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Mimicry of CD40 Signals by
Epstein-Barr Virus LMP1 in B
Lymphocyte Responses

Junji Uchida,”* Teruhito Yasui,”* Yuko Takaoka-Shichijo,’
Masaaki Muraoka,’ Wanla Kulwichit,”? Nancy Raab-Traub,?
Hitoshi Kikutani't

The effect of the Epstein-Barr virus (EBV) latent membrane protein 1 (LMP1)
on the activation and differentiation of normal B cells was investigated. B cells
of transgenic mice expressing LMP1 under the control of immunoglobulin
promoter/enhancer displayed enhanced expression of activation antigens and
spontaneously proliferated and produced antibody. Humoral immune responses
of LMP1 transgenic mice in CD40-deficient or normal backgrounds revealed that
LMP1 mimics CD40 signals to induce extrafollicular B cell differentiation but,
unlike CD40, blocks germinal center formation. Thus, these specific properties
of LMP1 may determine the site of primary B cell infection and the state of
infection in the natural course of EBV infection, whereas subsequent loss of
LMP1 expression may affect the site of persistent latent infection.

Epstein-Barr virus (EBV) is a causative agent
of infectious mononucleosis and lymphoprolif-
erative diseases in immunosuppressed patients
and is associated with various malignancies

such as Burkitt’s lymphoma, Hodgkin’s lym-
phoma, and nasopharyngeal carcinoma. Prima-
ry EBV infection of B cells results in the ex-
pression of EBV-encoded nuclear antigens

(EBNAs) and latent membrane proteins
(LMPs) and growth transformation (/). Char-
acteristics of EBV-infected B cells such as en-
larged cell size, expression of activation and
adhesion molecules, and antibody secretion are
similar to those of B cells stimulated by poly-
clonal B cell activators, interleukin 4 (IL-4),
and CD40 ligation; however, only EBV can
immortalize B cells (2).

Of the EBV gene-encoded proteins,
LMP1 is essential for EBV-mediated trans-
formation and induces most of the changes
associated with EBV infection (3). LMP1 is
an integral membrane protein with six trans-
membrane domains that facilitate self-aggre-
gation in the plasma membrane (4). Its
COOH-terminal cytoplasmic region recruits
tumor necrosis factor (TNF) receptor—associ-
ated factors (TRAFs) that are signal-trans-
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Fig. 1. Immunofluorescence analysis of B lymphocytes in LMP1tg mice. (A) B cell-specific
expression of transgenic LMP1. Spleen cells were stained by FITC-anti-Thy1.2 or FITC—
anti-B220 in combination with biotinylated anti-LMP1, followed by Alexa 594 —conjugated
streptavidin. Purified macrophages and dendritic cells were also stained by FITC-anti-
CD11b or FITC—anti-CD11¢, respectively, in combination with biotinylated anti-LMP1,
followed by Alexa 594 —streptavidin. Only B220™ B cells derived from LMP1tg mice were
stained by anti-LMP1 and detected as cells displaying red fluorescence. Scale bar, 10 pm.
(B) Normal development of LMP1tg B cells. Either splenic or bone marrow-derived
mononuclear cells from LMP1tg and the control mice were stained with anti-B220,
anti-IgM, and anti-IgD. Population of lymphocytes was defined as forward and side scatters,
and their expression patterns of B220 and IgM, or IgM and IgD, are shown. Numbers are
percentages of total lymphocytes in each quadrant. (C) Enhanced expression of activation
markers on LMP1tg B cells. LMP1tg and control splenocytes were stained with monoclonal antibodies specific for B220 and CD54, CD23, CD95, CD80, CD86,
or I-A. B220™ cells from LMP1tg mice (shaded area) and control mice (unshaded area) were gated as populations of B lymphocytes, and the magnitudes of
their surface marker expressions are shown as histograms. Similar results of these flow cytometric analyses were observed in three separate experiments.
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ducing molecules. of TNF receptor family
proteins, including CD40 on B cells (5, 6).
LMP1 and CDA40 interact with many of the
same TRAF molecules; thus, it is likely that
LMP1 would engage at least part of the CD40
signal pathway in a ligand-independent man-
ner during EBV infection of B cells. To
address the question of whether and how
LMP1 mimics CD40 signaling to induce B
cell activation and differentiation in vivo, we
investigated B cell functions and humoral
immune responses of LMPI1 transgenic
(LMP1tg) mice (7) in normal and CD40-
deficient (CD40~'~) backgrounds (8, 9).
We first analyzed the effect of LMPI1
expression on the development and activation
of B cells in transgenic mice expressing
LMPI1 (7). Because the transgene is under the
control of immunoglobulin promoter/enhanc-
er, LMP1 was found to be expressed on
B220™" B cells but not on Thyl.2* T cells in
these mice (Fig. 1A) (10). Other types of cells
prepared from the transgenic mice, such as
CD11b*  peritoneal macrophages and
CDl11c™ splenic dendritic cells, could not be
stained with antibody to LMP1 (anti-LMP1).
Transgenic LMP1 expression thus appeared
to be B cell-specific. Although some frac-
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Fig. 2. Effects of LMP1 expression on prolifer-
ation, Ig secretion, and NF-kB activation of
primary B cells. (A) Enhanced in vitro prolifer-
ation of LMP1tg B cells. High-density B cells
were prepared from LMP1tg mice and their
littermates and were cultured with or without
IL-4 and CD40L-expressing CHO cells. Data are
shown as [3H]thymidine uptake 48 hours after
cultivation. (B and C) Enhanced in vitro IgM and
1gG1 production of LMP1tg B cells. Cells were
cultured with or without IL-4 and CD40L-ex-
pressing CHO cells for 7 days, and amounts of
1gM and IgG1 in the culture supernatants were
assayed. (D) Constitutive activation of NF-kB
in LMP1tg B cells. Purified high-density B cells
from each LMP1tg mouse were incubated with
or without anti-CD40 or LPS. Nuclear extracts
were prepared and assayed for NF-kB-binding
activity. A sample containing 2.5 pg of nuclear
extract per lane was loaded. Similar results of
the patterns were seen in three independent
experiments. A representative autoradiography
is shown.
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tions of transgenic mice have been shown to
develop B cell lymphoma over 12 months
(7), secondary lymphoid organs such as
spleen and lymph nodes of 6- to 8-week-old
transgenic mice were macroscopically and
histologically normal (/7). The expression
patterns of surface immunoglobulins M and
D (IgM and IgD) and ratios of mature and
immature B cells in spleen and bone marrow
were similar between LMP1tg mice and their
control littermates (Fig. 1B) (10). However,
intercellular adhesion molecule-1 (ICAM-1/
CD54), CD23, and Fas/CD95 were more
highly expressed in LMP1tg B cells relative
to normal B cells. Slight increases in the
expression of major histocompatibility com-
plex class II antigen (I-A), CD80, and CD86
were also reproducibly observed on LMPltg
B cells (Fig. 1C). These results indicate that
LMP1 expression does not affect antigen-
independent B cell development but may ac-
tivate B cells in vivo.

