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Abstract

Epstein—Barr virus (EBV) is a human herpesvirus that establishes a lifelong latent infection in the majority of the
human population. The virus resides in a latent state in B lymphocytes and is associated with a variety of cancers in the
human host. In normal individuals, latent infection with EBV typically poses no health risk, but upon
immunosuppression, either following organ transplantation or HIV infection, malignancies and lymphoproliferative
diseases can result. Latent membrane protein 2A (LMP2A) is a virally encoded membrane protein that is expressed in
EBYV latent infection and in most of the tumors associated with EBV infection. Previous studies have indicated that
LMP2A expression alters the activity of the Src family protein tyrosine kinases, the Syk protein tyrosine kinase, the Btk
protein tyrosine kinase, and phosphatidylinositol 3-kinase (PI3-kinase). In this study, inhibitors of each of these kinases
were tested using an in vitro system dependent on LMP2A expression for B cell colony formation in IL-7 containing
methylcellulose media. Of the inhibitors tested, only piceatannol, a Syk tyrosine kinase inhibitor, demonstrated a
specific effect on LMP2A expressing cells and not control cells. These studies provide a basis for targeting LMP2A
function in EBV latency and may allow for the identification of novel therapeutics for the treatment or eradication of
EBYV latent infections and associated proliferative disorders.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Epstein—Barr virus (EBV) is one of eight

herpesviruses that infect and establish latent
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is an important co-factor for the development of
cancers such as nasopharyngneal carcinoma
(NPC), Burkitt’s lymphoma (BL), and Hodgkin’s
Disease (HD) (for review, Longnecker, 1998;
Rickinson and Kieff, 1996). Some of the most
serious consequences of EBV latent infection arise
in individuals with immune dysfunction as a result
of immune suppression for organ transplantation
or HIV infection (for review, Cohen, 2000; Long-
necker, 1998; Rickinson and Kieff, 1996). In these
individuals, EBV latent infection can result in
severe life-threatening lymphoproliferative disease
making the development of therapeutics against
EBYV latent infection of vital importance.

EBYV has a large double-stranded genome that
encodes for over 75 viral proteins important for
lytic viral replication and the subsequent produc-
tion of infectious virions (for review, Kieff, 1996;
Longnecker, 1998). In contrast to lytic infection,
EBV, like all herpesviruses, expresses few if any
viral genes in latent infection (for review, Kieff,
1996; Longnecker, 1998). Studies analyzing gene
expression in normal individuals harboring EBV
latent infections demonstrate three distinct pat-
terns of latent gene expression that depend on the
differentiation stage and location of the latently
infected B cell. In the peripheral blood, EBV is
restricted to memory B cells that are resting and
express very few viral genes (Babcock et al., 1999,
1998; Miyashita et al., 1997). Most well documen-
ted is LMP2A, but other studies have indicated
that the EBERs and BARTSs are also expressed in
peripheral B cells harboring EBV (Babcock et al.,
2000; Chen et al., 1995, 1999; Qu and Rowe, 1992;
Tierney et al., 1994). Naive B cells in tonsils
express a repertoire of viral genes similar to what
is observed in EBV-infected LCLs grown in tissue
culture including the EBNAs, LMP1, and LMP2A
(Babcock and Thorley-Lawson, 2000; Babcock et
al., 2000; Ikeda et al., 2000; Joseph et al., 2000b;
Kurth et al., 2000). Germinal center centroblasts
and centrocytes as well as tonsillar memory B cells
harboring EBV express a more restricted pattern
of latent gene expression including EBNAIL,
LMPI1, and LMP2A (Babcock and Thorley-Law-
son, 2000; Babcock et al., 2000; Chen et al., 1999;
Ikeda et al., 2000; Joseph et al., 2000a,b; Kurth et
al., 2000). This pattern of expression is similar to

that observed in EBV positive tumors such as NPC
and HD (for review, Longnecker, 1998; Rickinson
and Kieff, 1996; Thorley-Lawson, 2001). The
universal expression of LMP2A in all latently
infected B cells in the human host and in NPC
and HD positive for EBV suggests that LMP2A
may be a good target for the development of
antiviral strategies directed against EBV latent
infection and EBV-associated proliferative disor-
ders.

