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Latent membrane protein 2A (LMP2A) is one of only two viral proteins expressed during latent Epstein-Barr
virus (EBV) infections in human peripheral B cells. LMP2A blocks B-cell receptor (BCR) signal transduction
in vitro by modulation of the Syk and Lyn protein tyrosine kinases. Five genetically unique LMP2A transgenic
mouse lines (EmLMP2A) with B-cell lineage expression of LMP2A were generated in this study to analyze the
importance of LMP2A expression in vivo. These animals can be grouped into EmLMP2ABCR1 (TgB, Tg6, and
TgC) and EmLMP2ABCR2 (Tg7 and TgE) lines based on B-cell phenotype. LMP2A expression in bone marrow
cells of EmLMP2ABCR2 lines was associated with a bypass of normal B-lymphocyte developmental checkpoints
inasmuch as immunoglobulin light-chain gene rearrangement occurred in the absence of complete immuno-
globulin heavy-chain gene rearrangement. The resulting BCR-negative B cells were able to exit the bone
marrow and colonize peripheral lymphoid organs. LMP2A expression in EmLMP2ABCR1 lines was not
associated with altered B-cell development in a genetically wild-type background. When crossed into a recom-
binase activating null (RAG2/2) genetic background, LMP2A expression in either RAG2/2 EmLMP2ABCR1 or
RAG2/2 EmLMP2ABCR2 animals was able to provide a survival signal to BCR-negative splenic B cells.
Additionally, bone marrow cells from all EmLMP2A animals were able to proliferate in response to interleukin-
7-dependent developmental signals in vitro. These studies illustrate that LMP2A can provide a survival signal
to BCR-negative B cells in two different groups of EmLMP2A transgenic mice.

Epstein-Barr virus (EBV) is able to infect primary human B
cells in culture, transforming them into lymphoblastoid cell
lines (LCLs). Upon infection, the virus enters a latent life cycle
characterized by the expression of six EBV nuclear antigens
(EBNA1, EBNA2, EBNA3A, EBNA3B, EBNA3C, and EBNA-
LP) and three latently expressed membrane proteins (LMP1,
LMP2A, and LMP2B) (17). These latent viral proteins dra-
matically alter in vitro B-cell biology as characterized by up-
regulated expression of activation and adhesion markers
(CD23, CD39, CD40, CD44, LFA-1, LFA-3, and ICAM-1),
decreased dependence on high-serum medium, and secretion
of immunoglobulin (17). However, EBV latency in defined
culture systems in vitro is quite different from in vivo latency.
In latently infected individuals, virus can be isolated from im-
munoglobulin M-positive (IgM1) IgD2 resting memory B cells
which have lost surface expression of the costimulatory mole-
cule B7-1 and the activation marker CD23 (1, 34, 35). Of the
nine latent gene products detected in vitro, only EBNA1 and
LMP2A transcripts are reproducibly detected in latently in-
fected human B cells (6, 34, 40, 46). Although latent virus has
been isolated from peripheral B cells in otherwise healthy
individuals (1, 6, 8, 15, 34, 35, 40, 46), latently infected B cells
may reside in bone marrow or other lymphatic sites producing
latently infected progeny cells which account for the stable
number of infected peripheral B cells in otherwise healthy
individuals (21, 23, 35, 50, 51).

Considerable genetic and biochemical research has eluci-
dated many aspects of LMP2A biology in vitro. LMP2A has 12
transmembrane domains and is expressed in patches on the
surface of latently infected cells (24, 25, 42). The Lyn protein
tyrosine kinase (PTK) binds to LMP2A via tyrosine residue

112 and is essential for the constitutive LMP2 phosphorylation
detected in LCLs (12). Lyn-dependent phosphorylation allows
other PTKs to bind specific sites within the LMP2A amino
terminal cytoplasmic tail (10, 12). The Syk PTK specifically
binds to the LMP2A ITAM domain at tyrosine residues 74 and
85 (11). Syk bound to LMP2A becomes constitutively phos-
phorylated and is unable to participate in B-cell receptor
(BCR)-initiated signal transduction (11). Through interactions
with these and other cellular proteins, LMP2A is able to down-
modulate intracellular signaling cascades mediated by the
BCR, the CD19 complex, and major histocompatibility com-
plex class II (31, 33, 38). Although expressed in Hodgkin’s
disease and nasopharyngeal carcinoma cells (2, 4, 7, 36, 37),
LMP2A is not essential for EBV transformation in vitro (27–
29).

Transgenic mice expressing EBV latency proteins under
transcriptional control of an immunoglobulin promoter have
provided a convenient system for analyzing latent viral gene
function in B cells in vivo. LMP1 transgenic mice develop
lymphomas which exhibit upregulated expression of the anti-
apoptotic proteins Bcl-2 and A20, as well as the Myc onco-
protein (19). The episomal maintenance protein EBNA1 is
able to induce monoclonal B-cell lymphomas in EmEBNA1
transgenic mice (48, 49). These results are surprising in that
EBNA1 has no transforming ability in vitro. Recently de-
scribed research with EmLMP2A transgenic mice suggest a
role for LMP2A in B-cell survival in vivo (5). LMP2A trans-
gene expression alters early B-cell development in the bone
marrow during a transition requiring preBCR activation of Syk
PTK. LMP2A expression blocks immunoglobulin heavy-chain
expression while allowing subsequent immunoglobulin light-
chain rearrangement. The resulting peripheral B cells do not
express a BCR complex and yet, surprisingly, survive in the
spleen without BCR stimulation. LMP2A is also able to drive
B-cell development when EmLMP2A transgenic animals are
crossed into a recombinase-activating gene (RAG) null back-
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ground. These results indicate that LMP2A may be able to
provide a yet-uncharacterized proliferative and survival signal
to B cells in vivo.

Three additional EmLMP2A transgenic mice have been iso-
lated which have relatively normal proportions of BCR-posi-
tive B cells in a genetically wild-type background. However,
when crossed into a RAG null background, LMP2A transgene
expression in these new EmLMP2A animals is also able to
provide a survival signal to BCR-negative peripheral B cells.
As-yet-undefined epigenetic effects modulating either the time
or level of LMP2A expression may be controlling the
EmLMP2A transgenic phenotype in a wild-type genetic back-
ground.

