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Expression of the lytic cycle genes of Epstain-Barr virus (EBV) is induced in type I Burkitt’s lymphoma-
derived cells by treatment with phorbol esters (e.g., phorbol myristate acetate [PMA]), anti-immunoglobulin,
or the cytokine transforming growth factor b (TGF-b). Concomitantly, all these agents induce apoptosis as
judged by a sub-G1 fluorescence-activated cell sorter (FACS) profile, proteolytic cleavage of poly(ADP-ribose)
polymerase (PARP) and terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling
(TUNEL) staining. However, caspase activation is not required for induction of the lytic cycle since the latter
is not blocked by the caspase inhibitor ZVAD. Furthermore, not all agents that induce apoptosis in these
cultures (for example, cisplatin and ceramide) induce the EBV lytic programme. Although it is closely
associated with the lytic cycle, apoptosis is neither necessary nor sufficient for its activation. Multiparameter
FACS analysis of cultures treated with PMA, anti-Ig, or TGF-b revealed BZLF1-expressing cells distributed in
different phases of the cell cycle according to which inducer was used. However, BZLF1-positive cells did not
appear to undergo apoptosis and accumulate with a sub-G1 DNA content, irrespective of the inducer used. This
result, which suggests that lytic gene expression is protective, was confirmed and extended by immunofluo-
rescence staining doubled with TUNEL analysis. BZLF1- and also gp350-expressing cells were almost always
shown to be negative for TUNEL staining. Similar experiments using EBV-positive and -negative subclones of
Akata BL cells carrying an episomal BZLF1 reporter plasmid confirmed that protection from apoptosis was
associated with the presence of the EBV genome. Finally, treatment with phosphonoacetic acid or acyclovir
prior to induction with PMA, anti-Ig, or TGF-b blocked the protective effect in Mutu-I cells. These data suggest
that a late gene product(s) may be particularly important for protection against caspase activity and cell death.

Epstein-Barr virus (EBV) is carried by more than 90% of the
adult population worldwide as a largely nonpathogenic infec-
tion. Primary infection, which is generally silent—but in ado-
lescence may be associated with infectious mononucleosis
(IM)—occurs through salivary exchange in the oropharynx (re-
viewed in reference 37). Whether or not the initial infection
was symptomatic, the virus subsequently persists in healthy
hosts for the rest of their life as a latent infection of resting
memory B cells in the peripheral blood. In this population of
cells, transcription of the viral genome is extremely restricted
and may even be completely absent (2, 3, 34). Periodically, in
most asymptomatic carriers of EBV, the virus is replicated and
infectious virions can be recovered in oral secretions. This repli-
cation that results in the production of infectious virus is referred
to as the EBV lytic cycle or program. It is assumed that activation
of the lytic program occurs in memory B cells recirculating
through the lymphoid tissue associated with the oropharyngeal
mucosa; however, the mechanism underlying this viral reactiva-
tion in vivo is not clearly understood (reviewed in reference 48).

Infection in vitro by EBV induces the continuous prolifera-
tion of resting human B cells. The resulting lymphoblastoid cell
lines (LCLs), which have a phenotype resembling activated B
blasts, express only nine latency-associated EBV proteins.
There are six nuclear proteins (EBNA-1, EBNA-2, EBNA-3A,
EBNA-3B, EBNA-3C, and leader protein (LP)] and three
membrane proteins (LMP-1, LMP-2A, and LMP-2B). To-
gether they activate quiescent B cells into the cell cycle, main-
tain continuous proliferation, maintain the viral genome in a
latent episomal form, and probably prevent cells from under-
going terminal differentiation or apoptosis (reviewed in refer-
ence 26). In vivo this ability of the virus to drive B-cell prolif-
eration is important because these LCL-like cells appear to
retain the capacity to undergo differentiation in germinal cen-
ters and thus permit latent genomes to enter the memory cell
pool (2, 3, 48). In addition to causing IM, EBV is associated
with several B-cell tumors, including endemic Burkitt’s lym-
phoma (BL). The pattern of EBV gene expression in biopsy-
derived BL cells differs from that found in LCLs in that the
only nuclear protein detected is EBNA-1 and the membrane
proteins are not expressed. This more restricted form of la-
tency has been called latency type I, and the form found in
LCLs has been termed latency type III (26, 37, 39, 40). Since it
is very difficult to induce appreciable numbers of type III LCLs
to activate the EBV lytic program, cultured BL cells which
retain the type I phenotype provide the best in vitro model
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available for studying the switch between latency and EBV lytic
replication (25, 39, 43). A variety of different agents have been
reported to increase the proportion of EBV-infected BL cells
entering the lytic cycle in vitro. These range from highly pleio-
tropic agents such as phorbol 12-myristate 13-acetate (PMA),
which activate protein kinase C, to more physiologically rele-
vant stimuli such as the immunomodulatory cytokine trans-
forming growth factor b (TGF-b) or antibodies that cross-link
surface immunoglobulin (Ig) and mimic antigen binding (4, 10,
12, 45, 46, 49, 54).

