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Human herpesviruses utilize an impressive range of strategies to evade the immune system during their lytic
replicative cycle, including reducing the expression of cell surface major histocompatibility complex (MHC)
and immunostimulatory molecules required for recognition and lysis by virus-specific cytotoxic T cells. Study
of possible immune evasion strategies by Epstein-Barr virus (EBV) in lytically infected cells has been ham-
pered by the lack of an appropriate permissive culture model. Using two-color immunofluorescence staining of
cell surface antigens and EBV-encoded lytic cycle antigens, we examined EBV-transformed B-cell lines in which
a small subpopulation of cells had spontaneously entered the lytic cycle. Cells in the lytic cycle showed a four-
to fivefold decrease in cell surface expression of MHC class I molecules relative to that in latently infected cells.
Expression of MHC class II molecules, CD40, and CD54 was reduced by 40 to 50% on cells in the lytic cycle,
while no decrease was observed in cell surface expression of CD19, CD80, and CD86. Downregulation of MHC
class I expression was found to be an early-lytic-cycle event, since it was observed when progress through late
Iytic cycle was blocked by treatment with acyclovir. The immediate-early transactivator of the EBV lytic cycle,
BZLF1, did not directly affect expression of MHC class I molecules. However, BZLF1 completely inhibited the
upregulation of MHC class I expression mediated by the EBV cell-transforming protein, LMP1. This novel
function of BZLF1 elucidates the paradox of how MHC class I expression can be downregulated when LMP1,

which upregulates MHC class I expression in latent infection, remains expressed in the lytic cycle.

Epstein-Barr virus (EBV) is a ubiquitous gammaherpesvirus
found in more than 90% of adults in all populations worldwide.
Following primary infection in immunocompetent individuals,
the virus generally establishes lifelong persistence in B lym-
phocytes. Most EBV-infected B cells in the healthy host show
a resting phenotype with very limited expression of the viral
genome (34, 41, 58). However, expression of a broader panel of
11 “latent” viral genes leads to growth transformation of B
cells (26, 27). This growth transformation is thought to be a
mechanism for expansion of the pool of EBV in the infected
host. In addition, the lytic replicative cycle, which produces
infectious virions, is likely to be important for periodic expan-
sion of the pool of virus-infected cells within the host and for
horizontal transmission of the virus. Latently infected, growth-
transformed B-lymphoblastoid cells are good targets for EBV-
specific cytotoxic T lymphocytes (CTL). This limits the poten-
tially pathogenic consequences of uncontrolled proliferation of
virus-infected cells (43). It is unclear whether lytically infected
cells are subjected to the same immune controls.

CD8" CTL are a major line of defense in the immune
response to viral infection (23, 43, 44). The T-cell receptors on
virus-specific CTL interact with major histocompatibility com-
plex (MHC) class I molecules presenting viral peptides on the
surface of the infected cell. Presentation of viral peptides in-
volves several components of the endogenous antigen-process-
ing pathway, including cleavage of antigen by proteasomes,
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translocation of peptides into the lumen of the endoplasmic
reticulum (ER) by the transporter associated with antigen pro-
cessing (TAP), and loading onto heterodimers of newly syn-
thesized MHC class I heavy chain and B,-microglobulin. This
stabilized trimeric complex is then transported to the plasma
membrane (33, 40). In EBV-transformed lymphoblastoid cells,
the virally encoded latent membrane protein-1 (LMP1) en-
hances antigen-processing functions at several levels. LMP1
alters proteasome subunit expression and upregulates expres-
sion of TAP subunit proteins, MHC class I and class II mole-
cules (51, 62), and cell surface adhesion molecules (20, 59).
Conversely, the EBNALI protein of EBV contains an unusual
glycine-alanine repeat sequence which, while not interfering
with antigen processing of other viral and cell genes, prevents
processing of antigenic EBNA1 peptides and their presenta-
tion to CTL (29).

While it is crucial for the host-virus relationship that prolif-
eration of growth-transformed EBV-infected B cells be con-
trolled by virus-specific CTL immunosurveillance, efficient vi-
rus production in the lytic cycle would benefit from effective
evasion of CTL responses. As reviewed elsewhere (5, 23, 40),
the alpha- and betaherpesviruses utilize numerous immune
evasion strategies in order to achieve persistence, and with rare
exceptions, the viral genes demonstrated to interfere with im-
mune recognition are expressed during the lytic cycle of these
herpesviruses. Only recently have analogous immune evasion
strategies been described for gammaherpesviruses. Thus, Ka-
posi’s sarcoma-associated herpesvirus (also known as human
herpesvirus 8) contains two open reading frames (ORFs)
whose gene products, K3 and K5, have the ability to interfere
with the cell surface expression of MHC class I molecules (22,
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25, 37). A related K3 ORF in the murine gammaherpesvirus 68
has also been shown to downregulate cell surface MHC class I
expression and to inhibit antigen presentation (56). To date, no
such immune evasion strategy has been identified in the lytic
program of EBV. Indeed, since the transformation-associated
LMP1 gene is expressed throughout the EBV lytic cycle in B
cells (52), it is possible that MHC expression and antigen
presentation functions would remain enhanced.

Study of EBV lytic infection is difficult due to the lack of a
fully permissive culture system for the virus (27). Normal B
cells transformed in vitro with EBV give rise to lymphoblastoid
cell lines (LCL) displaying a latency III type of infection, in
which about 11 transformation-associated genes are expressed.
Some EBV-positive Burkitt’s lymphoma (BL) lines showing a
more restricted, latency I pattern of EBV latent gene expres-
sion can be induced into the lytic cycle with variable efficiency
(typically 5 to 40% of cells enter the lytic cycle) by activation
with chemical inducers, such as phorbol esters or n-butyrate, or
by ligation of surface immunoglobulin (12, 52, 57). However,
these BL models are not helpful in the present context since,
unlike LCL and BL lines with a latency III pattern of gene
expression, latency I BL lines already have impaired antigen-
processing functions (51). Therefore, we have taken advantage
of the fact that some latency III BL lines and LCL consistently
show a small proportion of cells, typically less than 5%, which
have spontaneously entered the lytic cycle (27).

