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Epstein-Barr virus (EBV) is a potent growth-transforming agent of human B cells. It has previously been
shown that viral latent membrane protein 1 (LMP1) is essential for EBV-induced transformation of normal B
cells and contributes to maintenance of latency in vitro. Using the EBV-positive Burkitt’s lymphoma line
P3HR1-c16, which lacks LMP1 during latency and which can readily be activated into virus-productive lytic
cycle, we found that LMP1 inhibits lytic cycle induction via the transcription factor NF-�B. In addition, LMP1
inhibits lytic cycle progress via two distinct NF-�B-independent mechanisms: one involving the cytosolic
C-terminal activating regions and the other involving the transmembrane region of LMP1. These findings
indicate that in B cells EBV self-limits its lytic cycle via three distinct LMP1-mediated mechanisms.

Epstein-Barr virus (EBV) is a gammaherpesvirus infecting
more than 90% of adults worldwide. Following infection in
immunocompetent individuals, the virus generally establishes
asymptomatic lifelong persistence in B lymphocytes (53). Most
EBV-infected B cells in the healthy host show a resting phe-
notype (38) with limited expression of viral genes (42). How-
ever, some infected cells express several latent viral genes (15,
54) that lead to growth transformation of B cells (44, 49). This
is thought to be one mechanism for expansion of the EBV-
infected B-cell population (44). In addition, the replicative lytic
cycle, which produces infectious virus particles, is also thought
to help expand the pool of infected cells (41). For transmission
of the virus to new hosts, nonpersistent lytic infection of epi-
thelial cells may be important (5).

EBV growth transformation of primary B cells requires at
least five key latent viral genes (33). One of these genes en-
codes latent membrane protein 1 (LMP1) (34). This enhances
cell survival through upregulation of antiapoptotic genes (12,
24, 35, 56). LMP1 has six hydrophobic transmembrane do-
mains, facilitating spontaneous self-oligomerization and creat-
ing a complex that constitutively activates cell signaling path-
ways via a cytoplasmic C terminus that mimics tumor necrosis
factor (TNF) receptor superfamily members (22). The C-ter-
minal activating region 1 (CTAR1) of LMP1 is located proxi-
mal to the membrane and binds the TNF receptor-associated
factors (TRAFs) (10, 26). CTAR2 is located toward the far C
terminus of LMP1 and binds the TNF receptor-associated
death domain protein (TRADD) and receptor-interacting pro-
tein (RIP) (13, 26, 30). Consequently, LMP1 triggers several
signaling pathways that lead to the activation of several tran-
scription factors, including NF-�B, STATs, AP-1, and ATF2
(6, 13, 14, 21, 26). Of all the transcription factors targeted by
LMP1, NF-�B attains the highest level of activity (6) and is
essential for most LMP1-stimulated gene expression (9, 23, 37,
40, 59).

Recently, it was reported that both LMP1 and activated
CD40, a TNF receptor superfamily member upregulated by
LMP1, impaired induction of the lytic cycle of EBV (2). Both
LMP1 and CD40 are potent activators of NF-�B (20), although
whether this is how they inhibit lytic cycle induction was not
tested. Paradoxically, it has been shown that full-length LMP1
is expressed during the lytic cycle in EBV-positive B cells (48).
Very little is known about the functions of LMP1 during the
lytic cycle (32).

It is difficult to study the lytic cycle of EBV because of the
lack of a fully permissive culture system (32, 33). Normal B
cells transformed with EBV in vitro give rise to lymphoblastoid
cell lines displaying a latency III phenotype, where about 11
transformation-associated genes are expressed (44, 49). A
small percentage of these cells (usually less than 1%) may
spontaneously enter the lytic cycle (32, 33, 46, 49). EBV-pos-
itive Burkitt’s lymphoma (BL) cell lines generally show a more
restricted, LMP1-deficient, latency I pattern of EBV latent
gene expression, where EBNA1 is the only viral protein ex-
pressed (48, 49), and do not enter the lytic cycle in vitro. Some
BL cell lines can be induced to enter the lytic cycle with
variable efficiency (typically 5 to 40%) by treatment with chem-
icals such as phorbol esters or N-butyrate, by ligation of surface
immunoglobulin, or by transfection with plasmid expressing a
lytic cycle transactivator (1, 11, 48, 50). The P3HR1-c16 sub-
clone of the Jijoye BL cell line is particularly easy to work with,
as it is highly inducible (32, 43) and is transfectable (32).