The EBV lytic programme is initiated by the expression of
the viral immediate-early gene BZLF1. The BZLF1 protein
(also known as Z, ZEBRA, Zta, and EB1) is a DNA-binding,
b-zip transcription factor which has partial amino acid homol-
ogy to the cellular proto-oncogene product c-Fos (5, 6, 16, 28,
50). BZLF1 binds to target sequences in the promoters of the
early genes of EBV and cooperates with the BRLF1 protein to
activate the cascade of gene expression that results in viral
DNA replication and virion production (8, 16, 17, 50). Tran-
scripts containing the BZLF1 open reading frame (ORF) are
derived from two promoters, Zp and upstream Rp. The distal
Rp also transcribes the BRLF1 gene; therefore, products con-
sist of 1-kb monocistronic or 3-kb bicistronic mRNAs (30).
Control elements responsive to phorbol esters (e.g., PMA and
tetradecanoyl phorbol acetate) and signals from cross-linked
surface Ig have been mapped in the Zp promoter, but the
mechanism by which TGF-b activates BZLF1 expression is
unknown (11, 14, 18, 41; our unpublished data).

Lytic EBV gene expression includes at least two protein
products that have been reported to inhibit the process of
programmed cell death (apoptosis). The BHRF1 protein is an
early-gene product and appears to be a homolog of the cellular
antiapoptotic protein Bcl2 (9, 21, 31, 36, 47). The product of
BALF1 also has weak homology to Bcl2 and binds to Bax and
Bak, and RNA containing the BALF1 ORF is also expressed in
the early lytic programme (15, 32). Several reports suggest that
in addition to potentially modifying apoptotic responses in
infected cells, EBV lytic proteins may modulate cell cycle pro-
gression. When expressed in isolation, both the BZLF1 and
BRLF1 proteins can modify cell cycle regulation: BZLF1 can
induce cell cycle arrest, whereas BRLF1 has been shown to
induce cellular DNA synthesis (38, 44). The aim of this study
was therefore to investigate the relationship between apoptosis
and activation of the EBV lytic program and also to take the
opportunity to determine whether coordinated lytic gene ex-
pression significantly affects cell cycle regulation in infected BL
cells.

MATERIALS AND METHODS

Cell culture. The Mutu-I BL cell line was cultured in RPMI 1640 medium
supplemented with penicillin, streptomycin, glutamine (all from Gibco-BRL),
and 10% Serum Supreme (BioWhittaker, Wokingham, United Kingdom). The
Akata 6 (EBV-positive) and the Akata 31 (EBV-negative) cell lines were stably
transfected with the plasmid p294:Zp-552Xwt (25, 46). These were cultured in
RPMI 1640 medium supplemented with penicillin, streptomycin, glutamine, and
10% fetal calf serum (Gibco-BRL). p294:Zp-552Xwt is an episomal vector car-
rying the BZLF1 ORF under the control of the BZLF1 promoter (25). All cell
lines were maintained at 37°C in a 10% CO2 incubator. The cells were routinely
fed at a dilution of 1:4; for experimental analysis, cells were diluted to 3 3 105/ml
24 h prior to manipulation.

Antibodies and reagents used in the induction of the lytic cycle and apoptosis.
Sheep anti-mouse Ig conjugated to horseradish peroxidase (HRP) (Amersham,

