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Latent Epstein-Barr virus (EBV) infection and growth transformation of B lymphocytes is characterized by
EBYV nuclear and membrane protein expression (EBV nuclear antigen [EBNA] and latent membrane protein
[LMP], respectively). LMP1 is known to be an oncogene in rodent fibroblasts and to induce B-lymphocyte
activation and cellular adhesion molecules in the EBV-negative Burkitt’s lymphoma cell line Louckes. EBNA-2
is required for EBV-induced growth transformation; it lowers rodent fibroblast serum dependence and
specifically induces the B-lymphocyte activation antigen CD23 in Louckes cells. These initial observations are
now extended through an expanded study of EBNA- and LMP1-induced phenotypic effects in a different
EBV-negative B-lymphoma cell line, BJAB. LMP1 effects were also evaluated in the EBV-negative B-
lymphoma cell line BL41 and the EBV-positive Burkitt’s lymphoma cell line, Daudi (Daudi is deleted for
EBNA-2 and does not express LMP). Previously described EBNA-2- and LMP1-transfected Louckes cells were
studied in parallel. EBNA-2, from EBV-1 strains but not EBV-2, induced CD23 and CD21 expression in
transfected BJAB cells. In contrast, EBNA-3C induced CD21 but not CD23, while no changes were evident in
vector control-, EBNA-1-, or EBNA-LP-transfected clones. EBNAs did not affect CD10, CD30, CD39, CD40,
CD44, or cellular adhesion molecules. LMP1 expression in all cell lines induced growth in large clumps and
expression of the cellular adhesion molecules ICAM-1, LFA-1, and LFA-3 in those cell lines which
constitutively express low levels. LMP1 expression induced marked homotypic adhesion in the BJAB cell line,
despite the fact that there was no significant increase in the high constitutive BJAB LFA-1 and ICAM-1 levels,
suggesting that LMP1 also induces an associated functional change in these molecules. LMP1 induction of these
cellular adhesion molecules was also associated with increased heterotypic adhesion to T lymphocytes. The
Burkitt’s lymphoma marker, CALLA (CD10), was uniformly down regulated by LMP1 in all cell lines. In
contrast, LMP1 induced unique profiles of B-lymphocyte activation antigens in the various cell lines. LMP1
induced CD23 and CD39 in BJAB; CD23 in Louckes; CD39 and CD40 in BL41; and CD21, CD40, and CD44
in Daudi. In BJAB, CD23 surface and mRNA expression were markedly increased by EBNA-2 and LMP1
coexpression, compared with EBNA-2 or LMP1 alone. This cooperative effect was CD23 specific, since no such
effect was observed on another marker, CD21. S1 analyses revealed that BJAB cells express low levels of
FceRIIa CD23 mRNA, and FceRIIb CD23 mRNA was not detectable. LMP1 preferentially increases FceRIIb
CD23 mRNA. EBNA-2 expression alone in BJAB increases the constitutively expressed FceRIIa CD23 mRNA.
However, when coexpressed with LMP1, EBNA-2 increases total CD23 mRNA without altering the high
relative abundance of FceRIIb to FceRIla CD23 mRNA induced by LMP1. Thus, LMP1 likely activates the
FceRIIb CD23 promoter, while EBNA-2 more likely transactivates a regulatory element common to both the
FceRIIa and FceRIIb promoters.

Epstein-Barr virus (EBV) is associated with Burkitt’s
lymphoma (27), nasopharyngeal carcinoma (25), and lym-
phoproliferative disorders in immunocompromised individ-
uals (4). In vitro, EBV infection results in human B-lympho-
cyte activation and perpetual proliferation (15, 37). EBV-
infected B lymphocytes grow in tight cell clumps and ex-
press a number of B-cell activation molecules, including
CD23, CD30, CD39, CD40, CD44, and cellular adhesion
molecules such as ICAM-1, LFA-1, and LFA-3 (3, 19, 24,
33, 40, 42, 44, 48). The phenotype of these EBV-immortal-
ized cells is similar to antigen- or mitogen-activated B
lymphocytes (32). Thus, the mechanism by which specific
EBYV genes cause B lymphocyte activation and proliferation
is likely to be important not only in understanding EBV-
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induced growth transformation and its role in oncogenesis
but also in dissecting the events of B-lymphocyte activation.

EBV-induced B-lymphocyte growth transformation is as-
sociated with the expression of six nuclear proteins, EBNA-
1, -2, -3A, -3B, -3C, and -LP, and three membrane proteins,
LMP1, LMP2A, and LMP2B (reviewed in reference 21). The
effects of EBNA-1, EBNA-2, EBNA-3A, and EBNA-LP or
of LMP1 have been assayed in rodent fibroblasts (6, 49, 50)
or in an EBV-negative B-lymphoma cell line, Louckes (51,
52), in which the individual EBV genes were expressed by
gene transfer under control of heterologous promoters.
LMP1 reduces serum dependency, contact inhibition, and
anchorage-dependent growth and increases tumorigenicity
of certain rodent fibroblast cell lines (49, 50). In contrast,
EBNAs did not affect rodent fibroblast growth, except for
EBNA-2, which slightly reduced serum dependency (6). In
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the Louckes B-lymphoma cell line, LMP1 induced broad
phenotypic changes, including growth in large tight cell
clumps; increased LFA-1, ICAM-1, and LFA-3 adhesion
molecules; and increased CD23 and transferrin receptor
expression (51). In contrast, EBNA-2 specifically induced
CD23 and growth in cell clumps without increased LFA-1,
ICAM-1, or LFA-3 adhesion molecule expression (52). Al-
though EBNA-1 is necessary for EBV episome maintenance
and replication (53), EBNA-1, as well as EBNA-3A or
EBNA-LP, had no direct effect on B-lymphoma cell growth
(52).

