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Growth of lymphoblastoid cells (B95-8, Raji) is not inhibited by the presence of
0.4 mM phosphonoacetic acid. The synthesis of Epstein-Barr virus (EBV) in the
producer line B95-8 is completely inhibited, as shown by the total inhibition of
viral capsid antigen synthesis. Early viral antigens are made normally in the
presence of phosphonoacetic acid, but EBV DNA synthesis is blocked in cells
entering the productive cycle. Nonproducer cells in the population replicate the
resident EBV DNA by a mechanism that is resistant to phosphonoacetic acid.
These results are consistant with the hypotheses that EBV DNA is replicated by
two mechanisms, one in the noninduced cell and a different mechanism in the
producer cell, and that prior replication of EBV DNA, probably by the second
mode, is a prerequisite for late gene expression.

Epstein-Barr virus (EBV) is a herpesvirus
which is known to exist in a partially repressed
state in human continuous lymphoblastoid cell
lines (8). Some of these cells produce infectious
virus particles spontaneously or, in some cases,
upon treatment with the halogenated pyrimi-
dines iododeoxyuridine and bromodeoxyuridine.
The sequence of events in the induction of virus
synthesis has been deduced from the appear-
ance of certain virus-specific functions after in-
duction and in the presence of certain inhibi-
tory compounds (4, 5). A general outline of the
EBYV lytic cycle is as follows. \EBV DNA-con-
taining cells synthesize the EBV-specific nu-
clear antigen (EBNA), whereas those cells that
begin virus synthesis first synthesize those pro-
teins recognized as early antigens (EA). Viral
DNA synthesis then takes place, followed by
synthesis of viral capsid antigens (VCA). As-
sembly, maturation, and release of virus occurs
in a certain fraction of cells. Studies with cyto-
sine arabinoside show that in the absence of
any DNA synthesis (cell and virus) the late
antigens (VCA) are not synthesized. The ex-
tents to which the other steps of the virus
growth cycle are interrelated are not yet
known.

The recent demonstration of phosphonoacetic
acid (PAA) as a specific inhibitor of DNA po-
lymerase that is active against several herpes-
type viruses (9, 13) but inactive against mam-
malian cells suggested an experimental test of
the hypothesis that the EBV VCA is dependent
specifically upon viral DNA synthesis rather
than host DNA synthesis.

Present address: Department of Therapeutic Radiology,
Yale University, New Haven, Conn. 06510.

MATERIALS AND METHODS

Cell lines. The B95-8 line is a marmoset cell line
derived by treatment with EBV from a human cell
line established from a patient with acute infectious
mononucleosis believed to be induced after blood
transfusion (10). This line releases infectious virus
particles. The Raji cell line was derived from a tu-
mor biopsy from a patient with Burkitt’s lymphoma
(14). This cell line harbors EBV DNA sequences (11)
and expresses EBNA but does not produce other
viral products (EA, VCA, virions) either sponta-
neously or upon induction with iododeoxyuridine.

Cells were grown exponentially in medium RPMI
1640 with 5% calf serum and were judged myco-
plasma free by culture (6). These sublines were de-
rived from cultures treated with multiple antibiotics
by F. Wiener.

Immunological methods. Direct immunofluores-
cence was used to detect EA and VCA as previously
described (4). The serum M’rumuri was EA-,VCA+;
the serum Tamani was EA+,VCA*. Each serum was
used at a 20- or 40-fold dilution of the fluorescein-
conjugated immunoglobulin G fraction. EBNA was
assayed by anticomplement immunofluorescence
using the method of Reedman and Klein (15). A total
of 103 cells or enough total cells to enumerate 20 EA-
or VCA-positive cells were counted, whichever was
smaller. Positive and negative control cell smears
were included to test the specificity of the staining.