To further investigate how LMP1 influ-
ences B cell activation, we analyzed in vitro
proliferation, antibody secretion, and nuclear
factor kB (NF-kB) activation of LMP1-ex-
pressing B cells (/2). Thymidine uptake was
detected in LMPltg B cells even without
stimulation. Furthermore, IL-4 alone could
induce significant enhancement of [>H]thy-
midine uptake of LMPIltg B cells, whereas
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Fig. 3. In vivo T-dependent antibody responses
in LMP1tg or CD40™/~ LMP1tg mice. Mice were
immunized with alum-precipitated NP-CGG; 14
days after immunization, NP-specific immuno-
globulins in the sera were measured. (A) NP-
specific IgM antibody responses. (B) NP-specific
IgG1 responses (*, not detectable). (C) Affinity
of NP-specific IgG1 antibodies. Because total
NP-specific IgG1 production in CD40~/~ mice
was not detectable, the ratio is defined as zero
(**). More than three mice from each group
were used for these experiments.

proliferation of control B cells also required
CDA40 ligation (Fig. 2A). LMPltg B cells
also produced substantial amounts of IgG1
as well as IgM in vitro. IL-4 alone could
increase amounts of IgM and IgGl pro-
duced by LMPl1tg B cells, although anti-
body secretion of normal B cells was strict-
ly dependent on CD40 ligation (Fig. 2, B
and C). LMP1 is known to induce NF-«kB
activation (/3). Elevated NF-kB-binding
activities were seen in both LMPltg and
CD40~/~ LMPItg B cells even without
stimulation (Fig. 2D). However, NF-kB ac-
tivity was induced in control mice only
when stimulated with lipopolysaccharide
(LPS) or CD40 ligation. As expected, anti-
CD40 failed to induce NF-kB activity in
CD40~'~ mice.