The exact signal that triggers the lytic cycle of EBV in vivo
remains unknown (28, 33), but once triggered, the lytic cycle
gains impetus from the transactivators Zta and Rta, which
drive their own and each other’s expression via their respective
promoters, Zp and Rp (7, 16, 19, 28). These transcription
factors then drive expression of early lytic cycle gene subsets
(16), and a cascade is initiated. Plasmid-like replication of the
EBV genome (from OriP) is followed by rolling-circle replica-
tion (from OriLyt) (18). From this point (12 to 24 h postin-
duction), late lytic cycle antigens, including many structural
proteins, are produced (16, 48). In vitro, cells remain viable for
a further 2 to 6 days until the lytic cycle culminates in the
release of infectious virions (33). This prolongation of the lytic
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cycle is intriguing, and in this context LMP1 is of particular
interest, as LMP1 promotes cell survival during latency (12, 24,
35, 56), impairs lytic cycle induction via an unidentified mech-
anism (2), and is expressed in those B cells that succeed in
entering the lytic cycle (46, 48). We therefore postulated that
LMP1 might prolong the lytic cycle. Using the inducible P3HR1-
c16 cell line as a model, we have obtained data suggesting that
this is indeed the case. Furthermore, we demonstrate that the
maintenance of latency and the inhibition of lytic cycle prog-
ress are due to three different LMP1-mediated mechanisms.

LMP1 inhibits EBV lytic cycle induction via NF-�B. In or-
der to determine how LMP1 inhibits lytic cycle induction, we
developed a model for the measurement of lytic cycle induc-
tion in cotransfected P3HR1-c16 cells, as shown in Fig. 1.
Cultured cells were cotransfected with an expression plasmid
for an inert green fluorescent marker (rCD2-EGFP) and either

a control empty vector or the pSG5-LMP1 expression plasmid
(26). Plasmid rCD2-EGFP was created by in-frame insertion of
rat CD2 transmembrane region cDNA into pEGFP-N1 (Clon-
tech). The cells were cultured for 48 h and induced to enter the
lytic cycle with sodium butyrate, a histone deacetylase inhibitor
that triggers broad-ranging gene expression (29). The cells
were then fixed, permeabilized, and analyzed for Zta expres-
sion by flow cytometry. Figure 1A shows representative dot
plots (originally two-color plots but shown here in black and
white), which demonstrate that 10.4% of the control, yet only
2.1% of the LMP1-transfected cells, were induced to enter the
lytic cycle. This represents a 77% inhibition of lytic cycle in-
duction by LMP1. Without the addition of sodium butyrate,
cells were not induced to enter the lytic cycle (data not shown).

Given that both LMP1 and CD40 can inhibit EBV lytic cycle
induction (2) and that both are potent activators of NF-�B