The B-cell activation marker CD23 has been closely
associated with EBV infection. CD23 was discovered be-
cause of the high-level induction in EBV-infected lympho-
cytes (24, 48). However, it is also expressed early after
B-cell activation by antigen, mitogen, or interleukin 4 stim-
ulation (7, 23, 48). CD23 is closely associated with an EBV
immortalizing function, since infection with the nontrans-
forming EBV strain P3HR-1 does not induce CD23 (2) and
only EBV-infected B lymphocytes which express CD23 are
capable of establishing immortalized cell lines (47). EBNA-2
can specifically up regulate CD23 expression (52). Recent
experiments also demonstrate that EBNA-2 is essential for
EBV-induced growth transformation (5, 12). CD23 induction
may, therefore, be an important pathway for EBNA-2 func-
tion and EBV infection.

Initial analysis of individual EBV gene effects in B-
lymphoma cells have identified pathways by which EBV
may alter B-lymphocyte growth. However, B-lymphoma cell
lines vary in their stage of differentiation and may thus
respond differently to specific EBV genes. We therefore
undertook a series of experiments to broadly characterize
LMP1 or EBNA effects in other B-lymphoma cell lines. The
BJAB cell line was of particular interest since it is a B-cell
lymphoma which differs from Louckes in not having a myc
translocation (26, 31), in being unable to grow subcutane-
ously in nude mice (9), and in having low constitutive CD23
expression. Because of the close association of CD23 with
EBYV infection, we examined the CD23 induction in detail.

MATERIALS AND METHODS

Cell lines. IB4 is a latently EBV-infected lymphoblastoid
cell line (LCL). Daudi is an EBV-infected Burkitt’s lym-
phoma cell line which is deleted for EBNA-2 and a portion of
EBNA-LP and fails to express LMP1 (14, 20, 28). BL41
(kindly provided by G. Lenoir [2]) and Louckes (52) are
EBV-negative Burkitt’s lymphoma cell lines, and BJAB
(kindly provided by G. Klein [31]) is an EBV-negative
B-lymphoma cell line. All cell lines were maintained in
RPMI 1640 with 10% fetal calf serum.

Plasmid constructs. Recombinant derivatives of the expres-
sion vector pZipNEOSV(X) containing the open reading
frames for EBNA-1, type 1 and type 2 EBNA-2, EBNA-3C,
EBNA-LP, and T65 have been previously described (6, 35,
52). This vector contains the neomycin phosphotransferase
gene providing resistance to the neomycin analog G418. The
pSV2gpt vector used for the LMP1 expression has also been
previously described in detail (49) and encodes the guanine
phosphoribosyltransferase gene (gp?) providing resistance to
mycophenolic acid.

Transfections. EBNA- and LMP1-expressing clones of the
BJAB or BL41 cell line were generated by electroporation
with the Progenetor II (Hoefer Scientific Instruments).
Briefly, 10 pg of plasmid DNA was mixed with 5 x 106 cells
in 0.5 ml of phosphate-buffered saline at 4°C for 10 min. Cells
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were pulsed at 200 to 300 V at 1,080 wF for 1 ms, placed on
ice for an additional 5 min, and then incubated at 37°C in
RPMI with 10% fetal bovine serum. Two days after electro-
poration, transfected cells were selected in RPMI 1640 with
10% fetal bovine serum containing either 3 mg of G418
(GIBCO) per ml or 3 pg of mycophenolic acid-10 pg of
hypoxanthine-160 pg of xanthine per ml. Individual clones
were screened by immunoblot and immunofluorescence for
EBV gene expression. Transfected cell clones were main-
tained in the appropriate selective media. Dual EBNA-2 and
LMP1 transfectants were derived in a similar manner. Es-
tablished EBNA-2-expressing clones were electroporated
with the LMP1 or vector control plasmid and then cloned in
the presence of mycophenolic acid-hypoxanthine-xanthine.
Dual-transfected clones were then subsequently maintained
in the presence of both G418 and mycophenolic acid-hypox-
anthine-xanthine.

Immunoblotting. Cell lysates, sodium dodecyl sulfate-
polyacrylamide gel electrophoresis, electrophoretic transfer
to nitrocellulose, and immunoblotting were performed as
previously described (6). Pooled EBV-immune human sera,
followed by *I-protein A, were used for detection of
EBNAs. An EBNA-2-specific monoclonal antibody, PE2,
was also used to detect EBV type 1 and type 2 EBNA-2 (55).
LMP1 immunoblots were developed with the monoclonal
antibody S12 (30), followed by a rabbit anti-mouse immuno-
globulin G antibody and ?°I-labeled protein A.

Surface immunofluorescence and flow cytometry. Cell sur-
face immunofluorescence was performed on live cells by
using saturating amounts of monoclonal antibodies followed
by fluorescein isothiocyanate-conjugated goat anti-mouse
immunoglobulin. Quantitative analysis was performed on a
FACS 4 flow cytometer (Becton Dickinson and Co.), and
results were expressed as mean fluorescence intensity per
volume ratio of 20,000 cells. Monoclonal antibodies used and
their sources were as follows: CD10/CALLA (monoclonal
antibody 55), III International Workshop on Leukocyte
Differentiation Antigens (11); CD11a/LFA-1 alpha chain
(MHM24) and CD18/LFA-1 beta chain (MHM23), A. J.
McMichael (18); CD21 (HBS), T. Tedder (46) or (Bu32,
Bu33, Bu34, Bu35, and Bu36) N. R. Ling (IV International
Workshop on Leukocyte Differentiation Antigens); CD23
(MHMS6), our (A.R.) laboratory (42) or (EBVCS 4) B.
Sugden (24); CD30 (Kil), M. Stein (44); CD39 (AC2), our
(M.R.) laboratory (42); CD40 (G28.5), E. A. Clark (3); CD44
(Hermes-1), E. C. Butcher (19); and CD54/ICAM-1 (RR1/1)
and CDS8/LFA-3 (TS2/9), T. A. Springer (40, 43).

Conjugate formation. Conjugate formation between BL41,
Daudi, and BJAB target cells and EBV-specific but human
leukocyte antigen class I-mismatched cytotoxic T cells was
measured by a rapid in vitro assay as previously described
(51).

