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An Epstein-Barr virus (EBV) recombinant (MS231) that expresses the first 231 amino acids (aa) of LMP1
and is truncated 155 aa before the carboxyl terminus transformed resting B lymphocytes into lymphoblastoid
cell lines (LCLs) only when the infected cells were grown on fibroblast feeder cells (K. M. Kaye et al., J. Virol.
69:675–683, 1995). Higher-titer MS231 virus has now been compared to wild-type (WT) EBV recombinants for
the ability to cause resting primary B-lymphocyte transformation. Unexpectedly, MS231 is as potent as WT
EBV recombinants in causing infected B lymphocytes to proliferate in culture for up to 5 weeks. When more
than one transforming event is initiated in a microwell, the MS231 recombinant supports efficient long-term
LCL outgrowth and fibroblast feeder cells are not required. However, with limited virus input, MS231-infected
cells differed in their growth from WT virus-infected cells as early as 6 weeks after infection. In contrast to WT
virus-infected cells, most MS231-infected cells could not be grown into long-term LCLs. Thus, the LMP1
amino-terminal 231 aa are sufficient for initial growth transformation but the carboxyl-terminal 155 aa are
necessary for efficient long-term outgrowth. Despite the absence of the carboxyl-terminal 155 aa, MS231- and
WT-transformed LCLs are similar in latent EBV gene expression, in ICAM-1 and CD23 expression, and in
NF-kB and c-jun N-terminal kinase activation. MS231 recombinant-infected LCLs, however, require 16- to
64-fold higher cell density than WT-infected LCLs for regrowth after limiting dilution. These data indicate that
the LMP1 carboxyl-terminal 155 aa are important for growth at lower cell density and appear to reduce
dependence on paracrine growth factors.

Epstein-Barr virus (EBV) is etiologically associated with
human B-cell malignancies and can efficiently transform rest-
ing human B lymphocytes into lymphoblastoid cell lines
(LCLs). In LCLs, EBV expresses 12 genes, including those for
six nuclear proteins (EBNAs LP, 1, 2, 3A, 3B, and 3C), three
integral membrane proteins (LMP1, -2A, and -2B), two small
nuclear RNAs, and a transcript whose function is uncertain
(BARF0) (30, 42). Recombinant EBV-based genetic analyses
have shown that EBNAs LP, 2, 3A, and 3C and LMP1 are
critical for primary B-lymphocyte growth transformation, while
EBNA 3B, LMP2A and -2B, EBERs, BARF0, and most of the
rest of the EBV genome are dispensable for LCL outgrowth (7,
18, 28, 35, 37, 43, 47, 49).

LMP1 is not only essential for primary B-lymphocyte growth
transformation but is unique among EBV genes expressed in
latent infection in its broad activating effects in B lymphocytes
and transforming effects in rodent fibroblasts (54, 55). Genetic
and biochemical data indicate that LMP1 is equivalent to a
constitutively activated receptor of the tumor necrosis factor
receptor (TNFR) family (14, 19, 25, 32, 40). TNFRs are im-
portant regulators of lymphocyte differentiation, growth, and
survival (2). LMP1 has three components that enable it to

mimic activated TNFRs (Fig. 1A). These components are the
six hydrophobic transmembrane domains that cause LMP1 to
aggregate in the plasma membrane independent of any ligand;
a carboxyl-terminal, membrane-proximal, cytoplasmic se-
quence that is similar to the CD40 and CD30 sequences that
interact with TNFR-associated factors (TRAFs); and a car-
boxyl terminus that interacts with the TNFRI-associated death
domain protein (TRADD) (5, 9, 25, 44, 55).

This report characterizes the biologic and biochemical ef-
fects of transformation of primary human B lymphocytes with
an EBV recombinant (MS231) that has a specifically mutated
LMP1 gene (29). The MS231 recombinant is of interest be-
cause its LMP1 open reading frame is interrupted by a non-
sense codon inserted after the core TRAF binding site and at
least 120 codons before the TRADD binding site. Conse-
quently, MS231 expresses an LMP1 that includes the trans-
membrane domains and the TRAF binding site, both of which
are essential for primary B-lymphocyte growth transformation,
but lacks the last 155 amino acids, including the TRADD
binding site, which is critical for LCL outgrowth (24, 25, 28,
29). Thus, understanding the transforming potency of the
MS231 EBV recombinant for primary B lymphocytes is critical
to an evaluation of the relative importance of the TRAF en-
gagement site in LMP1’s overall effects.

