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Previous studies on Epstein-Barr virus (EBV)-positive B-cell lines have identified two distinct forms of virus
latency. Lymphoblastoid cell lines generated by virus-induced transformation of normal B cells in vitro,
express the full spectrum of six EBNAs and three latent membrane proteins (LMP1, LMP2A, and LMP2B);
furthermore, these lines often contain a small fraction of cells spontaneously entering the lytic cycle. In
contrast, Burkitt's lymphoma-derived cell lines retaining the tumor biopsy cell phenotype express only one of
the latent proteins, the nuclear antigen EBNA1; such cells do not enter the lytic cycle spontaneously but may
be induced to do so by treatment with such agents as tetradecanoyl phorbol acetate and anti-immunoglobulin.
The present study set out to determine whether activation of full virus latent-gene expression was a necessary
accompaniment to induction of the lytic cycle in Burkitt's lymphoma lines. Detailed analysis of Burkitt's
lymphoma lines responding to anti-immunoglobulin treatment revealed three response pathways of EBV gene
activation from EBNAl-positive latency. A first, rapid response pathway involves direct entry of cells into the
lytic cycle without broadening of the pattern of latent gene expression; thereafter, the three "latent" LMPs are
expressed as early lytic cycle antigens. A second, delayed response pathway in another cell subpopulation
involves the activation of full latent gene expression and conversion to a lymphoblastoidlike cell phenotype. A
third response pathway in yet another subpopulation involves the selective activation of LMPs, with no
induction of the lytic cycle and with EBNA expression still restricted to EBNA1; this type of latent infection in
B lymphocytes has hitherto not been described. Interestingly, the EBNA1+ LMP+ cells displayed some but not
all of the phenotypic changes normally induced by LMP1 expression in a B-cell environment. These studies
highlight the existence of four different types of EBV infection in B cells, including three distinct forms of
latency, which we now term latency I, latency II, and latency III.
promoter or from the adjacent Wp promoter at the "leftward"
end of the viral genome (42, 51), while the LMP mRNAs are
transcriptionally controlled by promoters at the "rightward"
end of the genome that are responsive to transactivation by
EBNA2 (10, 24, 50, 56). Coordinate expression of the EBNAs
and LMPs in experimentally infected B cells leads not only to
growth transformation but also to a dramatic change in the
cellular phenotype, with upregulation of several B-cell surface activation markers (i.e., CD23, CD30, CD39, and CD70)
and adhesion molecules (LFA-1, ICAM-1, and LFA-3) as
well as of the cellular oncogene bcl-2. Gene transfection
studies have attributed certain facets of the above phenotypic
change to the effects of individual latent proteins. Thus,
EBNA2 and EBNA3c can upregulate expression of some of
the cellular activation antigens, while LMP1 has multiple
effects, including upregulation of the cellular adhesion molecules, of CD23, and of the bcl-2 oncogene (18, 47-49).
A second form of latent infection in B cells is exemplified
by certain EBV-positive Burkitt's lymphoma (BL) cell lines
which express only EBNA1 and no other viral proteins (17,
39). At the transcriptional level, these cells show expression
of EBNA1 mRNA initiated exclusively from an Fp promoter
which is located about 50 kb downstream of the Cp and Wp
promoters used in LCLs (42). These BL lines are also
phenotypically distinct from LCLs since they display undetectable or very low levels of the B-cell activation antigens
and cellular adhesion molecules that are abundantly expressed in LCLs and instead express certain other markers
(e.g., CD10 and CD77) that are not seen on LCLs (16, 34).
This cellular phenotype, designated the group I BL cell
surface phenotype, is a characteristic of all BL tumors in

Epstein-Barr virus (EBV) is carried by more than 95% of
adults as a largely asymptomatic infection. Primary infection
with EBV normally occurs through salivary exchange in the
oropharynx, and this is believed to result in virus replication
in stratified squamous epithelial cells and in the subsequent
infection of trafficking B lymphocytes. Following primary
infection, whether symptomatic or silent, the virus persists in
the healthy host for life through mechanisms that are not fully
understood. Although some form of latent infection in epithelial cells represents one possible strategy for virus persistence, most recent studies favor the concept of virus carriage
in the lymphoid compartment via the long-term survival of
non-productively infected B cells (15, 52). Accordingly, there
is renewed interest in the different types of virus-cell interactions that can occur in EBV-infected B lymphocytes, and in
this context much can be learned from in vitro models.
The best-characterized EBV-B cell interaction is that
shown by lymphoblastoid cell lines (LCLs) established following experimental infection of resting B cells in vitro. These
growth-transformed cells are to a large extent nonpermissive
for virus replication and express just nine viral proteins
(reviewed in reference 23), including six nuclear antigens
(EBNA1, EBNA2, EBNA3a, EBNA3b, EBNA3c, and
EBNA-LP) and three membrane proteins (LMP1, LMP2A,
and LMP2B). In LCLs, all six EBNA mRNAs are differentially spliced from long transcripts initiated either from the Cp
*
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vivo and during initial culture in vitro (34). However, many
established BL tumor cell lines progress upon serial passage
in vitro to display a group III cell surface phenotype, which
is similar to that displayed by normal LCLs. This switch
from a group I to a group III cellular phenotype is associated
with induced expression of the full range of nine latent viral
proteins that are expressed in LCLs (39). At the transcriptional level, the activation of latent gene expression is
reflected by a switch from Fp promoter usage to Cp and/or
Wp promoter usage for initiation of EBNA transcripts (42).
Another interesting feature of the above phenotypic drift
is that while all group I BL lines generally display a tightly
latent EBV infection, group III lines often contain a small
proportion of cells in the lytic cycle, as do LCLs (17). This
suggested that the natural route from EBNA1+ latency into
the lytic cycle in B cells may involve, as a necessary
intermediate step, transient acquisition of full virus latent
gene expression and an LCL-like cellular phenotype. We
began the present series of experiments specifically to examine this question by following the response of group I BL
cell lines to reported inducers of the lytic cycle. In so doing,
we identified three distinct pathways of EBV gene activation
from EBNA1+ latency.
MATERIALS AND METHODS
Cell lines. Seven of the BL lines used in this work had been
well characterized previously and were selected because
they were known to display a group I cell surface phenotype
and to express EBNA1 in the absence of the other latent
viral proteins (17, 18, 39). These lines were Chep-BL,
Eli-BL, Mutu-BL, Odhi-BL, Wan-BL, BL37, and WW2-BL.
The Akata-BL line, which had not previously been characterized with respect to cell surface phenotype and pattern of
latent viral gene expression, was kindly provided by K.
Takada (Nihon University School of Medicine, Tokyo,
Japan) as a control cell line sensitive to anti-immunoglobulin
(anti-Ig)-mediated effects. All cultures were grown in RPMI1640 medium buffered with bicarbonate and supplemented
with 10% fetal calf serum and were passaged by twiceweekly 1:5 subculturing.
Induction of BL lines by TPA or by ligation of surface Ig.
For stimulation of cultures with phorbol 12-myristate 13acetate (TPA; obtained from Sigma), cells were harvested
and resuspended at 3 x 105 cells per ml in fresh medium
containing 3 x 10-8 M TPA. Cultures were harvested at 72
h for analysis of EBV gene expression. Cells to be stimulated
with anti-Ig were resuspended in medium containing 0.2%
dialyzed rabbit anti-human IgG (Dakopatts; A407) or rabbit
anti-human IgM (Dakopatts; A409), depending on the type of
Ig expressed by the BL line being induced. The Akata-BL
and Wan-BL lines both expressed IgG, while all the other
lines expressed IgM.
Monoclonal antibodies. The following monoclonal antibodies were used for the detection of EBV antigens in this work:
CS.1-4 and S12 (anti-LMPl) (27, 36); PE2 (anti-EBNA2)
(53); BZ1 (anti-BZLF1) (55); R3 [anti-EA(D) proteins encoded by BMRF1] (31); 72A1 and 2L10 (anti-gp340 late
membrane glycoprotein encoded by BLLF1) (19, 33); and
V3 (anti-VCA protein encoded by BcLF1) (46). Monoclonal
antibodies to cellular proteins included bcl-2 100/124 (antiBcl-2) (32); AC2 (CD39) (38); MHM6 (CD23) (38); and TS2/9