Isolation of the subpopulation of cells in the lytic cycle, using
immunosorting strategies targeting a cell surface marker of the
lytic cycle, would enable biochemical and functional studies.
Unfortunately, this option is ruled out by the fact that lytic-
cycle genes expressed at the cell surface (e.g., gp340) are also
present on infectious viruses; the EBV released from lytic cells
can bind neighboring latently infected cells expressing the
CD21 receptor for the virus, thereby creating a large percent-
age of gp340™ cells which are not actually in the lytic cycle (14).
We therefore developed a dichromatic flow cytometry assay to
stain for surface cellular antigens on viable cells, followed by
fixation, permeabilization, and intracellular staining of the
EBV immediate-early lytic antigen, BZLF1, or the late viral
capsid antigen (VCA). This allowed us to analyze cellular gene
expression in lytic EBV infection compared to that in latent
infection in the same culture. The results showed EBV lytic
infection to be associated with a substantial reduction in cell
surface MHC class I expression and a smaller, but significant,
reduction in MHC class II expression. These observations were
paradoxical, since expression of both MHC class I and MHC
class II molecules can be upregulated by LMP1 (51, 62), which
remains expressed during the lytic cycle (52). We therefore
investigated whether lytic-cycle gene expression might inter-
fere with the ability of LMP1 to upregulate MHC expression.

MATERIALS AND METHODS

Cells. Eli-LCL is an EBV-positive LCL derived by infection of normal periph-
eral blood B cells with the B95.8 strain of EBV (53). Ag876 is an EBV-positive
tumor B-cell line derived from a patient with BL (39). The Eli-LCL and Ag876
lines both display a predominantly latency III type of infection but contain up to
5% BZLF1-positive cells. The EBV-positive P3HR-1-c16 cell line is a strictly
nonproducing subclone of the P3HR-1 mutant BL line (42), which can be
induced into the lytic cycle by treatment with n-butyrate and phorbol esters. A
deletion in the EBV genome of P3HR-1 removes the EBNA2 gene, and the loss
of this transactivator results in downregulation of LMP1 expression in the latent
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infection state (1, 48). DG75 is an EBV-negative tumor B-cell line derived from
a patient with BL (7). Cell lines were cultured in RPMI 1640 medium supple-
mented with 10% fetal calf serum, 2 mM L-glutamine, and antibiotics (200 U of
penicillin/ml and 200 mg of streptomycin/ml) and were maintained at 37°C in a
humidified atmosphere containing 5% CO,. Inhibition of viral DNA replication
and late-lytic-cycle gene expression was achieved by culturing cells in a culture
medium supplemented with 0.1 mM acyclovir (Sigma) for 2 weeks.

Antibodies. The EE reagent is a human serum from a chronic infectious-
mononucleosis patient with unusually high titers of antibodies to lytic-cycle
antigens (52). BZ.1 is a murine monoclonal antibody (MAD) to the immediate-
early protein encoded by the BZLF1 ORF (60). MAb L2 recognizes a 125-kDa
late-lytic-cycle antigen which is a major component of the VCA complex (28) and
was a kind gift from G. Pearson (Georgetown University, Washington, D.C.).
CS.1-4 is a pool of MAbs to LMP1 (49). 0X34, a MAb specific for rat CD2, and
W6/32, a MAb specific for MHC class I (HLA-A, -B, and -C alleles), were
produced from hybridomas purchased from the American Tissue Culture Col-
lection. MAb Tii149, recognizing MHC class I (HLA-B and -C, and some
HLA-A alleles) was kindly provided by B. Uchanska-Ziegler (Berlin, Germany).
MAb BU.12, specific for CD19, was a kind gift from D. Hardie (University of
Birmingham, Birmingham, United Kingdom). The murine MAb WRI18, specific
for MHC class II (DP, DQ, and DR antigens) and the red phycoerythrin (RPE)-
conjugated MAbs specific for CD54 and CD40 were purchased from Serotec,
Oxford, United Kingdom. MAbs L307.4 (anti-CD80) and FUN-1 (anti-CD86)
were purchased from BD Biosciences Pharmingen.

Biotinylation of antibody BZ.1. Antibody BZ.1 (60) was purified from hybrid-
oma culture supernatant by affinity chromatography with Sepharose-protein A.
The purified antibody was biotinylated by using the Immunoprobe Biotinylation
kit (Sigma) according to the manufacturer’s instructions.

Flow cytometry analysis of BZLF1 and VCA expression. Cells were fixed and
permeabilized to allow for detection of the intracellular markers of the EBV lytic
cycle by indirect immunofluorescence. This was achieved by incubating the cells
with a 2% paraformaldehyde solution in phosphate-buffered saline (PBS) for 30
min on ice, followed by incubation with 0.2% Triton X-100 for 30 min on ice.
After extensive washes in PBS, cells were incubated either with 1 pg of MAb
BZ.1 (anti-BZLF1)/ml or with 1/1,000-diluted L2 ascites fluids (anti-VCA) for
1 h at 37°C. Cells were washed twice in PBS and incubated with 1:50-diluted
fluorescein isothiocyanate (FITC)-conjugated goat anti-mouse immunoglobulin
G (IgG; Sigma) for 1 h at 37°C. After further washes, cells were resuspended in
2% paraformaldehyde and analyzed on a FACScalibur flow cytometer (Becton
Dickinson Co., San Jose, Calif.).