The MS231 recombinant was obtained by second-site ho-
mologous recombination using P3HR-1 EBV to provide most
of the genetic background and two bacterial plasmids with
cloned EBV DNA. One plasmid marker rescues a transform-
ing virus, and a second plasmid provides a specifically mutated
LMP1 (29). The recombinant was recovered by growth of in-
fected primary B lymphocytes on fibroblast feeder cells. Induc-
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tion of lytic virus infection and lethal irradiation of MS231-
infected cells, followed by cocultivation with primary human B
lymphocytes on fibroblast feeder cells, resulted in transformation
of the primary B lymphocytes. These second-generation
MS231-infected LCLs also required fibroblast feeder cells for
their expansion (29). We eventually succeeded in obtaining
substantial quantities of virus from these MS231-infected LCLs,
and this has permitted us to directly compare the effect of the
MS231 EBV recombinant on primary B lymphocytes with the
effect of otherwise isogenic wild-type (WT) recombinants.

MS231 EBV can transform primary B lymphocytes into
LCLs without fibroblast feeder cells. T-cell-depleted human
peripheral blood mononuclear cells were exposed to 0.45-mm-
filtered virus supernatants from MS231 or WT EBV recombi-
nant-infected LCLs, and the newly infected lymphocytes were
seeded into growth medium at 3.3 3 105/ml in 96-well plates
with or without fibroblast feeder layers. Five weeks later, LCL
outgrowth was evident in most wells for both MS231 and WT
EBV-infected cells, indicating a high titer of free, transforming
virus for both MS231 and WT EBV. The fraction of positive
wells and the microscopic appearance of the proliferating cells
were similar whether the MS231 or WT EBV-infected cells
were plated on or off fibroblast feeders. At 7 weeks postinfec-
tion, WT- and MS231-infected LCLs were expanded into 48-
well plates without fibroblast feeders and most of the cells
continued to grow. These results were quite unexpected, since
we had previously noted that MS231-infected lymphocytes re-
quired fibroblast feeder cells for their growth (29). The possi-

bility that the unexpectedly robust outgrowth of the MS231-
infected cells was related to the unusually high titer of virus
that had been used in these experiments was considered.

Efficient outgrowth of MS231-infected LCLs requires more
than a single transforming event in a microwell. One hypoth-
esis that could account for the similar growth of the MS231 and
WT EBV recombinant-infected lymphoblasts without fibro-
blast feeder layers is that the initiation of several transforming
events in a single microwell results in a paracrine effect that is
similar to that of fibroblast feeder layers. To test whether
several transforming events per microwell are necessary for
efficient outgrowth of MS231-infected cells, increasing dilu-
tions of MS231 or WT virus were used to infect primary human
B lymphocytes. The relative amount of viral DNA in the prep-
arations was estimated by endpoint dilution PCR. Viral DNA
could be amplified from one WT virus preparation (WT1) at
dilutions of up to 1:625, from a second WT virus preparation
(WT2) at dilutions of up to 1:78,125, and from the MS231
preparation at dilutions of up to 1:3,125 (Fig. 1B). Based on
these results, we estimate that the MS231 virus preparation has
five times as much viral DNA as WT1 and 1/25 of the viral
DNA of WT2. At 5 weeks after infection of primary human B
lymphocytes with dilutions of MS231, WT1, or WT2 virus and
culture of the infected cells in microwells without fibroblast
feeders, fewer than half of the microwells were positive for
LCL outgrowth at the 1:5 and 1:25 dilutions of WT1, at the
1:125 and 1:625 dilutions of MS231, and at the 1:500 and
1:2,500 dilutions of WT2. Thus, the 50% transforming titer of
the MS231 virus was similar to that expected for WT EBV
when corrected for the relative amount of viral DNA. The
MS231-infected cells were also indistinguishable from WT-
infected cells in their macroscopic and microscopic appear-
ances at 5 weeks. Most of the cells in the MS231- and WT-
infected cell wells were in clumps of at least several hundred
cells that were indistinguishable in microscopic appearance
from established LCLs.