Our previous studies have shown that LMP2A
forms a signalosome in B lymphocytes by recruit-
ing and associating with proteins important for
normal B cell signal transduction (for review,
Merchant et al., 2001; Portis et al., 2002). In B
lymphocytes, the LMP2A signalosome performs
several functions. By associating with and altering
the activity of the Src family protein tyrosine
kinases and the Syk protein tyrosine kinase,
LMP2A is able to block normal B cell receptor
signal transduction, while simultaneously provid-
ing a B cell receptor-like signal that promotes B
cell development and survival (Burkhardt et al.,
1992; Caldwell et al., 1998; Fruehling and Long-
necker, 1997; Fruehling et al., 1998; Merchant et
al., 2000; Miller et al., 1995, 1994). From our
studies, we have proposed several roles for
LMP2A in EBV latent infection. First, LMP2A
may prevent activation of lytic EBV replication by
cell surface mediated signal transduction. This
function of LMP2A would be important in pre-
venting lytic replication in latently infected B
lymphocytes as they circulate in the peripheral
blood, bone marrow, or lymphatic tissue where
they might encounter antigens, super antigens, or
other ligands which could engage B cell receptors
and activate EBV lytic replication. Second, by
mimicking normal B cell receptor signals LMP2A
may be important in allowing EBV to gain access
and persist in certain B cell populations. Both of
these functions would insure that EBV latent
infection is maintained in infected individuals.

We have characterized LMP2A function using
both in vitro and in vivo approaches. These studies
have indicated that LMP2A is able to bind and
alter the activity of numerous proteins involved in
normal B cell receptor signal transduction (Fig. 1).
The Src family protein tyrosine kinases, the Syk
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Fig. 1. Host proteins important in LMP2A in vitro and in vivo function. Components of the B cell receptor (BCR) signalosome and
the LMP2A signalosome are shown. LMP2A binds the Src family protein tyrosine kinases and the Syk protein tyrosine kinase by SH2-
phosphotyrosine interactions. This binding results in the activation of Btk and PI3-kinase. Many of these same signaling molecules are
used by the B cell receptor signalosome. In contrast to the B cell receptor that needs antigen binding to stimulate the signal
transduction cascade, LMP2A is a constitutive signalosome not requiring exogenous stimulation to signal. Inhibitors that block the
relevant kinases are shown. See Table 1 for more information in regard to the specific inhibitors.

protein tyrosine kinase, Bruton’s tyrosine kinase
(Btk), and phosphatidylinositol 3-kinase (PI3-Ki-
nase) are all activated following B cell receptor
signal transduction and we have demonstrated
that LMP2A directly targets each of these im-
portant cellular kinases (Engels et al., 2001;
Fruehling and Longnecker, 1997; Fruehling et
al., 1998; Merchant et al., 2000; Merchant and
Longnecker, 2001; Swart et al., 2000). In particu-
lar, we have shown that the Syk protein tyrosine
kinase binds to LMP2A by tandem SH2 domains
when LMP2A tyrosine 74 and tyrosine 85 are
phosphorylated and this interaction is required for
LMP2A function (Fruehling and Longnecker,
1997; Merchant et al., 2000). Like Syk, the Src
family tyrosine kinases also bind via an SH2
domain interaction when tyrosine 112 of LMP2A
is phosphorylated (Fruehling et al., 1998). Tyr-
osines 74 and 85 form an immunoreceptor tyr-
osine-based activation motif (ITAM), whereas
tyrosine 112 is contained within a sequence motif

that has been shown to bind optimally to the Src
family protein tyrosine kinases SH2 domain
(Cambier, 1995; Songyang et al., 1993, 1994). We
have demonstrated that Btk is critical for the
generation of two key aspects of the LMP2A in
vivo phenotype (Merchant and Longnecker, 2001).
It is required for the survival of B cell receptor
negative cells and the up regulation of CD19, an
important co-stimulatory cell surface protein in B
cell activation. We have also shown that PI3-
kinase is activated in LMP2A expressing B cells
which results in the phosphorylation of the serine-
threonine kinase Akt (Swart et al., 2000). Akt is a
multifunctional mediator of PI3-kinase involved in
delivering anti-apoptotic signals through various
mechanisms. LMP2A mediates this constitutive
phosphorylation of Akt via PI3-K and requires the
recruitment of the Syk kinase and the Src kinases
to mediate this effect. Our identification of host
proteins targeted by LMP2A provides the basis for
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the testing of specific inhibitors performed in the
current study.

