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A latent infection membrane protein (LMP) encoded by the Epstein-Barr virus (EBV) genome in latently
infected, growth-transformed lymphocytes alters the phenotype of a human EBV-negative B-lymphoma cell
line (Louckes) when introduced by gene transfer. These LMP-expressing cells exhibit increased homotypic
adhesion due to increased expression of the adhesion molecules LFA-1 and ICAM-1. Increased homotypic
adhesion could foster B-cell growth by facilitating autocrine growth factor effects. LFA-3 expression is also
induced. The induction of LFA-3 and ICAM-1 results in increased heterotypic adhesion to T lymphocytes. This
could result in more effective T-cell immune surveillance. Since LMP is expressed in EBV-transformed
lymphocytes and has been demonstrated to transform rodent fibroblasts in vitro, a wide range of possible
effects on B-lymphoma cell growth were assayed. In the Louckes B-lymphoma cell line, EBV LMP causes
increased cell size, acid production, plasma membrane ruffling, and villous projections.” Although cell
proliferation rate was not greatly affected, the steady-state intracellular free calcium level, transforming
growth factor beta responsiveness, and expression of the lymphocyte activation markers (CD23 and transferrin
receptor) were increased. Thus, LMP appears to be a mediator of EBV effects on B-cell transformation. In
transfected lymphoma cells, LMP localizes to patches at the cell periphery and associates with the cytoskeleton
as it does in EBV-transformed B lymphocytes or in rodent fibroblasts. A partially deleted form of LMP
(D1LMP) does not aggregate in patches or associate with the cytoskeleton and had little effect on B-cell growth.

Departments of Medicine and Microbiology and Molecular Genetics' and Department of Pathology,> Harvard University
Medical School, 75 Francis Street, Boston, Massachusetts 02115, and Cancer Research Campaign Laboratories,

Thus, cytoskeletal association may be integral to LMP activity.

Epstein-Barr Virus (EBV) is a prevalent human herpes-
virus closely associated with the etiology of African Burk-
itt’s lymphoma and nasopharyngeal cancer (for reviews, see
references 9 and 41). EBV infection of normal B lympho-
cytes results not in virus replication but in rapid and efficient
cell growth (47). This is evident from the rapid increase in
cell size, increased expression of several B-cell activation
markers, increased RNA and DNA synthesis, and increased
immunoglobulin secretion soon after EBV infection (1, 17,
20, 31, 59, 60). In addition, EBV-infected proliferating
lymphocytes are transformed to tumorigenicity, as indicated
by the EBV-infected lymphocyte proliferative disorders
which occur in immunosuppressed humans and in experi-
mentally infected marmosets (53; for a review, see reference
7). The entire virus genome persists in infected, growth-
transformed lymphocytes either as an episome or by inte-
grating into cell DNA (36, 40). Despite the presence of the
complete genome, which encodes over 50 proteins in pro-
ductive virus infection, only a few genes, which encode
several nuclear proteins and a membrane protein, are char-
acteristically expressed in the latently infected, growth-
transformed lymphocyte (for a review, see reference 9).
These genes are being intensively investigated, since they
are likely to be involved either in maintaining latent EBV
infection or in its concomitant effects in inducing prolifera-
tive transformation.

The EBV latent infection membrane protein (LMP) is the
only latent infection cycle-specific protein encoded by the R
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strand of the EBV genome (12, 21). At 60 copies per cell, it
is the most abundant EBV mRNA in latent infection. From
its DNA sequence, LMP is predicted to consist of a short
hydrophilic amino terminus; six hydrophobic, alpha-helical,
potential transmembrane domains; and a long hydrophilic
acidic carboxy terminus. Live-cell protease cleavage exper-
iments indicate a cytoplasmic orientation of the amino- and
carboxy-terminal domains and an extrinsic plasma mem-
brane orientation of the first outer reverse-turn domain (35).
At least 30% of the LMP in EBV-transformed lymphocytes
are in the plasma membrane. A substantial fraction localizes
to a patch at the cell periphery, where it is closely associated
with vimentin intermediate filaments (34). Shortly after being
synthesized, LMP is phosphorylated (2, 34) and becomes
tightly bound to the cell cytoskeleton (34). LMP is able to
transform rodent fibroblasts to cause loss of contact inhibi-
tion, anchorage independence, and tumorigenicity in nude
mice, providing evidence that LMP plays a key role in
EBV-induced lymphoproliferation or transformation (63).
Many of the changes in cellular phenotype seen in EBV-
induced growth transformation of normal B lymphocytes are
reproduced by EBV infection of EBV-negative human Burk-
itt’s lymphoma cell lines. The infected cells constitutively
express the latent infection viral genes, grow in tight clumps,
and exhibit increased surface expression of B-cell activation
antigens (5, 51). Since EBV-negative Burkitt’s lymphoma
cells exhibit altered growth after EBV infection, they can be
used to assay the effects of individual EBV genes.
Expression of each of the EBV-encoded latent-infection
cycle nuclear proteins or LMP under the control of the
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Moloney murine leukemia virus (MoMuLV) promoter in
EBV-negative Burkitt’s lymphoma cells revealed an effect
on B-cell growth activity only for the EBV nuclear protein 2
gene (65). The nuclear protein 2 gene specifically transacti-
vated expression of the B-cell activation antigen CD23 and
caused cells to grow in tight clumps. Surprisingly, in light of
its transforming effects in continuous rodent fibroblasts,
LMP expressed from the MoMuLV promoter produced no
change in B-lymphoblast growth. However, while expres-
sion of the EBV nuclear protein genes in human B-lym-
phoma cells under the control of the MoMuLV promoter
resulted in protein levels similar to those observed in latent
EBYV infection, LMP was expressed at a considerably lower
level than that at which it is ordinarily expressed in latent
infection. Impressed by the activity of LMP in rodent
fibroblasts and by recent experiments which reveal a corre-
lation between LMP expression level and rodent cell trans-
formation parameters (64), we set out to investigate the
hypothesis that LMP expression of an appropriate level
would alter B-lymphocyte growth. We now report that under
the control of the human metallothionein promoter, EBV
LMP is expressed in EBV-negative Burkitt’s lymphoma
cells at a level similar to that at which it is expressed in
EBV-infected B lymphocytes and that lymphocyte pheno-
type is affected. In parallel, we have investigated the effects
of a naturally altered form of LMP (D1LMP). DILMP lacks
the amino terminus and first four transmembrane domains
and is ordinarily expressed only in productive EBV infection
(24).