However, by 6 weeks postinfection, there was an obvious
difference in the growth of MS231- and WT-infected cells from
the plates of cells infected with dilutions of virus for which
fewer than 50% of the wells were positive for cell growth. Only
2 (7%) of 27 MS231-infected LCLs had grown sufficiently to
enable transfer to 48-well plates, whereas 12 (32%) of 37
WT-infected LCLs were transferable to 48-well plates. At 8
months postinfection, the difference was even more striking.
Only 4 (15%) of the initial 27 MS231-infected cells were still
growing in culture, whereas 15 (89%) of the initial 17 repre-
sentative WT-infected cells were still growing. The 23 of 27
MS231-infected cells and 2 of 17 WT EBV-infected cells that
were not still growing had been lost through irreversible cell
crises. Thus, cells growing out after infection with dilutions of
MS231 EBV which yielded less than 50% positive wells differ
substantially from WT EBV-infected cells in their potential for
long-term LCL outgrowth.

As expected from the initial results, MS231-infected cells
growing on plates infected with concentrations of virus at
which most or all of the wells were initially positive for growth
were similar to WT-infected cells in their potential for long-
term LCL outgrowth. Of 12 MS231 LCLs from a plate that had
80% positive wells at 5 weeks, 11 were still actively growing at
8 months. The more efficient long-term outgrowth of MS231-
infected LCLs from plates with a high fraction of positive wells
is consistent with the notion that the absence of the carboxy-
terminal 155 amino acids can be compensated for by the initial
infection of a larger number of cells. The larger number of
infected cells may provide a cross-feeding effect that is suffi-
cient to enable outgrowth. Alternatively, the larger number of

FIG. 1. (A) Predicted structure of LMP1 in the plasma membrane. Numbers
indicate LMP1 amino acids. Transforming effector site 1 (TES1/CTAR1) is
indicated by hatched bars, and TES2/CTAR2 is indicated by stippling. Amino
acids after 231 are not expressed in MS231 (22, 25). (B) PCR analysis of virus
DNA. Primers LMP1MS84B (AGA CCT TCT CTG TCC ACT TG) and
LMP1R (CGT TAG AGA AGG AAG AGT AAG GGA) were used to quan-
titate EBV DNA from viral supernatants. These primers amplify DNA from
within the LMP1 gene but upstream of the nonsense linker insertion. Serial
fivefold dilutions of virus DNA were made prior to amplification. The reciprocal
of each dilution is shown above each lane. Lanes containing amplified MS231,
WT1, and WT2 virus DNAs are indicated. The plasmid lane indicates cloned
LMP1 DNA used as a template, and the po lane indicates primers only without
the template. The 104-bp PCR product is indicated by the arrow. Size markers
(base pairs) are indicated to the left. The bands migrating below 72 bp represent
primer dimers. DNA was amplified by 40 cycles of 94°C for 15 s, 55°C for 30 s,
and 72°C for 75 s (GeneAmp System 9600; Perkin-Elmer Cetus).
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infected cells may result in the infection of a cell that is more
competent for outgrowth.

MS231 and WT EBV are similar in latent infection gene
expression. The possibility that the robust MS231 EBV trans-
forming phenotype could be due to altered EBV gene expres-
sion was evaluated. First, the LMP1 genotype and protein
expression were examined. The LMP1 carboxyl terminus en-
coding DNA from two different MS231-transformed LCLs was
PCR amplified by using primers MS187A and MS187B (29)
and directly sequenced. Unique and unambiguous sequences
of the LMP1 DNA were obtained, including the site of inser-
tion of the nonsense linker after codon 231. The sequence was
identical to the previously published sequence for the MS231
recombinant (29). Further, the MS231-transformed cells did
not express WT LMP1, as was readily detected by immuno-
blotting of lysates of WT-transformed cells using a monoclonal
antibody that recognizes an epitope that is C terminal to amino
acid 231 (Fig. 2, top). MS231 LMP1 was detected by fluores-
cence microscopy using a polyclonal rabbit serum directed
against the LMP1 N-terminal cytoplasmic domain. MS231
LMP1 was in a tight patch in the plasma membrane of infected
LCLs. The plasma membrane distribution and level of antigen
detection were indistinguishable from those of WT LCLs ex-
amined in parallel (Fig. 2, middle). Finally, a human serum was
used to detect the EBNA 1, 2, 3, and LP proteins in lysates of
the MS231- and WT-infected LCLs. The EBNA 1, 2, 3, and LP
proteins were expressed at similar levels in the MS231- and
WT-infected LCLs (Fig. 2, bottom).