To test for the specific effects of known inhibi-
tors on LMP2A function, we utilized transgenic
mice we previously constructed in which LMP2A
is expressed in B lymphocytes (Caldwell et al.,
2000, 1998). Analysis of these mice has allowed for
the identification and characterization of an
LMP2A growth and survival signal in primary B
cells. This important function of LMP2A has not
been observed using EBV transformed lympho-
cytes or in continuous B cell lines in tissue culture
making the LMP2A transgenic mice a valuable
model system for dissecting LMP2A functions. In
particular, we used bone marrow B cells harvested
from our LMP2A transgenic line E (TgE) plated in
methylcellulose media containing IL-7. Normal
precursor B cell growth in IL-7 containing methy-
cellulose media requires progression beyond the
CD43 ™ stage, a transition dependent upon heavy
chain immunoglobulin gene rearrangement and
expression (Era et al., 1991; Spanopoulou et al.,
1994). Thus, in bone marrow B cells from wild
type mice, a high proportion of the resulting cells
express a functional B cell receptor as monitored
by surface immunoglobulin expression. Those cells
that do not express a B cell receptor, express a pre
B cell receptor consisting of the expressed rear-
ranged heavy chain gene and the surrogate light
chain (Era et al., 1991; Spanopoulou et al., 1994).
In TgE LMP2A transgenics, despite the absence of
heavy chain immunoglobulin gene rearrangement,
precursor bone marrow B cells transit beyond the
CD43™" stage and form colonies in the absence of
B cell receptor or pre B cell receptor expression
(Caldwell et al., 2000, 1998). Normally B cells that
do not express a functional B cell receptor or pre B
cell receptor rapidly undergo apoptosis (Cheng et
al., 1995; Kitamura et al., 1991; Lam et al., 1997,
Mombaerts et al., 1992; Shinkai et al., 1992;
Turner et al., 1995). These results indicate that
LMP2A provides signals that alter B cell develop-
ment and ensures cell survival in the absence of
normal B cell receptor signals.

In this study, multiple inhibitors against specific
host proteins involved in LMP2A function were
tested for any LMP2A specific effects by compar-
ing apoptosis and colony formation of LMP2A

transgenic and wild type bone marrow B cells in
the presence or absence of the inhibitors. While
LMP2A and wild type control cells were similarly
susceptible to apoptosis when treated with each of
the inhibitors, the Syk inhibitor piceatannol re-
duced the proliferation of LMP2A transgenic B
cells in IL-7 containing media when compared
with littermate control wild type cells.

2. Materials and methods
2.1. Mice

Construction and characterization of
EuLMP2A transgenic mice has been previously
described (Caldwell et al., 2000, 1998). All mice
were housed at the Northwestern University
Center for Comparative Medicine in accordance
with university animal welfare guidelines.

2.2. Inhibitors

Piceatannol is a naturally derived Syk inhibitor
(Geahlen and McLaughlin, 1989) which was
purchased from Biomol. The Src family inhibitor
PP1 (Hanke et al., 1996) was purchased from
Biomol. The Src family inhibitor PP2 (Hanke et
al., 1996) and the control inhibitor PP3 (Traxler et
al., 1997) were purchased from Calbiochem.
LY294002 (Vlahos et al., 1994), a PI3-Kinase
inhibitor, was obtained from Cell Signaling Tech-
nologies. The Btk inhibitor LFM-A13 (Mahajan et
al., 1999) was purchased from Calbiochem. Stock
solutions for all of the inhibitors were made with
DMSO. A similar amount of DMSO was added to
each culture for the untreated controls.