DNA preparation. About 107 cells were washed in
saline and suspended in 0.2 ml of 10-2 M Tris-chloride
(pH 7.8)-10-* M EDTA, and sodium dodecyl sulfate
(SDS) was added to 1% and Pronase to 1 mg/ml. The
sample was incubated at 37 C for 2 h, cooled, and
extracted once with a mixture of chloroform and n-
butanol (3:1, vol/vol). The aqueous phase was made
0.12 M in NaOH and treated at 100 C for 25 min.
Each sample was neutralized to pH 7.5 with HCl,
and then 2 volumes of 95% ethanol was added. After
16 h at —20 C the denatured DNA precipitate was
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removed by centrifugation at 7,000 x g for 10 min.
The DNA was suspended in 100 ul of 102 M Tris-
chloride (pH 7.8)-10~2 M EDTA, and 10 ul was re-
moved and assayed by Burton’s modification of the
Dische reaction (3) for the DNA content. Phage T7
DNA that had been measured spectrophotometri-
cally (50 pug/ml = 1.0 OD}P:,, was used as a stand-
ard.

DNA renaturation rate analysis. *H-labeled EBV
DNA (labeled by nick translation [7] with unla-
beled, purified B95-8 EBV DNA, [*H]dTTP, and
Escherichia coli DNA polymerase I) and unlabeled
EBV DNA were the generous gifts of Bill Sugden.
The specific activity of the labeled DNA was 160
counts/min per ng. The cellular DNA was tested for
the presence of EBV DNA by its ability to increase
the renaturation rate of a standard amount of *H-
labeled EBV DNA. The procedure of Sugden (per-
sonal communication) was followed to measure the
EBV DNA content of the cellular DNA prepara-
tions. Briefly, 5,000 counts/min of *H-labeled EBV
DNA was added to 100 ul of cellular DNA (50 to 150
ug) in 0.28 M sodium phosphate (pH 6.8)-0.1% SDS.
Aliquots of 10 ul were sealed in capillaries, and the
sealed capillaries were heated to 125 C and then
incubated at 60 C. At various times samples were
removed, cooled, and diluted in 1 ml 0.14 M sodium
phosphate. Each sample was chromatographed on
hydroxylapatite in 0.14 M sodium phosphate (pH
6.8) with 0.4% SDS at 60 C to elute the single-
stranded DNA and then eluted with 0.4 M sodium
phosphate in 0.4% SDS to recover the renatured
DNA. These two fractions were then counted in a
liquid scintillation spectrometer. Standards in-
cluded 1 mg of calf thymus DNA per ml and 0, 3, 6,
or 9 ng of unlabeled EBV DNA in the 100-ul rena-
turation mixture. From plots of the reciprocal of the
fraction of the single-stranded DNA versus the time
of incubation, the rate of renaturation of the 3H-
labeled probe could be calculated. Comparison of
this rate with the rates for the standards allowed a
sensitive determination of the EBV DNA content of
the cellular DNA samples.

Miscellaneous. PAA was the kind gift of Abbott
Laboratories. It was dissolved in medium at 0.5 M,
sterilized by filtration (0.22-um pore size) and
stored at —20 C. After thawing, it was used in ap-
propriate dilutions.

RESULTS

We first determined the range of PAA con-
centrations which showed progressive cytotox-
icity. Exponentially growing cells were diluted
to 4 x 10* cells/ml in various concentrations of
PAA. The cell growth was then monitored by
periodic cell counting. Figure 1 shows the result
of one of several such experiments. The growth
inhibitory range for B95-8 as well as Raji cells
was greater than 0.4 mM PAA, and it took 36 to
48 h to observe any diminution of growth rate.
Nearly normal growth in 0.1 to 0.4 mM PAA
could be maintained for several weeks.

The expression of the EBV genome in B95-8
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cells in the presence of PAA concentrations that
permitted continual cell proliferation was de-
termined by measuring the fraction of cells that
were EA+ and/or VCA*, and those that were
VCA* at various times after addition of PAA.
Figure 2 shows the cell growth as well as the
fraction of EA+ and/or VCA* and VCA* cells.
The cells continued to grow at nearly the con-
trol rate, but the VCA* cells rapidly disap-
peared from the PAA-treated culture. In con-
trast, staining with EA+,VCA* serum revealed
no significant change after PAA treatment,
which is attributable to the presence of EA*
cells in the treated culture. The decrease in
VCAY* cells started in about 24 h and no BCA
cells could be detected after 48 to 72 h. If PAA
was removed on day 4 and the cells were incu-
bated further, VCA expression was detectable
at 2 days and returned to normal within 3 days
after removal of the drug.