MS231 and WT EBV-infected LCLs differ in their depen-
dence on cell concentration for growth. To further test the
importance of paracrine growth factors for MS231-infected
cell growth, three MS231- and four WT-infected LCLs were
each seeded into at least 32 microwells at increasing dilutions
and in medium supplemented with 15, 10, or 5% serum. Three
separate experiments were done. At standard cell passage con-
centrations (1 3 105 to 3 3 105 cells/ml of culture medium),
MS231- and WT-infected cells grew in all of the microwells.
However, a striking difference in regrowth was evident be-
tween MS231 and WT EBV-infected LCLs after plating at
lower cell concentrations. In 10% serum, the endpoint for
regrowth in .50% of the microwells for the three MS231-
infected cell lines was 67,000 cells/ml whereas the endpoints
for WT-infected LCL regrowth were 1,100 (three LCLs) and
4,300 (one LCL) cells/ml. Therefore, in 10% serum, MS231-
infected LCLs required a 16- to 64-fold higher cell concentra-
tion than did WT-infected LCLs for regrowth. Interestingly,
the cell density requirement for MS231 regrowth was not sig-
nificantly altered by plating of cells in medium at various serum
concentrations (5 to 15%). Thus, MS231-infected LCLs are
considerably more dependent on paracrine effects for their
continued growth than are WT-infected LCLs, even after many
months in culture.

Phenotypes of MS231 and WT recombinant-infected LCLs.
LMP1 activates NF-kB and c-jun N-terminal kinase, up-regu-
lates the expression of activation markers and adhesion mole-
cules, and functionally activates cell adhesion (12, 17, 19, 31,
34, 39, 54, 56). Despite the lack of expression of the LMP1
carboxyl-terminal 155 amino acids, MS231-infected LCLs grew
in clumps, similar to WT-infected LCLs. In order to assess the
levels of NF-kB activation in MS231- versus WT-infected
LCLs, the level of expression of an NF-kB-regulated surface
marker, ICAM-1 (45), was assessed. Surface ICAM-1 expres-
sion levels, as measured by fluorescence-activated cell sorter
analysis after incubation with excess ICAM-1 monoclonal an-
tibody, were similar on five MS231 recombinant virus-infected
LCLs and three WT-infected LCLs (data not shown). Surface

CD23 expression levels were also similar on 11 of 14 MS231
recombinant virus-infected LCLs and 10 WT-infected LCLs.
However, the CD23 mean fluorescence for three MS231-in-
fected LCLs was one-fourth as much as for the other MS231-

FIG. 2. (Top) Immunoblot analysis of LCLs for LMP1. LMP1 was detected
with S12 (36) monoclonal antibody from LCLs infected with WT EBV but not
from LCLs infected with MS231 virus, since the S12 recognition sequence is not
expressed in MS231. Lanes WT3, WT4, and WT8 contained protein from WT
LCLs, and lanes 0, 1, 2, 3, 4, 6, and 7 contained protein from LCLs MS231-0,
MS231-1, MS231-2, MS231-3, MS231-4, MS231-6, and MS231-7, respectively.
BJAB is an EBV-negative B-lymphoma cell line. B95-8 is a WT EBV-infected
marmoset cell line. Proteins from 2.5 3 105 cells were separated by SDS–8%
PAGE. Size markers (kilodaltons) are indicated at the left. A truncated form of
LMP1 is also expressed in B95-8 due to lytic replication occurring in this cell line
(21). S12 monoclonal antibody was detected with sheep anti-mouse immuno-
globulin conjugated to horseradish peroxidase (Amersham), followed by a
chemiluminescence assay. (Middle) Immunofluorescent staining with rabbit an-
tiserum recognizing the LMP1 amino terminus (22). (A) LCL infected with
MS231 virus. (B) LCL infected with WT EBV. Magnification, 31,000. (Bottom)
Immunoblot analysis of LCLs for EBNA proteins. The EBNA 1, 2, 3, and LP
proteins were detected with human serum and are indicated on the right. EBNA
LP has multiple sizes in each LCL due to variable numbers of a repeat element
within the gene. Lanes WT3, WT4, and WT8 contained protein from WT LCLs.
Lanes 0, 1, 2, 3, 4, 6, and 7 contained protein from LCLs MS231-0, MS231-1,
MS231-2, MS231-3, MS231-4, MS231-6, and MS231-7, respectively. Proteins
from 5 3 105 cells were loaded in each lane. EBNA proteins were detected with
human serum and protein A conjugated to horseradish peroxidase (Amersham),
followed by chemiluminescence assay. Size markers (kilodaltons) are indicated
on the left.
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or WT-infected LCLs. These results indicate that cellular fac-
tors can compensate for any deficiency in ICAM-1 and CD23
upregulation that may result from the absence of the LMP1
C-terminal 155 amino acids.