(CD58, anti-LFA-3) (43).
Western immunoblotting. The procedure for Western blotting has been described fully elsewhere (40). Briefly, cells
were solubilized by sonication in gel sample buffer, and the
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equivalent of 106 cells was loaded into each track of discontinuous 7.5% or 10% polyacrylamide-sodium dodecyl sulfate
(SDS) Laemmli gels. The electrophoresed proteins were
transferred onto nitrocellulose filters, which were subsequently blocked with milk and incubated overnight either
with monoclonal antibodies (1:10 dilution of hybridoma
culture supernatant) or with selected human sera (1:100
dilution). When monoclonal antibodies were used as probes,
the filters were subsequently incubated for 1 h with a rabbit
anti-mouse IgG. Specifically bound antibodies were detected
with 125I-protein A and autoradiography. Human sera used
as probes for Western blots included serum EE, which
reacts predominantly with various lytic cycle antigens, including the BZLF1 protein and the 45- to 55-kDa proteins of
the EA(D) complex; serum AMo, which reacts with EBNA1
but none of the other EBNAs; and serum PBe, which reacts
with all six EBNAs.
Immunofluorescence assays. Cell smears were air-dried and
fixed at -20°C for 10 min either with a mixture of methanolacetone (1:2, vol/vol) or with acetone alone. Single- and
two-color immunofluorescence studies on these fixed cells
were performed exactly as described elsewhere (41). Briefly,
routine monochromatic fluorescence was performed by a
three-step method which involved incubation with monoclonal antibody, then with polyclonal goat anti-mouse IgG
antibodies conjugated with fluorescein isothiocyanate
(FITC), and finally with polyclonal rabbit anti-goat Ig antibodies which were also conjugated with FITC. For dichromatic fluorescence assays, a simple two-step procedure was
used in which two monoclonal antibodies (one of the IgGl
subclass, and another of the IgG2a subclass) with different
specificities were pooled for the first step and a mixture of
FITC-conjugated goat antibodies to mouse IgGl and rhodamine-conjugated goat antibodies to mouse IgG2a was used
for the second step.
For cell surface phenotyping, viable cells were incubated
with monoclonal antibodies to cell surface antigens and then
with FITC-labeled goat anti-mouse IgG antibodies, as described previously (41). The stained cells were analyzed on a
Becton Dickinson FACS 440.
Detection of LMP1 and LMP2 mRNAs. Total RNA was

prepared from cells and analyzed for the presence of specific
EBV latent transcripts by reverse transcription and polymerase chain reaction (PCR) amplification by methods described
in detail elsewhere (21). Briefly, cDNA was synthesized

from 2 ,ug of total RNA with 5 U of avian myeloblastosis
virus reverse transcriptase and 100 pmol of the transcriptspecific oligonucleotide 3' primer. Thereafter, cDNAs were
amplified by PCR following the addition of 100 pmol of the
relevant 5' primer and 2.5 U of Taq polymerase. The
products were analyzed by electrophoresis on 3% agarose
gels, Southern blotting, and probing with the relevant oligonucleotide probe which had been end-labeled with [32P]ATP
and T4 polynucleotide kinase. The combinations of oligonucleotide primers and probes used were in each case designed
to amplify across defined splice junctions in EBV-encoded
mRNAs, thus allowing specific detection of RNA transcripts
in the presence of contaminating EBV genomic DNA. LMP1
transcripts were detected by using a 3' primer spanning
exons 3 and 2 (coordinates 168956 to 168965 and 169042 to
169051; sequence ATACCTAAGACAAGTAAGCA), a 5'
primer for exon 1 (coordinates 169490 to 169471; sequence
ACACACTGCCCTGAGGATGG), and a probe for exon 2
(coordinates 169081 to 169100; sequence ACAATGCCTGT
CCGTGCAAA). For the detection of LMP2A and LMP2B
transcripts, a common 3' primer for the common exon 3
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FIG. 1. Western blot analysis of EBV gene expression of four group I BL cell lines treated either with anti-Ig for 24 h or with TPA for 3
days. For each BL line, treated BL cells were compared with control untreated cells and with a reference normal LCL transformed with the
same BL-derived virus. Proteins from 106 cells were separated by SDS-PAGE, and identical sets of blots were probed with (A) a human
serum, AMo, which reacts with EBNA1, (B) a pool of monoclonal antibodies, PE2 and CS.1-4, which react with EBNA2 and LMP1,
respectively, or (C) a human serum, EE, which has unusually high titers of antibodies reactive with the BZLF1 protein and the EA(D)
complex of lytic cycle proteins. Sizes of protein standards are shown in kilodaltons.