Northern blotting. Cells were lysed in 0.5% Nonidet P-
40-10 mM NaCl-10 mM Tris (pH 7.4)-3 mM MgCl,. Nuclei
were separated by centrifugation. The cytoplasmic fraction
was adjusted to 1% sodium dodecyl sulfate-100 mM Tris—0.2
M NaCl, extracted multiple times with phenol and chloro-
form, and ethanol precipitated. A 15-ug portion of cytoplas-
mic RNA was separated on a 1% agarose-formaldehyde gel,
transferred to Genescreen (Amersham Corp.), and hybrid-
ized with randomly primed >2P-labeled probes (Amersham).
The FceRIla ¢cDNA, gamma actin DNA, and CD21 cDNA
used for probes were kindly provided by H. Kikutani, Keith
Robbins, and Mark Birkenbach, respectively.

S1 analysis. S1 analysis for CD23 mRNA forms was
performed as described by Yokota et al. (54). The 5’ EcoRI-
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FIG. 1. Immunoblot of EBNA and LMP1 expression in BJAB
and BLA41 cells. The left panel is an immunoblot with EBV-immune
human sera for EBNA expression. The upper right inmunoblot was
probed with the PE2 monoclonal antibody, which detects the
87-kilodalton EBV type 1 EBNA-2 (T1E2) and the 72-kilodalton
EBYV type 2 EBNA-2 (T2E2). The two panels at the lower right were
probed with the S12 monoclonal antibody for LMP1. IB4 and X50-7
are latently EBV-infected lymphoblastoid cell lines. BJAB and
BLA41 are EBV-negative B-cell lines. Representative BJAB clones
expressing vector control (BJpZ-1), EBNA-1 (BJE1-3), EBINA-2
(BJE2-2), EB2NA-2 (BJAg-1), EBNA-3C (BJE3C-7), and EBNA-
LP (BJELP-1) are shown. EB2NA-2 expression was underrepre-
sented in the left immunoblot by using type 1 EBV-immune human
sera. Comparable EBINA-2 (BJE2-1, -10, and -14) and EB2NA-2
(BJAg-3 and -7) expression levels are demonstrated in the upper
right immunoblot probed with an EBNA-2 monoclonal antibody.
Transfected BJAB clones expressing the 60-kilodalton LMP1
(BJLMP-15, -16, -17, and -18) are shown in the middle right
immunoblot. Vector control (BL41gpt-1), LMPIl-nonexpressing
(BLA1LMP-3), LMP1l-low-expressing (BL41LMP-4 and -5), and
LMP1-high-expressing (BL41LMP-2 and -11) BL41 clones are
shown in the lower right immunoblot.

HindIII fragment of the FceRIla cDNA (22) was cloned into
Bluescript (Stratagene), and a single-stranded probe was
synthesized by using an oligonucleotide primer and Klenow
fragment in the presence of [>?P]JdCTP. Approximately 30 pg
of cytoplasmic RNA was incubated with the single-stranded
probe overnight at 30°C; it was digested with S1 nuclease the
following day and was separated by polyacrylamide-urea gel
electrophoresis.

RESULTS

EBNA effects in BJAB lymphoma cells. Type 1 and 2 EBV
strains differ in their EBNA-2 genes. The type 1 EBV latent
nuclear protein EBNA-1, EBNA-2 (EBINA-2), EBNA-3C
or EBNA-LP or the type 2 EBV EBNA-2 (EB2NA-2) was
expressed in BJAB cells by transfection of the pZipNEO
expression vector. By immunoblotting, EBNA-1, EBNA-
3C, and EBNA-LP expression levels were equal to or
slightly greater than in latently infected LCLs. EBINA-2
and EB2NA-2 were expressed at approximately 50 to 75%
LCL levels (Fig. 1; see also Fig. 4). These clones are
subsequently designated by their EBNA expression, which
was monitored by immunoblotting in parallel with pheno-
typic characterization. At least three independently derived
BJAB clones expressing each of the nuclear proteins or
vector control were assayed for B-lymphocyte activation
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TABLE 1. Surface phenotype of EBNA-expressing BJAB cells®

B-cell antigens

Transfected Activation antigens

clone CD10 CD21 CD23 CD30 CD39 CD44
Control

pZ-1 23.7 2.3 0.3 0.0 0.3 0.0

pZ-2 2.8 1.7 0.9 0.1 2.0 0.1

pZ-3 34.4 3.0 0.5 0.0 0.7 0.1
EBNA-1

E1-2 10.0 0.9 0.4 0.2 1.8 0.1

El1-3 23.4 1.5 0.3 0.0 0.9 0.0

El-4 23.2 1.5 1.0 0.0 0.2 0.2
EBINA-2

E2-2 10.7 107.6 16.9 0.2 2.9 0.7

E2-11 28.7 120.0 14.8 0.8 4.3 1.7

E2-15 29.8 72.5 9.5 0.0 2.5 1.6
EB2NA-2

AG-1 28.8 8.6 2.0 0.0 1.6 1.3

AG-2 30.0 8.2 2.0 0.1 0.9 0.1

AG-7 17.6 12.9 3.5 0.0 0.9 0.0
EBNA-3C

E3C-3 25.0 25.1 1.3 0.2 2.6 0.0

E3C-4 34.8 43.2 0.0 0.0 1.6 0.0

E3C-7 27.1 41.0 0.0 0.0 2.2 0.0
EBNA-LP

T65-4 33.6 6.3 1.7 0.0 1.4 0.0

T65-8 36.7 3.9 1.7 0.0 1.6 0.5

ELP-1 18.1 6.3 1.1 0.0 1.2 0.0

ELP-4 14.3 3.9 2.6 0.4 2.4 1.1

ELP-9 36.5 6.7 1.2 0.0 0.9 0.0

ELP-12 20.2 53 0. 0.0 0.5 0.0

4 Values are expressed as mean fluorescence intensities. BJAB cells
expressing EBNA-LP only were derived either with a vector containing the
T65 cDNA (T65-4 and -8) or the EBNA-LP open reading frame only (ELP-1,
4, -9, and -12).