Flow cytometry analysis of cell surface antigen expression in BZLF1- and
VCA-positive cells. Cell surface antigen and intracellular EBV lytic-cycle anti-
gens were detected simultaneously by first staining viable cells with an antibody
specific for cell surface protein detected with RPE-conjugated antibodies, then
fixing and permeabilizing the cells (see above), and staining for intracellular
antigen detected with FITC-conjugated antibodies. Optimal two-color staining of
surface MHC class I molecules and intracellular BZLF1 or VCA was achieved by
staining viable cells with 5 ug of W6/32 (IgG2a MAb)/ml for 30 min at 4°C, fixing
and permeabilizing, and then staining with 1 pg of BZ.1 (IgGl MAD to
BZLF1)/ml or 1:1,000-diluted L2 (IgG1 MAb to VCA) for 1 h at 37°C. The two
primary antibodies were subsequently detected by incubation for 1 h at 37°C with
a mixture of RPE-conjugated goat anti-mouse IgG2a antibodies (diluted 1:50;
Serotec) and FITC-conjugated goat anti-mouse IgG1 antibodies (diluted 1:50;
Serotec).

For MADbs used in cell surface staining which, like antibody BZ.1 against
BZLF1, belonged to the IgG1 isotype, the procedure was modified to allow
specific simultaneous detection of cell surface and intracellular antibody staining.
Prior to fixation and permeabilization, the MAb bound to the cell surface was
first detected with RPE-conjugated rabbit anti-mouse IgG (diluted 1:50; Serotec)
and then free binding sites of the secondary antibody were blocked by incubation
for 20 min at room temperature with 20% whole mouse serum (The Binding Site,
Birmingham, United Kingdom) in PBS. Following fixation and permeabilization,
cells were incubated with 1 pg of biotinylated MAb BZ.1/ml followed by incu-
bation with a 1/20 dilution of streptavidin-FITC (Southern Biotechnology Asso-
ciates Inc., Birmingham, Ala.) in PBS for 25 min at room temperature. In some
experiments, primary antibodies directly conjugated with RPE were used (e.g.,
anti-CD40-RPE and anti-CD54-RPE); in these cases, the incubation steps with
secondary RPE-conjugated anti-mouse IgG1 and with blocking mouse serum
were omitted.

Plasmids. Plasmid pSG5-LMP1 expresses wild-type LMP1 cDNA derived
from the B95.8 strain of EBV (24). The pCMV-IkBa AN plasmid expresses a
phosphorylation-defective mutant IkBa and was kindly provided by Dean W.
Ballard (Howard Hughes Medical Institute, Nashville, Tenn.). The pSG5-trCD2
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plasmid expresses a C terminus-truncated rat CD2 and has been described
previously (19). The green fluorescent protein (GFP) expression vector
pEGFP-N1 was purchased from Clontech. The NF-«kB luciferase reporter
3Enh.kB-ConALuc (3Enh-Luc) contains three tandem repeats of the NF-«xB
binding sites from the Ig k promoter upstream of a minimal conalbumin pro-
moter and has been described previously (6). Plasmid p509, a pCMV-1-based
plasmid that expresses the BZLF1 transactivator of the EBV lytic cycle (46), was
obtained from A. Rickinson (Birmingham University).

Gene transfection and luciferase reporter assay. Electroporation of 107 cells
in 0.5 ml of RPMI medium was performed by using a Bio-Rad Genepulser II
electroporator set to 270 V and 950 pwF for DG75 cells, or 240 V and 950 pF for
P3HR1-c16 cells. The cells were then seeded in 4 ml of fresh growth medium and
cultured under normal conditions. Transfection efficiency was typically 30 to 40%
for the DG75 cell line and 10 to 15% for the P3HR1-c16 cell line, as determined
by transfection with pEGFP-N1 and flow cytometry analysis of GFP expression.
Luciferase activity from the 3Enh-Luc reporter plasmid was measured 24 h after
transfection, exactly as described previously (32).

Immunomagnetic separation. Following transfection with pSG5-rCD2, cells
expressing rat CD2 were labeled by staining with the rat CD2-specific MAb
0X34 followed by FITC-conjugated anti-mouse IgG2a antibodies. These cells
were positively selected by using magnetic cell sorting anti-FITC microbeads and
MS columns (Miltenyi Biotech) according to the manufacturer’s guidelines.
More than 90% sort purity was achieved for transfected P3HR-1-c16 cells.

Detection of lytic-cycle antigens and LMP1 by immunoblotting. Sodium do-
decyl sulfate (SDS)-polyacrylamide gel electrophoresis and immunoblotting
were performed as described previously (50). Briefly, cells were solubilized by
sonication in reducing gel sample buffer, and solubilized proteins equivalent to 2
% 10° cells were separated by SDS-polyacrylamide gel electrophoresis and trans-
ferred to polyvinylidene difluoride membranes (Amersham Life Sciences) for
immunoblotting. Lytic-cycle antigens were detected by incubating the mem-
branes for 1 h with a 1/10,000 dilution of EE human serum followed by incuba-
tion for 1 h with a 1/10,000 dilution of alkaline phosphatase-conjugated goat
anti-human IgG (Bio-Rad). LMP1 was detected by using 1 pg of MAbs CS.1-
4/ml followed by a 1/10,000 dilution of alkaline phosphatase-conjugated goat
anti-mouse IgG (Bio-Rad). Bound alkaline phosphatase was developed by using
the CDP-Star (Tropix Inc.) chemiluminescent reagent.