MATERIALS AND METHODS

Isolation of primary lymphoid cells and immunoblot analysis. Bone marrow
cells were flushed from femurs by using cold staining buffer (10 mg of bovine
serum albumin per ml, 13 phosphate-buffered saline [PBS], 10 mM HEPES,
0.1% NaAzide). Spleens were dissociated between frosted slides in staining
buffer to prepare single cell suspensions. Erythrocytes were lysed in erythrocyte
lysis buffer (Sigma). Equivalent numbers of cells were washed three times in PBS
and lysed in 1% NP-40 lysis buffer for 15 min at 4°C. Insoluble material was
removed by centrifugation. Lysates were heated to 70°C for 10 min, separated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and transferred to
Immobilon membranes (Millipore). Membranes were blocked with 4% milk for
1 h at room temperature and probed with predetermined primary antibody
dilutions overnight at 4°C. Membranes were then washed three times in TBST,
incubated with predetermined horseradish peroxidase (HRP)-conjugated sec-
ondary antibody dilutions for 1 h at room temperature, washed five times with
TBST, and detected by enhanced chemiluminescence. LMP2A immunoblottings
were performed with a 1:2,500 dilution of purified 14B7-1-1 (800 mg/ml) in 1%
milk–TBST as the primary antibody and a 1:2,000 dilution of HRP-conjugated
sheep anti-rat F(ab)2 (Amersham) as the secondary antibody. Phosphatidylino-
sitol 3 (PI3) kinase p85 immunoblottings were performed with a 1:5,000 dilution
of anti-PI3 kinase p85 rabbit antiserum (Upstate Biotechnology) in 1% milk–
TBST as the primary antibody and a 1:4,000 dilution of HRP-conjugated anti-
rabbit antibody (New England Biolabs catalog number 7071-1) in TBST as the
secondary antibody.

Quantitative RT-PCR. (i) Parameters for quantitative RT-PCR assay. Quan-
titation of LMP2A mRNA transcripts from EmLMP2A transgenic bone marrow
samples was determined in real time by 59-to-39 hydrolysis of a double-labeled
fluorogenic probe in a kinetic PCR assay. Commercially, this assay is referred to
as an RNA Taqman assay (see below) and is also referred to as quantitative
reverse transcription PCR (QRT-PCR) here. Total RNA was assayed for
LMP2A DNA contamination by using a DNA Taqman assay (see below). Sam-
ples which were below the level of quantitation (20 copies) for LMP2A DNA
were assayed for LMP2A RNA by using an RNA Taqman assay. All samples
were assayed for GAPDH (glyceraldehyde-3-phosphate dehydrogenase) RNA by
a gene-specific RNA Taqman assay to allow for normalization of LMP2A levels.
The RNA and DNA Taqman assays were performed in single tube reaction
mixtures in 96-well arrays by using the ABI Prism 7700 Sequence Detector. This
equipment is connected to a Macintosh personal computer, allowing data quan-
tification by ABI Sequence Detection software.

(ii) Isolation and purification of total bone marrow RNA. Equivalent numbers
of EmLMP2A bone marrow cells were lysed in Qiagen RLT Buffer containing
0.1% b-mercaptoethanol according to the manufacturer’s specification. Total
RNA was isolated by using the Qiagen RNeasy Mini Kit as described by the
manufacturer. Samples were incubated with 20 U of RQ1 DNase (Promega) in
13 Optimized Transcription Buffer (Promega) for 45 min at 37°C. RQ1 DNase
was removed by using the RNeasy protocol for RNA cleanup from the Qiagen
RNeasy Mini Kit as described by the manufacturer.

(iii) Preparation of in vitro-transcribed LMP2A RNA. Plasmid RL34 contains
the LMP2A cDNA sequence cloned downstream of a T7 promoter (24). A
1,979-bp LMP2A RNA transcript standard was prepared by in vitro transcription
from the T7 promoter of a BglII-linearized RL34 plasmid by using the T7
Megascript Kit (Ambion) per manufacturer’s description. Transcripts were in-
cubated with 20 U of RQ1 DNase (Promega) in 13 Optimized Transcription
Buffer (Promega) for 45 min at 37°C. Transcripts were phenol-chloroform ex-
tracted, ethanol precipitated, and resuspended in nuclease-free water. The in-
tegrity of transcripts was determined by agarose gel electrophoresis under de-
naturing conditions, staining with Sybr Green II, and visualization under UV
light with a 590-nm filter. Transcripts were quantified by using the UV absorption
at 260 nm. The observed concentration of RNA and the molecular weight of the
LMP2A transcript (633,440 mg/mmol) were used to determine the molar con-
centration of the in vitro-transcribed sample. Working standards were prepared
by serial dilution.

(iv) Preparation of LMP2A DNA standards. DNA standards were prepared
from nonlinearized RL34 plasmid containing the LMP2A cDNA. The absolute

molar concentration of DNA plasmid was calculated by using the UV absorption
at 260 nm and the molecular weight of RL34 (3,740,000 mg/mmol). Working
standards were prepared by serial dilution.

(v) DNA Taqman assay. DNA Taqman assays were performed in 25-ml (final
volume) reaction mixtures containing 900 nM concentrations each of LMP2A
QRT-PCR primers OL139 and OL140, 100 nM LMP2A reporter oligoprobe
OL141, 3.5 mM MgCl2, 0.25 U of AmpliTaq Gold per ml, 0.01 U of AmpErase
uracil N-glycosylase (UNG) per ml, 200 nM concentrations (each) of dATP,
dGTP, and dCTP, 400 nM dUTP, and 13 Taqman Buffer A (PE Applied
Biosystems) containing 10 mM Tris-HCl, 50 mM KCl, 0.01 mM EDTA, 60 nM
Passive Reference 1, and 8% glycerol (pH 8.3). Thermal cycling parameters
began with 2 min at 50°C to allow UNG decontamination of preexisting DNA
template generated by previous PCR amplifications (30). Cycling parameters
continued with 12 min at 95°C (AmpliTaq Gold polymerase activation) and 5
min at 95°C (denaturation), followed by 40 amplification cycles (15 s at 95°C, 60 s
at 60°C) and one cycle for 60 s at 25°C. Then, 2 ml of EmLMP2A bone marrow
RNA was assayed in singlet. The RL34 standards and no-template (NT) water
controls were assayed in triplicate. Serial 10-fold dilutions from 21,7000 to 21.7
copies of LMP2A DNA were assayed to generate the DNA Taqman standard
curve. DNA concentrations in EmLMP2A bone marrow LMP2A RNA samples
were determined from the RL34 standard curve.