FIG. 1. LMP1-mediated inhibition of EBV lytic cycle induction. (A) Zta expression in cells induced to lytic cycle with sodium butyrate. P3HR1-
c16 cells were cultured and electroporated, using methods described previously (32), with 6 �g of plasmid rCD2-EGFP and either 3 �g of empty
pSG5 vector (control) or 3 �g of the B95.8 LMP1 expression plasmid, pSG5-LMP1 (26). Electroporation was performed using a Bio-Rad Gene-
pulser II electroporator set at 950 �F and 240 V. The cells were seeded in 4 ml of fresh medium and cultured for 48 h before induction to the lytic
cycle by resuspension in fresh medium containing 3 mM sodium butyrate. The cells were cultured for a further 24 h, fixed, permeabilized, and stained
for Zta expression as described previously (32) using 1 �g of murine monoclonal antibody BZ.1 (58) per ml, and red phycoerythrin (RPE)-conjugat-
ed anti-mouse immunoglobulin G. The cells were analyzed by flow cytometry (40,000 events) using a FACScalibur flow cytometer (Becton Dick-
inson Co., San Jose, Calif.). The left panel shows a dot plot of the data obtained for cells cotransfected with empty pSG5 vector; the right panel
shows data for the cells cotransfected with LMP1 expression plasmid. (B) Mechanism of LMP1-mediated inhibition of EBV lytic cycle induction.
The experiment described above was repeated in triplicate and extended to include cotransfections of 6 �g of rCD2-EGFP expression plasmid with
3 �g of pSG5-LMP1AAAG expression plasmid (6) or 3 �g of pSG5-LMP1 plus 0.2 �g of I�B��N expression plasmids. Lytic cycle induction was
calculated as the percentage of EGFP-positive cells that expressed Zta. The histogram shown displays means and standard errors (indicated by the
error bars). One-way ANOVA P values and pooled-variance 95% confidence intervals were calculated using Minitab software (Minitab Inc.,
Pennsylvania State University). (C) Western blot analysis of LMP1 expression. Protein extracts of the cotransfections from panel B were analyzed
for LMP1 expression by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and immunoblotting with murine monoclonal antibodies CS.1
to CS.4 (46) as described previously (17, 47). The positions of molecular size standards (in kilodaltons) are shown to the left of the gel.
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(20), we hypothesized that LMP1 might inhibit lytic cycle in-
duction via NF-�B. We tested this by cotransfecting I�B��N
expression plasmid (kindly provided by Dean W. Ballard,
Howard Hughes Medical Institute, Nashville, Tenn.) to block
LMP1-mediated NF-�B activation. Cytoplasmic I�B proteins,
of which I�B��N is a degradation-resistant variant, inhibit
NF-�B (31). We also cotransfected plasmid expressing the
nonsignaling mutant of LMP1, LMP1AAAG, which is mutated
at the CTAR1 and CTAR2 domains and does not bind TRAFs
or TRADD (6). Experiments utilizing the procedure outlined
in the legend to Fig. 1A were performed in triplicate, and lytic
cycle induction was calculated. The results, shown in Fig. 1B,
were analyzed by analysis of variance (ANOVA) (P � 0.001),
and the corresponding 95% confidence intervals confirmed
that the induction of LMP1 transfectants was significantly
lower than that for the control by approximately 68%. Fur-
thermore, induction of cells cotransfected with LMP1AAAG or
with LMP1 plus I�B��N expression plasmids was not signifi-
cantly different from that of the control. Thus, I�B��N abol-
ished LMP1-mediated inhibition of lytic cycle induction, and
LMP1AAAG, which cannot induce NF-�B (6), did not inhibit
lytic cycle induction. A representative immunoblot probed with
LMP1-specific antibodies (Fig. 1C) confirmed that I�B��N
did not affect LMP1 expression and that LMP1AAAG was ex-
pressed at a level similar to that of wild-type LMP1. From the
data in Fig. 1, we deduce that LMP1 inhibits lytic cycle induc-
tion via NF-�B.

Basal NF-�B activity inhibits lytic cycle induction. Having
demonstrated that LMP1 can inhibit lytic cycle induction via
NF-�B, we tested whether basal NF-�B activity also modulates
lytic cycle induction. The experimental procedure described in
the legend to Fig. 1A was repeated for triplicate cotransfec-
tions of rCD2-EGFP expression plasmid with increasing doses
of I�B��N expression plasmid (Fig. 2A). ANOVA analysis of
the results (P � 0.002) revealed that induction of Zta-positive
cells significantly increased with I�B��N dose. Figure 2B
shows the results of luciferase reporter assays for NF-�B ac-
tivity in similar cotransfections. The results confirm that basal
NF-�B activity decreased with increasing I�B��N dose. We
therefore conclude that basal NF-�B activity contributes to the
inhibition of lytic cycle induction.