RESULTS

Cell surface MHC class I expression is decreased in the lytic
cycle. In order to analyze the cell surface phenotype of EBV
Iytic cells, we performed two-color flow cytometry assays to
detect cell surface antigens simultaneously with the immedi-
ate-early lytic-cycle nuclear antigen BZLF1. Figure 1A shows
results of a representative experiment with the latency III BL
cell line Ag876, in which 1.5% of cells stained positive with
MAb BZ.1 against BZLF1, detected with FITC-conjugated
anti-IgG1 secondary antibodies. Simultaneous detection of cell
surface MHC class I molecules with antibody W6/32 to
HLA-A, -B, and -C, followed by RPE-conjugated anti-IgG2a
secondary antibodies, revealed a 4.8-fold reduction in the flu-
orescence intensity of MHC class I molecules staining on
BZLF1" cells (mean fluorescence intensity [MFI], 5) relative
to that on latently infected, BZLF1~ cells (MFI, 24). Similar
results were obtained with a normal EBV-transformed LCL,
Eli-LCL. Thus, Fig. 1B shows results of one representative
experiment with Eli-LCL where 1.7% of cells were BZLF1™,
and simultaneous staining with antibody W6/32 revealed a
3.5-fold reduction in the level of MHC class I molecules on the
surfaces of BZLF1™ cells (MFIL, 8) relative to the level on
latently infected, BZLF1~ cells (MFI, 28).

Next, we examined whether expression of other cellular pro-
teins was similarly modulated in the lytic cycle. Figure 2 shows
representative results obtained with the Ag876 BL cell line
simultaneously stained for nuclear BZLF1 and each of the
indicated cell surface antigens. The pooled results of at least
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FIG. 1. Downregulation of MHC class I expression in EBV lytic
infection. (A) Surface expression of MHC class I molecules on the
latency IIT and lytic EBV-positive BL cell line Ag876. Viable cells were
stained with antibody W6/32 (IgG2a isotype, anti-HLA-A, -B, and-C)
and then fixed and permeabilized to allow staining with antibody BZ.1
(IgG1 isotype, anti-BZLF1 immediate-early EBV antigen), followed
by detection with a pool of FITC-conjugated anti-IgG1 and RPE-
conjugated anti-IgG2a secondary antibodies. The left-hand panel is a
dot plot of the flow cytometry results of RPE staining (surface MHC
class I molecules) (y axis) and FITC staining (nuclear BZLF1) (x axis).
The right-hand panel is a histogram of the RPE staining (surface MHC
class I molecules) of the latent, BZLF1~ population (light shading)
and the lytic, BZLF1" population (dark shading). The MFI of surface
MHC class I expression on the latent, BZLF1 ™~ cells is 24, whereas the
corresponding MFI for the lytic, BZLF1" cell population is 5. Results
shown are representative of four independent experiments. (B) Sur-
face expression of MHC class I molecules on the normal EBV-trans-
formed LCL Eli-LCL. Immunofluorescence staining and analysis were
performed exactly as for the Ag876 cells in panel A. In this represen-
tative experiment, the MFI of surface MHC class I expression obtained
for the latent, BZLF1~ cells was 28, and the corresponding MFI for
the lytic, BZLF1™" cells was 8.

three experiments are summarized in Fig. 3. Although not as
severe as for MHC class I molecules, BZLF1™" cells expressed
reduced levels of surface MHC class II molecules, ranging
from 40 to 50% of levels in latent cells. Furthermore, CD40
and ICAM-1 (CD54) expression was reduced by as much as
40% on cells in the lytic cycle. In contrast, cell surface CD19
expression showed a small increase (18%) on BZLF1™" cells,
but this did not reach statistical significance (P = 0.2132 by a
paired Student ¢ test). Small differences were also observed in
the levels of CD80 and CD86, which are the B7-1 and B7-2
ligands for the CD28 costimulatory receptor on T cells. The
10% decrease in CD80 levels on BZLF1™" cells was not statis-
tically significant (P = 0.2274), while the 25% increase in CD86
expression did reach statistical significance (P = 0.0298). As
shown in Fig. 2, in contrast to all other surface antigens ana-
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FIG. 2. Analysis of cell surface protein expression in the lytic cycle. Ag876 cells were stained with antibodies specific for a range of cell surface
antigens (for MHC class II, MAb WR1S; for CD19, MAb BU.12; for CD40, MAb LOB7/6; for CD54, MAb 15.2; for CD80, MAb L307.4; and for
CD86, MAb FUN-1) and labeled with RPE, together with MAb BZ.1 against the BZLF1 immediate-early EBV antigen, labeled with FITC. A
representative flow cytometry analysis is shown for each combination of antibodies. Dark shading represents cell surface antigen staining on lytic,
BZLF1" cells; light shading represents cell surface antigen staining on latent, BZLF1~ cells; curves defined by dashed lines represent the
background RPE fluorescence obtained on cells stained with control antibodies.

lyzed, which gave a single, defined population of cells, CD86
staining gave two overlapping populations.

Results similar to those shown in Fig. 2 and 3 were also
obtained with Eli-LCL. In three separate experiments, the
mean MHC class I expression in lytic cells was 29.5% = 2.93%
of expression in latent cells (P = 0.0321 by a paired Student ¢
test). In single experiments, performed in parallel with MHC
class I staining, the expression of MHC class II molecules,
CD40, and CD54 on lytic cells was reduced to 45 to 50% of
that on latent cells, while CD80 and CD86 showed a 15%
reduction and a 15% increase, respectively, on lytic cells. To-
gether, these data obtained with Ag876 cells and Eli-LCL
suggest that the marked reduction in MHC class I expression
observed during EBV lytic infection is unlikely to be the result
of a global shutdown in protein synthesis.