(vi) LMP2A RNA Taqman assay. RNA Taqman assays were performed es-
sentially the same as the DNA Taqman Assay. However, amplification enzymes,
buffer conditions, and cycling parameters differed for the two assays. RNA
Taqman assays were performed in 25-ml (final volume) reaction mixtures con-
taining 900 nM concentrations each of LMP2A primers OL139 and OL140, 100
nM LMP2A reporter oligoprobe OL141, 3 mM Mg acetate, 0.1 U of rTth
polymerase (PE Applied Biosystems) per ml, 0.01 U of UNG per ml, 300 nM
concentrations (each) of dATP, dGTP, and dCTP, 600 nM dUTP, and 13
Taqman EZ Buffer (PE Applied Biosystems) containing 50 mM Bicine, 115 mM
KCl, 0.01 mM EDTA, 60 nM Passive Reference 1, and 8% glycerol (pH 8.0).
Cycling parameters were 2 min at 50°C (UNG decontamination), 30 min at 60°C
(rTth RT), and 5 min at 95°C (denaturation), followed by 40 amplification cycles
(15 s at 95°C, 60 s at 60°C) and one cycle at for 60 s at 25°C. Then, 2 ml of
EmLMP2A bone marrow RNA, the in vitro-transcribed LMP2A RNA standards,
and NT water controls were assayed in triplicate. Serial 10-fold dilutions of in
vitro-transcribed LMP2A RNA ranging from 4,838,000 to 483.8 copies were used
to generate the RNA Taqman standard curve. EmLMP2A bone marrow LMP2A
RNA concentrations were determined from the in vitro-transcribed LMP2A
RNA standard curve.

(vii) GAPDH RNA Taqman assay. GAPDH RNA Taqman assays were per-
formed essentially as described for the LMP2A RNA Taqman assay, with the
following exceptions. The oligonucleotides used for cDNA amplification and
detection are the commercially available rodent GAPDH forward and reverse
primers and the rodent GAPDH oligoprobe (PE Applied Biosystems). The
rodent GAPDH oligoprobe was resynthesized to contain the reporter dye FAM
at the 59 end and the nonfluorescent quencher dye QSY (dark dye) at the 39 end
(Megabases, Inc., Evanston, Ill.). These oligonucleotide sequences were re-
named OL142 (rodent GAPDH forward), OL143 (rodent GAPDH reverse), and
OL144 (modified rodent GAPDH oligoprobe). The cDNA amplification utilizes
300 nM OL142, 300 nM OL143, and 100 nM OL144. Due to the high efficiency
of the GAPDH amplification, all RNA samples were diluted 1:50 for the
GAPDH amplification. Serial 10-fold dilutions of rodent RNA (Taqman Rodent
GAPDH Control Reagents; PE Applied Biosystems) ranging from 100,000 to 1
pg of RNA were used to generate the GAPDH RNA Taqman standard curve.

Flow cytometry. Approximately 2 3 106 cells were incubated in staining buffer
with previously optimized concentrations of the indicated antibodies on ice for 15
min. Cells were washed and analyzed by flow cytometry by using a Becton
Dickinson FACScan and the Cellquest analysis software. CD19-phycoerythrin,
CD43-fluorescein isothiocyanate, and IgM-fluorescein isothiocyanate were pur-
chased from Pharmingen.

Oligonucleotide sequences. The sequences of previously unpublished oligonu-
cleotides were as follows: OL139, GCACGACTGTTCCTATATGCTCTC;
OL140, CAAAATACTGCCACCAGCGA; and OL141, (FAM)-CACTCTTGT
TGCTAGCCTCCGCGCT-(TAMRA).

Methylcellulose culture. A total of 5 3 105 bone marrow cells were plated in
3 ml of Methocult M3630 methylcellulose media (Stem Cell Technologies) ac-
cording to the manufacturer’s instructions. After 7 days of culture, colonies were
photographed under light microscopy. Cells were harvested and washed in 13
PBS, counted, and utilized in subsequent experiments as described above.

RESULTS

Initial characterization of EmLMP2A mice. EmLMP2A
transgenic mice were constructed as described previously (5).
Genomic tail DNA from each of the different animals was
analyzed by Southern hybridization to verify that unique
genomic insertion events occurred in each of the transgenic
EmLMP2A animals (data not shown). Each of these lines has
maintained the specific transgenic genotype for more than six
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generations. The different EmLMP2A transgenic lines were
given numeric or alphabetic designations which will be main-
tained throughout subsequent data analysis.

Immunoblot analysis was used to detect LMP2A expression
levels in each of the EmLMP2A transgenic lines created.
LMP2A was readily detected in all EmLMP2A splenic and
thymic samples examined (Fig. 1). As expected, no LMP2A
expression was detected in wild-type animals. A nonspecific
band was detected in all samples, including the wild-type mu-
rine samples and the EBV-transformed LCL used as a positive
control for LMP2A expression (Fig. 1). Equivalent expression
levels of the p85 subunit of PI3 kinase indicate roughly equal
amounts of total protein in each of the sample lanes (Fig. 1).
LMP2A expression was also detected in purified B cells from
EmLMP2A TgE, Tg7, and Tg6 spleens (reference 5 and data
not shown). Although detectable, relative levels of LMP2A
expression in purified splenic B-cell populations was not re-
producible or quantitative.