Little Chalfont, United Kingdom), goat anti-rabbit HRP-conjugated Ig, goat
anti-human HRP-conjugated Ig, goat anti-mouse IgG conjugated to fluorescein
isothiocyanate (FITC) (Dako A/S), rabbit anti-mouse IgG conjugated to tetra-
methylrhodamine isothiocyanate (TRITC) (Sigma, Poole, United Kingdom),
and anti-poly(ADP ribose) polymerase (PARP) polyclonal antibody (Boehringer
Mannheim, Lewes, United Kingdom) were all used as recommended by the
manufacturers. The human serum EE (40) was used at a dilution of 1:10,000 in
Western blotting experiments. This serum is from a chronic IM patient with high
levels of antibodies to EBV lytic-cycle antigens. It had the following initial
reciprocal titers; VCA, 80,000; EA, 20,000; EBNA, 64. Most of the proteins it
identifies in Western blots are EBV early antigens. The anti-BZLF1 monoclonal
antibody (MAb) BZ-1 (53) hybridoma supernatant was used undiluted for FACS
analysis and 1:2 for immunofluorescence. The 72A1 anti-gp350 MAb (22) was
used at a concentration of 1:100, the anti-BHRF1 MAb (36) was used at a
concentration of 1:100, and the EBV.OT41A anti-BDRF1/VCA-p40 MAb was
used at a concentration of 1:1,000 (51). Cisplatin (David Bull Laboratories) and
ceramide (Sigma) were used at final concentrations of 10 mg/ml and 250 mM,
respectively. The panspecific caspase inhibitor benzyloxycarbonyl-Val-Ala-As-
p(Ome)-fluoromethylketone (ZVAD-fmk) was used at a final concentration of
100 mM (Enzyme Systems Products, Livermore, Calif.). Affinity-purified goat
anti-human IgM (m-chain specific; Sigma) was resuspended in 0.135 M sodium
chloride at a concentration of 1 mg/ml (1003 final concentration). Human
recombinant TGF-b1 rTGF-b1 (R&D Systems, Minneapolis, Minn.) was rehy-
drated in 4 mM HCl–1 mg of bovine serum albumin per ml solution at a
concentration of 2 mg/ml and used at a final concentration of 5 ng/ml in all
experiments. PMA (Sigma) was dissolved in dimethyl sulfoxide and used at a
final concentration of 30 ng/ml. Rabbit anti-human IgG (Dako) was used at a
final concentration of 5 mg/ml. Lytic-cycle inductions were performed by treating
with TGF-b1, anti-IgM, anti-IgG, or PMA for 24 to 48 h as appropriate. In some
instances, cells were pretreated with 120 mg of phosphonoacetic acid (PAA)
(Sigma) per ml or 100 mg of acyclovir (Zurich Pharmaceuticals, London, United
Kingdom) per ml for 1 h prior to addition of the inducing agent.

Protein content estimation and Western blotting. Cells were lysed in RIPA
lysis buffer (50 mM Tris [pH 8], 150 mM NaCl, 1% Nonidet P-40, 0.5% sodium
deoxycholate, 0.1% sodium dodecyl sulfate [SDS]) supplemented with 1 mM
phenylmethylsulfonyl fluoride (Sigma) and complete protease inhibitor cocktail
(Boehringer Mannheim). The protein concentration was estimated spectropho-
tometrically at 750 nm in a Lambda Bio UV/Vis spectrometer (Perkin-Elmer,
Norwalk, Conn.) using the Bio-Rad detergent-compatible assay, exactly as de-
scribed by the manufacturer (Bio-Rad, Hemel Hempsted, United Kingdom).
Protein was diluted to a concentration of 2 mg/ml and further diluted in an equal
volume of 2X SDS protein sample buffer (60 mM Tris [pH 6.8], 2% [wt/vol] SDS,
20% [vol/vol] glycerol, 2% [vol/vol] 2-mercaptoethanol, bromophenol blue), and
50 to 100 mg was loaded onto 7.5 or 10% polyacrylamide gels for SDS-polyacryl-
amide gel electrophoresis. The Western blotting process was performed as pre-
viously described (52), and proteins were visualized by enhanced chemilumines-
cence (Amersham), as described by the manufacturer. Autoradiograms were
then scanned and processed using a UMAX PowerLook III scanner and Adobe
Photoshop software (Adobe Systems).

Cell cycle analysis. Cell cycle analysis was performed by flow cytometry. Cells
were harvested by centrifugation, washed in ice-cold phosphate-buffered saline,
and fixed in 80% ethanol that had been prechilled to 220°C. Fixed cells were
stored at 4°C for up to 1 week. They were then repelleted and resuspended at a
concentration of ;106/ml in PBS containing 18 mg of propidium iodide (PI;
Sigma) per ml and 8 mg of RNase A (Sigma) per ml (PI solution). After the cells
were incubated in the dark for at least 1 h, cell cycle profile analysis was
performed on 10,000 to 20,000 cells with a FACSort flow cytometer using the
Cellquest analysis program (Becton Dickinson).