The flow cytometry and in vitro function-
al studies of LMPltg B cells indicate that
constitutive LMP1 expression exerts effects
on B cells similar to those induced by CD40
ligation, supporting an assumption that
LMP1 may mimic CD40 signals when EBV
infects and transforms B cells. In addition to
in vitro activation, proliferation, and antibody
production of B cells, CD40 plays a critical
role in the formation of the germinal center
(GC), the site of affinity maturation of anti-
body and generation of memory B cells, both
of which are essential for effective humoral
responses (8, 14). To determine whether
LMP1 can mimic CD40 signaling, we inves-
tigated the effect of LMP1 on in vivo anti-
body responses. If LMP1 engages part of the
CDA40 signal pathway, LMP1 expression may
rescue some of the humoral immune respons-
es in CD40 '~ mice where Ig class switching
and GC formation are defective. LMP1tg and
CD40~'~ LMPIltg mice were immunized
with alum-precipitated (4-hydroxy-3-nitro-
phenyl)acetyl-conjugated chicken vy-globulin
(NP-CGG) (I5). Anti-NP IgM production
was observed in all immunized mice, includ-
ing CD40~'~ mice (Fig. 3A), which is con-
sistent with our previous observation that
IgM antibody responses against T-dependent
antigen can take place even in the absence of
CDA40 (8). Comparable titers of anti-NP IgG1
were detected in both CD40-expressing con-
trol and LMP1tg mice, but not in CD40~/~
mice. Interestingly, the anti-NP IgGl re-
sponse could be clearly rescued by transgenic
LMP1 expression in CD40~'~ mice (Fig.
3B). One characteristic of the T-dependent
humoral immune response is affinity matura-
tion of antibody. Both CD40-expressing
LMPItg mice and their littermates produced
high-affinity anti-NP IgGl that could bind
divalent antigen [bovine serum albumin cou-
pled with two NP haptens (NP,-BSA)]. On
the other hand, anti-NP IgG1l of CD40~/~
LMPItg mice could bind multivalent antigen
but not divalent antigen (Fig. 3C), indicating
that CD40~'~ LMPltg mice produced only
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low-affinity antibodies. Thus, LMP1 could
restore class switching but not affinity matu-
ration of antibody.

At the very early stage of antibody re-
sponse, antigen-specific B cells differentiate
into antibody-forming cells in T cell-rich
extrafollicular areas of secondary lymphoid
organs, particularly along periarteriolar lym-
phoid sheath (PALS) in spleen (/6). This B
cell differentiation is accompanied by Ig class
switching but not affinity maturation. Be-
cause most primary anti-NP antibodies bear
A1 chain in the Igh® mice, PALS-associated
B cell foci can be visualized by anti-\ stain-
ing (17). Spleen sections were prepared 7
days after immunization and stained by anti-A
and anti-y1 (/8). B cell foci stained by anti-A
could be observed in immunized control and
LMPItg mice (Fig. 4A). Some A" cells of
these mice could be stained by anti-yl as
well. In CD40~'~ and CD40~'~ LMPltg
mice, immunoblast-like cells intensely
stained by anti-\ were detected dispersedly or
as small clusters. Because CD40 '~ mice are
defective in class switching (8), anti-y1 failed
to stain B cell foci of these mice (Fig. 4A),
which are probably producing only IgM. On
the other hand, a fraction of A\™* B cells were
clearly stained by anti-yl in CD407/~
LMPItg mice (Fig. 4A). This finding is con-

Fig. 4. Immunohisto-
chemical analysis of
spleens from LMP1tg or
CD40™/~ LMP1tg mice
during primary immune
response. (A) Ig class
switching in PALS-associ-
ated B cell foci of
CD40~/~ LMP1tg mice.
Spleen sections prepared
7 days after immuniza-
tion were stained with
FITC—anti-\ and biotinyl-
ated anti-lgG1, followed
by Texas Red—conjugated
streptavidin. Lleft and
right panels show green
(FITC-anti-A) and red
(Texas Red-streptavidin/
biotinylated  anti-IgG1)
fluorescence, respective-
ly. In the CD40~/~
spleen, only A* 1gG1~ B
cells are identified. \*
IgG1™* B cells are detect-
ed in CD40~/~ LMP1tg
mice as well as control
and LMP1tg mice. Scale
bar, 100 pm. (B} Defec-
tive GC formation in
CD40~/~ LMP1tg or
LMP1tg mice. Spleen sec-
tions were prepared 14
days after immunization
and stained with FITC-
anti-IgM and biotinylated
PNA, followed by Texas

Control

cpao’-

cD40”" LMP1tg

A A

REPORTS

sistent with the results of serum antibody
titers and demonstrates that LMP1 expression
can rescue PALS-associated B cell differen-
tiation accompanied by Ig class switching in
CD40~/~ mice.