Since B-cell progenitors arise from the bone marrow,
LMP2A expression was examined in bone marrow samples
from each of the EmLMP2A transgenic lines. LMP2A protein
expression was undetectable in bone marrow samples by im-
munoblot analysis. However, LMP2A RNA transcripts were
detected in bone marrow samples from Tg6, TgE, and Tg7
animals by nonquantitative RT-PCR (reference 5 and unpub-
lished results). Therefore, a more quantitative and sensitive
assay was utilized to determine relative LMP2A expression
levels in each of the different EmLMP2A bone marrow sam-
ples.

Quantitative analysis of LMP2A transcription in bone mar-
row. LMP2A expression in bone marrow samples was detected

by using a recently developed QRT-PCR assay (RNA Taqman
Assay; PE Applied Biosystems). LMP2A-specific RT-PCR
products were amplified from serial 10-fold dilutions of in
vitro-transcribed LMP2A RNA to generate a standard curve
(Fig. 2A). Subsequent standard curves for each assay were
equally reproducible, sensitive, and linear within the range of

FIG. 1. Immunoblot detection of LMP2A expression in EmLMP2A spleen
(A) and thymus (B) tissues. Whole spleen and thymus organs from EmLMP2A
animals were excised and dissociated between frosted slides. Membranes were
cut in half, allowing independent analysis of the same sample with LMP2A (45
kDa) and PI3 kinase (85-kDa subunit) antibodies. The bottom portion of each
membrane was probed with rat 14B7 anti-LMP2A monoclonal antibody. The top
portion of each blot was probed with rabbit anti-p85 primary antibody. Cell
lysates from LCL10 cell equivalents were used as a positive control (1) for
LMP2A expression. The LCL10 positive control lane contains 0.5 3 106 cell
equivalents; all EmLMP2A lanes contain 2.5 3 106 cell equivalents. Wild-type
animals are as indicated (WT). EmLMP2A genotypes are indicated by single
alphanumeric abbreviations.
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FIG. 2. Quantitative PCR analysis of LMP2A expression in transgenic bone
marrow samples. (A) Standard curve analysis of serially diluted in vitro-tran-
scribed LMP2A RNA. The extrapolation of QRT-PCR results from transgenic
bone marrow samples allows for quantification of absolute LMP2A RNA copy
numbers in transgenic bone marrow. (B) Relative LMP2A RNA content in
EmLMP2A bone marrow samples. Bone marrow RNA from the various
EmLMP2A genotypes, serially diluted LMP2A standards, and no-template water
control samples were all simultaneously analyzed in triplicate for LMP2A tran-
script number by using an RNA Taqman assay. Absolute numbers of LMP2A
transcripts in the unknown EmLMP2A bone marrow samples were determined
from the standard curve. Absolute numbers of LMP2A transcripts were normal-
ized to the GAPDH RNA copy number for each sample and the total percentage
of CD191 B cells in the initial bone marrow sample as determined by flow
cytometry. Relative numbers of LMP2A transcripts from the various EmLMP2A
and wild-type bone marrow sample are plotted against the y axis. The horizontal
bars indicate the average LMP2A transcript copy numbers from three mice of
each genotype. Average values for wild-type (WT), TgB, Tg6, TgC, Tg7, and TgE
animals were 13, 27, 15, 77, and 44 copies LMP2A RNA/GAPDH copy/% B cells,
respectively. Together, the EmLMP2A TgB, Tg6, and TgC mice transcribed less
LMP2A mRNA than did the EmLMP2A Tg7 and TgE animals (Student’s t test;
P 5 0.012).
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the serial dilutions and the unknown samples. Absolute levels
of LMP2A RNA were determined for bone marrow samples of
each EmLMP2A genotype. Relative levels of LMP2A expres-
sion in the transgenic lines were determined by dividing the
LMP2A RNA transcript copy number by the absolute number
of GAPDH RNA copies per sample and normalizing for the
proportion of B cells in the primary bone marrow sample
(copies of LMP2A/GAPDH RNA copies/% B cells). Only
background levels of LMP2A transcripts were detected in wild-
type littermate control animals, whereas LMP2A RNA was
readily detected in all transgenic bone marrow samples exam-
ined (Fig. 2B). As a group, EmLMP2A TgB, Tg6, and TgC
mice transcribe less LMP2A mRNA than EmLMP2A Tg7 and
TgE animals (Fig. 2B; Student’s t test, P 5 0.012). Although
this assay assumes LMP2A expression in only B-lineage bone
marrow cells, we are unable to preclude LMP2A expression in
other bone marrow cell types. Previous research had shown
that bone marrow expression of LMP2A in EmLMP2A TgE
and Tg7 animals was able to alter normal B-cell development
(5). Therefore, EmLMP2A TgB, Tg6, and TgC animals were
examined by flow cytometry to determine if relatively lower
levels of LMP2A RNA expression were sufficient to alter early
B-cell development.

LMP2A expression is insufficient to alter B-cell develop-
ment in EmLMP2A TgB, Tg6, and TgC mice. Spleen samples
of all EmLMP2A transgenic animals were analyzed for surface
expression of CD19 and IgM, two markers of mature periph-
eral B cells. As previously shown (5), EmLMP2A TgE and Tg7
animals exhibited a dramatic reduction in the number of
CD191 IgM1 cells in the spleen (Fig. 3). Both of these lines
also exhibited a characteristic and striking increase in CD191

IgM2 versus IgM1 spleen cells. Although the new EmLMP2A
lines TgB, Tg6, and TgC did not exhibit the CD191 IgM2

B-cell phenotype of Tg7 and TgE animals, these new lines do
show a small reduction in total number of mature B cells
(compare 38 to 46% CD191 IgM1 for EmLMP2A TgB, Tg6,
and TgC animals to 55% CD191 IgM1 for wild type; Fig. 3).
The transgenic lines were subsequently designated
EmLMP2ABCR1 (TgB, Tg6, and TgC) or EmLMP2ABCR2

(TgE and Tg7) based upon the relative phenotypic differ-

ence in the proportion of BCR-positive splenic B cells. Since
the reduction in total numbers of CD191 B cells in
EmLMP2ABCR2 animals is due to altered B-cell development
in the bone marrow (5), samples from EmLMP2ABCR1 ani-
mals were subsequently examined to determine if developing
B-cell populations were significantly different from wild-type
animals.