marker (CD21, CD23, CD30, CD39, CD40, and CD44), cell
adhesion molecule (LFA-1, ICAM-1, and LFA-3), and the
Burkitt’s lymphoma marker, CD10, surface expression by
indirect immunofluorescence with monoclonal antibodies
and fluorescence-activated cell surface analysis. EBINA-2
(total 8 clones) consistently induced low-level CD23 expres-
sion, compared with essentially undetectable levels in vector
control cells (3 representative clones are shown in Table 1).
This level is markedly less than the CD23 level ordinarily
expressed in LCLs (mean fluorescence intensity of 6 LCLs
= 163). EBINA-2 also induced high-level CD21 expression
in all clones (Table 1). Although we had previously reported
no CD21 induction in EBINA-2 Louckes cells (52), Louckes
cells express higher constitutive CD21 levels. Reexamina-
tion of the EBINA-2 Louckes cells revealed that there was
indeed an EBINA-2 induction of CD21 above the elevated
baseline values (mean fluorescence intensity = 136 versus
vector control mean fluorescence intensity = 66). In con-
trast, EB2NA-2 (total, 5 clones) had only a slight effect on
CD21 expression and no significant effect on CD23 expres-
sion in BJAB cells (Table 1). EBNA-3C (total, 4 clones)
induced moderate-level CD21 expression but had no effect
on CD23 (Table 1). Other surface markers, including CD10,
CD30, CD39, CD40, CD44, LFA-1, ICAM-1, and LFA-3
were unaffected by EBNA expression (Table 1 and data not
shown). The surface marker profiles of EBNA-1 and EBNA-
LP clones were essentially indistinguishable from vector
control cells.
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FIG. 2. Homotypic adhesion of LMP1l-expressing and vector control BJAB cells. LMPl-expressing (BJLMP-15) or vector control
(BJgpt-2) BJAB cells were suspended as single cells, cultured overnight, and then photographed under phase-contrast microscopy. All BJAB
LMP1 and vector control clones demonstrated phenotypes similar to these representative clones.

LMP1 effects in BJAB lymphoma cells. An appropriate
level of LMP1 expression in BJAB cells required use of the
human metallothionein type II promoter. This vector uses
the guanine phosphoribosyltransferase gene (gpt) as a posi-
tive selection marker, and a different set of vector control
clones was derived in parallel (BJgpt). These controls
(BJgpt) did not differ in phenotype from the EBNA vector
control clones (BJpZ). LMP1 expression caused growth of
BJAB cells in large, dense, tight cell clumps (Fig. 2), as had
previously been observed for Louckes LMP1 cells. The
dramatic LMP1-induced homotypic adhesion in all clones
was associated with minimally increased LFA-1 or ICAM-1
adhesion molecule expression above the high background
level already expressed in BJAB cells (Table 2). LMP1 also
induced moderate CD23 and CD39 expression (Table 2). The
LMP1-induced CD23 and CD39 levels were still significantly
less than normally observed in LCLs. CD21, CD30, and
CD44 were not induced. Surprisingly, LMP1 markedly and
consistently down regulated CD10 expression (Table 2).

LMP1 effects in other B-lymphoma cell lines. BL41 is an
EBV-negative Burkitt’s lymphoma cell line and expresses
low levels of activation antigens similar to BJAB (2). How-
ever, BL41 differs from BJAB by its constitutively lower
CD40 and cellular adhesion molecule expression and higher
CD10 expression. LMP1 and control BL41 clones were
derived, two of which (BL41LMP-2 and -11; Fig. 1) ex-
pressed high LMP1 levels comparable to LCL levels and two
of which (BL41LMP-4 and -5; Fig. 1) expressed approxi-
mately 50% of the LCL LMP1 level. As previously noted
with Louckes cells (51), the LMP1 level directly correlated
with the degree of homotypic adhesion. High-level LMP1
clones (BL41LMP-2 and -11) grew in large tight cell clumps,
while low-level LMP1 clones (BL41LMP-4 and -5) showed
moderate homotypic adhesion (data not shown). This was
accompanied by a significant ICAM-1 induction and, to a
lesser extent, LFA-1 induction (Table 2). LFA-3 was also
markedly induced. Among activation markers, CD40 was
induced in all LMP1 clones (Table 2) and CD39 was induced
slightly by high LMP1 expression levels (Table 2; BLA1ILMP-2
and -11). CD21, CD23, CD30, and CD44 were unaffected by
LMP1 expression in BL41 cells. CD10 was again down

regulated by LMP1 expression, most markedly by high-level
LMP1 expression (Table 2; BL41LMP-2 and -11).

These -analyses were also extended to previously de-
scribed Louckes (51) and Daudi (28) high-level LMP1-
expressing clones. In both cell lines LMP1 also induced
marked homotypic adhesion accompanied by high-level
LFA-1, ICAM-1, and LFA-3 expression (Table 2). CD23
was induced in Louckes, while CD21, CD40, and CD44 were
induced in Daudi. CD10 was again down regulated in all
LMP1-expressing clones.

The LMPl-induced increases in BL41, Daudi, and
Louckes cellular adhesion molecule expression was also

-associated with increased heterotypic adhesion with T lym-

phocytes (Fig. 3; [51]). BJAB cells constitutively demon-
strate high-level conjugate formation which does not in-
crease with LMP1 expression (data not shown). These
interactions, which are independent of specific immune
recognition through the T-cell receptor, are mediated by
LFA-1:ICAM-1 and LFA-3:CD2 pathways, since conjugate
formation can be completely blocked by monoclonal anti-
bodies to LFA-1 and LFA-3 (Fig. 3).