MATERIALS AND METHODS

Cells. Louckes is an EBV-negative American Burkitt’s
lymphoma B-cell line. B95-8 is an EBV-infected marmoset
cell line that is partially permissive of virus replication. IB4
is an EBV-infected cord blood B-lymphocyte line that is
nonpermissive of virus replication. Cells were maintained in
growth medium which consisted of RPMI 1640 supple-
mented with 10% fetal calf serum.

DNA transfection. Linearized plasmid DNA (10 ug) was
electroporated into Louckes cells. Briefly, 5 X 10° log-phase
growing cells were washed and suspended in 0.5 ml of cold
phosphate buffered saline (PBS) without Ca>* or Mg** in a
1-ml plastic cuvette lined with platinum plates. DNA (10 pg)
was added for 5 min on ice, and an electric pulse of 2,000 V
and 0.9 mA was delivered by an ISCO 494 power supply.
The cells were held on ice for 10 min and then suspended in
15 ml of growth medium. Two days after the electroporation,
the medium was replaced with guanine phosphoribosyltrans-
ferase selective medium with 0.75 wg of mycophenolic acid
per ml. The cells were then counted and plated into 96-well
plates at 1,000 or 2,000 cells and 0.25 ml of growth medium
per well. Three to four weeks later, cell clones emerged in 1
of 10 wells. Clones were picked and expanded into lines and
maintained in 0.5 pg of mycophenolic acid selective medium
per ml.

Monoclonal antibodies. Monoclonal antibody S12 gener-
ated against the C-terminal portion of a LMP-B-galacto-
sidase fusion protein was used to detect LMP or DILMP
(38). MHMS6, from one of our laboratories (A.R.), and
EBVCS 2, 4, and 5, from B. Sugden, Madison, Wisconsin,
are monoclonal antibodies which react with the B-cell acti-
vation antigen CD23. Monoclonal antibody 60.3, from P. G.
Beatty, Seattle, Washington, reacts with the common beta
subunit of LFA-1, Mac-1, or p150,95 (3). Monoclonal anti-
bodies against LFA-1 alpha (TS1/22 or MHM24), LFA-1
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beta (MHM23), p150,95 (S-HCL-3), LFA-3 (TS2/9), and
ICAM-1 (RR1/1) were from one of our laboratories (T.S.) or
from A.J. McMichael, Nuffield Department of Medicine,
Oxford University, Oxford, England. Monoclonal antibodies
against transferrin receptor and interleukin-2 receptor were
purchased from Interferon, Inc. (San Francisco, Calif.).

Immunoblot. Immediately after centrifugation, cell pellets
were mixed with sodium dodecyl sulfate (SDS)-poly-
acrylamide gel electrophoresis loading buffer. After being
boiled for 5 min, equal amounts of protein (corresponding to
3 % 10° cells) were loaded into each lane of a 7.5% SDS-
polyacrylamide gel. After electrophoresis, the proteins were
transferred to nitrocellulose paper and visualized by Pon-
ceau S staining. The nitrocellulose blot was blocked with
2.5% milk-PBS-Tween 20. The S12 antibody, rabbit anti-
mouse antibody, and '°I-labeled profein A were then used
for immunostaining.

Cell surface labeling and immunoprecipitation. Cells were
washed in PBS and then surface-iodinated with **°I by using
iodogen (Pierce Chemical Co.)-coated glass wells according
to the procedures recommended by the manufacturers. After
extensive washes, cells were lysed with 0.5% Nonidet P-40-
PBS-iodoacetamide-phenylmethylsulfonyl fluoride and the
lysate was passed over a G-50 column to remove unincor-
porated free iodine. Equal counts of '*’I-labeled protein
were precipitated with the appropriate monoclonal antibody
and with protein A-Sepharose. ’

Detergent extraction. Cells were extracted in nonionic
detergent, and the proteins were analyzed as described
previously (34).

Scanning electron microscopy. In normal medium, log-
phase growing cells were incubated with poly-L-lysine-pre-
coated cover slips overnight. The cover slips were rinsed
with PBS and fixed in 2% glutaraldehyde-Collidine buffer at
room temperature for 1 h. After being stained with osmic
acid, the cells were dehydrated in a graded series of ethanol
and amyl acetate and finally dried to the critical point with
liquid nitrogen. Scanning electron microscopy was done
with a Siemens EX instrument.

Immunofluorescence and flow cytofluorometry. Live-cell
fluorescence staining was done by using saturating amounts
of monoclonal antibodies and fluorescein isothiocyanate
(FITC)-conjugated goat anti-mouse immunoglobulin. Bind-
ing was quantitated by using a flow cytometer (FACS 4;
Becton Dickinson and Co.). The results are expressed as
mean fluorescence per volume ratio of 20,000 cells. For
cell-cycle flow cytometry, one million log-phase growing
cells were pelleted gently and suspended with vigorous
pipetting in 0.25-ml of residual medium. One milliliter of
propidium iodide solution (0.05 mg of propidium iodide per
ml in 0.1% sodium citrate supplemented with 0.1% Triton
X-100) was added and mixed gently, and the cells were
analyzed after 15 min of incubation at 4°C (8). The fraction of
cells in G,-G,, S, or G,-M phase was estimated from analysis
of area under the curve (14).

Intracellular free calcium measurement (46). Log-phase
growing cells (about 5 x 10° cells) were placed in 2.5 ml of
prewarmed RPMI medium lacking bicarbonate but supple-
mented with 10 mM HEPES (N-2-hydroxyethylpiperazine-
N’-2-ethane sulfonic acid) (pH 7.4) and 0.1% fetal calf
serum. For fura-2AM loading, 6 pl of 1 mM fura-2AM in
dimethyl sulfoxide-pheronic F127 was added to the 2.5-ml
culture. which was then incubated for 1 h at 37°C in 5% CO..
Cells were washed with prewarmed medium without fura-
2AM for 30 to 60 min. The medium was replaced with
prewarmed Hanks balanced salt solution, and intracellular
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calcium was measured with a Toshiba spectrophotometer
with an excitation of 340 or 380 nm and an emission of 510
nm. The absolute level of intracellular calcium was calcu-
lated from the emission ratio with 340 versus 380 nm
excitation and plotted against a standard curve. The mean
intracellular free calcium level of vector control Louckes
cells was 108 = 38 nM for 12 different experiments.

