved in regulating Cp (7). This finding
argues that the functions of Cp that distinguish it from Wp are
well conserved among the related primate viruses and suggests
that Cp plays a critical role in the pathogenesis of these viruses.
While Wp-initiated transcription appears to be regulated
largely by cellular factors, Cp-initiated transcription has
evolved to be tightly regulated by EBNA gene products. Thus,
there may be a situation in vivo where this feedback regulation
of EBNA gene expression plays a critical role.
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