The concentration of PAA that was necessary
to block VCA synthesis was determined by enu-
merating the VCA-positive cells after 4 days in
various concentrations of PAA. Figure 3 shows
the results of one such experiment. The effec-
tive concentration for inhibition of VCA syn-
thesis was between 0.2 and 0.4 mM, which is
two- to threefold lower than the concentrations
that are even slightly cytotoxic. This particular
experiment was unusual in that inhibition was
slow and some VCA-positive cells were still
observed at day 4, but several other experi-
ments carried out at single concentrations in
this range all showed absolutely no VCA* cells
by day 4.

To determine the effect of PAA on the synthe-
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Fi1c. 1. Growth of B95-8 cells in various concen-
trations of PAA. The drug was present in the culture
for the entire experiment.
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F1G. 2. Effect of PAA on B95-8 cells. Growth (A),
EA (B), and VCA (C) were monitored. At day 2 the
cultures were diluted into fresh medium containing
PAA (arrow in A). The growth curves have been
corrected for this dilution. On day 4 a portion of the
treated culture was harvested and suspended in
drug-free medium (—PAA, O). Control cultures (O)
had no PAA; treated cultures ( X) contained 0.4 mM

PAA.

sis of EBV DNA, the cellular content of EBV
DNA was determined before and after treat-
ment with PAA. Two different cell lines were
used, B95-8 and Raji. Figure 4 shows the EBV
DNA content of each cell line before and 4 days
after treatment with 1 mM PAA. The B95-8 line
which is spontaneously synthesizing virus con-
tained about 150 EBV genome equivalents per
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cell prior to treatment with PAA. This dropped
to about 40 EBV genome equivalents after PAA
treatment. The Raji cell line contained about 65
EBV genome equivalents per cell before and
after PAA treatment.

The kinetics of the decrease in EBV DNA
content of the B95-8 cell line was determined by
serial determinations of EBV DNA content
(Fig. 4). By day 3 after adding PAA, the EBV
DNA content had reached a plateau value of
about 20 to 25% of the untreated cell line. Re-
moval of the drug at day 4 allowed recovery to
control levels by day 9.

Both the Raji and the B95-8 cells were
stained for EBNA before and after PAA treat-
ment (1 mM) for 4 and 7 days. In all cases
greater than 95% of the cells were positive for
EBNA.

DISCUSSION

The results of this investigation show that
PAA is relatively nontoxic to lymphoblastoid
cell lines even with prolonged exposure to the
drug. The expression of the resident EBV ge-
nome in these cells, however, is strongly af-
fected by this compound. Early antigen synthe-
sis continues normally in the presence of PAA
so that the fraction of EA-positive cells is con-
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Fi1G. 3. Effect of various concentrations of PAA on
EA and VCA synthesis in B95-8 cells. Measurements
of the fraction of cells stained by immunofluorescent
sera were made on day 4. As noted, the time course of
inhibition was somewhat slower than usual in this
experiment so that a few VCA-positive cells were seen
even with high doses of PAA.
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Fic. 4. Effect of PAA on the average EBV DNA
content per cell at different times after beginning
treatment. EBV DNA was measured by renaturation
rate analysis as described. These determinations
were carried out on the same cultures of B95-8 shown
in Fig. 2 (O). At day 4 the PAA was removed from
one culture, and after 5 days of growth in drug-free
medium the sample was analyzed (—PAA, X). A
similar experiment was carried out with 1 mM PAA
on B95-8 (W) and Raji (A) cells with samples taken
at day 0 and day 4.

stant, since the cells continue to grow. VCA-
positive cells disappear from the population
within 2 days. This could be the result of either
inhibition of synthesis of VCA or increase in
the rate of loss of VCA from the cells. We prefer
the former explanation because it is consistent
with previous studies in which late gene
expression (VCA) was shown to be dependent
on prior DNA synthesis using the cytosine ara-
binoside blocking method (4, 5). In addition, the
inability to find any (less than 1 cell in 10,000)
VCA-positive cells 4 days after PAA treatment
suggests that synthesis is blocked rather than
lysis of VCA-positive cells by PAA, since we
would expect to see a few VCA-positive cells,
except in the unlikely instance where lysis is
essentially instantaneous.