Phospholipid diacylglycerol and triglyceride analysis. The
procedures used were adapted from previously reported
methods (13, 25, 61, 67). One day after feeding, at 2 X 10°
cells per ml, cells were either incubated with 30 uCi of **P;
per ml in phosphate-free RPMI medium supplemented with
1% of bovine serum albumin or 5% dialyzed fetal calf serum
for 2 h, or incubated with 2 nCi of myo-[2-*Hlinositol in low
inositol containing M199 supplemented with 5% fetal calf
serum for 16 h. After being labeled, cells were spun down
and extracted with 1.0 ml of CHCl;-MeOH-12 M HCI (200:
100:0.75 [vol/vol/vol]) at 0°C. After 187 ul of 0.6 M HCI was
added to separate the two phases, the lower phase was
removed and re-extracted twice more with 1.0 ml of CHCl;-
MeOH-0.6 M HCI (3:48:47 [vol/vol/vol]). The lower phase
was dried under a stream of nitrogen, washed with 50 ul of
CH,Cl, and then dissolved in the proper volume of CHCl;-
MeOH-H,0 (75:25:2 [vol/vol/vol]). It was then loaded on the
origins of silica gel plates. The genuine markers of phospha-
tidylcholine, phosphatidylinositol, and phosphatidylethanol-
amine were run side by side, and the plate was developed
with CHCl;-MeOH-methylamine (60:36:20 [vol/vol/vol]).
For diacylglycerol measurements, 2.0 X 10° log-phase grow-
ing cells were labeled with 0.3 p.Ci of [**Clarachidonic acid
per ml at 37°C for 36 h. After the extraction (performed as
described above), the organic phase was concentrated with
Speedvac and loaded on a thin-layer chromatography plate.
It was developed in a system of ether:hexane:acetic acid (70:
30:1 [vol/vol/vol]). After autoradiography, the bends were
scraped and counted at the appropriate channels.

Phosphatidyl inositol kinase and protein kinase C translo-
cation. The procedures used were adapted from those re-
ported previously (26, 57, 66).

Isolation of RNA and Northern (RNA) blotting. Cytoplas-
mic RNA was isolated from 2 X 108 cells by first washing the
cells in PBS and then lysing the cells in 0.5% Nonidet P-40-
10 mM Tris—10 mM NaCl-3 mM MgCl,. Nuclei were pellet-
ed at 500 X g. The supernatant was harvested, adjusted to
1% SDS and 0.2 M NaCl, extracted several times with
phenol and chloroform, and ethanol precipitated. Cytoplas-
mic RNA was loaded in a 1% formaldehyde-agarose gel (10
pg per lane). The gel was transferred to Genescreen (Amer-
sham Corp.) and hybridized as previously described to
radioactive proves labeled with [**P]dCTP by random prim-
ing (Amersham). The probes used were the CD23 cDNA
(kindly provided by H. Kikutani and T. Kishimoto), the
plasmid 3R1 containing 1.8 kilobases of the coding region for
the alpha chain of LFA-1 (R. Larson and T. Springer,
unpublished data), the plasmid 9.1.1 containing the cDNA of
the beta chain of LFA-1 (32), and an actin probe containing
a 284-base-pair fragment of the gamma actin gene (kindly
donated by K. Robbins).

Conjugate formation assay. Conjugate formation between
Louckes target cells and EBV-specific but HLA class 1
antigen-mismatched cytotoxic T cells was measured in a
rapid in vitro assay described elsewhere (19). Such conjuga-
tion occurs within 5 min of effector-target cocentrifugation
and is independent of antigen-specific (HLA class I-re-
stricted) recognition (52). The assay was carried out either in
culture medium alone or in medium containing saturating
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concentrations (usually a 1:1,000 dilution of ascitic fluid) of
monoclonal antibodies to the adhesion molecules LFA-1,
ICAM-1, and LFA-3. The percentage of effector cells form-
ing conjugates was assessed by fluorescence-activated cell
sorting analysis of 20,000 fluorescent events, the effector and
target cells having been pre-labeled with fluorescein diace-
tate (green) and hydroethidine (red), respectively.

RESULTS

LMP (but not D1ILMP) expression induces B-lymphoma cell
aggregation. LMP or DILMP, each under control of the
human metallothionein type 2 promoter, were linked to a
positive selection vector and transfected into an EBV-
negative Burkitt’s lymphoma line (Louckes) (65). Twelve
transfected clones of each type and vecttor-transfected con-
trol clones were selected. Vector-transfected and D1LMP-
transfected clones grew as suspensions of single cells similar
to untransfected Louckes cells (Fig. 1B, L-V or L-
D1LMP1). In contrast, some LMP-transfected clones grew
as tight clumps (e.g., Fig. 1B, L-LMP6 or 8), while others
grew partially clumped (e.g., Fig. 1B, L-LMP4) or were
indistinguishable from vector-transfected controls (e.g., Fig.
1B, L-LMP7). The LMP-transfected clones also varied in
LMP expression (Fig. 1A). The LMP expression level cor-
related with the extent of cell aggregation. Clones expressing
high levels of LMP (L-LMP2, 5, 6, or'8) grew in large dense
clumps. Clones expressing intermediate levels of LMP (L-
LMP1 or 4) grew partially in clumps. LMP-transfected
clones in which LMP was not detectable (L-LMP3 or 7) grew
the same as DILMP or vector-transfected controls.

Most DILMP clones expressed an intermediate to high
level of the truncated D1LMP (42; Fig. 1A, L-D1LMP1 or
LD1LMP2; see Fig. 9, DILMP versus LMP8 [note that the
number of D1ILMP1 or DILMP2 cells in Fig. 1A is less than
that in other lanes]), which in the case of LMP correlated
with partial or full clumping. However, the D1ILMP-ex-
pressing cells did not grow in clumps and continued to grow
as dispersed cells even when a higher level of DILMP
expression was induced by growth in medium containing 75
M zinc sulfate.