(coordinates 380 to 361; sequence CATGTTAGGCAAATT
GCAAA) and a common exon 2 probe (coordinates 62 to 81;
sequence ATCCAGTATGCCTGCCTGTA) were used. The
5' primer used to detect the LMP2A transcripts was from the
unique coding exon 1 (coordinates 166874 to 166893; sequence ATGACTCATCTCAACACATA), while the 5'
primer used to detect the LMP2B transcript was from the
unique noncoding exon 1 (coordinates 169819 to 169838;
sequence CAGTGTAATCTGCACAAAGA).
RESULTS

Responsiveness of group I BL cell lines to anti-Ig and to
TPA. Preliminary experiments were performed with the
Akata-BL line as a control line known to be sensitive to two
inducers of the lytic cycle, anti-Ig and TPA (8, 45). The
cellular phenotype and virus latent gene expression in

Akata-BL cells had not previously been characterized, but
we found that the line actually displayed a group I cell
surface phenotype and expressed EBNA1 (Fig. 1A) in the
absence of detectable expression of EBNA2 and LMP1 (Fig.
1B) and of the other EBNAs (data not shown). Akata-BL
was therefore incorporated into the panel of eight group I BL
lines studied in this work. While the activation of Akata-BL
via ligation of surface Ig is known to be rapid, producing
synthesis of early lytic cycle viral proteins within 2 to 3 h
(45), induction of several different EBV-positive lines with
TPA typically takes 24 to 48 h (57). Therefore, in the initial
series of experiments, the eight group I BL lines were each
cultured either for 24 h with anti-Ig or for 72 h with TPA. The
cells were then harvested for analysis of EBV gene expression by SDS-polyacrylamide gel electrophoresis (PAGE) and
Western blotting. For each BL line, the induced and control
noninduced BL cells were compared with a reference normal
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LCL transformed with the same BL virus isolate and expressing the full spectrum of latent proteins.
The results in Fig. 1 show that Akata-BL was activated
into the lytic cycle very efficiently by anti-Ig and to a lesser
extent by TPA (Fig. 1C), a result consistent with published
data (8). In addition, it was also noted that activation via
anti-Ig induced expression of LMP1 to a level comparable to
that expressed in the corresponding LCL, whereas EBNA2
was not induced (Fig. 1B): in this particular experiment,
TPA induced barely detectable levels of LMP1, but in other
experiments in which activation of the lytic cycle was more
efficient, the coinduction of LMP1 was more marked (data
not shown). Similar results were obtained with the Eli-BL
line, except that here the treatments with anti-Ig and TPA
both induced lytic cycle antigens with similar efficiency (Fig.
1C). As with the Akata-BL line, both treatments of Eli-BL
also induced the expression of LMP1 but not of EBNA2
(Fig. 1B). Three lines (Mutu-BL, BL37, and Wan-BL) were
activated with varying efficiency by TPA to express lytic
cycle antigens and LMP1 but were unresponsive to anti-Ig.
This pattern of results is illustrated by the Wan-BL line in
Fig. 1. Another three lines (WW2-BL, Odhi-BL, and ChepBL) were poorly responsive both to TPA and to anti-Ig,
whether assessed by lytic cycle induction or by LMP1
expression (see Chep-BL line, Fig. 1).
In responsive group I BL cell lines, therefore, both types
of treatment activated not only the EBV lytic cycle but also
the expression of a latent viral protein, LMP1. We chose to
investigate this phenomenon in more detail by concentrating
on the induction of the Akata-BL and Eli-BL lines via
anti-Ig. This choice was made because, compared with that
of TPA, the effect of anti-Ig is rapid and synchronous.
Furthermore, TPA was often toxic to the BL cells at the
concentration required to induce the lytic cycle, sometimes
reducing viability by up to 50% at day 3, whereas anti-Ig
generally had little effect upon the viability of the cultures.
The ensuing studies identified three distinct pathways of
activation mediated by anti-Ig.
Pathway 1: direct entry into the lytic cycle with induction of
LMP1 as a lytic cycle antigen. Akata-BL cells were treated
with anti-IgG, and replicate cultures were harvested at
several time points over a period of 74 h for analysis by
Western blotting. The pattern of results obtained in three
separate time course experiments is illustrated by the representative results of one experiment shown in Fig. 2. Expression of the immediate-early protein BZLF1 was detected
within 2 to 5 h postactivation (Fig. 2B), followed by expression of a full-size LMP1 protein by 7 to 9 h (Fig. 2C). In this
particular experiment, a smaller LMP1 protein was also
detected several hours after the full-size LMP1 was induced
(Fig. 2C), and it was tentatively designated truncated LMP1
(Tr-LMP1) because it may have initiated from an internal
methionine codon in the LMP1 gene, as reported for TPAinduced B95.8 LCL cells (20). In the present work, the
full-length LMP1 protein was consistently induced, while the
Tr-LMP1 was not always detected.
Immunofluorescence analysis of Akata-BL at the singlecell level showed that induction of LMP1 was confined to
cells which had entered the lytic cycle. Cell smears were
stained with monoclonal antibodies specific for the immediate-early BZLF1 protein, the EA(D) product of the BMRF1
gene, the VCA product of the BcLF1 gene, and the LMP1
and EBNA2 latent proteins. Representative results obtained
in one of several experiments are illustrated in Fig. 3.
Between 2 and 9 h after the addition of anti-IgG, there was a
sequential induction of the BZLF1, EA, LMP1, and VCA
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FIG. 2. Western blot analysis showing the kinetics of EBV
activation in Akata-BL cells following treatment with anti-IgG.
Replicate cultures of the Akata-BL line treated with anti-IgG were
harvested at the time points indicated. Protein extracts from reference cell lines were also separated on the same gel and included an
EBV-negative B-lymphoma line (BJAB), a normal LCL transformed
with Akata virus (LCL-Akata), an EBV-positive marmoset LCL
which contained a proportion of cells in the lytic cycle (B95.8), and
a tightly latent human LCL transformed with B95.8 virus (X50-7).
Three identical blots were probed either with (A) human serum
AMo, which reacts with EBNA1, (B) monoclonal antibody BZ1,
which reacts with the BZLF1 protein, or (C) monoclonal antibodies
CS.1-4, which react with LMP1. Sizes are indicated in kilodaltons.

proteins (Fig. 3A). Dichromatic staining for LMP1 and
BZLF1 at 9 h postinduction showed that the LMP1 protein
was expressed exclusively in the BZLF1+ (i.e., lytic cycle)
cell population (Fig. 3B); these LMP+ BZLF1+ cells did not
express EBNA2 (Fig. 3C). LMP1 was therefore a genuine
component of the lytic cycle, and its expression was independent of EBNA2. This first response pathway was also
observed in anti-IgM-treated Eli-BL cells (see below).