Murine B-cell development occurs in the bone marrow
through ordered stages that can be delineated by cell surface
markers and the status of immunoglobulin heavy-chain (HC)
and light-chain (LC) gene rearrangements (14). Early progen-
itor B (proB) cells express CD43 on the cell surface and con-
tain immunoglobulin HC and LC genes in germ line configu-
ration, while the earliest CD191 cell has rearranged both the
diversity (D) and joining segments (J) of immunoglobulin HC.
Cells that have successfully performed D-to-JH and subsequent
V-to-DJH rearrangements generate a functional precursor
BCR (preBCR). preBCR signaling initiates subsequent immu-
noglobulin LC rearrangement (k or l) and the downregulation
of CD43 expression in precursor B (preB) cells. Mature B cells
that express a BCR containing immunoglobulin HC and LC
proteins leave the bone marrow and colonize the spleen.

All EmLMP2A bone marrow samples were examined by flow
cytometry to quantify immature CD191 IgM1 B cells. The
EmLMP2ABCR1 animals and wild-type animals exhibited sim-
ilar proportions of immature CD191 IgM1 bone marrow cells
(Fig. 4A). EmLMP2ABCR2 animals exhibited the previously
characterized accumulation of CD191 IgM2 B cells (Fig. 4A).
Bone marrow cells were also examined for CD43 expression as
a marker for appropriate proB-to-preB cell transition in the
earliest stages of B-cell development. Given the relatively nor-
mal proportions of CD19-positive cells in EmLMP2ABCR1 an-
imals, it is not surprising that EmLMP2ABCR1 bone marrow
cells complete the transition from proB to preB cells in pro-
portions similar to those for wild-type littermate controls (Fig.
4B). By comparison, the EmLMP2ABCR2 bone marrow cells
exhibit an accumulation of CD191 CD431 proB cells which do
not progress to CD191 CD432 preB cells (Fig. 4B). Although
not fully appreciated in previous studies (5), this alteration in
CD431 EmLMP2ABCR2 bone marrow cells is clearly discern-
ible when compared to EmLMP2ABCR1 or wild-type mouse
bone marrow samples in these experiments.

EmLMP2ABCR2 animals are unable to fully rearrange their
immunoglobulin HC genes, resulting in the accumulation of
BCR-negative peripheral B cells (5). Representative of
EmLMP2ABCR1 animals, Tg6 bone marrow cells were exam-
ined for immunoglobulin gene rearrangements. These animals
showed no difference in VDJ recombination frequency com-
pared to wild-type littermate animals (data not shown). Al-
though the EmLMP2ABCR1 animals exhibit a small reduction
in the total number of peripheral B cells (Fig. 3), LMP2A
expression in EmLMP2ABCR1 animals was insufficient to alter
B-cell development.

T-cell development is unaltered in EmLMP2A animals. As
shown in Fig. 1B, LMP2A is readily detected in thymus sam-
ples from each of the EmLMP2A mice. Flow cytometry anal-
ysis revealed that B cells constitute less than 1% of the total
thymic sample preparations from all animals examined (data
not shown). Therefore, the LMP2A detected in Fig. 1B results
exclusively from T-cell transgene expression. In order to de-
termine if LMP2A affected T-cell development, lymphocyte
populations from spleen and thymus were examined for differ-
ences in CD4 and CD8 T-cell proportions. When compared to
wild-type littermate controls, no significant differences in the
relative proportion of T-cell populations were identified in
either developing thymic T-cell populations or in mature

TgB

1 46

Tg6

1 43

TgC

1 38

Tg7
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FIG. 3. CD19 and IgM expression on EmLMP2A splenocytes. Single cell
suspensions from all samples were prepared and stained with CD19 and IgM
antibodies for flow cytometry. EmLMP2A genotypes are indicated. Boxes rep-
resent CD191 IgM2 and CD191 IgM1 populations based upon wild-type (WT)
B-cell staining patterns. The percentages of lymphocytes expressing CD19 and
IgM are indicated for specific populations. These data are representative of at
least three separate experiments. Based upon the phenotypic differences in IgM
expression among these animals, the mice were designated EmLMP2ABCR1

(TgB, Tg6, and TgC) or EmLMP2ABCR2 (TgE and Tg7).
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splenic T-cell populations (data not shown). Additionally, in
vitro proliferation assays have identified no discernible effect
of LMP2A expression on T-cell responses initiated by treat-
ment with anti-CD3 antibodies, phytohemagglutinin, or con-
canavalin A stimulation (data not shown). These data suggest
that although the transgene is expressed in both splenic and
thymic T-cell populations in these animals, only the B-cell
compartment exhibits an altered developmental program as a
result of LMP2A expression.

EmLMP2ABCR1 transgene expression provides a B-cell sur-
vival signal in a RAG-deficient background. LMP2A expres-
sion in the EmLMP2ABCR2 TgE bone marrow is able to over-
come the proB-to-preB block in RAG2/2 B cells, allowing
significant numbers of CD191 IgM2 cells to accumulate in the
periphery of RAG2/2 TgE1 animals (5). Although unable to
significantly alter B-cell development in a wild-type genetic
background, LMP2A expression in EmLMP2ABCR1 animals
may be sufficient to provide developmental and survival signals to
RAG2/2 primordial B cells. Therefore, the EmLMP2ABCR1

lines and the previously untested EmLMP2ABCR2 Tg7 line were
bred into the RAG2/2 background in order to determine if
LMP2A expression in genetically unique EmLMP2A animals
quantitatively affects RAG2/2 B-cell development in the man-
ner previously described for RAG2/2 TgE1 animals (5).