LMP1 inhibits expression of early lytic cycle antigens via an
NF-�B-independent mechanism. It was of interest to examine
whether the presence of LMP1 during the lytic cycle could
hinder progress of the lytic cycle beyond the expression of Zta.
To investigate this, P3HR1-c16 cells were cotransfected with
an amount of the Zta expression plasmid p509 (45) optimum
to induce the lytic cycle (data not shown) together with empty
pSG5 vector (control), LMP1 expression plasmid, LMP1 plus
I�B��N expression plasmids, or LMP1AAAG expression plas-
mid. In luciferase reporter assays, I�B��N was found to re-
duce lytic cycle NF-�B activity exactly as seen in Fig. 2 (data
not shown). Transfection efficiencies were similar, ranging
from 1.8 to 2.1% Zta-positive cells as determined by flow
cytometry (data not shown). The cells were harvested 24 h later
and immunoblotted for the expression of early lytic cycle an-
tigens using a human serum, EE, from a chronic infectious
mononucleosis patient with high titers of antibodies to lytic
cycle antigens (48). Stripping and reprobing the blots with
antibodies for the cellular protein, actin, confirmed equal

loading. Representative immunoblots (Fig. 3A) clearly dem-
onstrate that LMP1 expression plasmid reduced expres-
sion of Zta and other early lytic cycle antigens (EA). Intrigu-
ingly, I�B��N did not eliminate this effect. Furthermore,
LMP1AAAG expression plasmid did not noticeably affect early
lytic cycle antigen levels.

To rule out the possibility that the decrease in Zta expres-
sion observed in Fig. 3A was due to repression of the heterol-
ogous plasmid promoter in p509, the cotransfections were re-
peated in an EBV-negative B-cell line, DG75. Figure 3B shows
representative immunoblots probed for Zta, LMP1, and actin.
The uniformity of Zta expression, irrespective of the coexpres-
sion of LMP1, I�B��N, or LMP1AAAG, indicates that the
different Zta levels observed in Fig. 3A were not due to re-
pression of the heterologous promoter.

We next considered whether LMP1 might repress transcrip-
tion of the endogenous Zta gene. The cotransfection experi-
ment described in the legend to Fig. 3A was repeated (in
triplicate) and modified to include the pHEBO:Zp-wt-luc re-
porter plasmid, in which luciferase gene expression is regulated
by the �12 to �552 region of the EBV Zp promoter (kindly
provided by Paul Farrell, Ludwig Institute, London, United
Kingdom). Flow cytometric analysis of cells immunostained for
Zta showed essentially the same percentage of transfected cells
in all samples (1.9% � 0.1%), and measurement of the mean

FIG. 2. Effect of basal NF-�B activity on EBV lytic cycle induction.
(A) Effect of increasing I�B��N expression plasmid dose on lytic cycle
induction. The induction and staining procedures described in the
legend to Fig. 1A were performed on triplicate cotransfections of
P3HR-c16 cells with 6 �g of rCD2-EGFP expression plasmid and 0-,
0.2-, and 2-�g doses of I�B��N expression plasmid. The total amount
of DNA per cotransfection was kept constant by the addition of an
appropriate amount of empty pSG5. Flow cytometry data were pro-
cessed as described in the legend to Fig. 1B. (B) Effect of increasing
I�B��N expression plasmid dose on basal NF-�B activity. The co-
transfections for panel A were repeated to include 3 �g of the NF-�B
luciferase reporter plasmid 3Enh.�B-ConALuc (3). The cells were
assayed for luciferase activity 24 h later as described previously (37).
The histogram displays means and standard errors (indicated by the
error bars).
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fluorescence intensity of Zta-positive cells (Fig. 4A) showed a
significant (P � 0.001 by ANOVA) decrease of Zta expression
in samples containing LMP1. However, no significant differ-
ence in Zp promoter activity (P � 0.16 by ANOVA) was
observed among samples cotransfected with p509, irrespective
of LMP1 (Fig. 4B).

Figures 3 and 4 showed that LMP1 can impair Zta and EA
expression during lytic cycle forcibly induced with exogenous
Zta. This is apparently mediated by a CTAR1- or CTAR2-
dependent, yet NF-�B-independent, function of LMP1, possi-
bly involving other transcription factors such as AP-1 or
ATF-2. Within the lytic cycle, this function of LMP1 reduces
Zta expression without affecting the overall level of transcrip-
tion from Zp (Fig. 4). Together, these results indicate that the
observed impairment of Zta (and EA) expression occurs after
initiation of the lytic cycle and via a posttranscriptional mech-
anism.