LMP affects lymphocyte adhesion. In phase, dark-field, or
fluorescence microscopy, LMP-expressing cells were sur-
rounded by prominent membranous projections, while
D1LMP-expressing or control vector-transfected cells were
not. In a scanning electron microscope more frequent,
broader, and longer ruffled membrane projections of LMP-
expressing cells were evident in comparison with control
vector-transfected or DILMP-expressing cells (Fig. 2). Mul-
ticellular clumps joined by long membranous ruffles were
only seen in the LMP-expressing cell cultures (Fig. 2D). The
long membranous ruffles appeared to extend from one cell to
another, with tapering toward the midpoint but without
discernible interruptions.

In view of these findings and the observation that LMP-
expressing cells grow in clumps, we examined these cells for
altered expression of surface proteins known to be involved
in cell adhesion. LFA-1 (gp 180,95) is a member of a family
of leukocyte surface proteins with a common beta chain and
distinct alpha chains. Other family members include MAC-1
(gp170.95) and p150,95 (56). Monoclonal antibodies specific
for either the common beta chain (60.3 [3]; MHM?23 [23]) or
for the LFA-1 alpha chain (MHM24 [23]) recognized these
molecules on the surfaces of all of the lymphoblast cell
clones but gave more intense staining of LMP-expressing
cells than of DILMP or vector control cells (Fig. 3 and Table
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FIG. 1. LMP expression in Louckes cells correlates with cell clumping. Louckes cells (an EBV-negative Burkitt’s lymphoma cell line)
were transfected with pSV2gpt, pSV2gptLMP (carrying the intact LMP gene under control of the human metallothionein type 2 promoter
[Hmt2]), or pSV2gptD1LMP (carrying the truncated LMP gene under control of the Hmt2 promoter). Mycophenolic acid-resistant clones
were checked for LMP or D1ILMP expression by Western blot analysis (A) by using anti-LMP, S12 monoclonal antibody, rabbit anti-mouse
second antibody, and ?*I-labeled protein A. Cells lines are indicated above the lanes. B95-8 is a marmoset lymphocyte cell line which is
partially permissive of EBV infection and therefore expresses LMP and D1ILMP. IB4 is a tightly latent cell line which expresses only LMP.
LV represents the vector control. Total protein loaded in DILMP1 and D1LMP? lanes in this gel was less than in other lanes. The light
microscope photographs (magnification, x25) (B) show that pSV2gpt-transfected LMP clones varied in clumping, while pSV2gpt
D1LMP-transfected clones or control vector-transfected clones did not clump.

1). This increased LFA-1 expression was confirmed by
immunoprecipitation with the 60.3 monoclonal antibody
(Fig. 3, insert). The immunoprecipitation experiments also
revealed a small increase in surface expression of p150,95 on
the LMP-expressing cells (Fig. 3, insert). This was subse-
quently confirmed by using a pl50 (alpha chain)-specific
monoclonal antibody (data not shown).

The higher surface expression of LFA-1 is at least partially
attributable to higher levels of alpha chain mRNA (Fig. 4C).
Alpha chain mRNA levels were higher in LMP-expressing
cells than in D1ILMP- or vector control-transfected cells.
The LFA-1 alpha chain mRNA level induced by LMP was
similar to that induced by EBV transformation of normal B
lymphocytes (L-LMP8 versus IB4; Fig. 4C). In contrast, the
LFA-1 beta chain mRNA level (relative to the actin mRNA
level) was unaffected by LMP expression. These data are
compatible with LFA-1 regulation largely being at the level
of alpha mRNA expression and beta chain being constitu-
tively expressed in excess.

Homotypic cell adhesion leading to cell growth in clumps,
such as is seen in EBV-transformed B-cell lines, is achieved
through interactions between LFA-1 and its natural ligand
ICAM-1 (39, 50). By surface immunofluorescence, ICAM-1
was higher on the LMP-transfected cells but not on D1ILMP-
or vector control-transfected cells (Table 1). This contrasts
with the clumping induced in Louckes cells by EBNA-2
expression, which is achieved with no change in LFA-1 or
ICAM-1 expression (Table 1) (65). LFA-1 and ICAM-1 were

FIG. 2. LMP expression causes increased ruffling of cell mem-
brane and cell clumping. Vector control cells (A), LMP-expressing
cells (B). and D1LMP-expressing cells (C) were attached to cover
slips by poly-L-lysine treatment. Scanning electron microscopy
shows the different cell membrane morphologies. Panel D shows the
cell clumping characteristics of LMP-expressing cells. Bars in
panels A and D, 1 pm.
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FIG. 3. LMP induces LFA-1 expression. Clones expressing DILMP (L-D1LMP2) or LMP (L-LMPS8) or vector-transfected -control cells
were stained with the anti-LFA-1 60.3 monoclonal antibody and FITC-conjugated goat anti-mouse Fab fragments. Profile of fluorescence
intensity by fluorescence-activated cell sorter analysis is shown. The insert shows an autoradiogram of an immunoprecipitate (with 60.3
monoclonal antibody) of surface-iodinated Louckes clones expressing DILMP (L-D1LMP2) or LMP (L-LMP6 and L-LMP8) or vector-
transfected control cells which were immunoprecipitated with the 60.3 monoclonal antibody. Numbers indicate kilodaltons.