Analysis of the content of EBV DNA in the
producer cell line B95-8 shows that after treat-
ment with PAA the average number of EBV
genome equivalents per cell decreases from
about 150 to about 40. Since the population
consists of virogenic but nonproducing cells and
a few cells (about 2 to 5%) that are actively
making virus (at least VCA), and hence proba-
bly have a great many copies of the EBV ge-
nome, any inhibition of the net synthesis of
viral DNA in the productive cells should de-
crease the amount of EBV DNA per cell. If we
assume that the VCA-negative cells in the pop-
ulation have the same amount of EBV DNA as
the average cell in the PAA-treated culture,
which is entirely VCA negative, the average
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EBV DNA content of the VCA-positive cells in
the untreated population can be calculated to
be about 5,000 EBV genome equivalents. This
is clearly an upper limit since the calculation
neglects the likely possibility that some cells
have synthesized EBV DNA and not yet made
enough late proteins to become VCA positive.
Since the average EBV DNA content plateaus
at 40 genome equivalents, rather than being
reduced to zero, it is likely that the cells which
are not in the productive viral cycle have about
40 genome equivalents of the viral DNA associ-
ated in some stable way with the host cell. The
results with the nonproducer cell line Raji sug-
gest that this interpretation is correct. The Raji
line has no cells in the productive virus cycle,
and the average EBV DNA content per cell is
not affected by PAA. This shows that there are
two classes of EBV DNA in cells. The resident
EBV DNA that replicates in concert with the
host DNA is not sensitive to PAA, but the EBV
DNA being made during the lytic or productive
mode of virus growth is inhibited by PAA.
The most direct explanation of our results is
that the EBV DNA synthesis associated with
the productive cycle of virus growth is mediated
by an EBV-specific DNA polymerase that is
analogous to polymerases of other herpesvi-
ruses in its sensitivity to PAA. Furthermore,
the late class of EBV genes, i.e., VCA genes, is
not expressed in the absence of viral DNA syn-
thesis mediated by the viral DNA polymerase.
The observation that a substantial amount of
the EBV DNA in the cell replicates even in the
presence of PAA suggests that these EBV DNA
molecules (about 40 genome equivalents in B95-
8 cells) are under cellular rather than viral
control. They might be integrated into the cel-
lular DNA (2) and replicate along with cellular
sequences, or such EBV DNA might exist as
some form of nonintegrated plasmid (1, 12) yet
be replicated by cellular enzymatic functions.
The kinetics of loss of VCA-positive cells,
together with the loss of EBV DNA from the
cells, allows some tentative conclusions as to
the duration of the late phase of the EBV lytic
cycle. If we assume that PAA acts rapidly to
block further EBV DNA synthesis, it follows
that existing EBV DNA destined to enter ma-
ture virus takes 1 to 2 days after synthesis to
begin to exit from the cell (Fig. 4). Since VCA
content stays constant for about 24 h and then
declines rapidly (Fig. 2), VCA synthesis may
continue from pre-existing mRNA, or late
mRNA synthesis can continue for awhile on
previously replicated viral DNA. An alterna-
tive hypothesis is that although VCA synthesis
stops, VCA must remain in the cell for 24 h
while it participates in virus assembly and mat-
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uration, at which time cell lysis occurs and the

VCA-positive cells begin to disappear from the

population.

The present study shows that EBV is similar
to other herpesviruses in its sensitivity to PAA,
that late gene expression is dependent in some
way on prior viral DNA synthesis, and that the
repressed viral genomes in nonproducer cells
are under cellular rather than viral control.
Since PAA is relatively nontoxic to mammalian
cells, and since EBV virus synthesis is effec-
tively blocked by this drug, PAA might have
interesting applications in the laboratory and
even in the clinic.
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