Downregulation of MHC class I expression is an early event
in the lytic program. Because the downregulation of MHC
class I expression may be important for immune escape from
CTL responses, it is of interest to know at what stage in the
lytic cycle the expression of MHC class I molecules is affected.
BZLF1 is expressed by cells at both early and late stages of the
lytic cycle. Therefore, if downregulation of MHC class I ex-
pression were a late-lytic-cycle event, it is possible that a
greater degree of downregulation would be observed by ana-
lyzing only cells expressing a late-lytic-cycle marker such as
VCA. The next set of experiments addressed this question.
Figure 4A shows results of a representative two-color immu-

nofluorescence experiment with Ag876 cells stained either for
MHC class I molecules and BZLF1 (left panel) or for MHC
class I molecules and VCA (right panel). In this experiment,
1.5% of cells stained positive for BZLF1 while 0.6% of cells
stained positive for VCA. MHC class I expression was reduced
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MHCeclass 1| HH
CDI19 ‘
CD40 [ HH
CD54 R
CD80
CD86

—J—H
|
0 20 40 60 80 100 120 140

Intensity of staining on lytic cells
(% relative to staining on latent cells)

FIG. 3. Summary of the relative levels of cell surface antigen ex-
pression on lytic, BZLF1™ cells in Ag876 BL cultures. Each result
represents the mean relative intensity from at least three separate
experiments and is shown as a percentage of the MFI of RPE staining
of latently infected cells in the same experiment. Error bars represent
the standard errors of the means from at least three separate experi-
ments.
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FIG. 4. Downregulation of MHC class I expression is an early-lytic-
cycle event. (A) Surface expression of MHC class I molecules on
BZLF1* and VCA™" cells in the lytic cycle. Ag876 BL cells were
simultaneously stained to detect surface MHC class I expression and
intracellular lytic-cycle antigen expression exactly as for Fig. 1. The
left-hand flow cytometry dot plot shows staining with MAbs W6/32
(anti-MHC class I; RPE conjugated) (y axis) and BZ.1 (anti-BZLF1;
FITC conjugated) (x axis). The right-hand dot plot shows parallel
staining of cells with MAb W6/32 (y axis) and L2 (anti-VCA; FITC
conjugated) (x axis). (B) Surface expression of MHC class I molecules
on acyclovir-treated and untreated Ag876 BL cells. Cells cultured in
acyclovir for 2 weeks and replicate untreated cells were simultaneously
stained with MAbs W6/32 and BZ.1 exactly as for Fig. 1. Results shown
are dot plot flow cytometry profiles of W6/32 staining (RPE conju-
gated) (y axis) versus BZ.1 staining (FITC conjugated) (x axis) ob-
tained for untreated control cells (left panel) and acyclovir-treated
cells (right panel).

to similar degrees on BZLF1" cells (4.8-fold reduction) and
VCA™ cells (5-fold reduction) relative to expression in the
latently infected population.

The results in Fig. 4A indicate that downregulation of MHC
class I expression is an early event in the lytic cascade. To
confirm this, Ag876 cells were cultured in the presence or
absence of acyclovir for 2 weeks. Acyclovir is phosphorylated
by EBV-encoded thymidine kinase to generate acyclovir
monophosphate and then by cellular kinases to generate the
di- and triphosphate forms. Acyclovir triphospate, an analogue
of the nucleoside dGTP, is preferentially incorporated into
growing chains of viral DNA, and it terminates extension of the
DNA template. Culturing cells in acyclovir inhibits lytic viral
DNA replication and, hence, expression of late-lytic-cycle an-
tigens (30). Immunofluorescence staining with an anti-VCA
MAD demonstrated that while VCA was detected on a sub-
population of control Ag876 cultures, it was undetectable in
cells cultured with acyclovir for 2 weeks (data not shown).
Figure 4B shows the results of two-color flow cytometry anal-
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FIG. 5. LMP1 expression during the lytic cycle. Western blot anal-
ysis of LMP1 expression in EBV lytic cycle-positive P3HR1-c16 cells
was performed. Cells were cotransfected with 8 pg of a BZLF1 ex-
pression plasmid to induce the EBV lytic cycle and with 3 pg of a rat
CD2 surface antigen expression plasmid to allow transfected cells to be
positively selected by immunomagnetic separation. At 24 h following
transfection, viable cells were labeled with OX34 (an anti-rat CD2
MAD) followed by FITC-conjugated anti-IgG; then they were immu-
nomagnetically sorted with anti-FITC MACS microbeads. BZLF1-
transfected cells were positively sorted on the basis of rat CD2 expres-
sion, while the unbound flowthrough cells were taken to be
untransfected, latent cells. Cell samples were analyzed by Western
immunoblotting. When probed with EE human serum (top panel), the
blot showed staining of BZLF1, early antigens, and late antigens in the
positively sorted cells and not in the untransfected, flowthrough cells.
Reprobing the blot for LMP1 with MAbs CS.1-4 (lower panel) dem-
onstrated induced expression of LMP1 in the positively sorted, lytically
infected cells.

ysis of nuclear BZLF1 and surface MHC class I expression in
control Ag876 cells and acyclovir-treated Ag876 cells. MHC
class I expression was reduced to similar degrees on BZLF1"
cells in the two cultures. Thus, in the experiment shown,
BZLF1" cells in control cultures showed a mean intensity of
MHC class I staining that was 28.6% of that observed in
BZLF1~ cells (a 3.5-fold reduction), while BZLF1™" cells in
acyclovir-treated cultures showed a mean intensity of MHC
class I staining that was 29.4% of that observed in BZLF1~
cells (a 3.4-fold reduction). Therefore, downregulation of cell
surface MHC class I expression is initiated during the imme-
diate-early or early phase of the lytic cycle and persists through
the late lytic cycle.