Spleen samples from each RAG2/2 EmLMP2A1 genotype
(Fig. 5A) and RAG2/2 EmLMP2A2 littermate control animals
(Fig. 5B) were analyzed by flow cytometry for expression of
developmentally regulated B-cell markers. Due to the loss of
RAG gene expression, all RAG2/2 littermate control animals
are unable to rearrange immunoglobulin genes, resulting in
only background levels of CD191 IgM2 cells (ranging from 1
to 5% of total lymphoid cells; Fig. 5B). Surprisingly, a signifi-
cant proportion of CD191 IgM2 spleen cells were present in

all RAG2/2 EmLMP2ABCR1 (5 to 17%) and RAG2/2

EmLMP2ABCR2 (21 to 24%) samples (compare Fig. 5A and
B). Interestingly, a majority of the RAG2/2 EmLMP2A1

spleen cells exhibited a higher level of expression of CD19 than
littermate RAG2/2 EmLMP2A2 animals (compare Fig. 5A
and B). Flow cytometry analysis of bone marrow B-cell popu-
lations was performed to delineate the extent and temporal
onset of the LMP2A survival signal among all EmLMP2A
transgenic lines.

As had been previously shown for RAG2/2 TgE1 animals
(5), bone marrow samples from the previously uncharacterized
RAG2/2 Tg71 genotype revealed an increase in CD191 IgM2

cells compared to RAG2/2 littermate animals (compare Fig.
6A and B). However, LMP2A expression resulted in no signif-
icant differences in the proportion of CD191 IgM2 cells in any
of the RAG2/2 EmLMP2ABCR1 animals (compare Fig. 6A
and B). Experiments with RAG2/2 TgE animals have shown
that LMP2A was able to drive the progression of bone marrow
B cells from a CD431 to a CD432 state (5). Significant num-
bers of primordial B cells from the previously uncharacterized
RAG2/2 Tg71 animal are also able to transit from the CD431

to the CD432 state, unlike littermate RAG2/2 control animals
(compare Fig. 7A and B). By comparison, the proportion of
CD431 and CD432 B cells in the EmLMP2ABCR1 animals was
not significantly different from littermate RAG2/2 control an-
imals (compare Fig. 7A and B).

The preceding set of RAG breeding experiments indicate
two critical points about this set of EmLMP2A transgenic mice.
First, the previously characterized LMP2A survival signal de-
scribed in RAG2/2 TgE1 bone marrow cells has been reca-
pitulated in another unique EmLMP2ABCR2 genetic back-
ground, namely, RAG2/2 Tg71 animals. Second, and perhaps
more importantly, although LMP2A expression does not pro-
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FIG. 4. Flow cytometry analysis of EmLMP2A bone marrow. Single cell suspensions from all EmLMP2A bone marrow samples were prepared and stained with
CD19, IgM, and CD43 antibodies for flow cytometry. EmLMP2A genotypes are indicated. (A) CD19 and IgM expression. Boxes represent CD191 IgM2 and CD191

IgM1 populations based upon EmLMP2A TgE staining patterns. (B) CD19 and CD43 expression. Boxes represent CD191 CD432 and CD191 CD431 populations
in EmLMP2A bone marrow samples as delineated by RAG2/2 animals which exhibit only CD191 CD431 populations (data not shown). The percentage of lymphocytes
expressing CD19 and IgM or expressing CD19 and CD43 are indicated for the specific populations. These data are representative of at least three separate experiments.
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duce detectable alterations of B-cell development in RAG1/1

EmLMP2ABCR1 bone marrow cells (TgB, Tg6, and TgC),
transgene expression in these animals is sufficient to drive
B-cell development in RAG2/2 EmLMP2ABCR1 bone marrow

cells, allowing RAG2/2 EmLMP2ABCR1 B cells to survive in
splenic tissues despite the lack of surface BCR expression.

LMP2A drives B-cell survival during IL-7 in vitro culture.
To determine if the CD432 cells present in transgenic bone

A.  Spleen, CD19 and IgM Expression, RAG-/-E µLMP2A+ Littermate

B.  Spleen, CD19 and IgM Expression, RAG-/- Littermate
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FIG. 5. CD19 and IgM expression on RAG2/2 EmLMP2A1 spleen cells. Single cell suspensions from spleens were prepared and stained with CD19 and IgM
antibodies for flow cytometry. The mouse genotypes are indicated. Boxes represent CD191 IgM2 populations and are specific for littermate-matched animals. The
percentage of lymphocytes expressing CD19 are indicated for specific populations. Because littermate-matched sets of EmLMP2A were analyzed separately by
genotype, data from littermate-matched RAG2/2 EmLMP2A (A) and RAG2/2 (B) animals are shown. These data are representative of at least three separate
experiments.
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B.  Bone Marrow, CD19 and IgM Expression, RAG-/- Littermate
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FIG. 6. CD19 and IgM expression on RAG2/2 EmLMP2A1 bone marrow samples. Single cell suspensions from all transgenic bone marrow samples were prepared
and stained with CD19 and IgM antibodies for flow cytometry. The mouse genotypes are indicated. Boxes represent CD191 IgM2 populations and are specific for
littermate-matched animals. The percentage of lymphocytes expressing CD19 are indicated for specific populations. Because littermate-matched sets of EmLMP2A
were analyzed separately by genotype, data from littermate-matched RAG2/2 EmLMP2A (A) and RAG2/2 (B) animals are shown. These data are representative of
at least three separate experiments.
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marrow would proliferate in response to interleukin-7 (IL-7),
in vitro bone marrow cultures were established for each
EmLMP2A genotype. Primordial B cells are responsive to the
growth and differentiation inducing properties of IL-7 only
after rearranging immunoglobulin HC genes, expressing a
functional preBCR, and transiting from a CD431 proB cell
to a CD432 preB cell (9, 45). For the following in vitro
experiments, littermate-matched sets of wild-type (RAG1/1

or RAG1/2), EmLMP2A transgene only (RAG1/1 Tg1 or
RAG1/2 Tg1), RAG null (RAG2/2), and RAG2/2

EmLMP2A animals were analyzed simultaneously to control
for experimental variation.