2.3. Isolation of bone marrow cells for growth in
1L-7-containing methylcellulose media with
inhibitors

Bone marrow cells were flushed from femurs
and tibia by using cold sterile 1 x PBS. Samples
were then centrifuged at 1500 rpm for 10 min and
supernatants were poured off. Red blood cells
were lysed in 10 ml of red blood cell lysis buffer
(150 mM NH4CI, 17 mM Tris base, pH 7.2) for 10
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Table 1
Protein tyrosine kinase inhibitors

Inhibitor Kinase target Source IC50*  Reference

Piceatannol  Syk protein tyrosine kinase Biomol 50 uM  (Geahlen and McLaughlin, 1989)
LY294002 Phosphatidylinositol 3-kinase Cell Signaling Technology 3uM  (Vlahos et al., 1994)

PP1 Src family protein tyrosine kinases Biomol ND (Hanke et al., 1996)

PP2 Src family protein tyrosine kinases Calbiochem ND (Hanke et al., 1996)

PP3 Control for PP2 Calbiochem ND (Traxler et al., 1997)

LFM-A13 Btk protein tyrosine kinase Calbiochem ND (Mahajan et al., 1999)

LFM-AL11 Control for LFM-A13 Calbiochem ND (Mahajan et al., 1999)

# IC50 was experimental calculated by growth in methylcellulose containing IL-7 media. ND, not determined because there was no
reduction in colony formation for any of the inhibitor concentrations tested.

min, samples were centrifuged at 1500 rpm for 10
min, supernatants were poured off, and cells
resuspended in 10 ml sterile 1 x PBS. Following
counting, cells were centrifuged at 1500 rpm for 10
min and resuspended to 1 x 107 per ml in serum-
free DMEM (Biowhittaker). Varying amounts of
different inhibitors were added to a total of 1 x 10°
bone marrow cells and seeded in 3 ml of murine
preB Methocult containing IL-7 (Stem Cell Tech-
nologies). Inhibitors used and relevant sources are
listed in Table 1. All the inhibitors were dissolved
in DMSO. The concentrations of each inhibitor
used in the various experiments are shown in Table
1. Cells were vortexed briefly to evenly distribute
cells and were plated into 60-mm-diameter dishes.
Cultures were grown for 7 days at 37 °C in 5%
CO,. Plates were scanned into Adobe Photoshop
before being harvested for use in flow cytometry.
Colonies were counted from the scanned images.
The number of colonies in the untreated samples
were approximately 100 for both wild type and
TgE bone marrow cells per 1 x 10° plated bone
marrow cells. Comparisons of colony formation in
treated and untreated controls were analyzed by
the Student’s ¢-test.

2.4. Flow cytometry

Cell samples were prepared by washing methyl-
cellulose cultures with 10 ml 1 x PBS, centrifuging
at 1500 rpm for 10 min, and resuspending in
FACS buffer (Caldwell et al., 2000, 1998). Flow
cytometry was done as previously described (Cald-
well et al., 2000, 1998). All antibodies were

purchased from BD Pharmingen. Samples were
run on a Becton Dickinson FACScan and data
were analyzed using CELLQUEST software.

2.5. Apoptosis of bone marrow cells after inhibitor
treatment

Bone marrow cells were collected as described
above. Following cell counting, cells were centri-
fuged at 1500 rpm for 10 min and resuspended at
1 x 107 per ml in Iscove’s media (Gibco) contain-
ing 30% FBS. Varying amounts of different
inhibitors were added to 1 x 10° cells bone marrow
cells, in duplicate. To half the bone marrow
samples 1L-7 (R&D Systems) was added. Cells
were grown for 20 and 68 h at 37 °C in 5% CO..
Cells were centrifuged at 1500 rpm for 10 min and
apoptosis was monitored using an Apo-Direct kit
from BD Pharmingen.