NF-kB activation in MS231 versus WT recombinant virus-
infected LCLs. NF-kB activation was measured by gel shift
using a major histocompatibility complex class I NF-kB site
(39) with nuclear extracts from each of four MS231-infected
LCLs and four WT recombinant-infected LCLs (Fig. 3A; com-
pare MS231-infected LCL nuclear extracts in lanes 5 to 8 with
WT-infected cell nuclear extracts in lanes 1 to 4). Antibodies to
p50, p52, and rel were used to identify specific NF-kB com-
plexes. MS231- and WT recombinant-infected LCLs had sim-
ilar levels of p50/rel heterodimers and p52/rel heterodimers.
MS231 recombinant-infected LCL nuclear extracts had some-
what increased p50 homodimer levels. Since p50/p50 ho-
modimers are transcriptionally inactive (1), competition be-
tween the increased levels of p50/p50 homodimers and rel
heterodimers for NF-kB binding sites could result in reduced
NF-kB activation. However, as noted above, MS231- and WT-
infected LCLs expressed similar ICAM-1 levels, indicating that
overall levels of NF-kB activation are similar in these cells. The
p50/p50 homodimer gel-shifted NF-kB probe and all other
gel-shifted probe migrating above the p50/p50 homodimer
were specifically competed with cold excess NF-kB competitor
DNA and were not competed with cold excess mutated NF-kB
DNA (data not shown).

c-jun N-terminal kinase activation in MS231 versus WT
recombinant virus-infected LCLs. Endogenous c-jun N-termi-
nal kinase activity in MS231- and WT-infected LCLs was eval-
uated by incubating c-jun N-terminal kinase immunoprecipi-
tates from each LCL with glutathione S-transferase (GST)-jun
in the presence of [g-32P]ATP. Cells (15 3 106) were lysed for
15 min at 4°C in 1 ml of lysis buffer (50 mM Tris [pH 7.4], 150
mM NaCl, 2 mM EDTA, 0.5% Nonidet P-40, 3% glycerol, 1
mM phenylmethylsulfonyl fluoride, 5 mg of leupeptin per ml, 2
mg of aprotinin per ml, 5 mM NaF, 0.5 mM Na3VO4). Cells
were passed five times through a 21-gauge needle and centri-
fuged at 14,000 rpm (IEC Micromax microcentrifuge) for 10
min at 4°C. Protein concentrations were quantitated with bicin-
choninic acid protein assay reagents (Pierce), and the same
amount of protein was used for each immunoprecipitate. For
immunoprecipitation, 1 mg of rabbit anti-JNK antibody (JNK1
FL) was incubated with cell extract at 4°C for 45 min and then
with protein A/G-Sepharose (Santa Cruz) for 2 h at 4°C. The
same amount of GST-jun (a fusion of GST with c-Jun amino
acids 1 to 79) (19) was added to each immunoprecipitate,
beads were washed once with lysis buffer, twice with phos-
phate-buffered saline, and once with kinase buffer lacking
[32P]ATP prior to incubation in kinase buffer (20 mM HEPES
[pH 7.4], 20 mM b-glycerol phosphate, 10 mM MgCl2, 10 mM
dithiothreitol, 50 mM Na2VO3, 20 mM unlabeled ATP, 2.5 mCi
of [g-32P]ATP per sample). Kinase reactions were carried out
at 30°C for 20 min, and reactions were terminated with 23
sodium dodecyl sulfate (SDS) running buffer and boiling. Pro-
teins were resolved by SDS-polyacrylamide gel electrophoresis
(PAGE). JNK was detected by immunoblotting, and 32P-la-
beled GST-jun was detected by autoradiography. Similar
amounts of the p46 and p54 JNK forms were present in the
immunoprecipitates of each LCL (Fig. 3B, JNK), and levels of
JNK activity, as determined by GST-jun phosphorylation (Fig.
3B, IVK), were similar in MS231 (Fig. 3B, lanes 1 to 4)- and
WT (Fig. 3B, lanes 5 to 8)-infected LCLs.