Cooperative effect of EBNA-2 and LMP1 on CD23. Since
both EBNA-2 and LMP1 induced modest CD23 expression
in BJAB and Louckes cells, experiments were undertaken to
investigate whether EBNA-2 and LMP1 can act coopera-
tively to induce higher CD23 levels. Two stable EBINA-
2-expressing BJAB clones were transfected with the LMP1-
expressing or control vector. Nine clones resistant to both
mycophenolic acid (linked to LMP1) and G418 (linked to
EBNA-2) were studied. By immunoblotting, six clones ex-
pressed EBINA-2 but no detectable LMP1. Three clones
expressed both EBINA-2 and high-level LMP1 (BJE2-11/
LMP-7 and BJE2-15/LMP-1 and -5), as demonstrated by
representative clones in Fig. 4. CD23 surface expression of
all three EBINA-2/LMP1-expressing clones was markedly
increased when compared with cells expressing either
EB1NA-2 or LMP1 alone (Table 3). Comparison of the mean
fluorescence intensities revealed higher CD23 levels than
expected from simply additive EBINA-2 and LMP1 effects
alone. The LMP1-mediated down regulation of CD10 was
not affected by concomitant EBINA-2 expression. How-
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TABLE 2. Surface phenotype of LMP-expressing BIAB, BL41, Daudi, and Louckes cells®
Transfected B-cell antigens Activation antigens Adhesion molecules

clones” CD10 CD21 CD40 CcD23 CD30 CD39 CD44 LFAl ICAM1 LFA3
LCL 1.3 15.4 125.9 163.7 38.4 117.5 125.6 80.4 91.2 50.1
Blgpt-1 14.0 9.4 218.3 2.2 0.0 6.1 3.0 19.9 83.3 98.9
Blgpt-2 219 6.3 227.2 5.4 0.0 4.6 1.4 28.2 82.1 105.3
BJLMP-6 3.6 10.3 197.2 42.1 2.7 229 3.4 57.4 183.7 134.7
BJLMP-15 2.4 5.1 202.6 30.1 1.2 13.5 0.4 26.4 126.5 102.1
BJLMP-16 0.6 2.3 201.1 13.0 1.4 10.3 0.0 28.2 127.2 88.0
BJLMP-17 0.7 7.7 203.3 24.3 0.4 19.1 0.0 30.8 87.6 124.5
BJLMP-18 1.6 3.8 201.8 53.4 0.0 22.2 0.0 37.8 9.1 119.1
BLA4lgpt-1 90.8 18.8 46.6 0.3 0.0 0.9 0.0 1.6 22.5 5.6
BLA41gpt-2 101.3 331 57.3 0.5 0.0 0.6 0.0 1.6 41.7 3.8
BLA41gpt-3 150.8 25.6 69.4 4.8 0.0 1.6 0.0 2.3 36.3 5.5
BL41LMP-4 74.0 60.0 154.2 0.6 0.1 1.6 0.0 7.6 82.9 11.0
BL41LMP-5 56.2 25.0 116.6 4.3 0.1 5.4 0.1 10.1 143.1 32.5
BL41LMP-2 1.8 32.2 144.9 1.1 0.7 26.8 0.5 7.6 138.8 79.0
BL41LMP-11 329 28.3 147.7 4.9 4.4 26.4 0.3 12. 151.3 97.2
Louckes 51.8 63.8 168.2 10.2 3.4 2.8 0.1 10.5 40.9 7.7
Logpt-1 71.6 66.8 122.7 10.0 2.2 1.9 0.0 10.9 28.6 3.5
Logpt-2 48.9 20.4 162.5 17.0 2.0 2.5 0.2 9.8 39.6 3.9
LoLMP-4 41.5 59.2 130.4 105.6 2.1 3.6 0.5 26.3 52.0 24.1
LoLMP-5 149 55.7 177.3 34.2 1.5 5.2 0.1 19.3 100.2 32.1
LoLMP-6 25.7 48.1 169.8 80.6 1.9 4.5 0.1 33.9 163.6 69.5
LoLMP-8 15.8 36.2 197.2 55.1 4.1 6.5 0.2 37.4 94.2 579
DAgpt-1 85.1 24.2 74.9 0.2 0.2 0.2 0.2 2.5 59.8 6.9
DAgpt-2 97.1 33.2 95.6 0.4 0.3 0.4 0.1 10.5 73.4 9.0
DALMP-2 79.3 72.2 179.7 0.9 0.4 1.2 13. 28.5 179.1 35.5
DALMP-3 37.1 98.4 170.9 14 1.1 2.6 89.8 35.0 166.1 71.0
DALMP-17 12.4 105.7 165.1 1.2 0.6 1.0 79.1 23.3 153.6 52.2

 Cell surface marker expression is expressed as mean fluorescence intensity. The average values of six EBV-infected LCLs are shown. BJAB cells expressing
vector control (BJgpt-1 and -2) or high-level LMP1 (BJLMP-6, -15, -16, -17, and -18); BL41 cells expressing vector control (BL41gpt-1, -2, and -3), low-level LMP1
(BL41LMP-4 and -5), or high-level LMP1 (BL41LMP-2 and -11); Louckes cells expressing vector control (Logpt-1 and -2) or high-level LMP1 (LoLMP-4, -5, -6,
and -8); and Daudi cells expressing vector control (DAgpt-1 and -2) or high-level LMP1 (DALMP-2, -3, and -17) are shown. CD23, LFA-1, ICAM-1, and LFA-3
expression of vector and LMP1-expressing Louckes (51) and Daudi cells (29) have been previously reported and are shown here for comparative purposes.

% Values for EBV-infected LCLs are included for comparison.

ever, the EBINA-2-induced CD21 expression was abrogated
by LMP1 expression. Thus, the EBINA-2 and LMP1 coop-
erative effect is specific for CD23.

Mechanism of EBNA-2 and LMP1 cooperative effect on
CD23. In order to determine whether surface CD23 induc-
tion was associated with changes in CD23 mRNA levels,
cytoplasmic RNA from various transfected clones was ana-
lyzed by Northern (RNA) blot analyses. BJAB cells express-
ing EBINA-2 (BJE2-7 and -15; BJE2-11/LMP-4, -6, and -10;
BJE2-15/gpt-1; and BJE2-15/LMP-3; Fig. 5) or LMP1
(BJLMP-15, -16, and -17; Fig. 5) contain slightly increased
CD23 mRNA levels (Fig. 5, top panel) relative to actin
control mRNA (Fig. 5, lower panel) compared with vector
control cells (BJpz-1 and -2 and BJgpt-1, -2, and -3; Fig. 5).
However, all three dual-transfected clones expressing
EBINA-2 and high-level LMP1 (BJE2-11/LMP-7 and BJE2-
15/LMP-1 and -5; Fig. 5) contained much higher CD23
mRNA levels relative to actin control mRNA. The CD23
mRNA levels in BJAB clones expressing both EBINA-2 and
LMP1 were comparable to the CD23 mRNA level in EBV-
infected LCLs (IB4; Fig. 5). Determination of the CD23-
to-actin mRNA ratios by densitometry scanning of autorad-
iograms revealed that dual EB1NA-2/LMPl-expressing
clones had an average CD23 to actin ratio 1.8 times that of a
control LCL (IB4). This was more than an additive effect of
EBINA-2 and LMP1, since EBINA-2 had a CD23-to-actin
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FIG. 3. Heterotypic adhesion of LMP1l-expressing BL41 and
Daudi cells with T lymphocytes. Conjugate formation between an
EBV-infected LCL, vector control (gpf), or LMP1-expressing BLA1
and Daudi cells is expressed as the percentage of effector T
lymphocytes forming conjugates with the target B lymphocytes in
the presence of medium alone (W), a control anti-CD10 monoclonal
antibody 55 (@), or anti-LFA-1 plus anti-LFA-3 monoclonal anti-
bodies MHM23 and TS2/9 (B).