BZLF1/cell cycle staining. The cell cycle distribution of BZLF1-positive cells
was assessed essentially as previously described for analyzing EBNA3C positive
cells (35). Briefly, total cells were harvested by centrifugation, fixed in methanol
at 220°C, and rehydrated in cold PBS for at least 1 h. The cells were stained by
resuspension in BZ-1 hybridoma supernatant for 1 h at room temperature. They
were then washed twice in PBS and resuspended in goat anti-mouse FITC-
conjugated antibody for 30 min at room temperature. Following three further
washes in PBS, the cells were resuspended in PI solution for at least 1 h and then
analyzed by flow cytometry. Total populations were initially gated to remove
doublets and cell debris, and, where appropriate, the BZLF1-positive population
was gated for high FITC compared to uninduced cells stained in exactly the same
manner.

BZLF1-TUNEL/gp350-TUNEL double staining. In situ terminal deoxynucle-
otidyltransferase-mediated dUTP-biotin nick end labelling (TUNEL) analysis
was performed using an FITC in situ cell death detection kit (Boehringer Man-
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heim). TUNEL and immunostaining was performed essentially as previously
described (52). Briefly, 106 cells were harvested from appropriate cultures fol-
lowing 48 h of lytic-cycle induction. The cells were washed in PBS, and cytospins
of 8 3 104 cells were made. After being air dried, the cells were fixed in
methanol-acetone (1:1) for 20 min at 220°C. After rehydration in PBS for 10
min, the cells were permeabilized with 100 ml of 0.1% (vol/vol) Triton X-100 in
0.1% sodium citrate for 5 min on ice. The cells were then incubated in a
humidified chamber at 37°C for 90 min at a ratio of enzyme to FITC label
solution as instructed by the manufacturer. Following two washes in PBS, cyto-
spins were incubated with 20% normal rabbit serum in PBS for 30 min at room
temperature. The cytospins were then washed twice in PBS and incubated in
BZ-1 hybridoma supernatant diluted 1:2 in 20% normal rabbit serum–PBS or
anti-gp350 MAb as appropriate for 1 h at room temperature. They were then
washed twice in PBS and incubated for 1 h at room temperature with rabbit
anti-mouse IgG conjugated to TRITC (diluted 1:128 in 20% normal rabbit
serum–PBS). They were washed three times in PBS, mounted in Citifluor, and
visualized for TUNEL and antigen positivity on a Zeiss Axiovert 100M confocal
imaging microscope using excitation wavelengths of 488 and 543 nm, respec-
tively. Images were processed using Zeiss LSM510 software.

RESULTS

Agents that induce the EBV lytic programme also induce
apoptosis. TGF-b is a pleiotropic cytokine which can exert a
variety of effects on cell proliferation, differentiation, and ap-
optosis (reviewed in reference 33). We and others recently
showed that it induced apoptosis in the majority of BL-derived
cell lines investigated (7, 23, 24, 29); our unpublished data).
We also observed that in several EBV-carrying BL cell lines
exhibiting a type I pattern of latency, TGF-b induced expres-
sion of the EBV immediate-early and early antigens charac-
teristic of the lytic programme (Fig. 1A and our unpublished
data). This was consistent with earlier reports that implicated

TGF-b in the lytic replication of EBV (4, 12). Since activation
of the lytic cycle paralleled activation of the apoptosis pro-
gramme, further analyses were performed using the Mutu-I BL
cell line to determine whether other agents that trigger the lytic
switch also induce apoptosis. After treatment of Mutu-I cells
with antibody directed against cell surface Ig (in this case
anti-IgM) or the tumor-promoting phorbol ester PMA, in ad-
dition to expressing BZLF1 and various early antigens (Fig.
1A) the treated Mutu-I cells exhibited several features char-
acteristic of apoptosis. Western blotting showed cleavage of
PARP, and flow cytometry revealed a PI-stained population
with an apparently sub-G1 (less than 2N) DNA content (Fig.
1B and C) TUNEL analysis confirmed the cells were under-
going apoptosis (data not shown; see Fig. 4 and 5).

Caspase activation and apoptosis are neither necessary nor
sufficient for activation of the lytic program. Since activation
of the lytic cycle correlated with apoptosis, we determined
whether the caspase activation which is generally central to the
execution of apoptosis was necessary for the switch from la-
tency to viral lytic replication. Experiments were performed
using the panspecific inhibitor of caspase activity ZVAD. This
peptide effectively blocked the proteolytic cleavage of PARP in
TGF-b-, anti-IgM-, and PMA-treated Mutu-I cells but had
little or no effect on the induction of BZLF1 and EBV early
antigens (Fig. 2).