In order to confirm that the full-size LMP1 protein observed above was indeed the product of latent LMP1 transcripts, total RNA preparations were analyzed for the presence of specific mRNA by reverse transcription and PCR
amplification. The 2.8-kb latent LMP1 transcript that is
abundantly expressed in latently infected LCLs from the
EDL1 promoter (20) was reverse-transcribed with a 3'
primer which spanned the exon 3-exon 2 splice junction, and
PCR amplification was carried out after the addition of a 5'
primer from exon 1. Note that this combination of primers
does not detect the unspliced mRNA transcript which is
driven from the EDLla promoter in TPA-induced B95.8
cells and which is thought to encode the Tr-LMP1 protein
(20). These primers amplified a 381-bp reverse-transcribed
product, as expected, in the three LCLs tested (Fig. 4A).
There was a barely detectable amplification of this LMP1
product in the control Akata-BL line itself, but following
induction of these cells for 24 h with anti-Ig, a 381-bp
product was reproducibly obtained at a level comparable to
that obtained with LCLs (Fig. 4A).
It has been reported that LMP2 is usually coexpressed
with LMP1 in latent infection (14) and that its expression can
be elevated by TPA (26). We therefore sought to determine
whether LMP2A and/or LMP2B mRNAs were induced in
the present context. Reverse transcription of total cell RNA
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FIG. 3. Immunofluorescence analysis of EBV gene activation in
the Akata-BL line following treatment with anti-IgG. (A) Kinetics of
EBV gene activation analyzed with the following monoclonal antibodies: BZ1, specific for the BZLF1 protein; R3, specific for
proteins of the EA(D) complex encoded by BMRF1; V3, specific for
the VCA protein encoded by BcLF1; CS.1-4, specific for LMP1; and
PE2, specific for EBNA2. (B) Dual staining with antibodies to LMP1
and to BZLF1 at 9 h postactivation; LMP1 expression was detected
by using the S12 monoclonal antibody and a rhodamine-conjugated
anti-mouse IgG2a second-step antibody, while BZLF1 expression
was detected by using the BZ1 monoclonal antibody and an FITCconjugated anti-mouse IgGl second step. (C) Expression of LMP1
(detected with S12 and anti-IgG2a) in the absence of EBNA2
(assayed with PE2 and anti-IgGl) at 9 h postactivation.

was carried out with a 3' primer from the exon 3 common to
both LMP2A and LMP2B mRNAs, and the products were
amplified after the addition of a 5' primer from the unique
first exon of either the LMP2A or the LMP2B mRNA.
Specific products of 280 kb (LMP2A) or 324 kb (LMP2B)
were detected by Southern blotting with a probe from the
common exon 2. These combinations of primers and probes
revealed that both LMP2A and LMP2B transcripts were
indeed induced in Akata-BL cells following activation with
anti-Ig (Fig. 4B and C), exactly paralleling the observations
on LMP1 transcription.
Pathway 2: switch to an LCL-like (EBNA2' LMP+) form of
latency. Extension of the time course over which anti-Ig
activation of Akata-BL cells was followed revealed the
existence of a second, delayed response pathway. As shown
in Fig. 5A, maximal expression of lytic cycle antigens was
obtained by 12 to 24 h postactivation, and after a further 24
h, a small subpopulation of EBNA2+ cells was detected.
Dichromatic staining revealed that the EBNA2+ cells
present by 48 h did not coexpress either LMP1 (Fig. 5B) or
the late lytic cycle antigen gp340 (Fig. SC) and were therefore clearly distinct from those cells previously activated
into the lytic cycle. However, by 72 h, 20 to 30%o of the
EBNA2+ cells had activated LMP1 expression (Fig. SD),

FIG. 4. Detection of latent viral transcripts for LMP1 (A),
LMP2A (B), and LMP2B (C) by reverse transcription and PCR
amplification in Akata-BL cells after activation with anti-IgG for 24
h. The design of the primer-probe combinations used is illustrated
schematically (not to scale) to the left of the Southern blots: the
coordinates of the primers and probes are given in the Materials and
Methods section. The coding sequences of the spliced transcripts
are indicated by shaded areas, while open areas indicate noncoding
sequences. The location of the promoter sequences and the direction of transcription are indicated by the bent arrows: for the LMP1
transcript, the solid arrow indicates the EDL1 promoter which
drives the 2.8-kb mRNA encoding the full-length protein, while the
hollow arrow indicates the location of the cryptic EDLla promoter
for the unspliced lytic mRNA which encodes a Tr-LMP1 and which
is not detected by the chosen combination of primers and probe.
Total RNA preparations were reverse-transcribed with the 3' primers indicated and then amplified after the addition of 5' primers.
Specific amplified products were detected by Southern blotting with
the probes indicated. The Southern blots shown included amplified
material from uninduced Akata-BL cells as well as from four
reference cell lines: a normal LCL transformed with Akata-BL
virus, LCL-Akata; an EBV-negative cell line, BL30; and the LCLs
X50-7 and B95.8.

and a small minority of these EBNA2+ LMP1+ cells expressed lytic cycle antigens (data not shown), just as would
be expected of cells moving into an LCL-like form of
infection. This second response pathway was also observed
with anti-IgM-treated Eli-BL cells (see below).
Pathway 3: switch to a novel (EBNA2- LMP1+) form of
latency. Activation of the Eli-BL line by treatment with
anti-IgM was followed as for the Akata-BL line, and here the
results revealed three different response pathways. Compared with Akata-BL, a smaller proportion of the Eli-BL
cells were activated directly into the lytic cycle, and the
kinetics of this response were slightly slower. Thus, the first
BZLF1+ cells appeared at 9 to 12 h (Fig. 6A), at which time
these cells were LMP1- (Fig. 6B). Just as with the AkataBL, however, progression of these cells through the lytic
cycle was accompanied by the induction of LMP1 as a lytic
cycle antigen, so that by 24 h all the BZLF1+ cells coexpressed LMP1 (Fig. 6C). Delayed induction of EBNA2 was
again observed by 48 h in a small distinct subpopulation of
cells (Fig. 6A) subsequently shown to be moving towards an
LCL-like form of infection.
The most striking feature distinguishing the Eli-BL response from that shown by anti-Ig-treated Akata-BL cells
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FIG. 6. Immunofluorescence analysis of the kinetics of EBV
gene activation in the Eli-BL line following treatment with anti-IgM
for up to 72 h. (A) Kinetics of activation determined as described in

FIG. 5. Extended immunofluorescence analysis of EBV gene
activation in the Akata-BL line following treatment with anti-IgG for
up to 72 h. (A) Kinetics of activation determined as described in the
legend to Fig. 3A. (B to D) Examples of dichromatic fluorescence
assays with the PE2 (anti-EBNA2) IgGl monoclonal antibody
together with the IgG2a monoclonal antibody S12 (anti-LMP) or
2L10 (anti-gp340 late membrane antigen). (B) Staining for EBNA2
and LMP1 at 48 h postactivation; (C) staining for EBNA2 and gp340
at 48 h postactivation; (D) staining for EBNA2 and LMP1 at 72 h
postactivation. For each pair of immunofluorescence photographs,
the same field is shown on the right under phase-contrast illumination.

was the accumulation between 12 and 48 h postactivation of
large numbers of LMP1 + cells which were neither in the lytic
cycle (Fig. 6A, B, and C) nor expressing EBNA2 (Fig. 6A
and D). This third response pathway was a dominant feature
of the Eli-BL response, whether activated by anti-Ig or by

the legend to Fig. 3A. (B and C) Results of dichromatic immunoflufor LMP1 (S12; IgG2a monoclonal antibody) and
BZLF1 (BZ1; IgGl monoclonal antibody) at 12 h and 24 h, respectively, after treatment with anti-IgM. (D) Staining for LMP1 (S12)
and a lack of staining for EBNA2 (PE2; IgGl monoclonal antibody)
at 24 h after treatment with anti-IgM.