LMP1 is expressed in the lytic cycle. In latent infection,
LMP1 has been shown to upregulate expression of MHC class
I molecules (51). Investigation of the mechanism of downregu-
lation of MHC class I expression in the lytic cycle needs to take
into consideration the fact that the latent gene product, LMP1,
is also expressed in the lytic cycle (52). Thus, as illustrated by
the results in Fig. 5, when cells with a latency I type of infection
are induced into the lytic cycle, LMP1 expression is also in-
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duced. In this experiment, EBV* P3HR1-c16 cells were elec-
troporated with a BZLF1 expression plasmid to initiate the
lytic-cycle cascade and with a GFP-rCD2 marker gene to allow
immunosorting of transfected cells expressing cell surface
rCD2. At 24 h after transfection, immunoblot analysis was
performed on the negative and positive sorted cells with a
human serum reactive with several early- and late-lytic-cycle
antigens (Fig. 5, upper blot). The results confirmed that lytic-
cycle antigen expression was undetectable in untransfected,
latently infected cells, while high levels of expression of early-
and late-lytic-cycle antigens were seen in BZLF1-transfected
cells. Reprobing the immunoblot with MAbs CS.1-4 (Fig. 5,
lower blot) showed that LMP1 was undetectable in the latently
infected population but was clearly expressed in the lytic pop-
ulation. We have also shown by two-color immunofluorescence
that LMP1 remains expressed in cells which spontaneously
enter the lytic cycle from a latency III type of infection, as in
the Ag876 and Eli-LCL lines (M. Rowe, unpublished data).
These observations raise the question: why is LMP1 unable to
induce or maintain high levels of MHC class I expression in the
lytic cycle? Recently, Dreyfus et al. (13) reported that BZLF1
inactivated the transcription factor NF-kB in human T cells.
Since activation of NF-kB is a major signaling function of
LMP1, we examined whether coexpression of BZLF1 in the
lytic cycle might interfere with the ability of LMP1 to upregu-
late MHC class I expression.

BZLF1 inhibits the ability of LMP1 to upregulate MHC
class I expression. The effect of BZLF1 on LMP1-mediated
upregulation of MHC class I expression was investigated by
cotransfection experiments with the EBV™ BL line DG75.
Replicate cultures of DG75 cells were transfected either with
empty vector DNA or with an LMP1 expression plasmid, to-
gether with a GFP expression plasmid to serve as a marker of
the transfected subpopulation of cells. At 48 h after transfec-
tion, MHC class I expression was detected with RPE-conju-
gated antibodies and the intensity of MHC class I expression in
the GFP-gated population was analyzed by flow cytometry.
The results in Fig. 6A show that expression of LMP1 causes a
70% increase in the intensity of MHC class I staining relative
to that for control cells transfected with empty vector DNA.
Coexpression of BZLF1 with LMP1 completely abolished the
ability of LMP1 to upregulate MHC class I expression. Thus,
Fig. 6A shows that when BZLF1 was cotransfected with LMP1,
MHC class I expression remained at the constitutive level
observed in vector control-transfected cells. Coexpression of
the NF-«kB inhibitory molecule IkBaAN with LMP1 also had
an inhibitory effect, although it was less effective than BZLF1
at inhibiting LMP1-mediated upregulation of MHC class I
expression (Fig. 6A). As shown in Fig. 6B, expression of
BZLF1 or IkBaAN alone did not affect the level of MHC class
I expression relative to that for control cells transfected with
empty vector DNA.

The inhibitory effect of BZLF1 involves mechanisms in ad-
dition to NF-kB. The results shown in Fig. 6 raise the question
of whether BZLF1 is in fact mediating its inhibitory effects
on LMP1 function by interfering with activation of NF-«kB.
To confirm that BZLF1 does inhibit NF-kB in B cells, we
cotransfected DG75 cells with increasing amounts of a BZLF1
expression vector together with a constant amount of NF-kB-
luciferase reporter DNA. Figure 7A shows results of a repre-
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FIG. 6. BZLF1 inhibits LMP1-mediated upregulation of MHC
class I expression. (A) Flow cytometric analysis of surface MHC class
I expression in LMPI1-transfected EBV-negative DG75 cells. Each
transfection included 1 pg of the GFP expression vector pEGFP-N1,
cotransfected with either 4 pg of pSG5 empty vector DNA, 4 pg of an
LMP1 expression plasmid, 4 pug each of an LMP1 expression plasmid
and a BZLF1 expression plasmid, or 4 pg each of an LMP1 expression
plasmid and an IkBaAN expression plasmid. The total amount of
DNA per transfection was kept constant by addition of an appropriate
amount of pSG5 empty vector DNA. MHC class I expression was
detected 48 h following transfection by staining cells with MAb Tii149
followed by RPE-conjugated anti-IgG antibodies and analyzing by flow
cytometry. The MFI of RPE staining (cell surface MHC class I mol-
ecules) on the GFP-positive (transfected) viable cell population was
quantified. Results shown are means and standard errors from tripli-
cate experiments. (B) Effect of BZLF1 and IkBaAN on constitutive
surface MHC class I expression in EBV-negative cells. DG75 cells
were cotransfected with 1 g of a marker plasmid (the GFP expression
vector pEGFP-N1) together with 4 pg of either pSG5 empty vector
DNA, a BZLF1 expression plasmid, or an IkBaAN expression plas-
mid. At 48 h following transfection, the cells were stained for MHC
class I expression exactly as for Fig. 6A, and the MFI of RPE staining
(cell surface MHC class I molecules) on the GFP-positive (trans-
fected) viable cell population was quantified. Results shown are means
and standard errors from triplicate experiments.
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FIG. 7. Effect of BZLF1 on LMP1-mediated activation of NF-«kB.
(A) Dose-dependent inhibition of NF-kB activation by BZLF1. As
much as 6 pg of a BZLF1 expression plasmid was cotransfected with
3 pg of the NF-kB reporter 3Enh-Luc in DG75 cells. The total amount
of DNA per transfection was kept to a constant 9 g by addition of an
appropriate amount of empty vector DNA. Luciferase activity was
measured after 24 h. Results shown are means of results from dupli-
cate experiments. (B) Effect of BZLF1 on LMP1-mediated NF-xB
activation. DG75 cells were cotransfected with 3 g of the NF-«B
reporter 3Enh-Luc together with either 4 pg of pSG5 empty vector
DNA, 4 pg of an LMP1 expression plasmid, 4 pg each of an LMP1
expression plasmid and a BZLF1 expression plasmid, or 4 pg each of
an LMP1 expression plasmid and an IkBaAN expression plasmid,
exactly as for Fig. 6A. The total amount of DNA per transfection was
kept constant by addition of an appropriate amount of empty vector
DNA. Luciferase activity was measured after 24 h. Results shown are
means and standard errors from triplicate experiments.