3. Results

3.1. Colony formation of LMP2A transgenic TgE
bone marrow cells is decreased when compared with
wild type bone marrow cells in the presence of
Piceatannol in IL-7 containing methylcellulose
media

Inhibitors for Btk, Syk, PI-3Kinase, and Src
family tyrosine kinases were purchased from the
commercial sources indicated in Table 1. IC50s for
colony formation in IL-7 containing methylcellu-
lose for each kinase inhibitor were determined by
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plating wild type bone marrow cells isolated from
6-week-old C57BL/6 mice in the absence of
inhibitors and varying doses of each inhibitor.
Colonies were scored 7 days after plating. There
was no reduction in colony formation for both Src
family kinase inhibitors and for the Btk inhibitor
even at the highest concentrations tested (data not
shown). IC50 values obtained for the Syk inhibitor
piceatannol and for the PI3-Kinase inhibitor
LY294002 (Table 1) were very similar to the
previously published IC50s (Geahlen and
McLaughlin, 1989; Oliver et al., 1994; Peters et
al., 1996; Vlahos et al., 1994) for each of these
inhibitors assuming that both Syk and PI3-Kinase
activity are essential for B cell outgrowth in IL-7
containing methylcellulose. To determine if either
piceatannol or LY294002 would specifically inter-
fere with the previously reported LMP2A signal
that allows B cell receptor negative colonies to
form in IL-7 containing methylcellulose media,
bone marrow cells from TgE and wild type
littermate controls were plated in the presence
and absence of each of these inhibitors shown
using concentrations bracketing the IC50 as de-
termined for wild type B cells. Following 7 days of
incubation at 37 °C, the resultant colonies were
counted visually. Shown in Fig. 2A is an example
photomicrograph of the resulting colony forma-
tion for a DMSO control treated culture. The
number of colonies on inhibitor treated plates were
normalized using the DMSO control plates for
each concentration. Both inhibitors, piceatannol
and LY294002, showed a reduction in colony
numbers in a dose dependent manner. The results
from multiple experiments are shown in Fig. 2B
for both inhibitors. As seen in Fig. 2B, piceatannol
had a greater effect on colony formation in the
TgE bone marrow cells when compared with wild
type littermate control bone marrow cells reducing
colony formation at all three concentrations tested
by more than 50%. In contrast, treatment with the
PI3-Kinase inhibitor LY294002 reduced colony
formation for each concentration tested similarly
for the TgE bone marrow cells and the wild type
littermate control cells. These studies suggest that
in TgE bone marrow cells, LMP2A is able to
promote B cell survival and growth by directly
targeting the Syk protein tyrosine kinase when

compared with wild type bone marrow B cells
expressing either a B cell receptor or a pre B cell
receptor. The Src family tyrosine kinase inhibitors
PP1 and PP2, and the Btk inhibitor LFM-A13
were also tested despite having no effect on colony
formation of wild type bone marrow B cells. As
may have been predicted from our earlier results
demonstrating an absence of an effect on wild type
bone marrow B cell colony formation, these
inhibitors also had no effect on colony formation
of TgE bone marrow B cells in IL-7 containing
methylcellulose at even the highest concentrations
tested when compared with wild type littermate
controls (data not shown).

3.2. B cell receptor surface expression in wild type
and TgE bone marrow cells cultured in IL-7
containing media with and without kinase inhibitors

Our previous studies have shown that there is a
near complete absence of B cell receptor expres-
sion in TgE bone marrow cells when grown in 1L-7
containing methylcellulose (Caldwell et al., 2000,
1998). This is in contrast to wild type bone marrow
cells where approximately 40% of the resulting
cells express B cell receptors as monitored by the
expression of membrane bound immunoglobulin
(IgM; Caldwell et al., 2000, 1998). A similar
number of colonies result in the wild type and
TgE bone marrow cells with the only difference
being the loss of B cell receptor or IgM expression
(Caldwell et al., 2000, 1998). We have previously
shown that LMP2A selectively blocks immuno-
globulin heavy chain rearrangement altering nor-
mal B cell development and provides a survival
signal allowing IgM ~ B cells to accumulate in the
periphery (Caldwell et al., 2000, 1998). To test if
any of the inhibitors block the LMP2A induced
growth and survival signal, ability of LMP2A to
allow B cell receptor negative cells to form colonies
in IL-7 containing methylcellulose media and to
confirm that the resulting colonies in the TgE bone
marrow B cells were IgM ~, wild type and TgE
bone marrow cells following growth in IL-7-
containing methylcellulose media with inhibitors
were examined by flow cytometry (Fig. 3). Cells
were stained with antibodies to the pan-B cell
marker CD19 and immunoglobulin M (IgM).
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Fig. 2. Growth of wild type and TgE bone marrow cells in IL-7-containing methylcellulose media. (A) Bone marrow B cells were
plated in the presence and the absence of piceatannol and LY294002 in IL-7 containing methylcellulose media. After 7 days of
incubation macroscopic colonies become visible. The photomicrograph, as an example, is from an untreated control. (B) Macroscopic
colonies were counted in control DMSO treated cultures and cultures treated with various dosages of piceatannol and LY294002.
There was an approximate 50% reduction in colony number for the LMP2A TgE bone marrow cells when compared with control cells
for each dose of piceatannol whereas both wild type and LMP2A TgE bone marrow cells were equally sensitive to LY294002 at all
doses tested. Experiments were done multiple times for each data point as follows: Picetannol-OuM, n = 6; 50 uM, n =4; 80 uM, n = 6;
100 pM, n = 3. LY294002-0uM, n=6; 4 uM, n=4; 8 uM, n=3; 13 uM, n =5. Data was analyzed by the Student’s 7-test.