Although apoptosis (or at least caspase activity) was not
necessary for the induction of the lytic cycle, we went on to
determine whether apoptosis induced by alternative path-
ways—such as those signaled by DNA damage or ceramide—

FIG. 1. Inducers of the lytic cycle of EBV concomitantly induce apoptosis. (A and B) Western blot analysis of 50 mg of total cellular RIPA
lysates prepared from Mutu-I cells, untreated (2) or treated for 48 h with TGF-b1, anti-IgM, or PMA as described in Materials and Methods. (A)
Probed with EE human serum; (B) probed with a polyclonal anti-PARP rabbit serum. (C) Cell cycle distribution of samples taken from the same
experiment. Cells were fixed, stained for DNA content with PI, and analyzed by flow cytometry.
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was associated with the activation of viral replication. Al-
though both agents rapidly induced a significant level of
apoptosis as judged by flow cytometry and PARP cleavage
(Fig. 3A and our unpublished data), neither the genotoxin
cisplatin nor ceramide activated the expression of BZLF1 or
the complex of early antigens (Fig. 3B). We concluded from
these experiments that at least three molecular pathways which
trigger apoptosis in BL cells (consitutively active protein kinase
C, TGF-b signaling, and signaling from surface Ig) also acti-
vate transcription of the lytic switch BZLF1 but that apoptosis
per se is neither sufficient nor necessary to activate the lytic
program.

Cells expressing BZLF1 did not undergo apoptosis and were
distributed throughout the cell cycle according to the nature of
the agent used for induction. Expression of BZLF1 is the
earliest marker of EBV-infected cells entering the lytic cycle,
and the availability of suitable anti-BZLF1 monoclonal anti-
bodies made it possible to identify individual BZLF1-positive
cells by flow cytometry. To analyze single cells in a mixed
population, Mutu-I cells that had been induced into the lytic
cycle were immunostained for BZLF1 expression and costained
with PI for determination of the DNA content. These were
then subjected to two-dimensional flow cytometric analysis
that identified the BZLF1-expressing cells and visualized their
distribution in the cell cycle. Electronic gating allowed a com-

parison of the cell cycle distribution of BZLF1-positive and
BZLF1-negative cells (Fig. 4). Inspection of the bulk BZLF1-
negative populations (R1 and bottom panels) before and after
treatment confirmed that TGF-b, anti-IgM, and PMA all in-
duce a significant number of apoptotic Mutu-1 cells (sub-G1

populations of 37.5, 32.8, and 52.1%, respectively). In contrast,
the populations expressing detectable levels of BZLF1 (R2 and
middle panels) included very few apoptotic cells distributed to
the left of the G1 peak (3.3, 8, and 6.5%, compared with 7.5%
in the untreated control cells). This was consistent with these
cells being protected from programmed cell death.

A comparison of the cell cycle profiles after the three dif-
ferent treatments also suggests that the BZLF1-expressing
cells respond differently depending on the stimulus used. After
TGF-b or anti-IgM treatment, the BZLF1-positive cells were
clearly distributed throughout the cell cycle; however, when
the cells were treated with PMA, there was an accumulation of
2N cells consistent with a G1 arrest. Confirmation that after
induction the BZLF1-positive and apoptotic populations were
mutually exclusive was obtained by using a combination of
BZLF1 immunofluorescence coupled with TUNEL staining
for the products of endonuclease cleavage of cellular DNA.
Analysis by confocal microscopy in several different experi-
ments consistently showed that no BZLF1-expressing cells
were also TUNEL positive. Figure 5A shows the results of a
representative experiment using TGF-b. PMA and anti-IgM
produced very similar results (data not shown). Since a possi-
ble explanation of this result was that apoptosis resulted in the
loss of the BZLF1 epitope, a similar experiment was per-
formed utilizing the late virion protein gp-350 as a marker of
the lytic program; this antigen is expressed at the cell surface.
A representative experiment, again using TGF-b, is illustrated
in Fig. 5B. As before, PMA and anti-IgM produced results that
were largely indistinguishable from these results (data not
shown). gp350 staining and TUNEL were almost always mu-
tually exclusive. These data are also consistent with the hypoth-
esis that lytic EBV gene expression blocks or very significantly
delays apoptosis in BL cells.