TABLE 1. Summary of cell adhesion molecule expression on Louckes transfectants

Expression of

a Control”
Clone Growth pattern (background) LFA-1 ICAM.1 LFAS3
alpha beta

L-pZ-3 Single cells 0.6 8 9 24 0.5
L-E1-10 Single cells 0.2 10 11 21 2
L-E3-2 Single cells 0.5 9 9 14 1
L-ELP-8 Single cells 4 7 8 18 2
L-ELP-9 Single cells 0.3 12 11 27 3
L-E2-5 Large clumps 0.4 10 9 34 4
L-E2-7 Large clumps 0.5 11 9 27 2
L-gpt-1 Single cells 0.5 9 8 21 2
L-gpt-2 Single cells 0.2 6 6 24 2
L-D1LMP1 Single cells 0.4 5 S 20 0.9
L-D1LMP2 Single cells 0.5 4 4 34 2
L-D1LMP3 Single cells 0.7 9 9 30 3
L-D1LMP4 Single cells 0.4 8 8 28 3
L-LMP7 Small clumps 0.4 14 15 28 9
L-LMP1 Medium clumps 0.7 10 11 45 11
L-LMP4 Medium clumps 0.9 12 15 30 16
L-LMP5 Large clumps 0.7 14 16 57 27
L-LMP2 Large clumps 1 20 22 52 33
L-LMP6 Large clumps 1 23 22 47 34
L-LMP8 Large clumps 1 27 27 49 41

a Cells used were Louckes cells expressing MoMuLV vector control (L-pZ-3) or MoMuLV vector with EBNA-1 (L-E1-10), EBNA-3 (L-E3-2), EBNA-LP
(L-ELP-8 and 9), or EBNA-2 (L-E2-5 and 7). Other cells included Louckes cells expressing the pSV.gpt vector control (L-gpt-1 and 2), truncated-form DILMP
(L-D1LMP 1 to 4) or full-length LMP (L-LMP 1 to 8).

® Numbers represent mean fluorescence intensity (from fluorescent antibody staining) normalized for cell surface area. There were no significant differences
between any of the groups of transfectants with regard to the HLA class I antigen expression when assayed in this experiment (data not shown).
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FIG. 4. LMP induces LFA-1 alpha chain and CD23 mRNA.
Cytoplasmic RNA (10 wg) from IB4 and Louckes cells transfected
with vector control (L-gpt), truncated LMP (D1LMP2), and full-
length LMP (L-LLMP8) was loaded in each lane. In panels A and B,
the same blot was hybridized first with a CD23 probe and then with
an actin probe. In panel C, an identical blot was hybridized
sequentially with probes for actin and the beta and alpha chains of
LFA-1 (LFA-a and LFA-B). The actin probe was used as an internal
control for the amount of RNA loaded per lane, allowing for
comparison of RNA expression between cell lines. Comparisons
between probes, however, are not quantitative. Positions of 18S and
28S RNAs are also shown.

shown to be responsible for the aggregation of LMP-ex-
pressing cells by monoclonal antibody inhibition of cell
aggregation. Fab fragments of monoclonal antibodies spe-
cific for ICAM-1 (R6.5) (R. Rothlein, personal communica-
tion) or LFA-1 alpha chain (TS1/22) completely inhibited
LMP-expressing cell aggregation as determined by a quali-
tative aggregation assay (50).

LFA-3, another cell adhesion molecule, is not involved in
B-lymphoblast homotypic cell adhesion but is the natural
ligand for the T-cell antigen CD2 (56). Interactions between
B and T lymphocytes are facilitated through LFA-3-CD2 and
ICAM-1-LFA-1 adhesion pathways (37, 52). Changes in
LFA-3 expression are important because they could affect
the susceptibility of EBV-infected cells to T-cell surveillance
(19, 48). LFA-3 is very low on Louckes cells and was
induced to very high levels by LMP expression but not by
D1LMP expression (Table 1). Increased LFA-3 expression
on LMP-expressing cells was indeed associated with a
greater efficiency of conjugate formation with effector T cells
(Fig. 5, solid bars). (Conjugate formation in this assay
measures effector-target interactions which are independent
of specific immune recognition [19, 52].) The relatively low
numbers of conjugates formed between control or DILMP-
expressing cells and effector T cells only involved the LFA-1
pathway, since anti-LFA-1 monoclonal antibodies com-
pletely prevented conjugation whereas LFA-3 antibody had
no effect (Fig. 5). In contrast, LFA-1, ICAM-1, or LFA-3
monoclonal antibodies each partially inhibited the conjuga-
tion of LMP-expressing cells with T cells (Fig. 5), and
complete inhibition required both anti-LFA-1 and anti-LFA-
3 reagents (data not shown). This conjugation is therefore
supported by both LFA-1-ICAM-1 and CD2-LFA-3 adhe-
sion pathways.

LMP (but not DILMP) affects cell size, acid production,
TGF-beta responsiveness, and markers of B-cell activation. In
order to study the effects of LMP or DILMP on cell growth,
clones of LMP-, DILMP-, or control vector-expressing cells
were maintained in log-phase cell growth by daily feeding.
LMP-expressing cell clones characteristically caused a rapid
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FIG. 5. LMP increases the efficiency of conjugate formation
between Louckes target cells and EBV-specific cytotoxic T cells.
Conjugate formation for the cells indicated was determined by
fluorescence-activated cell sorting analysis and expressed as the
percentage of effectors forming conjugates. Assays were conducted
either in culture medium alone (M) or in the presence of a saturating
concentration of a monoclonal antibody specific for LFA-1 (MHM23
[Z]), ICAM-1 (RR1/1 [@]), or LFA-3 (TS2/9 [&]).

fall in medium pH (to 6.9 for LMP clones versus 7.2 for
control or D1ILMP clones) within 48 h of seeding at 2 X 10°
cells per ml in complete growth medium, in which the culture
medium pH was adjusted daily to pH 7.4 with sodium
bicarbonate. Under these conditions of continuous growth,
cell size and cell cycle analysis werer performed by flow
cytometry. The average diameter of LMP-expressing cells as
determined by forward light scattering was 16% larger than
the diameter of D1LMP-expressing or control vector-trans-
fected cells (Fig. 6). Despite the increased acid production
and increased cell volume, there was no change in cell cycle
distribution as determined by propidium iodide staining (Fig.
7, upper panels) nor in the rate of cell growth as determined
by overnight [*H]thymidine incorporation (data not shown).
Over a 5-day period after seeding at low density in fresh
medium, the LMP-expressing clones grew 15% more slowly
than did the DILMP or vector-transfected clones (data not
shown). The saturation densities of LMP-, DILMP-, and
vector control-transfected cells were similar.