After 1 week of growth in IL-7-stimulated culture, individual
wild-type bone marrow B cells formed microscopically detect-
able foci of proliferating cells (Fig. 8). All EmLMP2A trans-
gene only bone marrow B cells were able to proliferate and
form colonies when cultured in IL-7-containing methylcellu-
lose medium (Fig. 8). There were no significant differences in
the number of total colonies identified in either wild-type or
EmLMP2A cultures. However, the EmLMP2A colonies were
generally larger and denser than the wild-type colonies, regard-
less of the EmLMP2A genotype (Fig. 8). By comparison, the
growth properties of RAG2/2 EmLMP2A cells were signifi-
cantly different from those of the RAG-null animals (Fig. 9).
RAG-null cells do not develop to a stage responsive to IL-7
and therefore do not survive or proliferate under these culture
conditions. Although all RAG2/2 EmLMP2A cells grew in
response to IL-7 stimulation, the RAG2/2 EmLMP2ABCR2

cells formed colonies of greater size than RAG2/2

EmLMP2ABCR1 cells (Fig. 9). These data further support the
hypothesis that LMP2A expression in two different classes of
EmLMP2A transgenic mice is sufficient to provide a survival
signal to RAG2/2 bone marrow cells. No bone marrow cells,
regardless of transgene or RAG genotype, grew in methylcel-
lulose cultures prepared in the absence of IL-7 (data not
shown). Therefore, the extent to which LMP2A can provide a

developmental signal to RAG2/2 bone marrow cells relies
upon the cooperative stimulation of both IL-7- and LMP2A-
dependent signaling pathways.

All IL-7-cultured samples were examined by immunoblot
analysis to determine if the in vitro selection of B cells would
reveal significant differences in LMP2A protein expression be-
tween transgenic lines. LMP2A expression was readily detect-
able in all EmLMP2A samples, regardless of the RAG geno-
type (Fig. 10). Relatively equal amounts of the p85 subunit of
PI3 kinase were detected in all samples, indicating roughly
equal loading of protein lysate in all samples. A nonspecific
band was present in all samples, regardless of the genotype.
Although suggestive, the differences in LMP2A expression be-
tween different genotypes were not reproducible by repeated
immunoblot analysis.

All bone marrow cultures were examined by flow cytometry
to determine whether IL-7 and LMP2A stimulation coopera-
tively alter the expression of developmentally regulated B-cell
surface markers. CD431 proB cells and CD432 preB cells
were not discernible from these cultures since all samples ex-
pressed similarly low levels of CD43 (data not shown). All
EmLMP2A-only bone marrow cells recovered from methylcel-
lulose express CD19 at levels comparable to those of the wild-
type littermate controls (compare Fig. 11). As predicted by the
analysis of primary bone marrow samples, both the Tg7- and
the TgE-only samples showed a marked reduction in the pro-
portion of IgM1 cells compared to the wild-type littermate
controls (compare 1 to 3% for EmLMP2ABCR2 versus 15 to
27% for littermate wild type; Fig. 11). Surprisingly, all of the
EmLMP2ABCR1 bone marrow IL-7 cultures also showed a
dramatic reduction in the proportion of IgM1 cells compared
to the wild-type littermate controls (compare 6 to 14% for
EmLMP2ABCR1 versus 21 to 34% for littermate wild type; Fig.
11). This decrease in EmLMP2ABCR1 CD191 IgM1 cells was
not appreciated from previous analysis of primary bone mar-
row samples (compare Fig. 4A and 11B). Therefore, by select-

B.  Bone Marrow, CD19 and CD43 Expression, RAG-/- Littermate
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FIG. 7. CD19 and CD43 expression in RAG2/2 EmLMP2A1 bone marrow samples. Single cell suspensions from all transgenic bone marrow samples were prepared
and stained with CD19 and CD43 antibodies for flow cytometry. The mouse genotypes are indicated. Boxes represent CD191 CD432 and CD191 CD431 populations
and are specific for littermate-matched animals. The percentage of lymphocytes expressing CD19 and CD43 are indicated for specific populations. Because
littermate-matched sets of EmLMP2A were analyzed separately by genotype, data from littermate-matched RAG2/2 EmLMP2A (A) and RAG2/2 (B) animals are
shown. These data are representative of at least three separate experiments.
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ing for only B-lineage cells from the myriad primary bone
marrow cell types, the IL-7 methylcellulose culture system re-
veals the previously masked EmLMP2ABCR1 phenotype. Al-
ternatively, this phenotypic difference may be the result of in
vitro-induced upregulated expression of LMP2A in all
EmLMP2A genotypes.

DISCUSSION

The level of LMP2A mRNA detected in bone marrow cells
by the Taqman assay correlates with the severity of the trans-
genic B-cell phenotype. These data, however, are only sugges-
tive and do not preclude a phenotypic effect based upon dif-

WT Tg7 (BCR-) TgE (BCR-)

TgB (BCR+) Tg6 (BCR+) TgC (BCR+)

FIG. 8. Photomicrographs of IL-7 methylcellulose cultured EmLMP2A bone marrow cells. A total of 106 bone marrow cells from the indicated EmLMP2A and
wild-type genotypes were incubated in 3 ml of IL-7-containing methylcellulose medium for 7 days. Cell morphologies were photographed under 340 magnification. The
EmLMP2ABCR2 (BCR2) and EmLMP2ABCR1 (BCR1) designations are indicated.

RAG-/-TgB+ (BCR+) RAG-/-Tg6+ (BCR+) RAG-/-TgC+ (BCR+)

RAG-/- RAG-/-Tg7+ (BCR-) RAG-/-TgE+ (BCR-)

FIG. 9. Photomicrographs of IL-7 methylcellulose cultured RAG2/2 EmLMP2A1 bone marrow cells. A total of 106 bone marrow cells from the indicated genotypes
were incubated in 3 ml of IL-7-containing methylcellulose medium for 7 days. Cell morphologies were photographed under 340 magnification. The EmLMP2ABCR2