GC formation was examined 14 days
after immunization. Well-developed GCs,
which were intensely stained with peanut
agglutinin (PNA) (I8), were observed in
the lymphoid follicles of immunized con-
trol mice. CD40~/~ LMPltg mice failed to
develop GCs, as expected given that they
produced only low-affinity anti-NP IgGl
(Fig. 4B). Surprisingly, typical GC forma-
tion was not detected in the follicles of
LMPIltg even though their sera contained
high-affinity anti-NP IgG1 (Fig. 4B). Stain-
ing of spleen sections with anti-B220 and
anti-Thyl.2 showed that the follicular ar-
chitectures of both CD40~/~ LMPItg and
CD40-positive LMPItg mice were intact
(Fig. 4C), suggesting that LMP1-express-
ing follicular B cells can differentiate into
antibody-producing cells but not form GCs.
Thus, LMP1 expression not only fails to
rescue GC formation in CD40~/~ mice but
also actively suppresses GC formation even
in the presence of CD40. Although it is not
yet known where B cells undergo affinity
maturation in LMP1tg mice, similar obser-

IgG1 B

vations on affinity maturation without GCs
have been reported in several mutant mice
(19). Further studies on hypermutation of
the variable region of the Ig chain will be
necessary to determine the effect of LMP1
expression on affinity maturation.

Our results show that LMP] mimics
CDA40 signals to induce extrafollicular B cell
activation and differentiation, accompanied
by Ig class switching. However, unlike CD40
signaling, LMP1 blocks B cells from entering
the GC pathway. This is consistent with pre-
vious observations that in infectious mono-
nucleosis, an exaggerated form of primary
EBV infection, EBV* B lymphoblasts are
detected in extrafollicular areas but not in
GCs (20), and that EBNA™ cells differentiate
toward plasma cells (21). It is likely that EBV
first infects circulating resting B cells and
induces LMP1-dependent extrafollicular B
cell activation and differentiation. This con-
tributes to amplification of the viral episome
in proliferating cells and will continue until
immune responses to EBV, particularly a
strong cytotoxic T lymphocyte response, are
established. In peripheral blood of EBV car-
riers, the virus resides latently in long-lived
IgD~ memory B cells, which usually develop
in GCs (22). The EBV-infected memory B
cells express only LMP2a but not LMPI.

-

Red-conjugated streptavidin. Scale bar, 100 um. (C) Spleen sections were stained by FITC-anti-Thy1.2 and biotinylated anti-B220, followed by Texas
Red-streptavidin. Scale bar, 100 um. More than two mice from each group were used.
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Similarly, EBV* Burkitt’s lymphomas, trans-
formed counterparts of GC centroblasts, ex-
press only EBNAT1 but not LMP1 (23). Infected
B cells express a full spectrum of EBV-encoded
products and are vulnerable to the immune
system, and it is likely that the ability of LMP1
to prevent these B cells from entering the GC is
beneficial for the virus. Only infected B cells
that have lost LMP1 expression are eligible to
enter the GC pathway; in this way, persistent
infection in memory B cells, protected from the
host immune system, can be established. This
may reflect the loss of expression of the major
viral transactivator of LMP1 expression,
EBNA2 (24). Because antigen reactivity is nec-
essary for B cells to survive under antigen-
driven selection in GCs, among B cells that
have lost LMP1 expression, only B cells whose
corresponding antigens are available can differ-
entiate into memory B cells. This is likely to be
a rare event and may account for the low fie-
quency of latently infected B cells in EBV
carriers (25).

LMP1 and CD40 clearly have differing
effects on the induction of GC formation.
They share some TRAF molecules such as
TRAF1, 2, 3. and 5 as signal transducers
(5). Both LMP1 and CD40 are associated
with Jak3 kinase (26). However, there are
some differences. CD40, but not LMP1,
engages TRAF6 (6). LMP1, but not CD40,
interacts with TNF receptor l—associated
death domain (TRADD) protein (27). The
mode of signaling is also different between
LMPI1 and CD40; that is, LMPI transduces
ligand-independent and constitutive signals
(28), whereas CD40 signals are ligand-de-
pendent and transient. It is not yet known
which interacting molecule(s) or signaling
mode is responsible for distinct outcomes
of signals. It is also noteworthy that in
human B cells LMP1 could down-regulate
the expression of BCL-6, a key molecule
necessary for GC formation (29). Further
dissections of LMP1 and CD40 signaling
will increase our understanding not only of
EBYV infection but also of the regulation of
the humoral immune response.
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