Transforming growth factor (TGF) beta is known to have
differential effects on the proliferation of transformed cells

8 —
L-D1LMP2
Freq
X101 44
0 !
0

Channel Number X10

FIG. 6. LMP causes increase in lymphocyte cell volume. The
cell size of LMP-expressing cells (L-LMP6) versus that of D1LMP-
expressing cells (L-D1LMP2) was measured by forward-light-scat-
tering flow cytometry. The channel numbers are on a logarithmic
scale; 83 channels are equivalent to 1 log cycle. Control vector-
transfected cells were identical in size to pSV2gptD1LMP-trans-
fected cells.
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FIG. 7. Effect of TGF beta on the cell cycle of vector control-, DILMP-, and LMP-transfected cells. Lgpt-1, L-D1ILMP2, and L-LMP6
cells growing in log phase were initially plated at 2.5 x 10° cells per ml. After 48 h, cell cycle distribution was determined by propidium iodide
staining and fluorescence-activated cell sorting analysis in medium containing 0 or 2 ng of TGF beta per ml (indicated at left).

(for a review, see reference 28) and has been noted to
increase the growth rate of EBV-transformed cells (4, 27).
We investigated whether LMP would be responsible for the
increased response of EBV-transformed cells to transform-
ing growth factor (TGF) beta. Surprisingly, the proliferation
of the LMP-expressing Burkitt’s lymphoma cells was mark-
edly inhibited by TGF beta, as determined by [*H]thymidine
incorporation of LMP-expressing clones compared with
D1LMP or vector control-transfected cells (Table 2). This
was due at least in part to a marked arrest of the LMP-
expressing cells in G,-G, phase by TGF beta treatment (Fig.
7, lower panels). Actively growing LMP-expressing clones
had consistently higher intracellular free calcium than did
D1LMP- or control vector-expressing cells as measured by
fura-2AM. The intracellular free calcium level in LMP-
expressing cells was significantly higher than it was in vector
control cells (P < 0.01 by Wilcoxon signed-rank test) and
was on average 48% higher than it was in vector control cells
in 12 different experiments. In contrast, the intracellular free
calcium level in D1LMP-expressing cells was not different
than that in vector control cells. Since the level of intracel-
lular free calcium has sometimes been linked to the phos-
phatidylinositide turnover pathway, phosphatidylinositide

TABLE 2. Effect of TGF beta on LMP or D1LMP-expressing or
vector-transfected (Louckes) lymphoblast clones®

Thymidine incorporation (cpm [10°])

Clone Control TGF beta
(no TGF beta) (0.5 ng/ml)
gpt-1 1.2 1.4
gpt-2 1.6 1.5
D1LMP-1 1.5 1.5
D1LMP-2 1.6 1.5
LMP-6 1.4 0.44
LMP-8 1.5 0.77

@ Cells in log-phase growth were seeded into 12-well plates at 2 x 10° cells
per ml in medium with or without TGF beta. After 48 h at 37°C, [*H]thymidine
(1 uCi/ml) was added to the medium for 16 h. Cells were then harvested onto
filters for determination of radioactivity.

(61) and diacylglycerol (33) levels were measured in LMP- or
D1LMP-expressing cells or in control vector-transfected
cells. With short-term (1 h) >PO, labeling, >*P incorporation
into all organic phosphates was increased twofold in LMP-
expressing versus D1LMP- or control vector-transfected
cells; phosphatidylethanolamine, phosphatidylcholine, phos-
phatidic acid, phosphatidylinositol, phosphatidylinositol
phosphate, and phosphatidylinositol biphosphate were all
similarly increased. With overnight 32PO,, [*Hlinositol, or
[**CJarachidonic acid labeling, LMP-expressing cells did not
differ in phospholipid, phosphoinositol, diacylglycerol, or
triglyceride levels per amount of cell protein. LMP-ex-
pressing cells also did not differ in phosphatidylinositol
kinase activity (57, 66) or protein kinase C translocation (28).

CD23 and transferrin receptor surface expression, two
markers of B-cell activation, are known to increase within 48
h of EBV infection of normal B cells (17). CD23 and
transferrin receptor are both expressed at low levels on the
Louckes cell and were induced to higher levels in the
high-LMP-expressing clones 5, 6, and 8, but not in the
D1LMP-expressing clones 1 and 2 or in the vector control-
transfected cells (Fig. 8 and 9, respectively). LMP-ex-
pressing cells had more than twofold higher surface CD23
expression than did DILMP- or control vector-transfected
cells (Fig. 8). As determined by Northern blot analysis,
increased surface CD23 expression is at least in part due to
increased CD23 mRNA levels (Fig. 4A and B, respectively).
The level of CD23 mRNA compared with that of actin
mRNA was severalfold higher in LMP-expressing Burkitt’s
tumor cells and in the continuous EBV-infected lymphoblas-
toid cell line IB4 compared with D1ILMP- or vector trans-
fected-cells. In contrast to CD23 and transferrin receptor,
human class I and class II HLA antigens and the interleukin-
2 receptor were not expressed at higher levels in transfected
clones compared with in DILMP or vector control clones
(data not shown).

LMP (but not DILMP) patches and associates with cyto-
skeleton. In latently infected, growth-transformed lympho-
cytes, LMP localizes in a patch at the cell periphery and is
diffusely distributed through the cytoplasm (35). In transfec-
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FIG. 8. LMP induces CD23 expression. CD23 expression was
measured by flow cytometry with EBVCS 2, 4, and 5 antibodies and
FITC-conjugated goat anti-mouse immunoglobulin. A represent-
ative high-LMP-expressing clone (L-LMP6) expressed more than

twice as much CD23 than did D1LMP-expressing (L-D1LMP2) or
vector control (L-gpt) cells.

ted Louckes cells, LMP was also in a dense patch at the cell
periphery and was diffusely distributed through the cyto-
plasm (Fig. 10C). In contrast, D1LMP-expressing cells ex-
hibited only uniform, diffuse, cytoplasmic fluorescence. No
localization to the cell periphery or to patches was observed
(Fig. 10B).