2314 WANG ET AL.
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FIG. 4. Immunoblot of dual EBINA-2/LMP1 transfectants.
EBNA expression is demonstrated in the top panel, and LMP1
expression of the identical samples is demonstrated in the bottom
panel. EBINA-2-expressing BJAB clones were transfected with
either vector control or LMP1. Representative dual-transfected
clones which either expressed EBINA-2 and no LMP1 (BJU2-
15/gpt-1 and BJU2-15/LMP-3) or EBINA-2 and high-level LMP1
(BJU2-15/LMP-1 and BJU2-15/LMP-3) are shown. Molecular mass
markers shown are 200, 116, 92, and 66 kilodaltons.

mRNA ratio of 0.2 (average of six clones) compared with the
control LCL, while LMP1 gave an average CD23-to-actin
ratio of 0.4 (average of three clones). Hybridization with a
CD21 cDNA probe revealed that CD21 mRNA was induced
by EBINA-2 but was similar to vector control levels when
LMP1 was coexpressed with EBINA-2 (Fig. 5). Thus,
EBINA-2 and LMP1 can act cooperatively to specifically
induce high-level CD23 mRNA and cell surface expression.

Recently, two CD23 mRNA structures which initiate at
different sites, possibly demarcating unique promoters (54),
have been described. Type a CD23 mRNA (FceRIla) is
restricted to B lymphocytes and is constitutively expressed.

TABLE 3. Surface phenotype of EBINA-2/LMP1
dual-expressing BJAB cells®

EBV protein

Transfected expression Cell surface antigens
clones

EBNA-2 LMP1 CD10 CD21 CD23 CD39
BJpZ-1 - - 31.1 3.1 4.0 2.8
BJE2-15 +++ - 456 55.6 23.2  10.2
BJE2-15/LMP-3 ++ - 221 214 11.0 15.2
BJLMP-17 - ++ 0.7 7.7 243 19.1
BJLMP-18 - +++ 1.6 3.8 534 222
BJE2-15/LMP-1 +++ +++ 4.7 9.8 89.7 459
BJE2-15/LMP-5 +++ +++ 4.0 84 116.7 229

4 EBINA-2 and LMP1 expression determined by immunoblotting at the
time of cell surface marker analysis is shown, with +++ equal to levels
expressed in EBV-infected LCLs. Mean fluorescence intensities of CD10,
CD21, CD23, and CD39 expression are shown.
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FIG. 5. Northern blots of EBINA-2- and LMPl-expressing
BJAB cells for CD23, actin, and CD21. The blot was first probed
with a full-length FceRIla cDNA probe, which detects both FceRIIa
and FceRIIb (A), stripped, and then reprobed with actin and CD21
probes (B). Vector control (BJpZ-1 and -2 and BJgpt-1, -2, and -3),
EBINA-2 only (BJE2-7 and -15; BJE2-11/LMP-4 and -6; BJE2-
15/gpt-1; and BJE2-15/LMP-3), LMP1 only (BJLMP-15, -16, and
-17), and dual EBINA-2/LMP1 (BJE2-11/LMP-7 and BJE2-15/LMP-
1 and -3)-expressing clones are shown.

Type b CD23 mRNA (FceRIIb) is expressed in monocytes
and eosinophils and is induced in B lymphocytes by the
lymphokine interleukin-4 (54). FceRlIla initiates approxi-
mately 3 kilobases upstream from FceRIIb and utilizes two
unique first exons (Fig. 6B). The remaining 9 exons of
FceRlIIa and b are identical. To determine how EBNA-2 and
LMP1 affect FceRIla or FceRIIb mRNA expression, cyto-
plasmic RNA from EBINA-2-, LMP1-, or EBINA-2/LMP1-
expressing BJAB clones were compared with controls by S1
analysis by using a single-stranded probe derived from the 5’
EcoRI-HindIIl fragment of the FceRIla cDNA. FceRIla
mRNA protects either a 588-base fragment corresponding to
full-length FceRIla or a 488-base fragment due to a variant
splice in the 5’ untranslated region of FceRIla mRNAs.
FceRIIb mRNA protects only a 381-base fragment, since it
utilizes a different first exon which initiates in the second
FceRIla intron (45a). EBV-infected LCLs have more
FceRIIb than FceRlIla (Fig. 6A; IB4). Vector control BJAB
cells have barely detectable FceRIIa, which is evident only
on prolonged autoradiogram exposures (data not shown).
Thus, BJAB resembles other EBV-negative B-lymphoma
cells and normal B lymphocytes by preferentially expressing
FceRIla mRNA (54). FceRIla and, to a lesser extent,
FceRIIb are readily detectable in EBINA-2 BJAB cells. The
ratio of FceRlIla to FceRIIb in EBINA-2 clones is similar to
that in vector control cells, with a predominance of FceRIla
(BJE2-7 and -15, BJE2-11/LMP-4, BJE2-11/LMP-6, and
BJE2-15/gpt-1; Fig. 6A). By contrast, LMP1l-expressing
BJAB cells have predominately FceRIIb and small amounts
of FceRlIla (BJLMP-15, -16, and -17; Fig. 6A). The marked
induction of total CD23 mRNA by coexpression of EBINA-
2 and LMP1 is associated with a predominance of FceRIIb
(BJE2-15/LMP-1, BJE2-11/LMP-7, and BJE2-15/LMP-5; Fig.
6A). The FceRlIla-to-FceRIIb ratio appears similar to that
induced by LMP1 expression alone. Thus, ERINA-2 ap-
pears to increase the total amount of CD23 mRNA without
preference for a specific CD23 mRNA form. EBINA-2
expression increases whichever CD23 mRNA is being ex-
pressed, i.e., predominately FceRIla in BJAB cells alone or
FceRIIb in LMP1-expressing BJAB cells.