Both wild-type LMP1 and LMP1AAAG inhibit progress to
late lytic cycle. Figures 3 and 4 demonstrated that expression of
exogenous LMP1 during the lytic cycle inhibits stages of the
early lytic cycle postinduction independently of NF-�B. As a
follow-up, we investigated whether progress to late lytic cycle is
also inhibited. The cotransfections described in the legend to
Fig. 3A were repeated (in triplicate), and 48 h later, the cells
were fixed and permeabilized. The expression of Zta and two
late lytic cycle antigens, an envelope glycoprotein (gp350) and
viral capsid antigen (VCA), was analyzed by flow cytometry.
Representative dot plots of the data obtained are displayed in

Fig. 5A. In all samples, the percentages of cells expressing Zta
were similar (1.94% � 0.13%). However, exogenous LMP1
approximately halved the level of Zta expression and reduced
the percentage of cells expressing VCA or gp350 by 85 to 95%.

Two-color immunofluorescence staining confirmed that all
VCA-positive cells also coexpress Zta (Fig. 5B). This meant
the previous flow cytometry data could be processed to quan-
tify lytic cycle progress, i.e., the number of cells in late lytic
cycle was expressed as a percentage of Zta-positive cells. The
results from triplicate samples (Fig. 5C) revealed that progress
from induction to VCA expression (P � 0.001 by ANOVA)
and gp350 expression (P � 0.001 by ANOVA) was sub-
stantially inhibited by exogenous LMP1. Cotransfection of
I�B��N expression plasmid did not abolish this inhibition.
Surprisingly, LMP1AAAG inhibited lytic cycle progress almost
as efficiently as wild-type LMP1 (Fig. 5C). These findings sug-
gest that LMP1 inhibits progress to late lytic cycle indepen-
dently of NF-�B, and that in contrast to the inhibition of early
lytic cycle (Fig. 3A), the LMP1 CTAR regions are not critical.

The transmembrane region of LMP1 inhibits progress to
late lytic cycle. The data in Fig. 5 indicated that the CTAR
regions of LMP1 were not critical for the inhibition of progress
to late lytic cycle. We speculated that the transmembrane re-
gion of LMP1 might be responsible. To investigate this, we
constructed a plasmid (EGFP-stop195LMP1) encoding an N-
terminal enhanced green fluorescent protein (EGFP)-tagged
LMP1 with the cytosolic C terminus deleted by replacing
His195 with a stop codon. This mutagenesis was performed in
plasmid pEGFP-LMP1, which was created by in-frame inser-
tion of B95.8 LMP1 cDNA into pEGFP-C1 (Clontech). The

FIG. 3. Effect of LMP1 on early EBV lytic cycle. (A) Effect of
LMP1 on the expression of early lytic cycle antigens. P3HR1-c16 cells
were cotransfected with 8 �g of p509 Zta expression plasmid and
either 3 �g of empty pSG5 vector (control), 3 �g of LMP1 expression
plasmid, 3 �g of LMP1 plus 0.2 �g of I�B��N expression plasmids, or
3 �g of LMP1AAAG expression plasmid, as described in the legend to
Fig. 1. The total amount of DNA per cotransfection was kept constant
by the addition of an appropriate amount of empty pSG5. After 24 h,
the cells were probed for expression of early lytic cycle antigens by
immunoblotting with EE serum as described previously (32). To con-
firm equal loads in the lanes, the blot was stripped and reprobed for
actin using antiactin antibodies as described previously (47). (B) Ex-
pression of exogenous Zta and LMP1. The cotransfections and immu-
noblots described above were repeated in EBV-negative DG75 cells
electroporated at 270 V. Immunoblots were probed with BZ.1 anti-
body to Zta, CS.1 to CS.4 antibodies to LMP1, or antiactin antibodies,
as described previously (32, 47). The positions of molecular size mark-
ers (in kilodaltons) are shown to the left of the blots.