These data indicate that the MS231 EBV recombinant is
similar to WT EBV recombinants in initiating primary B-lym-
phocyte proliferation. At 5 weeks after infection, MS231 and

WT EBV-infected cells were indistinguishable in their growth
and the microscopic appearance of the cells was similar to that
of established LCLs. The MS231 recombinant expresses only
the LMP1 amino terminus, the hydrophobic transmembrane

FIG. 3. (A) Analysis of NF-kB activity in LCLs. Gel shift assays (26) were
performed with nuclear extracts of WT or MS231 recombinant virus-infected
LCLs. Nuclear extracts were prepared by a modified form of the Dignam method
(57) and incubated with radiolabeled NF-kB probe. NF-kB probe was prepared
by annealing oligonucleotides CCC GGA ATT CTG GGG ATT CCC CAT
GGG GAT TCC CCA TGG GGA TTC CCC AGG ATC CCG and CCC GGG
ATC CTG GGG AAT CCC CAT GGG GAA TCC CCA TGG GGA ATC CCC
AGA ATT CCG. NF-kB subunit compositions in each of the different complexes
were determined by supershift assays of a WT LCL (data not shown) and are
indicated at the left. The bottom band of the doublet at p52/rel supershifted with
p52 antibody. The top part of the p50/rel band and the upper band of the doublet
at p52/rel supershifted with p65 antibody. The bottom part of the p50/rel band
supershifted with c-rel antibody. The bottom part of the p50/rel band and the
bottom band of the doublet at p52/rel supershifted with relB antibody. Rabbit
polyclonal antibodies directed against p50, p52 (provided by Ulrich Siebenlist,
National Institutes of Health, Bethesda, Md.), relB (C-19), c-rel (C), and p65 (A)
(Santa Cruz Biotechnology, Inc.) were used in supershift assays. Lanes WT1,
WTa, WTb, and WTc contained nuclear extract from WT LCLs, and lanes B, C,
D, and E contained nuclear extract from LCLs MS231-B, MS231-C, MS231-D,
and MS231-E. The asterisk denotes free probe. (B) c-jun N-terminal kinase
activity in MS231 versus WT recombinant-infected LCLs. c-jun N-terminal ki-
nase was immunoprecipitated from LCLs and incubated with GST-jun in the
presence of [g-32P]ATP. After separation of proteins by SDS-PAGE, c-jun N-
terminal kinase (JNK) was detected by immunoblotting (top) and phosphory-
lated GST-jun was detected by autoradiography (bottom). JNK was detected
with rabbit polyclonal antibody JNK1 FL (Santa Cruz Biotechnology, Inc.) at 1
mg/ml and protein A conjugated to horseradish peroxidase (Amersham), fol-
lowed by chemiluminescence assay. A, B, C, and D indicate LCLs MS231-A,
MS231-B, MS231-C, and MS231-D; WTa, WTb, WTc, and WTd indicate WT
LCLs. The p46 and p54 forms of c-jun N-terminal kinase are indicated. IVK (in
vitro kinase reaction) indicates phosphorylated GST-jun. Extents of phosphory-
lation were quantitated with a Molecular Dynamics PhosphorImager using Im-
ageQuant software and were similar for all of the lanes.
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domains which provide ligand-independent aggregation, and the
first 45 amino acids of the carboxyl-terminal cytoplasmic domain
which associates with TRAFs and activates downstream effectors.
These experiments indicate that the transmembrane domains
and TRAF binding domain are the principal LMP1 compo-
nents that mediate initial B-lymphocyte proliferation. These
results are consistent with the previous finding that deletion of
sequences encoding the LMP1 TRAF binding site abrogates
the ability of EBV to transform primary B lymphocytes (24).