orescence assays

TPA, but was never observed in activated Akata-BL cultures. Analysis of mRNA from the Eli-BL cells at 24 h
postactivation showed that, as with the induced Akata-BL
cells (see Fig. 4), LMP1 was being expressed from the
characteristically spliced latent LMP1 mRNA and that the
LMP2A and LMP2B transcripts were also coinduced with
LMP1 (data not shown). However, because two distinct
LMP1+ populations were present in the Eli-BL cultures at
this time, it was not possible to ascertain whether LMP2A
and LMP2B were expressed in both or just one of these
populations.
Phenotypic effects of LMP1 expressed in different response
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FIG. 7. Effect of LMP1 expression on cellular phenotype in the lytic cycle. Akata-BL and Eli-BL cells were treated with anti-Ig for 24 h,
and viable cells were stained with monoclonal antibodies to cell surface markers (CD39, CD23, and LFA-3) for fluorescence-activated cell
sorting analysis (A). Control profiles obtained with cells incubated with second-step antibody only are indicated by a dashed line, and the
profiles obtained with cells incubated with the monoclonal antibodies are indicated by a solid line. A reference LCL was analyzed in the same
assay. Aliquots of the control and induced Eli-BL cells, together with a reference LCL, were also analyzed by Western blotting for expression
of LMP1 with monoclonal antibodies CS.1-4 (B, upper blot) and for expression of bcl-2 with monoclonal antibodies bcl-2 100/124 (B, lower
blot). Sizes of protein standards are shown in kilodaltons.

pathways. In a B-lymphocyte environment, LMP1 can mediate a number of changes in cellular phenotype. These
include upregulation of cellular adhesion molecules such as
LFA-3 (47), of some but not all cell surface activation
antigens (e.g., CD23 but not CD39 [47, 49]), and of the
cellular oncogene bcl-2 (18). We therefore investigated
whether such changes were induced by LMP1 when expressed either in the lytic cycle (the dominant response
pathway in Akata-BL) or in the EBNA2- LMP1+ form of
latency (the dominant response pathway in Eli-BL). Anti-Igmediated activation of about 20% of Akata-BL cells into the
lytic cycle did not cause upregulation of any of the above cell
surface markers (Fig. 7A) or of the bcl-2 oncogene (data not
shown). In contrast, anti-Ig-induced Eli-BL contained a
subpopulation cells staining for LFA-3 at an intensity similar
to that observed on LCLs and for CD23 at a lower intensity,
while there was no induction of CD39 (Fig. 7A). Dichromatic
staining for LMP1 and LFA-3 and for LMP1 and CD23
confirmed that the observed surface changes occurred in
LMP1+ cells (data not shown). Interestingly, these cells did
not show demonstrable activation of bcl-2 expression (Fig.
7B).

DISCUSSION
The variety of possible EBV-B cell interactions is well
illustrated by the present in vitro models. These different
forms of infection, and the observed transitions between
them, are summarized in Fig. 8. As an aid to discussion, we
have introduced a new nomenclature for the different forms
of latency that have now been identified. Thus, latency I (Lat
I) is exemplified by group I BL cells expressing EBNAl in
the absence of the other latent viral proteins. Latency III
(Lat III) is exemplified by group III BL lines and LCLs
expressing all nine latent viral proteins. To these previously
characterized forms of latency, we can now add latency II
(Lat II), exemplified by those anti-Ig-induced Eli-BL cells
which coexpress EBNA1 and LMPs in the absence of the
other EBNAs.
Most earlier studies on the experimental activation of the
lytic cycle were performed with B cells showing a Lat III
form of infection (23). In contrast, the present work describes a detailed analysis of the kinetics of lytic cycle
induction from Lat I. The most important finding in this
context is that such cells can be activated directly into the
lytic cycle, bypassing the Lat III form of infection. In these
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lytic cycle (Fig. 5 and 6). A similar bifurcation of latent and
lytic gene activation was recently reported for the Rael
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FIG. 8. Schematic illustration of pathways of EBV gene activation from the EBNAl-positive (Lat I) form of latency.

activated cells, the continued absence of EBNA2, EBNA3a,
EBNA3b, EBNA3c, and EBNA-LP proteins could be demonstrated by Western blotting (Fig. 1 and data not shown);
furthermore, transcriptional analysis showed that EBNA1
mRNA continued to be expressed from the Fp promoter and
that the Cp/Wp promoter necessary for expression of the
other EBNA mRNAs remained silent (24a). As with induction into the lytic cycle from Lat III, entry of cells into the
lytic cycle from Lat I involved BZLF1 expression as the first
detectable viral event. In this context, it is noteworthy that
both TPA (7) and ligation of surface Ig (2, 8) appear to induce
the lytic cycle via cellular signalling pathways which induce
protein phosphorylation by protein kinase C. Because the
BZLF1 promoter region is itself directly responsive to such
phosphoproteins (13, 25), these protein kinase C substrates
represent prime candidates for initiating BZLF1 transcription; thereafter, the BZLF1 protein augments its own
expression via distinct autoresponsive promoter elements
(12, 44), irreversibly initiating the cascade of lytic cycle gene
expression (11, 22).
The present work further demonstrated that switching B
cells from Lat I directly into the lytic cycle involved induction of LMP1, and probably LMP2A and LMP2B, as early
lytic cycle antigens. This observation needs to be set against
earlier findings, all with Lat III cell systems, implicating
LMP1 as a lytic cycle-associated protein. Thus, Hudson et
al. (20) first observed the appearance of a new 2.6-kb "lytic"
LMP1 mRNA in TPA-induced B95.8 cells. This new mRNA
was predicted to encode a truncated (N-terminally deleted)
LMP1 protein (20) which has been tentatively identified in
some other Lat III lines containing a lytically infected cell
subpopulation (1, 3, 6, 36), but which has never been
localized to that particular subpopulation. On the other
hand, the existing level of full-length LMP1 protein can be
increased by TPA treatment of Raji cells (3) and of LCLs
(36); but when studied at the single-cell level, this increase
was seen generally throughout the population and was not
restricted to cells in the lytic cycle (36). These reported
effects of TPA on LMP1 expression in Lat III cell systems
may therefore be independent of lytic cycle induction per se.
In contrast, our present results in Lat I cell systems (in
which there is no basal expression of LMP1) clearly show
that the full-length protein is consistently upregulated as a
component of the early lytic cycle.
The delayed induction of EBNA2, both in Akata-BL and
in Eli-BL cells at 48 h after treatment with anti-Ig, occurred
in a subpopulation of cells distinct from that induced into the