Since in EBV growth-transformed B lymphocytes or in
LMP-transformed rodent fibroblasts about 50% of the cell
LMP is bound to the cytoskeletal network and resists

J. VIROL.

FIG. 10. Intracellular localization of LMP and DILMP. Actively
growing or control pSV2gpt vector-transfected clone (A), pSV2gpt
D1LMP-transfected cells (B), or pSV2gpt LMP-expressing cells (C)
were fixed in cold methanol. The S12 monoclonal antibody, biotiny-
lated goat anti-mouse F(ab’)2, and FITC-conjugated streptavidin
were sequentially used for immunofluorescence staining. The
pSV2gpt DILMP-transfected clone was treated with 75 pM zinc
sulfate overnight to induce a level of D1ILMP similar to that of LMP
in the pSV2gptLMP cells.

persistent extraction with buffers containing nonionic deter-
gent (34, 64), the extent to which LMP or D1LMP associates
with the cytoskeleton of the transfected cells was examined.
Louckes cells expressing LMP or DILMP were extracted
twice with PBS containing the nonionic detergent Triton
X-100, and the level of LMP or DILMP in the detergent-
soluble and -insoluble cell fractions was analyzed by West-
ern (immuno-) blotting (Fig. 11). Approximately 50% of the
total LMP persistently resisted detergent extraction and was
associated with the cytoskeletal residue (Fig. 11, lane 3). In
contrast, DILMP was completely extracted from cells by the

Transferrin Receptor
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FIG. 9. LMP induces transferrin receptor expression. Shown are results of flow cytometry of representative clones of vector control cells
(1I), D1LMP-expressing cells (1II [L-D1LMP2]), and high-LMP-expressing cells (IV [L-LMP5]) which were stained with anti-transferrin
receptor antibody (Interferon, Inc.) and FITC-conjugated goat anti-mouse Fab fragments. Background cell staining (I) was done with the
FITC-conjugated antibody only. Inset, immunofluorescent staining of L-D1LMP2 (1I1) and L-LMP5 (1V) cells.
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FIG. 11. Detergent extraction of LMP- and D1LMP-expressing
cells. Cells (10%) were extracted three times with PBS containing
0.5% Triton X-100. Each of the extractions and the insoluble pellet
were analyzed by SDS polyacrylamide gel electrophoresis and
Western blotting with an anti-LMP monoclonal antibody. Molecular
masses (in kilodaltons) and locations of LMP and D1LMP are
indicated to the left of the lanes.

first detergent treatment (Fig. 11, lane 4), indicating that it is
not associated with the cytoskeleton. Thus, LMP patching in
transfected lymphoma cells correlates with cytoskeletal as-
sociation, as it does in EBV-transformed lymphocytes or
LMP-transformed rodent fibroblasts, and D1ILMP, which
does not patch in these transfected cells, is not associated
with the cytoskeleton.

DISCUSSION

These experiments demonstrate that EBV LMP expres-
sion in a continuous human B-lymphoblast cell line causes
steady-state increases in intracellular free calcium, acid
production, cell size, membrane ruffling, cell surface CD23
and transferrin receptor expression, and homotypic and
heterotypic cell adhesion marked by increased LFA-1, LFA-
3, and ICAM-1 expression. Each of these effects was known
to be a prominent feature of EBV-, antigen-, or mitogen-
induced B-lymphocyte proliferative activation. A transient
increase in intracellular free calcium is a prominent immedi-
ate manifestation of B-lymphocyte activation (for a review,
see reference 6). Within 24 h of EBV infection or mitogen
stimulation, normal resting human B cells increase surface
CD23 expression, and within 48 h they increase transferrin
receptor expression (17, 59, 62). Both CD23 and transferrin
receptor expression precede initiation of S phase. Several
lines of evidence point to central roles for intracellular free
calcium increase and increased CD23 and transferrin recep-
tor in B-cell growth regulation (11, 18, 20, 29, 43). In
EBV-infected B cells, CD23 expression is superinduced, and
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a soluble form of CD23 is present which has autocrine B-cell
growth factor activity (31, 59). The specific induction of
CD23 by EBNA-2 as shown in earlier work (65) and the
increased expression of CD23, shown here to be associated
with LMP, further support the working hypothesis that
CD23 is central to EBV-induced B-lymphocyte growth
transformation. Thus, LMP appears to have a role in EBV-
induced B-lymphocyte proliferation and growth transforma-
tion based on its ability to modulate key points of B-cell
growth regulation, namely increases in intracellular free
calcium and in cell surface levels of CD23 and transferrin
receptor.

LMP did not affect protein kinase C activation or phos-
phoinositol turnover, two other regular accompaniments of
B-cell growth activation, and LMP-expressing Louckes B-
lymphoma cells did not grow more rapidly than controls.
However, it should be noted that protein kinase C activation
and phosphatidylinositol turnover have not been shown to
be directly affected by EBV infection. In addition, an
increased rate of cell proliferation may not be an expected
phenotype for an EBV transforming gene in an already
established lymphoma cell line, since EBV infection of such
cells does not increase their proliferation rate (44). In caus-
ing a steady-state increase in intracellular free calcium, LMP
presumably provides constant relief of this stringent require-
ment for G4-G, phase transition during logarithmic cell
growth. A difference in G,-G; versus S-phase cell cycle
distribution might be anticipated and, in fact, a slight de-
crease in the G,-G; phase cell fraction was seen in some
experiments. However, attempts to bring out a G4-G,/S
phase difference between LMP-expressing and control cul-
tures by manipulating the conditions of cell growth (in-
cluding analysis after growth to saturation density, after
growth in medium supplemented with low serum, or shortly
after release from growth inhibition) did not result in an
increased difference between LMP-expressing and control
cultures. Thus, LMP-expressing cells still exhibit substantial
G,-G,/S transition block. In fact, TGF beta, which can
inhibit G1-to-S transition and transferrin receptor expression
on normal or neoplastic-stimulated B lymphocytes (55),
inhibited the growth of LMP-expressing Burkitt’s tumor
cells but had no effect on the growth of nonexpressing
control cells. LMP expression appears, therefore, to induce
a susceptibility to TGF beta blockade of G, transition, which
may counter some of the growth-stimulating effects of LMP.
The TGF beta-induced G, blockade of LMP-expressing cells
is somewhat surprising, since TGF beta was previously
reported to increase the proliferation of EBV-infected nor-
mal or malignant B cells (4). However, growth factors can
switch TGF beta inhibition of cell growth to cell growth
stimulation (30). Thus, in EBV latent infection, another EBV
gene product may directly or indirectly reverse the inhibi-
tory effect of LMP-mediated TGF beta responsiveness.