DMSO treated wild type littermate control mice
showed the normal pattern of B cell staining with
both CD19*, IgM~ B cells (Fig. 3A, 60%) and
CD19", IgM™ B cells (Fig. 3A, 40%). In the wild
type samples treated with piceatannol and
LY294002, there was a small increase in the
percentage of CD19™, IgM ~ cells when compared
with CD197", IgM™* cells (Fig. 3A, compare 60
with 67 and 63% for the inhibitor treated cultures).
In the DMSO control treated TgE bone marrow B
cells there was an almost complete absence of
CDI197, IgM ™ cells (Fig. 3A, 2%) with most of
the cells being CD19 ", IgM ~ (Fig. 3, 97%) as has

been previously reported (Caldwell et al., 2000,
1998). Both the piceatannol and 1.Y294002 treated
TgE bone marrow cells had very similar percen-
tages of CDI197", IgM™ and CDI19%", IgM~ B
cells, although the percentage of CD19", IgM ™ B
cells were slightly higher in the LY294002 treated
samples (Fig. 3A, 7%) when compared with either
the piceatannol or DMSO treated cultures (Fig.
3A, 2% for both). These experiments were per-
formed multiple times and are summarized in Fig.
3B. The small changes in CD197", IgM ™ cells in
both TgE bone marrow B cells and wild type cells
were not reproducibly observed and likely repre-
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Fig. 3. FACS analysis of wild type littermate controls and TgE
bone marrow cells. (A) 10° IL-7 cultured bone marrow cells
from wild type and TgE mice were analyzed for CD19 and IgM
expression by flow cytometry following outgrowth in IL-7-
containing methylcellulose media 7 days after plating. Cells
were plated in the presence of 80 um piceatannol, 13 uM
LY294002, or untreated. The percent of total lymphocytes that
are CD19+IgM ™~ and CD19+IgM ™ are indicated. (B) Sum-
mary of FACS analysis from multiple experiments (Piceatan-
nol, n =4; LY294002, n =2; DMSO, n=4).

sent experimental variation. These results indicate
despite reduced colony formation in the piceatan-
nol treated TgE bone marrow B cells, they are
phenotypically similar to the untreated TgE bone
marrow B cells in regard to B cell receptor
expression.