Protection from apoptosis is dependent on the presence of
EBV. It was unclear from these experiments whether the ap-
parent protection seen in the BZLF1-expressing cells was due
to an EBV gene product (other than BZLF1). Also we were
unable to rule out the possibility that only cells which were
resistant to apoptosis activate the BZLF1 gene and successfully
initiate the EBV lytic program.

To address these points, use was made of clones from the
Akata BL cell line which either retain EBV episomes or have
lost them to become EBV negative (25, 42). Such clones were
transfected to produce stable subclones carrying episomal re-
porter plasmids containing the BZLF1 coding region under
control of the BZLF1 promoter (p294:Zp-552Xwt). The
BZLF1 gene in this system has been shown to reconstitute the
normal regulation of Zp and to express BZLF1 protein at
similar levels to the whole EBV genome (25). EBV-negative
Akata 31-p294:Zp-552Xwt and EBV-positive Akata 6-p294:
Zp-552Xwt cells were treated with cross-linking anti-Ig (in this
case anti-IgG) or PMA and were then assayed as described
above, using the MAb to BZLF1 doubled with PI staining.
Results of a representative experiment are shown in Fig. 6.
Flow cytometry revealed that the BZLF1-positive and -nega-

FIG. 2. Inhibition of caspase activity does not block induction of
the lytic cycle. Mutu-I cells were pretreated with the pan-caspase
inhibitor ZVAD for 1 h prior to induction of the lytic cycle by TGF-b,
anti-IgM, or PMA. Apoptosis (A) and induction of lytic antigens (B)
were assayed by Western blotting and probing with an anti-PARP
rabbit serum or serum EE, respectively. ZVAD alone had no obvious
effect in the untreated cells (2) (first two tracks in both panels).

VOL. 75, 2001 APOPTOSIS AND LYTIC CYCLE ACTIVATION IN EBV 2403



tive populations were largely indistinguishable for the Akata
31-p294:Zp-552Xwt cells (Fig. 6A and C); both had similar
percentages of cells in the sub-G1 compartment (22.4 and 19%
for anti-Ig; 24.3 and 19.2% for PMA). In contrast, for the
Akata 6-p294:Zp-552Xwt cells (Fig. 6B and C), the BZLF1-
positive cells were excluded from the apoptotic, sub-G1 popu-
lation (7.5% relative to 14.5% for anti-IgG; 13.7% relative to

42.1% for PMA). This latter result was very similar to that
obtained with the EBV-positive Mutu-I cells (Fig. 4). These
data strongly suggested that protection from apoptosis was
dependent on the presence of the EBV genome, since sub-G1,
BZLF-1-positive cells were seen only in an EBV-negative
background (Fig. 6A). Consistent with this, confocal micros-
copy revealed that TUNEL-positive and BZLF1-positive cells

FIG. 3. Induction of apoptosis per se does not induce the EBV lytic cycle. Mutu-I cells were treated with cisplatin or ceramide for 24 h or left
untreated (2). Apoptosis and the induction of lytic-cycle antigens were assessed by flow cytometry (A) and Western blotting and probing with EE
serum (B).

FIG. 4. Most BZLF1-expressing cells have a $2N DNA content. Control untreated (2) Mutu-I cells or those treated with TGF-b, anti-IgM,
or PMA for 48 h were fixed and stained with the BZ-1 MAb and then stained for DNA content with PI. The top panels show flow cytometry plots
of fluorescence (FL1-H) against PI content (FL2-A). The bottom two series of panels show analyses of the DNA content of BZLF1-fluorescence-
positive (R2) and fluorescence-negative (R1) cells gated as shown in the top panels.
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FIG. 5. Cells expressing lytic EBV antigens and TUNEL-positive cells are mutually exclusive. Control untreated (2) and TGF-b-treated
samples of Mutu-I cells were analyzed for BZLF1 immunofluorescence and TUNEL staining (A) and gp350 immunofluorescence and TUNEL
staining (B) by confocal microscopy. The merged images show that BZLF1- and gp350-expressing cells are nearly all TUNEL negative.

2405



were mutually exclusive in the Akata 6-p294:Zp-552Xwt cells
(data not shown) but double staining could be seen in Akata
31-p294:Zp-552Xwt cells (Fig. 7).