DISCUSSION

These experiments significantly extend knowledge of the
phenotypic effects induced by specific EBV latent genes on
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FIG. 6. S1 analyses of EBINA-2- and LMP1l-expressing BJAB cells (A) and structure of CD23 mRNAs (B). The genomic location of the
5’ exons and presumed promoters () of the CD23 mRNAs are shown at the top of panel B. FceRIIa and FceRIIb both utilize identical exons
3 though 11 (M). The unique 5’ exons for FceRlIla ( ) and FceRIIb (0) are shown relative to the 5’ untranslated region (UT) of the mRNAs
and the cytoplasmic (CY), transmembrane (TM), and extracytoplasmic (E-C) domains of the protein. (The figure was adapted from Yokota
et al. [54]). A 600-base probe from the 5’ EcoRI-HindIII fragment of the FceRIla cDNA was used to determine the relative amounts of
FceRlIla (588- and 488-base pair fragments) and FceRIIb (381-base pair fragment) mRNA-induced transfected BJAB cells. Vector control
clones (BJpZ -1 and -2), EBINA-2 clones (BJE2-7 and -15), LMP1 clones (BJLMP-15, -16, and -17), dual-transfected clones expressing only
EBNA-2 (BJE2-11/LMP-4 and -6 and BJE2-15/gpt-1), and dual-transfected clones expressing EBNA-2 and LMP1 (BJE2-15/LMP-1,

BJE2-11/LMP-7, and BJE2-15, LMP-5) are shown. The molecular size markers shown are 873, 603, and 310 base pairs.

human B lymphocytes. All of the effects observed are
characteristic of EBV effects on normal B lymphocytes and
are evident in EBV infection of B-lymphoma cells. The most
important conclusions are summarized in Table 4 and are as
follows. (i) EBNA-2 from type 1 EBV specifically induces
CD21 and CD23 mRNA and surface expression in both
BJAB and Louckes cells. EBNA-2 from type 2 EBV has
little if any effect on CD21 or CD23. This likely reflects
intrinsic differences between these EBNA-2 proteins, since
the type 2 EBNA-2 expression levels were nearly equivalent
to the type 1 EBNA-2 level. EBNA-3C induces CD21
mRNA and surface protein expression but has no effect on
CD23 expression. The EBNA-3C-induced CD21 effect is less
than that observed for type 1 EBNA-2. EBNA-1 or EBNA-
LP do not induce significant phenotypic changes in BJAB or
Louckes cells. (i) LMP1 induces marked B-lymphocyte
homotypic adhesion. This is accompanied by increased
surface expression of the cellular adhesion proteins LFA-1,

ICAM-1, and LFA-3 in three B-cell lines which have low
constitutive adhesion protein expression. LMP1 probably
also causes a functional activation of LFA-1 or ICAM-1,
since BJAB cells constitutively express high adhesion mol-
ecule levels but do not clump until LMP1 is expressed.
LMP1 also uniformly down regulates the Burkitt’s lym-
phoma marker CD10. In each lymphoma cell line, LMP1
induces a characteristic array of the CD21, CD23, CD39,
CD40, and CD44 activation markers. The specific pattern of
activation markers induced by LMP1 in each B-lymphoma
cell line probably reflects the intrinsic ability of each cell line
to express various B-cell activation markers. (iii) Coexpres-
sion of EBNA-2 and LMP1 induces high-level CD23 expres-
sion. LMP1 specifically up regulates the CD23 FceRIIb
mRNA, while EBNA-2 up regulates the constitutive CD23
FceRIla mRNA in BJAB or the FceRIIb mRNA in LMP1
BJAB.

Description of these specific EBV gene effects on the

TABLE 4. Summary of EBNA-2, EBNA-3C, and LMP1 effects on cellular gene expression®

EBYV protein effects

Cellular

gene EBINA-2 EB2NA-2 EBNA-3C LMP1

BJAB Louckes BJAB BIAB BJAB BL41 Louckes Daudi
LFA-1 - - - - —b 1 1 1
ICAM-1 — - — - —b 1 1 1
LFA-3 — — — - - 1 1 )
CD10 - - - - i ! ! N\
CD21 1 1 — 1 — — — 1
CD23 ) 1 - — 1 —€ 1 -
CD39 - — — - 1 1 - —
CD40 - - - - - ) - 1
CD44 — — — — - — — 1
Vimentin? ND* ND ND ND ND 1 1 -

2 —, No change in cell surface expression versus vector control cells; 1 , increased cell surface expression versus vector control cells; | , decreased cell surface

expression versus vector control cells.

5 LMP1 induces homotypic adhesion but no increase of high constitutive cellular adhesion molecule surface expression.

€ BLA1 cells express high-level CD23 when infected with B95-8 EBV (2).

4 Vimentin expression measured by immunoblot and Northern blot. Data from studies of Birkenbach et al. (1).
f Daudi cells are unusual because they express no detectable vimentin protein or mRNA (29).
€ ND, Not done.
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B-lymphocyte phenotype now provides opportunities to
dissect the mechanisms by which EBV alters B-lymphocyte
gene expression. LMP1 induces many B-lymphocyte pheno-
typic characteristics which are evident in EBV infection.
These include increased homotypic adhesion, increased sur-
face expression of cellular adhesion and activation mole-
cules, and increased vimentin expression. In the cases of
LFA-1 (51), CD23 (51), and vimentin (1), the LMP1-induced
protein expression correlates with increases in the respec-
tive mRNAs. LMP1 is an integral membrane protein which
has a short cytoplasmic amino terminus, six hydrophobic
transmembrane domains, and a long acidic carboxy terminus
(10, 16). In EBV-transformed B lymphocytes and in B-
lymphoma cells in which LMP1 is expressed by gene trans-
fer, LMP1 localizes to a constitutive patch in the plasma
membrane (29, 51). The LMP1 patch likely is part of a
plasma membrane complex which constitutively transduces
activating signals through as yet undefined second-mes-
senger molecules. These are probably normal B-lymphocyte
second messengers which are important for LFA-1, CD23,
and vimentin mRNA induction. LMP1’s preferential CD23
FceRIIb mRNA induction is similar to the stimulatory effect
of the cytokine interleukin-4 on B-lymphoma cells (54),
suggesting that these two distinct membrane interactions
may use similar intracellular second messengers to induce
FceRIIb mRNA. Further biochemical definition of the
LMP1 plasma membrane complex should lead to the identi-
fication of the cellular pathways mediating these LMP1-
induced effects on cellular gene expression.