3.3. Apoptosis is similar in TgE and wild type
littermate control B cells when treated with
piceatannol

To investigate if apoptosis of the cells treated
with the inhibitors may explain the dose dependent
decrease in the number of cell colonies in picea-
tannol-treated bone marrow cultures, the induc-
tion of apoptosis was analyzed in bone marrow B
cells treated with piceatannol. To ensure that IL-7
was not providing a survival signal for these cells,
bone marrow cells were treated in both the
presence and absence of IL-7. Cells were treated
with 80 mM piceatannol. This concentration
chosen for piceatannol gave the greatest difference
in colony number in the previous experiments.
Bone marrow cells were treated for 20 and 68 h in
the presence and absence of inhibitors with and
without IL-7. The percentage of B cells undergoing
apoptosis was determined by using a Apo-Direct
kit (Pharmingen) and gating on B220 positive cells
(Fig. 4). Like CD19, B220 is a pan-B cell marker.
Piceatannol treatment in the presence of IL-7 for
20 h resulted in 33% apoptotic cells in wild type
bone marrow cells and 29% apoptotic cells in the
TgE bone marrow cells (Fig. 4A, piceatannol).
LY294002 treatment resulted in fewer apoptotic
cells when compared with the piceatannol treated
cells (Fig. 4A, LY294002). Less apoptosis was
detected in the DMSO treated control cells, 11%
for wild type and 10% for TgE bone marrow cells
(Fig. 4A, DMSO). Almost identical results were
obtained in the absence of IL-7 (Fig. 4B). As might
have been expected, when the bone marrow cells
were treated for 68 rather than 20 h, a greater
amount of apoptosis was observed when the cells
were treated with piceatannol or LY294002 when
compared with the 20 h treatment (Fig. 4C and
4D). But, similar to the results with the 20 h
treatment, there appeared to be no difference when
the TgE bone marrow cells were compared with
wild type littermate control bone marrow cells
treated with piceatannol or LY294002 (Fig. 4C
and 4D), although there was an increase in the
total numbers of apoptotic cells when compared
with the cells treated for 20 h. Interestingly, there
was very little increase in apoptosis in the DMSO
treated cells when the incubation period was
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Fig. 4. Apoptosis of bone marrow B cells following treatment with piceatonnal and LY294002. (A—D) Bone marrow cells from WT
and TgE mice were cultured in Iscove’s media with and without IL-7 and either piceatannol (80 uM), LY294002 (20 uM) or DMSO.
Percentage of apoptotic cells is indicated. Only cells positive for B220, a pan B cell marker, are shown. (A) Cells were treated for 20 h at
37 °Cin the presence of IL-7. (B) Cells were treated for 20 h at 37 °C in the absence of IL-7. (C) Cells were treated for 68 h at 37 °C
in the presence of IL-7. (D) Cells were treated for 68 h at 37 °C in the absence of IL-7.

extended 68 h. The experiments described in Fig. 4
were performed on two separate occasions and the
results were similar. These suggest that the absence
of colony formation in IL-7 containing methylcel-
lulose in the TgE bone marrow B cells may result
from reduced proliferative capacity of the LMP2A
expressing TgE bone marrow B cells and not by
the induction of apoptosis when the cells are
treated with piceatannol.

4. Discussion
There is considerable impetus for the develop-

ment of novel therapeutics for the treatment of
herpesvirus related diseases in humans. Most

members of the herpesvirus family can cause
debilitating and life threatening diseases in both
the immune competent and the immune compro-
mised human host (for review, Roizman et al.,
1994). These diseases can result from primary
infection, activation of latent virus to lytic replica-
tion, and latent infection. Current therapies for
treatment of human herpesvirus infections are
directed at lytic virus replication and not at latent
infections in the human host. In the current
manuscript, we have begun experiments to evalu-
ate if kinase inhibitors that inhibit host proteins
that are targets of LMP2A may interfere with the
normal function of LMP2A in latent infection.
These inhibitors, as long as they do not interfere
dramatically with normal host cell function, may
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offer a therapeutic approach to treat EBV latent
infections. The rationale for this approach is based
on our underlying hypothesis that LMP2A is
essential for latency of EBV in the human host.
LMP2A is the only EBV message that has
routinely been reported by multiple laboratories
to be expressed in peripheral B lymphocytes from
normal individuals harboring EBV latent infec-
tions (Babcock et al., 1999; Qu and Rowe, 1992;
Tierney et al., 1994). In addition, LMP2A is
expressed in all EBV associated cancers in the
human host with the exception of BL (for review,
Rickinson and Kieff, 1996). Inhibitors that target
LMP2A function may be beneficial both before
the onset of EBV-associated proliferative disorders
and even after EBV-associated tumors are identi-
fied. For example, treatment of EBV latent infec-
tions in individuals at risk for development of
EBV-related lymphomas prior to their develop-
ment may have merit. If the number of B cells
harboring the virus can be reduced, the incidence
of EBV-related lymphomas may also be reduced.
The treatment of EBV associated cancers with
inhibitors directed against LMP2A may also have
merit. LMP2A may have important roles for
tumor progression and tumor survival. Data for
such an LMP2A function may be present in both
HD and NPC. In HD, Reed—Sternberg cells are
characterized as germinal center derived B lineage
cells that generally contain mutations resulting in
the absence of B cell receptor (BCR) expression
(Braeuninger et al., 1997; Kanzler et al., 1996;
Marafioti et al., 2000). By mimicking signals
derived from a BCR, a function we have pre-
viously shown for LMP2A, LMP2A may provide
a signal that would maintain these cells in the
absence of a BCR. Normally, B cells that lack a
BCR are rapidly eliminated by apoptosis (Cheng
et al., 1995; Kitamura et al., 1991; Lam et al.,
1997; Mombaerts et al., 1992; Shinkai et al., 1992;
Turner et al., 1995). LMP2A has been shown to
alter normal epithelial cell development (Scholle et
al., 2000) indicating a potential role for LMP2A in
either NPC tumor development or tumor cell
survival.