FIG. 4. Effect of LMP1 on Zta expression. The cotransfections
described in the legend to Fig. 3A were repeated in triplicate to include
4 �g of the luciferase reporter plasmid for Zta activity, pHEBO:Zp-
wt-luc. (A) Flow cytometric analysis of Zta expression. After 24 h,
samples of cells were fixed, permeabilized, and analyzed for Zta ex-
pression by flow cytometry, as described in the legend to Fig. 1. (B) Zta
transcriptional activity in cotransfected cells. Samples of cells were
assayed for luciferase activity as described previously (37). Cells co-
transfected with empty pSG5 in place of the p509 Zta expression
plasmid were included as a negative control. Both histograms shown
display means and standard errors (indicated by the error bars).
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FIG. 5. Effect of LMP1 on progress to late EBV lytic cycle. The cotransfections described in the legend to Fig. 3A were repeated in triplicate.
After 48 h, the cells were fixed, permeabilized, and stained for Zta as described in the legend to Fig. 1. (A) Expression of late lytic cycle antigens.
VCA was detected using V3 murine ascitic fluid (diluted 1:200) (55) (provided by Gary Pearson, Georgetown University, Washington, D.C.), and
gp350 was detected using 1 �g of murine monoclonal antibody 72A1 (25) per ml. Primary antibody staining was detected by subsequent staining
with red phycoerythrin (RPE)-conjugated anti-mouse immunoglobulin G (IgG) F(ab	)2 fragments (DAKO) (diluted 1:50). Antibody incubations
were for 30 min at 37°C. The cells were analyzed by flow cytometry (as described in the legend to Fig. 1). The top row shows dot plots of data for
Zta, VCA, and gp350 staining from a representative cotransfection with empty pSG5 vector; the bottom row shows the same for a pSG5-LMP1
cotransfection. mfi, mean fluorescence intensity. (B) Expression of Zta in late lytic cycle. P3HR1-c16 cells were transfected with 8 �g of Zta
expression plasmid, and 48 h later, the cells were fixed and permeabilized (32). The cells were stained for simultaneous expression of Zta and VCA
by use of antibodies BZ.1 and V3, respectively (32). BZ.1 staining was detected with RPE-conjugated anti-mouse IgG1 monoclonal antibody, and
V3 staining was detected with fluorescein isothiocyanate (FITC)-conjugated anti-mouse IgG2a monoclonal antibody. The cells were analyzed by
two-color flow cytometry (as described in the legend to Fig. 1), and a dot plot of the data was obtained. (C) Effect of LMP1 on progress to late
lytic cycle. The total flow cytometry data obtained in panel A were processed to represent lytic cycle progress. For a given cotransfection, the
percentage of VCA- or gp350-positive cells was divided by the percentage of Zta-positive cells and multiplied by 100. The histograms shown display
means and standard errors (indicated by the error bars).
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EGFP tags enabled detection, since all available LMP1 anti-
bodies target the cytoplasmic C terminus. The rCD2-EGFP
expression plasmid was included as a negative control, as it
encodes an EGFP-tagged nonsignaling transmembrane pro-
tein. The aforementioned plasmids were cotransfected into
P3HR1-c16 cells with the p509 Zta expression plasmid, and
progress to late lytic cycle was quantified as described in the
legend to Fig. 5. Flow cytometry confirmed expression of the
EGFP constructs, which indicated similar mean transfection
efficiencies for all samples (1.5% � 0.1%). The results (Fig. 6)
show that both the full-length LMP1 protein and the LMP1
protein with the C terminus deleted inhibited progress to VCA
(P � 0.004 by ANOVA) and gp350 (P � 0.007 by ANOVA)
expression. These results suggest that the LMP1 transmem-
brane region plays a role in impeding progress to the late lytic
cycle.

Implications of EBV lytic cycle inhibition by LMP1. It has
previously been shown that LMP1 inhibits EBV lytic cycle
induction (2). The present investigation has identified the
probable mechanism by which this occurs and revealed a sur-
prising complexity to the ways in which LMP1 can affect the
lytic cycle. Using the P3HR1-c16 cell line as a model, we have
found that LMP1 interferes with EBV lytic cycle in three
distinct ways. First, the LMP1 CTAR regions inhibit lytic cycle
induction via activation of the transcription factor NF-�B (Fig.
1). Second, the LMP1 CTAR regions inhibit stages of early
lytic cycle postinduction independently of NF-�B (Fig. 3 and
4). Third, LMP1 inhibits progress to late lytic cycle via its
transmembrane domains and independently of NF-�B (Fig. 5
and 6).