Inhibitors of EBV lytic DNA replication and late-gene ex-
pression block the survival of cells that express BZLF1 after
treatment with PMA, TGF-b, or anti-IgM. The results ob-
tained with Akata presented in the preceding section were
consistent with one or more EBV lytic gene product inhibiting
apoptosis in the Mutu-I cells treated with each of three differ-
ent apoptogenic agents. To help focus on which product(s)
might contribute to this effect, a series of experiments were
performed with agents which have a minimal effect on imme-
diate-early and early EBV gene expression but which block
viral DNA synthesis and late-gene expression. In EBV biology,
these agents define the early and late proteins of the lytic cycle
(26, 37).

Initially, similar experiments to those illustrated in Fig. 4
were performed, but prior to the addition of the inducing agent
(TGF-b, anti-IgM, or PMA) the Mutu-1 cells were pretreated
for 1 h with the inhibitor of viral DNA synthesis PAA (27). A
comparison of these results (Fig. 8A) with those in Fig. 4 shows

clearly that in the PAA-treated population, when BZLF1-pos-
itive cells were identified they included a significant proportion
of cells (47.7, 45.1, and 28.6%) distributed in the sub-G1 apo-
ptotic compartment. This was in contrast to the cells that were
not treated with PAA and that had a BZLF1-positive popula-
tion largely protected from apoptosis (Fig. 4). To show that the
loss of protection was not a specific effect of PAA on the virus
or cell, similar experiments were performed using acyclovir.
This also blocks EBV DNA replication but by a biochemically
distinct mechanism (27). Acyclovir treatment produced results
that were almost indistinguishable from those produced by
PAA; that is, it also inhibited the antiapoptotic effect (compare
Fig. 8A and B). We concluded from these experiments that the
protection against apoptosis afforded by EBV depends largely
on one or a combination of late viral gene products. Concom-
itantly, these experiments conclusively demonstrated that
sub-G1 apoptotic cells do not lose the BZLF1 epitope.

Western blot analysis showed that PAA pretreatment
blocked the expression of at least two unidentified lytic anti-
gens recognized by the EE human serum and confirmed that
most of the proteins recognized by EE on Western blots are

FIG. 6. Protection from apoptosis is EBV dependent. (A and B) Akata 31-p294:Zp-552Xwt (EBV 2ve) (A) and Akata 6-p294:Zp-552Xwt
(EBV 1ve) (B) cells were treated with carrier (2), anti-IgG, or PMA for 48 h and then stained for BZLF1 and stained for DNA content with PI.
Flow cytometry was then performed essentially as described in the legend to Fig. 4. (C) Percentages of BZLF1-negative and BZLF1-positive cells
with an apoptotic, sub-G1 distribution.
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early antigens (Fig. 9A). To confirm that PAA had specifically
blocked late-gene expression, lysates were Western blotted for
the BDRF1/VCA-p40 late antigen (51). PAA almost com-
pletely blocked the induction of this antigen by anti-IgM treat-
ment (Fig. 9B). However, PAA did not significantly alter the
expression of the EBV Bcl2 homologue BHRF1 after anti-IgM
treatment (Fig. 9C).

DISCUSSION

Since it was discovered that EBV encodes at least one lytic
protein (BHRF1) which is related to Bcl2 and exhibits anti-
apoptotic activity, there has been a great deal of speculation
that during the lytic cycle EBV may actively block the cell
death program (1, 21, 26, 32, 37, 47). Various experiments have
been reported that suggest that BHRF1, BALF1, and the la-
tent protein LMP1 can suppress apoptosis. However, in most
instances single isolated genes were expressed (or overex-
pressed) from transfected plasmids (21, 32, 47). Similarly, anal-
yses concerned with the behavior of cells in response to the
immediate-early transactivator proteins BZLF1 and BRLF1
have generally utilized similar single-gene approaches (38, 44).
Here we have attempted to investigate what happens to BL
cells during the reactivation of latent EBV genomes. In this
situation the individual viral proteins are expressed in B cells
and function in the context of the coordinated pattern of EBV
gene expression, which ultimately results in de novo synthesis
and assembly of infectious virions.

We showed that, at least in group I BL cells, activation of the
EBV lytic cycle is closely associated with programmed cell
death; it is possible that these processes may also be linked in

vivo. Three widely used treatments that induce the lytic cycle
also induce apoptosis in these cells. Since at least two of these,
the cytokine TGF-b and the cross-linking of surface Ig (to
mimic antigen binding), activate physiologically relevant path-
ways, we suggest that apoptosis probably accompanies the re-
activation of EBV from some latently infected cells in vivo. BL
cells phenotypically resemble germinal-center centroblasts,
which are very prone to apoptosis in vivo as well as in vitro (19,
20). It is not unreasonable to suggest, therefore, that EBV
reactivation may commonly accompany apoptosis in mucosa-
associated lymphoid tissue such as the tonsils.