In the current paper, we tested commercially
available kinase inhibitors targeted at host cell
proteins we had previously shown to be targets of

LMP2A (Fig. 1). We tested the effects of these
inhibitors on LMP2A-dependent B cell outgrowth
and BCR-dependent outgrowth in IL-7 containing
methylcellulose cultures using bone marrow B cells
from our LMP2A transgenic mice and normal
wild type littermate controls. Three of the inhibi-
tors, PP1, PP2, and LFM-A13, had no effect on
outgrowth of B cells in the LMP2A transgenics or
the wild type control B cells. PP1 and PP2 are Src
family kinase inhibitors and LFM-A13 inhibits
Btk. Two other inhibitors, piceatannol and
LY294002, decreased the outgrowth of B cells in
IL-7 containing methylcellulose and caused an
increase in apoptosis. Piceatannol is an inhibitor
of Syk. The wild type cells were less sensitive to
piceatannol in the B cell outgrowth assays whereas
both inhibitors behaved similar in regard to
inducing apoptosis in LMP2A transgenic or wild
type littermate control bone marrow cells.
LY294002 is a PI3-kinase inhibitor. Wild type
and LMP2A transgenic bone marrow B cells
showed no differences in proliferation or apoptosis
when treated with LY294002 indicating that
LY294002 had no specific effects on LMP2A
transgenic bone marrow B cells.

The results with the Syk inhibitor piceatannol
are not surprising based on our previous studies
indicating a central role of the Syk kinase in
LMP2A function. Syk autophosphorylation and
kinase activity is increased in LMP2A expressing
cell lines and the interaction of LMP2A with Syk is
essential for the ability of LMP2A to block B cell
signal transduction and promote B cell develop-
ment and survival both in transgenic mice and IL-
7 containing methylcellulose cultures (Fruehling
and Longnecker, 1997; Merchant et al., 2000;
Miller et al., 1995). We were surprised that none
of the additional inhibitors were able to block
LMP2A function as we have also shown that these
kinases are also important for LMP2A function.
This may be a result of the poor specificity of the
inhibitors for the kinase in question, the relatively
high concentrations required for kinase inhibition,
or poor availability of the inhibitor in our IL-7
containing methylcellulose containing cultures.
Finally, LMP2A may not increase the activity of
these kinases when compared with the activity of
these kinases required for normal B cell outgrowth
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and colony formation in IL7 containing methyl-
cellulose.

Much has been learned recently in regard to the
function of proteins expressed during EBV latent
infections. To date none of these viral proteins
contain enzymatic activity, but rather bind and
alter the function of normal cellular proteins some
with enzymatic activity. Often these interactions
activate an entire signal transduction cascade
much like what is observed for LMP2A (Fig. 1).
In lieu of designing specific inhibitors that target
the interactions of cellular proteins with LMP2A,
we have used our knowledge of LMP2A function
and have begun testing previously described drugs
that inhibit specific host proteins that are targeted
by LMP2A. We have provided data suggesting
that targeting at least one cellular kinase may
block the activation of the Syk kinase by LMP2A
and block the resulting proliferation of LMP2A
expressing B cells. We intend on continuing these
studies as new kinase inhibitors become available
and plan on extending these results of the current
studies by in vivo testing of the Syk inhibitor
piceatannol in our LMP2A transgenic mice.
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