LMP1 actions may not be limited to distant effects on
mRNA up regulation. LMP1 may also be capable of func-
tionally activating other plasma membrane molecules. LMP1
induces homotypic BJAB adhesion, with little quantitative
effect on the already elevated LFA-1 or ICAM-1 levels.
Thus, although these molecules are responsible for homo-
typic adhesion of EBV-infected and LMP1-expressing cells
(33, 51), increased LFA-1 and ICAM-1 levels are not suffi-
cient for homotypic adhesion. Recently, a similar activating
effect on adhesion molecules has been suggested from the
rapid clumping which follows incubation of interleukin-
4-activated B lymphocytes with phorbol esters (41). Studies
of LFA-1:ICAM-1-mediated T-cell adhesion also demonstrate
that there is increased LFA-1 functional activity induced by
stimulation of the T-cell receptor (8). The vector control and
LMP1l-expressing BJAB cells provide an opportunity to
characterize the LFA-1 or ICAM-1 modifications associated
with the LMP1-induced changes in functional activity.

These studies also more clearly define the role of EBNA-2
in CD23 induction. Our data indicate that EBNA-2 does not
affect which CD23 mRNA is expressed in B-lymphoma cells.
Rather, EBNA-2 increases whatever CD23 mRNAs are
already being expressed. In BJAB cells, the constitutive
FceRIla mRNA is expressed at very low levels and EBINA-
2 amplifies FceRlIla in preference to FceRIIb. In LMP1-
expressing cells, the FceRIIb mRNA is preferentially ex-
pressed, and the addition of EBINA-2 increases mostly
FceRIIb CD23 mRNA. We cannot exclude the possibility
that the effects of LMP1 or EBNA-2 are posttranscriptional.
However, FceRIla and FceRIIb mRNAs differ only in the
first 200 nucleotides (54). Thus, there is little structural basis
for a putative LMP1 effect on FceRIIb versus FceRIla
mRNA stability. More likely, LMP1 activates the FceRIIb
promoter via cellular second messengers which are normally
activated by B-cell stimuli such as interleukin-4. Since
EBNA-2 is a nuclear protein which markedly up regulates
either form of CD23 mRNA, EBNA-2 is more likely to be a
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transactivator of an enhancer or other general up regulator of
CD23 transcription. Whether EBNA-2 acts directly or
through other cellular intermediates remains to be deter-
mined. Delineation of EBNA-2 and LMP1 effects in the
experiments described here will permit further evaluation of
these hypotheses.

The cooperative CD23 induction by EBNA-2 and LMP1 is
particularly noteworthy, since CD23 is closely associated
with EBV growth-transforming infection. Not only is CD23
superinduced in EBV infection (24, 48), but immortalized B
lymphocytes arise almost exclusively from the CD23-posi-
tive EBV-infected cell population (47). Burkitt’s lymphoma
cells infected with transforming EBV, such as B95-8, ex-
press high-level CD23, while infection with nontransforming
P3HR-1 EBV does not induce CD23 (2). EBV-1-infected
cells have an enhanced growth phenotype (38) and higher
CD23 levels compared with EBV-2-infected cells. Burkitt’s
lymphoma cells infected with Ag876 EBV-2 express 20% of
the CD23 expressed on B95-8-infected Burkitt’s lymphoma
cells (2). B lymphocytes immortalized with recombinant
EBV-containing EBINA-2 show an enhanced growth phe-
notype and higher CD23 levels compared with cells immor-
talized with isogenic recombinant EBV containing EB2NA-
2, which grow more slowly and express a heterogeneous
CD23 profile (5). Thus, CD23, or a B-lymphocyte gene
whose expression is coordinately regulated with CD23, is
likely to be integral to EBV-induced B-lymphocyte prolifer-
ation, and further analysis of EBNA-2 and LMP1 effects on
CD23 regulation is likely to be pertinent to the mechanism by
which EBV transforms normal B-lymphocyte growth.

Our observation that EBNA-3C induces CD21 provides
the first function for a member of the EBNA-3 gene family.
This family of three tandemly placed genes encodes three
distantly homologous high-molecular-weight nuclear pro-
teins expressed in all latently EBV-infected cells (17, 34, 35,
39). In retrospect, data from a previous study provided
evidence that EBNA-3C might be essential for EBV-induced
growth transformation (45). The Raji EBV strain is deleted
for a portion of the EBNA-3C gene (13, 36) and is unable to
express EBNA-3C (35). P3HR-1 superinfection of Raji cells
permits the endogenous latent Raji EBV DNA to replicate,
but the transforming viruses obtained were all recombinants
between P3HR-1 and Raji, suggesting that the Raji EBV is
nontransforming (45). In addition, the transforming EBV
recombinants analyzed had all incorporated the P3HR-1
EBNA-3C gene (45).

While these assays in EBV-negative B-lymphoma cells
reveal effects of specific EBV genes and thereby provide an
opportunity to dissect the mechanisms by which EBV pro-
teins affect B-lymphocyte growth, the assay cells are malig-
nant lymphocytes. Thus, some important EBV gene effects
on cell proliferation are likely to be less evident or undetect-
able in these assays. In addition, proof that the effects
observed in these assays are pertinent requires demonstra-
tion that similar effects are necessary for EBV-induced
growth transformation of normal B lymphocytes.
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