Since apoptosis involves the activation of numerous proteo-
lytic enzymes (the caspases) and at least one endonuclease
(caspase-activated DNase) (reviewed in reference 13), it is also
reasonable to hypothesize that EBV might have evolved mech-
anisms to suppresss this process, or at least to inhibit the
enzymes which could destroy both viral proteins and DNA.
Our analyses of the cells that entered the lytic cycle (opera-
tionally defined as those which express a detectable level of
BZLF1) are consistent with this hypothesis. We found that the
BZLF1-positive cells showed no evidence of chromatin con-
densation or DNA cleavage that is associated with apopto-
sis; they appeared completely protected. This antiapoptotic
activity was not provided by BZLF1 alone, since expression
of BZLF1 in the EBV-negative Akata 31 cells produced no
protective effect. The activated EBV genome, present in
Akata 6, was necessary to prevent cell death. These obser-
vations are consistent with the notion that the early lytic
proteins BHRF1 and BALF1 contribute to the inhibition
of apoptosis. However, further experiments showed that,

FIG. 7. BZLF1 and TUNEL staining overlap in some Akata 31-p294:Zp-552Xwt cells. Control untreated (2) and anti-IgG-treated samples of
Akata 31-p294:Zp-552Xwt cells were analyzed for BZLF1 immunofluorescence and TUNEL staining by confocal microscopy. Merged images show
that BZLF1- and TUNEL-positive cells are not always mutually exclusive.
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FIG. 8. Inhibitors of EBV DNA replication and late-gene expression block the protection against apoptosis. (A) Mutu-I cells were pretreated
for 1 h with PAA, treated with TGF-b, anti-IgM, or PMA for 48 h, and then stained for BZLF1 and DNA content. Flow cytometry was performed
as described in the legend to Fig. 4 and Materials and Methods. (B) Mutu-I cells were pretreated for 1 hour with acyclovir and then treated and
analyzed as in panel A.
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alone, these two proteins are probably inadequate for full
protection. The surprising result we obtained was that if
drugs were added which block lytic EBV DNA synthesis and
therefore also the expression of genes operationally defined
as late, the survival of BZLF1-positive cells was abrogated.
Accepting the caveat that both PAA and acyclovir might
have unknown effects on the expression and/or function of
critical viral or cell proteins, these data lead us to the con-
clusion that EBV DNA replication or a late EBV gene
product is an absolute requirement for the effective protec-

tion of infected cells from apoptotic death. This may be a
direct antiapoptotic activity, or it could be indirect. For
instance, although the level of BHRF1 expression was un-
altered by pretreatment with PAA, we cannot exclude the
possibility that BHRF1 requires posttranslational modifica-
tion by a late-gene product for full activity. Inspection of the
predicted amino acid sequences encoded by the 27 mapped
late genes (15) did not suggest any obvious candidate pro-
teins. An analysis of recombinant viruses in which each late
gene is systematically deleted or mutated may be the only
approach that will identify the late antiapoptotic function(s)
of EBV.

When the cells carrying EBV that had entered the lytic cycle
(BZLF1-positive cells) were examined by flow cytometry for
their position in the cell cycle, BZLF1-expressing cells could be
seen in all of the phases of the cell cycle. However, the relative
distributions appeared to be determined by the treatment used
to activate the lytic program rather than by the expression of
viral proteins. Thus, it appears that changes in the cell cycle
profile, such as the G1 arrest in PMA-treated cells, are domi-
nant over any cell cycle effects produced by individual EBV
lytic gene products.

In summary, we showed here that various agents that induce
the EBV lytic cycle, including at least two which may well be
important during reactivation of the virus in vivo, have the
capacity to activate the apoptosis program in B cells. However,
apoptosis is neither necessary nor sufficient for reactivation.
Furthermore, we showed that in cells treated with these agents
and expressing the full spectrum of EBV late lytic antigens,
apoptosis is almost completely inhibited or significantly de-
layed. This is, to our knowledge, the first direct demonstration
that EBV can modulate the regulation of programmed cell
death during the reactivation of the latent genome and pro-
duction of new virions.
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