sentative experiment in which the high basal level of NF-«B
activity was inhibited by BZLF1 in a dose-responsive manner,
with a maximum inhibition of 42% at 4 to 6 ng of the BZLF1
expression plasmid. In repeated experiments, inhibition of 40
to 50% was typically obtained at a dose of 4 pg of transfected
BZLF]1 plasmid. The inhibition of NF-kB activity by BZLF1
was never as efficient as the inhibition achieved when the
NF-«kB reporter plasmid was cotransfected with the IkBaAN
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expression plasmid, which typically produced greater than 95%
inhibition of basal NF-kB activity in DG75 cells (data not
shown).

The effect of BZLF1 on NF-«kB activation in LMP1-trans-
fected cells was less pronounced. Figure 7B shows results of a
representative NF-kB reporter experiment that was set up in
parallel with the transfection experiment for which results are
shown in Fig. 6A. Because of the high basal NF-«kB activity of
DGT75 cells, expression of LMP1 results in a modest 2.5-fold
increase in reporter activity. However, while coexpression of
IkBaAN with LMP1 inhibited NF-«kB reporter activity by 96%,
coexpression of BZLF1 with LMP1 inhibited NF-kB reporter
activity by only 18%. Taken together, the results in Fig. 6 and
7 indicate that the ability of BZLF1 to inhibit LMP1-induced
MHC class I expression is predominantly mediated by mech-
anisms other than the effects of BZLF1 on NF-kB activation.

DISCUSSION

These experiments show that the cell surface phenotype of
cells spontaneously entering into lytic cycle differs in important
respects from the surface phenotype of latency III cells in the
same BL or LCL cultures. Cell surface MHC class I expression
was reduced four- to fivefold from the levels seen on latency I11
cells, while MHC class II expression was reduced twofold (Fig.
3). It has not been possible to test the functional significance of
this reduced MHC expression for recognition by EBV-specific
CTL experimentally. Nevertheless, the reduced MHC expres-
sion in the lytic cycle is comparable to the differences between
latency I and latency III subclones of EBV-positive BL lines
(18, 31, 51), which are sufficient to impair the sensitivity of the
BL cells to CTL lysis and to impair their T-cell-stimulatory
capacity in mixed lymphocyte reactions (11, 47, 51). In BL lines
displaying a latency I pattern of EBV infection, expression of
MHC class I molecules is only one of several components of
the antigen-processing pathway that appears to contribute to
impaired antigen presentation. It is not known whether the
same is also true of cells in the lytic cycle. However, even a
relatively modest downregulation of MHC class I expression
could conceivably have a significant effect on antigen presen-
tation if de novo MHC class I synthesis (i.e., those MHC
molecules synthesized after EBV replication begins) were pre-
dominantly inhibited. The 40% reduction seen in CD54 and
CD40 expression in the lytic cycle (Fig. 3) could also affect the
T-cell-stimulatory capacity of these cells, although it is worth
noting that the CD80 and CD86 costimulatory molecules were
not substantially affected by the entry of cells into lytic cycle.

Little is known about presentation of EBV target peptides to
CTL during the lytic cycle (44). While CTL responses to sev-
eral peptides of early-lytic-cycle antigens have been demon-
strated (9, 38, 55), there have been no reports of recognition
and lysis of cells in the lytic cycle by these CTL. In this context,
it is of interest that CTL specific for EBNAI peptides can
similarly be reactivated from the peripheral T cells of infected
individuals, even though these EBNAl-specific CTL cannot
lyse EBV-transformed B cells expressing EBNA1 (8, 29).
Therefore, demonstration of CTL specific for lytic-cycle anti-
gens is not by itself sufficient to ascertain whether the cells in
the lytic cycle are sensitive to CTL. Addressing this issue di-
rectly has been hampered by the practical problems associated
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with the lack of a fully permissive culture model for the EBV
lytic cycle (27). Nevertheless, our present study has provided
indirect evidence for impaired antigen presentation in the lytic
cycle.