group I BL line treated with the demethylating agent 5'azacytidine (28). Transcriptional analysis showed that this
late expression of EBNA2 coincides with activation of the
Cp and Wp promoters (24a) that are functional in LCLs (42,
51). Furthermore, these EBNA2+ cells subsequently progressed to express LMP1, with only a minority then entering
the lytic cycle (Fig. 5). Together, these observations strongly
suggest that the EBNA2+ subpopulation is in the process of
switching from Lat I to a Lat III form of infection, a route
already observed in previous studies monitoring spontaneous progression of BL lines from a group I to a group III
cellular phenotype on serial passage (17, 34, 39).
Perhaps the most interesting response pathway identified
in the present work is that leading from Lat I to a form of
latency, Lat II, not hitherto recognized in B cells. To date,
the only examples of this EBNA1+ LMP+ form of infection
have involved EBV-associated tumors of non-B-cell origin,
namely, nasopharyngeal carcinoma (9, 54) and Hodgkin's
disease (30). Here, we show that under certain circumstances B lymphocytes can support a Lat II form of infection
and that, at least in this in vitro system, LMP can be
expressed as a latent antigen independently of EBNA2mediated transactivation (10, 50). Since LMP1 has the
potential to alter several facets of the B-cell phenotype (18,
47, 49), we questioned to what extent such LMP1-associated
changes accompanied the switch from a Lat I to a Lat II
form of infection. Interestingly, some of the expected
changes, e.g., upregulation of LFA-3 and CD23, were observed, whereas another change, upregulation of bcl-2, was
not (Fig. 7). In contrast, the switch from Lat I into the lytic
cycle, although also associated with induction of LMP1
expression, did not alter any of the above phenotypic
properties. We interpret this latter observation to be a
consequence of the fact that entry of herpesvirus-infected
cells into the lytic cycle results in rapid inhibition of cellular
metabolism.
We suggest that all three forms of latency here identified in
an in vitro system may have a natural counterpart within the
EBV-infected B-cell pool in vivo. One important constraint
on survival of infected B cells is the existence of potent
virus-specific cytotoxic T-cell responses in all healthy EBVcarrying individuals. In this context, recent studies show
that such T-cell responses are rarely, if ever, directed
towards target epitopes derived from EBNA1, but are preferentially directed against the other latent proteins (29a).
The restricted expression of EBV latent genes in the Lat I
form of latency, together with the associated downregulation
of cellular adhesion molecules, would enable such cells to
avoid the T-cell immunosurveillance mechanism (16, 35).
Likewise, activation from Lat I directly into the lytic cycle
via the pathway identified in the present work would also be
able to proceed in the face of the prevailing T-cell response.
Hence, Lat I cells could provide a reservoir both for virus
persistence as a latent infection and for efficient virus
reactivation. Switching to the Lat III form of infection
clearly also occurs with regularity in healthy EBV carriers,
since cellular and humoral responses to the full spectrum of
latent proteins are stably maintained (4, 5, 29, 37). Activation to Lat III presumably permits a burst of cell proliferation, but any cell progeny which then retained this form of
infection would be susceptible to immune system elimination. At present, it is not clear under what circumstances the
Lat II form of infection may occur in B cells in vivo or what
particular advantages such an infection may confer. Coex-
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pression of EBNA1 and LMPs may provide a proliferative

advantage in certain situations, although, as with the Lat III
form of infection, such cells are likely to be subject to
immune system control. Therefore, just as immunologically
compromised individuals have provided examples of Lat III
infection in B-cell lymphomas (53), it would be interesting to
screen the same group of patients for evidence of B-cell
proliferations with a Lat II form of infection.
ACKNOWLEDGMENTS
This work was supported by the Wellcome Trust through the
award of a Senior Research Fellowship in Basic Biomedical Sciences to M.R. and by the Cancer Research Campaign, London.
We are grateful to G. Pearson (Georgetown University, Washington, D.C.) for providing antibodies R3, 2L10, and V3; to D.
Thorley-Lawson (Tufts University School of Medicine, Boston,
Mass.) for antibody S12; to T. A. Springer (Harvard Medical
School) for antibody TS/2.9; and to D. Mason (John Radcliffe
Hospital, Oxford, England) for antibodies bcl-2 100/124. Excellent
technical assistance was provided by R. Hotchkiss and S. Williams,
and we are indebted to L. Young for help with designing and
validating the RNA PCR experiments.
REFERENCES
1. Baichwal, V. R., and B. Sugden. 1987. Posttranslational processing of an Epstein-Barr virus-encoded membrane protein
expressed in cells transformed by Epstein-Barr virus. J. Virol.
61:866-875.
2. Berridge, M. J., and R. F. Irvine. 1989. Inositol phosphates and
cell signalling. Nature (London) 341:197-205.
3. Boos, H., R. Berger, C. Kulik-Roos, T. Iftner, and N. MuellerLantzsch. 1987. Enhancement of Epstein-Barr virus membrane
protein (LMP) expression by serum, TPA, or n-butyrate in
latently infected Raji cells. Virology 159:161-165.
4. Burrows, S. R., I. S. Misko, T. B. Sculley, C. Schmidt, and D. J.
Moss. 1990. An Epstein-Barr virus-specific T-cell epitope
present on A- and B-type transformants. J. Virol. 64:3974-3976.
5. Burrows, S. R., T. B. Sculley, I. S. Misko, C. Schmidt, and D. J.
Moss. 1990. An Epstein-Barr virus-specific cytotoxic T cell
epitope in EBNA 3. J. Exp. Med. 171:345-349.
6. Contreras-Salazar, B., B. Ehlin-Henrikson, G. Klein, and M. G.
Masucci. 1990. Up regulation of the Epstein-Barr virus (EBV)encoded membrane protein LMP in the Burkitt's lymphoma line
Daudi after exposure to n-butyrate and after EBV superinfection. J. Virol. 64:5441-5447.
7. Davies, A. H., R. J. A. Grand, F. J. Evans, and A. B. Rickinson.
1991. Induction of Epstein-Barr virus lytic cycle by tumorpromoting and non-tumor-promoting phorbol esters requires
active protein kinase C. J. Virol. 65:6838-6844.
8. Diabata, M., R. E. Humphreys, K. Takada, and T. Sairenji.
1990. Activation of latent EBV via anti-IgG-triggered, second
messenger pathways in the Burkitt's lymphoma cell line Akata.
J. Immunol. 144:4788-4793.
9. FAhraeus, R., H. Li-Fu, I. Ernberg, J. Finke, M. Rowe, G. Klein,
K. Falk, E. Nilsson, M. Yadaf, P. Busson, T. Tursz, and B.
Kallin. 1988. Expression of the Epstein-Barr virus genome in
nasopharyngeal carcinoma. Int. J. Cancer 42:329-338.
10. Fihraeus, R., A. Jansson, A. Ricksten, A. Sjoblom, and L.
Rymo. 1990. Epstein-Barr virus-encoded nuclear antigen 2 activates the viral latent membrane protein promoter by modulating the activity of a negative regulatory element. Proc. Natl.
Acad. Sci. USA 87:7390-7394.
11. Farrell, P. J., D. T. Rowe, C. M. Rooney, and T. Kouzarides.
1989. Epstein-Barr virus trans-activator specifically binds to a
consensus AP-1 site and is related to c-fos. EMBO J. 8:127-132.
12. Flemington, E., and S. H. Speck. 1990. Autoregulation of
Epstein-Barr virus putative lytic switch gene BZLF1. J. Virol.
64:1227-1232.
13. Flemington, E., and S. H. Speck. 1990. Identification of phorbol
ester elements in the promoter of Epstein-Barr virus putative
lytic switch gene BZLF1. J. Virol. 64:1217-1226.