Consistent with the observation that LMP1 blocks induction

of the lytic cycle via NF-�B, we also demonstrated that basal
NF-�B activity contributes to the inhibition of lytic cycle in-
duction (Fig. 2). It is therefore probable that the previously
reported inhibition of lytic cycle induction by the LMP1 ana-
logue, CD40 (2), is also mediated via NF-�B. We were unable
to test whether basal NF-�B activity alone prevents spontane-
ous lytic cycle induction, as complete inhibition of NF-�B was
not achieved by transfection with I�B��N. Chemical inhibitors
that completely inhibit NF-�B activity in B cells could have
been used, but these induce apoptosis (our unpublished data),
which may concomitantly induce Zta expression (28). It is
noteworthy that active NF-�B is present in resting B cells, and
activity greatly increases with B-cell activation (4; our unpub-
lished data). This may explain why the lytic cycle is rare both in
vivo (8) and in vitro (32).

In contrast to B cells, the lytic cycle can frequently be acti-
vated in EBV-infected epithelial cells (5, 36, 51, 58). While
experimentally infected epithelial cell lines do not usually ex-
press LMP1 (27, 36), there is some evidence that LMP1 may be
weakly expressed upon activation to the lytic cycle (36). In vivo,
oral hairy leukoplakia (HLP) in AIDS patients represents a
nonmalignant lesion of EBV-infected epithelial cells undergo-
ing active EBV replication. In HLP, some studies indicate that
the lytically infected cells are LMP1 negative (39), while other
studies have reported detection of LMP1 (52, 57). At this
stage, it is not possible to conclude whether LMP1 functions
similarly during the lytic cycle in both epithelial cells and B
cells.

The expression of LMP1 during EBV lytic cycle in various
B-cell lines has been reported previously, and it should be
noted that the levels of LMP1 in the lytic cycle are variable (32,
48). The P3HR1-c16 line was useful for the present study, since
the level of LMP1 expressed following induction of lytic cycle
is comparatively low, which allowed the limited functional
analysis with exogenous LMP1 mutants. The unexpected con-
clusion of these experiments was that LMP1 impedes progress
of the lytic cycle via two distinct mechanisms that are both
independent of NF-�B activation. These additional functions
of LMP1, together with the variable level of LMP1 expression
during the lytic cycle, may explain why different cell lines show
different degrees of progress when induced into the lytic cycle.

There is evidence suggesting that lytic cycle progress is in-
hibited in vivo. Prang et al. (41) used a powerful combination
of reverse transcription-PCR, nested PCR, and probe hybrid-
ization to analyze gene expression in B cells from peripheral
blood. They found that lytic cycle gene expression occurs in
healthy EBV-infected individuals and that it is higher in infec-
tious mononucleosis patients but that only activity from early
lytic cycle genes was readily detectable. The results suggest that
the lytic cycle in vivo encounters a bottleneck which limits late
gene expression. This observation could be explained by im-
mune system targeting of late lytic cycle cells, although our
recent observations on the antigen-presenting function of lytic
cycle B cells cast doubts on this possibility (32). Furthermore,
a bottleneck is seen in vitro without any immunosurveillance or
cell lysis (Fig. 5B) (32, 48). Alternatively, a role for LMP1 in
impeding lytic cycle progress would be consistent with both the
in vitro and in vivo observations.

The benefit of impeded lytic cycle progress in vivo could be
that damage to the host is limited and, at any given time, viral

FIG. 6. The LMP1 transmembrane region impedes progress to late
EBV lytic cycle. The experimental procedures described in the legend
to Fig. 5A and C were repeated for triplicate cotransfections of 8 �g of
Zta expression plasmid with either 3 �g of empty pEGFP-N1 vector,
3 �g of EGFP-LMP1, 3 �g of EGFP-stop195LMP1, or 3 �g of rCD2-
EGFP expression plasmids. The histograms display means and stan-
dard errors (indicated by the error bars).
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antigen release may be below a threshold for antigen-present-
ing cell stimulation of an efficient immune response. Together,
these factors could aid viral persistence and transmission to
new hosts.
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