Several lines of evidence indicate that the EBV EBNA-2 is
at least one other EBV protein necessary for EBV-induced
B-cell proliferation. EBV isolates deleted for EBNA-2 (22)
lack growth-transforming activity, while transformation-
competent recombinant isolates have regained EBNA-2 (54).
Second, EBYV isolates with a somewhat uncommon EBNA-2
allele differ from those with the more common EBNA-2 in
their ability to maintain B-lymphocyte proliferation (49).
Third, in Rat-1 cells, EBNA-2 caused partial relief from
serum dependence (10). Fourth, in the same Burkitt’s tumor
cells used in these studies, EBNA-2 expression specifically
induced CD23 mRNA, CD23 surface expression, and cell
clumping (65). In Burkitt’s tumor cells, EBNA-2 expression
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was associated with a more restricted phenotype than LMP
in that EBNA-2 did not cause cell enlargement, membrane
ruffling, acid production, transferrin receptor expression, or
induction of LFA-1, LFA-3, or ICAM-1. Thus, EBNA-2 and
LMP probably act in concert in EBV induction of B-
lymphocyte growth transformation.

A characteristic feature of all EBV-infected cell lines is the
growth of cells in very tight clumps (44). Growth of EBV-
infected cells in tight clumps may be advantageous to their
growth because of their need for autocrine or paracrine
growth factors (15, 16, 59). Previous data indicated that
LFA-1 and ICAM-1 are involved in EBV-induced cell adhe-
sion, since monoclonal antibodies to LFA-1 and ICAM-1
reversed the phorbol ester-induced adhesion of EBV-in-
fected cells (45). Also, EBV-transformed B cells from indi-
viduals who are deficient in LFA-1 expression do not grow in
tight clumps (56). Our data support a role for LFA-1 and
ICAM-1 in EBV-induced cell adhesion and link their in-
creased expression to LMP. Interestingly, LFA-1-ICAM-1-
mediated cell clumping must not be stringently required for
EBYV to induce B-cell proliferation, since EBV does trans-
form LFA-1-deficient B lymphocytes. Also, the EBNA-2-
induced cell adhesion is not related to increased expression
of these previously described lymphocyte adhesion mole-
cules, suggesting that additional mechanisms may be oper-
ating in the EBNA-2-expressing or EBV-infected lympho-
cytes.

The most dramatic change in cell surface molecule expres-
sion induced by LMP was the change in LFA-3. This caused
increased conjugate formation with human T lymphocytes,
presumably through T lymphocyte CD2. Both LFA-3-CD2
and ICAM-1-LFA-1 are important in B- and T-lymphocyte
conjugation; both appear to be necessary for efficient Killing
of EBV-infected B cells by virus-specific cytotoxic T cells
(19). Although EBV-infected cell growth in clumps as a
consequence of LFA-1 and ICAM-1 induction may enhance
autocrine or paracrine growth factor effects, the induction of
LFA-3 and ICAM-1 could have an adverse effect on EBV-
infected B lymphocytes in vivo by enhancing the efficiency
of immune T-cell surveillance. Prevention of EBV-induced
lymphoproliferation in humans is believed to be due to
virus-specific T-cell-mediated immunity (7, 48, 49). The
levels of ICAM-1 and LFA-3 on target cells can influence the
susceptibility of the cells to T-cell killing by determining the
ease of effector-target conjugate formation (37, 56). Indeed,
down-regulation of ICAM-1 and LFA-3 expression has been
associated with EBV-positive Burkitt’s tumor cell escape
from immune T-cell surveillance (19). The induction of LMP
of adhesion molecules increases the susceptibility of EBV-
infected cells to immune surveillance. However, a strong
T-cell response may, in the long run, be advantageous for
EBYV since it permits it to establish a long-term commensal
relationship with its human hosts, which serve as a reposi-
tory for infectious virus. In fact, recent studies indicate that
LMP also provides some of the important target epitopes for
virus-specific T-cell lysis (42).

The distinctly different intracellular localization of LMP
and EBNA-2 and their different phenotypic effects (other
than on CD23 expression) indicate that these two EBV
growth-transforming proteins act through different mecha-
nisms. The nuclear localization and likely DNA-binding
properties of EBNA-2 suggest a direct role in inducing CD23
transcription. In EBV growth-transformed, latently infected
lymphocytes, LMP localizes to the cytoplasmic membranes
and to a patch at the cell periphery, presumably in the
plasma membrane (34, 35). Plasma membrane LMP is in a
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configuration such that only the first reverse turn between
the first two of the six transmembrane domains is susceptible
to live-cell protease cleavage (35). LMP is posttranslation-
ally modified (2, 34) and associates with the cytoskeleton
(34). The large LMP patch at the cell periphery is associated
with vimentin (34). Our data indicate that LMP expressed in
Burkitt’s lymphoma cells also aggrfegates in a large patch at
the cell periphery and is associated with the cytoskeleton.
As a plasma membrane protein with multiple membrane-
spanning domains, LMP could be a channel protein or could
interact with a channel protein. Prominent features of the
LMP-expressing cells are their acid production and high
intracellular free calcium. These could be related through
modification of an ion channel, which could directly or
indirectly lead to an increase in intracellular free calcium.
We favor an indirect mechanism, since measurements of
radioactive calcium uptake or efflux in LMP-expressing
versus nonexpressing cells do not reveal a difference.

The amino-terminal-deleted form of LMP expressed in
Burkitt’s lymphoma cells did not patch at the cell periphery;
associate with the cytoskeleton; increase acid production;
raise intracellular free calcium; cause cell enlargement,
membrane ruffling, or CD23 or transferrin receptor induc-
tion; or increase cell adhesion or expression of LFA-1,
LFA-3, or ICAM-1. Thus, the deleted form of LMP ex-
pressed in productive virus infection has none of the cell
activation properties of LMP. The simplest hypothesis to
explain these coordinately associated characteristics of LMP
and D1LMP is that the short, charged amino terminus or the
first four transmembrane LMP domains are important in
plasma membrane translocation and cytoskeletal association
and that all of the other phenotypic manifestations of LMP
require plasma membrane or cytoskeletal association.
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