J. VIROL.

14. Frech, B., U. Zinber-Strobi, K.-O. Suentzenich, 0. Pavlish,
G. M. Lenoir, G. W. Bornkamm, and N. Mueller-Lantzsch.
1990. Identification of Epstein-Barr virus terminal protein 1
(TP1) in extracts of four lymphoid cell lines, expression in insect
cells, and detection of antibodies in human sera. J. Virol.
64:2759-2767.
15. Gratama, J. W., M. A. P. Oosterveer, F. E. Zwaan, J. Lepoutre,
G. Klein, and I. Ernberg. 1988. Eradication of Epstein-Barr
virus by allogeneic bone marrow transplantation: implications
for sites of viral latency. Proc. Natl. Acad. Sci. USA 85:86938696.
16. Gregory, C. D., R. J. Murray, C. F. Edwards, and A. B.
Rickinson. 1988. Down regulation of cell adhesion molecules
LFA-3 and ICAM-1 in Epstein-Barr virus-positive Burkitt's
lymphoma underlines tumour cell escape from virus-specific T
cell surveillance. J. Exp. Med. 167:1811-1824.
17. Gregory, C. D., M. Rowe, and A. B. Rickinson. 1990. Different
Epstein-Barr virus (EBV)-B cell interactions in phenotypically
distinct clones of a Burkitt lymphoma cell line. J. Gen. Virol.
71:1481-1495.
18. Henderson, S., M. Rowe, C. Gregory, F. Wang, E. Kieff, and A.
Rickinson. 1991. Induction of bcl-2 expression by Epstein-Barr
virus latent membrane protein-1 protects infected B cells from
programmed cell death. Cell 65:1107-1115.
19. Hoffman, G., S. Lazarovitz, and S. Hayward. 1980. Monoclonal
antibody against a 250,000-dalton glycoprotein of Epstein-Barr
virus identifies a membrane antigen. Proc. Natl. Acad. Sci.
USA 77:2979-2983.
20. Hudson, G. S., P. J. Farrell, and B. G. Barrell. 1985. Two
related but differentially expressed potential membrane proteins
encoded by the EcoRI Dhet region of Epstein-Barr virus B95-8.
J. Virol. 53:528-535.
21. Johnson, M. A., P. I. Blomfield, I. S. Bevan, C. B. J. Woodman,
and L. S. Y. Young. 1990. Analysis of human papillomavirus
type 16 E6-E7 transcription in cervical carcinomas and normal
cervical epithelium using the polymerase chain reaction. J. Gen.
Virol. 71:1473-1479.
22. Kenney, S., E. Holley-Guthrie, E.-C. Mar, and M. Smith. 1989.
The Epstein-Barr virus BMLF1 promoter contains an enhancer
element that is responsive to the BZLF1 and BRLF1 transactivators. J. Virol. 63:3878-3883.
23. Kieff, E., and D. Leibowitz. 1990. Epstein-Barr virus and its
replication, p. 1889-1920. In B. N. Fields and D. M. Knipe
(ed.), Fields Virology, 2nd ed. Raven Press, New York.
24. Laux, G., M. Perricaudet, and P. J. Farrell. 1988. A spliced
Epstein-Barr virus gene expressed in immortalized lymphocytes
is created by circularization of the linear viral genome. EMBO
J. 7:769-774.
24a.Lear, A. L. Unpublished data.
25. Lieberman, P. M., J. M. Hardwick, J. Sample, G. S. Hayward,
and S. D. Hayward. 1990. The Zta transactivator involved in
induction of lytic cycle gene expression in Epstein-Barr virusinfected lymphocytes binds to both AP-1 and ZRE sites. J.
Virol. 64:1143-1155.
26. Longnecker, R., and E. Kieff. 1990. A second Epstein-Barr virus
membrane protein (LMP2) is expressed in latent infection and
colocalizes with LMP1. J. Virol. 64:2319-2326.
27. Mann, K. P., D. Staunton, and D. A. Thorley-Lawson. 1985.
Epstein-Barr virus-encoded protein found in plasma membranes
of transformed cells. J. Virol. 55:710-720.
28. Masucci, M. G., B. Contreras-Salazar, E. Ragnar, K. Falk, J.
Minarovits, I. Ernberg, and G. Klein. 1989. 5-Azacytidine
up-regulates the expression of Epstein-Barr virus nuclear antigen 2 (EBNA-2) through EBNA-6 and latent membrane protein
in the Burkitt's lymphoma line Rael. J. Virol. 63:3135-3141.
29. Murray, R. J., M. G. KurilHa, H. M. Griffin, J. M. Brooks, M.
Mackett, J. R. Arrand, M. Rowe, S. R. Burrows, D. J. Moss, E.
Kieff, and A. B. Rickinson. 1990. Human cytotoxic T cell
responses against Epstein-Barr virus nuclear antigens demonstrated using recombinant vaccinia viruses. Proc. Natl. Acad.
Sci. USA 87:2906-2910.
29a.Murray, R. J., et al. Unpublished data.
30. Paliesen, G., S. J. Hamilton-Dutoit, M. Rowe, and L. S. Young.