There is one previous report, suggesting that MHC class I
and class II expression may be upregulated in the lytic cycle
(12), which contradicts our observations. However, this earlier
study investigated the expression of cell surface MHC mole-
cules on cell lines which were induced into lytic cycle by treat-
ment with a number of different chemical activators, such as
n-butyrate and phorbol esters. Such chemicals have broad ef-
fects on cellular gene expression; hence it is difficult to at-
tribute such changes specifically to induction of the lytic cycle.
Indeed, closer inspection of the data published by Di Renzo et
al. (12) shows that MHC expression was elevated not only in
the subpopulation of cells in the lytic cycle but also in latently
infected cells in the same culture. In our present study, we
avoided the complications of chemical induction by examining
lines which showed a predominant latency III type infection
but which also contained a subpopulation that had spontane-
ously entered into lytic cycle.

Downregulation of surface MHC class I expression is main-
tained throughout the lytic cycle of EBV and can be seen on
cells which have progressed into late lytic cycle and express
VCA (Fig. 4A). Because treatment with acyclovir had no effect
on the downregulation of MHC class I expression, we con-
cluded that this modulation of MHC expression is an early-
lytic-cycle event, occurring in the immediate-early or early
stage of lytic infection, and is not dependent on the expression
of a late-lytic-cycle gene (Fig. 4B). It is possible that reduced
expression of MHC molecules is not caused by lytic-cycle genes
but that the lytic cycle is preferentially induced in a population
of latently infected cells with a phenotype that includes low
expression of MHC molecules. This scenario would not dimin-
ish the potential importance of the low-MHC-expression phe-
notype in the lytic cycle with regard to the effect on CTL
recognition. Analogy with other herpesviruses, however, favors
a scenario where EBV lytic-cycle genes cause reduced MHC
expression and perhaps also interfere with other components
of antigen presentation. Our investigation of the possible
mechanisms of the downregulation of MHC expression in the
lytic cycle focused on two EBV-encoded proteins: (i) BZLF1,
since recent evidence points to immunomodulatory functions
for this immediate-early transactivator protein (see below),
and (ii) LMP1, which is expressed as an early-lytic-cycle anti-
gen (52). Since LMP1 is known to upregulate expression of
various components of the antigen-processing pathway (51),
we reasoned that some signaling functions of LMP1 must be
impaired in the lytic cycle

The BZLF1 immediate-early transactivator plays an essen-
tial role in induction of the lytic cycle from latent infection (17,
57). BZLF1 is required for expression of many of the early lytic
genes and is also important in mediating viral DNA replication
through the lytic origin of replication (15, 16, 54). There is
increasing evidence suggesting that BZLF1 also interacts with
a number of cellular proteins to provide favorable conditions
for replication. BZLF1 brings about cell cycle arrest through
induction of cyclin-dependent kinase inhibitors (10, 45). It can
also alter CREB-binding protein (3, 61) and p53 functions
(63), interact with the transcription factor NF-«B (13, 21), and
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increase activation of the ATF2 transcription factor (2). While
this report was in preparation, BZLF1 was reported to inhibit
expression of the gamma interferon receptor (35). Recently, it
was also shown that BZLF1 can cause dispersal of nuclear
PML bodies and is SUMO-1 modified (4). PML protein ap-
pears to play a role in the regulation of MHC class I presen-
tation and apoptosis (64). Together, these data indicate that
BZLF]1, in addition to its essential role in activating the lytic
cycle, may have important immunomodulatory functions.

In the present study, we demonstrated that BZLF1 com-
pletely inhibits upregulation of surface MHC class I expression
induced by LMP1 in EBV-negative B cells (Fig. 6A). NF-«kB
activation is thought to play a major role in LMP1-mediated
upregulation of surface MHC class I expression (36), and be-
cause there is evidence to suggest that BZLF1 may interfere
with the activation of this cellular transcription factor, it was
reasonable to hypothesize that BZLF1 may block upregulation
of MHC class I expression by LMP1 through a mechanism
involving NF-«B. Following up on the work of Dreyfus et al.
(13), we demonstrated that BZLF1 can directly inhibit the
constitutive activation of NF-kB in EBV-negative B cells by as
much as 50% (Fig. 7A). Interestingly, this negative effect of
BZLF1 on NF-«kB activation is not sufficient to explain the
inhibition of LMP1-mediated upregulation of MHC class I
expression by BZLF1. Investigation of the effect of BZLF1 on
the activation of NF-kB by LMP1 demonstrated that BZLF1
could not substantially block LMP1-mediated NF-kB activa-
tion (Fig. 7B). On the other hand, expression of IkBaAN
blocked not only LMP1-mediated but also constitutive NF-xB
activation. Thus, IkBaAN has a partial inhibitory effect on
LMP1-mediated upregulation of MHC class I expression and a
dramatic inhibitory effect on LMP1-mediated NF-kB activa-
tion, whereas BZLF1 can totally block LMP1-mediated MHC
class I upregulation while having little inhibitory effect on
LMP1-mediated NF-kB activation. While these observations
do not contradict evidence implicating NF-kB activation in
LMP1-mediated induction of MHC class I expression (36),
they do suggest that BZLF1 mediates its inhibitory effects on
LMP1 predominantly via another pathway.

This study has identified a novel role for BZLF1 in com-
pletely inhibiting the ability of LMP1 to upregulate expression
of cell surface MHC class I molecules. Since LMP1 is also
known to induce expression of MHC class II molecules, CD40,
and CD54 in B cells (51, 59, 62), this function of BZLF1 may
be sufficient to account for the reduced expression of all these
cellular proteins following the switch from latency III to the
lytic cycle (Fig. 3). The more severe reduction in MHC class I
expression relative to the other LMP1-regulated genes may be
a consequence of interference with the ability of LMP1 to alter
proteasome composition and to upregulate expression of
TAP-1 and TAP-2 (51). Alternatively, as has been observed
with other herpesviruses, it is possible that additional lytic-
cycle genes specifically interfere with the antigen presentation
pathway to augment the inhibitory effect of BZLF1 on LMP1
function.
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