Earlier experiments have investigated the signaling potential
of the LMP1 TRAF binding domain. In LCLs, LMP1 associ-
ates with TRAF1, -2, -3, and -5 (9, 10). TRAF2 and -5 activate
NF-kB and c-jun N-terminal kinase (46). In lymphocytes, the
LMP1 TRAF binding domain mediates a substantial compo-
nent of LMP1-induced NF-kB activation by signaling through
NF-kB-inducing kinase (NIK) and the IkBa kinases (IKKa
and IKKb) (48). NF-kB activation from the LMP1 TRAF
binding domain is an important regulator of TRAF1, EBI3 (an
interleukin-12 [IL-12] p40 homologous cytokine), and epider-
mal growth factor receptor expression (10). Activation of
TRAF1, EBI3, and epidermal growth factor receptor expres-
sion in EBV-infected cells is mediated primarily by the LMP1
TRAF binding domain (10, 38). In addition, NF-kB activation
from this domain contributes to the LMP1-induced CD40,
LFA-3, ICAM-1, and fas up-regulation in B cells (10). There-
fore, the LMP1 TRAF binding domain exerts multiple signals
capable of affecting cell growth.

The extent of similarity between MS231- and WT-trans-
formed LCLs in NF-kB and c-jun N-terminal kinase activation
and surface marker expression is unexpected. The LMP1
TRADD/RIP binding site, which is not expressed in MS231-
infected cells, is responsible for at least half of LMP1-induced
NF-kB activity and most or all of LMP1-induced c-jun N-
terminal kinase activity as assayed in 293 cells (9, 11, 12, 22, 23,
25, 27, 31, 39). Reduced NF-kB and c-jun N-terminal kinase
activity and lower activation and adhesion molecule expression
were therefore expected. However, deletion of the last 155
LMP1 amino acids, as is characteristic of MS231, has been
associated with increased binding of TRAF1 and TRAF2 to
the LMP1 TRAF binding domain (9, 44) and this could result
in somewhat enhanced signaling. In addition, the correlation of
high NF-kB and c-jun N-terminal kinase activity with increased
dependence on cell density is compatible with the notion that
MS231-infected cells have an increased requirement for para-
crine growth factors that indirectly activate NF-kB and c-jun
N-terminal kinase, enabling cell growth and survival.

Several autocrine and paracrine growth factor effects have
been shown to be important for LCL growth, including tumor
necrosis factor beta (TNF-b), IL-1, IL-5, IL-6, IL-10, and lactic
acid (3, 6, 13, 15, 16, 41, 51–53). Lymphotoxin alpha and IL-6
are NF-kB regulated (45). These factors may be expressed at
lower levels by MS231-infected cells than by WT EBV-infected
cells, and higher cell densities might compensate for and mask
lower factor secretion. In addition, increased concentration of
paracrine factors in high-density MS231 cultures could support
the unexpected high levels of NF-kB and c-jun N-terminal kinase
activity. For instance, IL-1 and TNF-b both activate NF-kB
(45) and IL-1, IL-5, and TNF activate c-jun N-terminal kinase
activity (4, 8, 33, 46). Interestingly, the necessary paracrine
factors could not be provided by fetal calf serum. Serum con-
centration did not significantly affect the MS231-transformed
cell density requirement for regrowth after limiting dilution.

Despite requiring a higher cell density for MS231-infected
cell regrowth after limiting dilution, the MS231 EBV recom-
binant was remarkably similar to WT recombinants in inducing
primary B-lymphocyte proliferation for 5 weeks, even after

initiating only one transforming event in a microwell. The
simplest explanation for this apparent difference is that unin-
fected cells in the microwell provide paracrine growth factors
to the initial MS231-infected, transformed cell. These experi-
ments are typically set up with 3 3 105 to 10 3 105 uninfected
cells per ml. Many of these cells persist for several weeks in
culture, and the presence of uninfected cells is important for
LCL outgrowth (20). After EBV infection, some nontrans-
formed B cells become activated and secrete immunoglobulin
(50). These immunoglobulin-secreting cells likely also secrete
growth factors which likely further enhance initial MS231
growth. MS231 infection of more than one cell in a microwell
would be expected to result in more infected cells at 5 weeks
postinfection than MS231 infection of only one cell in a mi-
crowell. Therefore, MS231 infection of multiple cells in a mi-
crowell is more likely than infection of one cell to achieve the
minimum concentration of 67,000 cells/ml necessary for ade-
quate paracrine growth support by 5 weeks postinfection, at
which time the cocultivated, uninfected cells have largely dis-
appeared from the culture.
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