VOL. 66, 1992

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

1991. Expression of Epstein-Barr virus latent gene products in
tumour cells of Hodgkin's disease. Lancet 337:320-322.
Pearson, G. R., B. Vroman, B. Chase, T. Sculley, M. Hummel,
and E. Kieff. 1983. Identification of polypeptide components of
the Epstein-Barr virus early antigen complex using monoclonal
antibodies. J. Virol. 47:193-201.
Pezzelia, F., A. Tse, J. L. Cordeli, K. A. F. Pulford, K. C.
Gatter, and D. Y. Mason. 1990. Expression of the bcl-2 oncogene protein is not specific for the 14:18 chromosomal translocation. Am. J. Pathol. 137:225-232.
Qualtiere, L. F., R. Chase, B. Vroman, and G. R. Pearson. 1982.
Identification of Epstein-Barr virus strain differences with
monoclonal antibody to a membrane glycoprotein. Proc. Natl.
Acad. Sci. USA 79:616-620.
Rooney, C. M., C. D. Gregory, M. Rowe, S. Finerty, C.
Edwards, H. Rupani, and A. B. Rickinson. 1986. Endemic
Burkitt's lymphoma: phenotypic analysis of tumor biopsy cells
and of the derived tumor cell lines. J. Natl. Cancer Inst.
77:681-687.
Rowe, D. T., M. Rowe, G. I. Evan, L. E. WaHlace, P. J. Farrell,
and A. B. Rickinson. 1986. Restricted expression of EBV latent
genes and T-lymphocyte-detected membrane antigen in Burkitt's lymphoma cells. EMBO J. 5:2599-2607.
Rowe, M., H. S. Evans, L. S. Young, K. Hennessy, E. Kieff, and
A. B. Rickinson. 1987. Monoclonal antibodies to the latent
membrane protein of Epstein-Barr virus reveal heterogeneity of
the protein and inducible expression in virus-transformed cells.
J. Gen. Virol. 68:1575-1586.
Rowe, M., J. Finke, R. Szigeti, and G. Klein. 1988. Characterization of the serological response in man to the latent membrane
protein (LMP) and the six nuclear antigens (EBNA 1-6) encoded by the Epstein-Barr virus. J. Gen. Virol. 69:1217-1228.
Rowe, M., J. E. K. Hildreth, A. B. Rickinson, and M. A. Epstein.
1982. Monoclonal antibodies to Epstein-Barr virus-induced
transformation-associated cell surface antigens: binding patterns and effect upon virus-specific cytotoxicity. Int. J. Cancer
29:373-381.
Rowe, M., D. T. Rowe, C. D. Gregory, L. S. Young, P. J.
Farrell, H. Rupani, and A. B. Rickinson. 1987. Differences in B
cell growth phenotype reflect novel patterns of Epstein-Barr
virus latent gene expression in Burkitt's lymphoma. EMBO J.
6:2743-2751.
Rowe, M., L. S. Young, K. Cadwaliader, L. Petti, E. Kieff, and
A. B. Rickinson. 1989. Distinction between Epstein-Barr virus
type A (EBNA 2A) and type B (EBNA 2B) isolates extends to
the EBNA 3 family of nuclear proteins. J. Virol. 63:1031-1039.
Rowe, M., L. S. Young, J. Crocker, H. Stokes, S. Henderson,
and A. B. Rickinson. 1991. Epstein-Barr virus (EBV)-associated
lymphoproliferative disease in the SCID mouse model: implications for the pathogenesis of EBV-positive lymphomas in man.
J. Exp. Med. 173:147-158.
Sample, J., L. Brooks, C. Sample, L. Young, M. Rowe, A.
Rickinson, and E. Kieff. 1991. Restricted Epstein-Barr virus
protein expression in Burkitt lymphoma is due to a different
Epstein-Barr nuclear antigen-i transcriptional initiation site.
Proc. Natl. Acad. Sci. USA 88:6343-6347.
Sanchez-Madrid, F., A. M. Krensky, C. F. Ware, E. Robbins,
J. L. Strominger, S. J. Burakoff, and T. A. Springer. 1982.

EBV ACTIVATION FROM EBNA1-POSITIVE LATENCY

44.

45.
46.

47.

48.

49.

50.
51.

52.
53.

54.

55.

56.

57.

131

Three distinct antigens associated with human T-lymphocytemediated cytolysis. Proc. Natl. Acad. Sci. USA 79:7489-7493.
Sinclair, A. J., M. Brimmell, F. Shanahan, and P. J. Farreli.
1991. Pathways of activation of the Epstein-Barr virus productive cycle. J. Virol. 65:2237-2244.
Takada, K., and Y. Ono. 1989. Synchronous and sequential
activation of latently infected Epstein-Barr virus genomes. J.
Virol. 63:445-449.
Vroman, B., J. Luka, M. Rodriguez, and G. Pearson. 1985.
Characterization of a major protein with a molecular weight of
160,000 associated with the viral capsid antigen of Epstein-Barr
virus. J. Virol. 53:107-113.
Wang, D., D. Leibowitz, F. Wang, C. Gregory, A. Rickinson, R.
Larson, T. Springer, and E. Kieff. 1988. Epstein-Barr virus
latent infection membrane protein alters the human B-lymphocyte phenotype: deletion of the amino terminus abolishes activity. J. Virol. 62:4173-4184.
Wang, F., C. D. Gregory, M. Rowe, A. B. Rickinson, D. Wang,
M. Birkenbach, H. Kikutani, T. Kishimoto, and E. Kieff. 1987.
Epstein-Barr virus nuclear protein 2 specifically induces expression of the B cell activation antigen CD23. Proc. Natl. Acad.
Sci. USA 84:3452-3456.
Wang, F., C. D. Gregory, C. Sample, M. Rowe, D. Leibowitz, R.
Murray, A. B. Rickinson, and E. Kieff. 1990. Epstein-Barr virus
latent membrane protein (LMP-1) and nuclear proteins 2 and 3C
are effectors of phenotypic changes in B lymphocytes: EBNA2
and LMP-1 cooperatively induce CD23. J. Virol. 64:2309-2318.
Wang, F., S.-F. Tsang, M. G. Kurifla, J. I. Cohen, and E. Kieff.
1990. Epstein-Barr virus nuclear antigen 2 transactivates latent
membrane protein LMP1. J. Virol. 54:3407-3416.
Woisetschlaeger, M., J. L. Strominger, and S. H. Speck. 1989.
Mutually exclusive use of viral promoters in Epstein-Barr virus
latently infected lymphocytes. Proc. Natl. Acad. Sci. USA
86:6498-6502.
Yao, Q. Y., P. Ogan, M. Rowe, M. Wood, and A. B. Rickinson.
1989. Epstein-Barr virus-infected B cells persist in the circulation of acyclovir-treated virus-carriers. Int. J. Cancer 43:67-71.
Young, L., C. Alfieri, K. Hennessey, H. Evans, C. O'Hara, K. C.
Anderson, J. Ritz, R. S. Shapiro, A. Rickinson, E. Kieff, and J. I.
Cohen. 1989. Expression of Epstein-Barr virus transformationassociated genes in tissues of patients with EBV lymphoproliferative disease. N. Engi. J. Med. 321:1080-1085.
Young, L., C. Dawson, D. Clark, H. Rupani, P. Busson, T.
Tursz, A. Johnson, and A. Rickinson. 1988. Epstein-Barr virus
gene expression in nasopharyngeal carcinoma. J. Gen. Virol.
69:1051-1065.
Young, L. S., R. Lau, M. Rowe, G. Niedobitek, G. Packham, F.
Shanaham, D. T. Rowe, D. Greenspan, J. S. Greenspan, A. B.
Rickinson, and P. J. Farrell. 1991. Differentiation-associated
expression of the Epstein-Barr virus BZLF1 transactivator
protein in oral "hairy" leukoplakia. J. Virol. 65:2868-2874.
Zimber-Strobl, U., K. 0. Suentzenich, G. Laux, D. Eick, M.
Cordier, A. Calender, M. Billaud, G. M. Lenoir, and G. W.
Bornkamm. 1991. Epstein-Barr virus nuclear antigen 2 activates
transcription of the terminal protein gene. J. Virol. 65:415-423.
zur Hausen, H., F. J. O'Neill, and U. K. Freese. 1978. Persisting
oncogenic herpesviruses induced by the tumor promoter TPA.
Nature (London) 272:373-375.