(BCR2) and EmLMP2ABCR1 (BCR1) designations are indicated.
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ferences in EmLMP2A temporal expression during B-cell
development. Additionally, mRNA transcription levels may
not directly reflect protein translation levels. Considering these
parameters, transgene expression in EmLMP2ABCR2 mice is
able to alter normal B-cell development by allowing the bypass
of V-to-DJH recombination in bone marrow cells. LMP2A is
also able to provide a developmental and survival signal to
these same cells, resulting in immunoglobulin LC gene rear-
rangement and survival of BCR-negative cells in the peripheral
lymphoid organs (Fig. 12A). Relatively lower levels of trans-
gene expression in EmLMP2ABCR1 mice are insufficient to
significantly alter B-cell development (Fig. 12B). These data
suggest that a threshold level of LMP2A expression may be
required for altering normal B-cell development in a wild-type
genetic background. At levels below this threshold amount,
normal B-cell signaling processes would be able to control
B-cell development. In developing or mature T cells, even
high-level expression of LMP2A seems to have little effect on
their development or function as measured in vitro. This sug-
gests that although T and B cells share common signal trans-
duction features through their respective antigen receptors,
there may be B-cell-specific factors that are important for
LMP2A function in B cells. The significance of this observation
for EBV-related T-cell pathologies will need to be determined.

The extent to which LMP2A can drive RAG2/2 B-cell de-
velopment and survival also correlates with transgene expres-
sion level. Even relatively low levels of LMP2A expression
provide a proportional survival signal which allows BCR-neg-
ative RAG2/2 EmLMP2A1 B cells to survive in peripheral
lymphoid tissues, whereas RAG2/2 cells are otherwise deleted
(Fig. 12C and D). This phenotype is even more pronounced in
RAG2/2 EmLMP2ABCR2 B cells. Bone marrow B-cell pro-
genitors from both the RAG2/2 EmLMP2ABCR2 and
RAG2/2 EmLMP2ABCR1 animals are able to respond to IL-
7-specific stimuli in vitro, suggesting that these cells can also
respond to developmental signals from the bone marrow mi-
croenvironment in vivo. Comparatively higher levels of
LMP2A expression exaggerate this phenotype, allowing even
greater numbers of receptorless cells to survive. Again, these
data do not preclude an alternative hypothesis that relative
developmental time of LMP2A expression may also affect the
EmLMP2A phenotype. LMP2A expression in early stages of
B-cell development is presently being examined by flow cytom-
etry analysis. The fact that both EmLMP2ABCR1 and
EmLMP2ABCR2 animals exhibit the same B-cell survival phe-
notype in a RAG2/2 background suggests that LMP2A must
provide a transgene specific effect very early in B-cell develop-
ment, prior to the onset of immunoglobulin gene rearrange-
ment.

When expressed in a wild-type murine background, the
EmLMP2ABCR2 phenotype can be defined by altered preB-
cell development, resulting in DJH

1 VDJH
2 VJK

1 CD432

preB cells accumulating in the bone marrow which subse-
quently colonize peripheral organs. The exact molecular fea-
tures of LMP2A responsible for this phenotype are not clearly
defined. Several murine genetic systems have defined the mo-
lecular basis of the proB-to-preB cell developmental transition
in wild-type animals. Of particular note is research focusing on
the immunoglobulin alpha (Iga/CD79a) and Igb (CD79b)
ITAM domains, the signaling components of the preBCR. The
surface-bound immunoglobulin portion of the preBCR must
bind the Iga-Igb heterodimers in order to promote the preB-
to-proB transition (43). Although neither the extracellular IgM
domains nor Iga are essential for the preB-to-preB transition
(18, 44, 47), deletion of Igb blocks this transition (13). Inter-
estingly, Igb2/2 CD432 proB cells perform D-to-JH gene re-
arrangements but cannot perform the subsequent V-to-DJH
rearrangements (13, 39). The developmentally arrested
CD431 preB cells in EmLMP2ABCR2 mice have an identical
DJH (but not VDJH) gene arrangement. Transgene comple-
mentation of the RAG mutation by a chimeric mm-Igb fusion
(extracellular IgM fused to cytoplasmic Igb) is sufficient to
drive RAG null CD431 proB cells to the CD432 preB-cell
stage (39). Site-directed mutation of the mm-Igb ITAM do-
main abolishes the complementation activity (39). EmLMP2A
is also able to complement the RAG null arrested proB cells.
However, unlike RAG2/2 mm-Igb preB cells, RAG2/2

EmLMP2A1 preB cells survive in peripheral organs. There-
fore, EmLMP2A provides an additional survival signal, per-
haps by recruiting Syk PTK to the LMP2A ITAM domain (3,
11, 24, 31).

When compared to EmLMP2ABCR2 animals, the
EmLMP2ABCR1 animals are unable to significantly alter wild-
type B-cell development. At first glance, the only remarkable
aspect of these animals is their ability to promote B-cell sur-
vival in a RAG2/2 background. However, this inconspicuous
LMP2A function may be the key to understanding LMP2A
function during EBV latency in humans. Recently described
experiments utilizing Cre loxP-mediated deletion of mature
BCR reveal that constant BCR stimulation is required to main-

B.  RAG-/- X EµLMP2A Bone Marrow Cells in IL7

PI3-K
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BCR+ BCR-

A.  EµLMP2A Bone Marrow Cells in IL7

PI3-K

LMP2A

+ WT B 6 C 7 E WT
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FIG. 10. Immunoblot detection of LMP2A expression in IL-7-cultured trans-
genic bone marrow cells. Cell lysates from 106 cell equivalents from IL-7-cul-
tured bone marrow cells were prepared for LMP2A immunoblot analysis as
previously described. Samples were obtained from EmLMP2A transgene only
(A) and RAG2/2 EmLMP2A1 (B) bone marrow cultures. EmLMP2ABCR2

(BCR2) and EmLMP2ABCR1 (BCR1) genotypes are indicated. NP-40 soluble
lysate from 2.5 3 106 LCL10 cell equivalents was used as a positive control (1)
for LMP2A expression. The diagnostic bands for the p85 subunit of PI3 kinase
(PI3-K, 85 kDa) and LMP2A (45 kDa) are indicated.
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tain peripheral B-cell survival (20). LMP2A may provide anti-
apoptotic signals to peripheral human B cells harboring latent
EBV. This would be particularly important if signaling through
the BCR is blocked by LMP2A, as observed in EBV-trans-
formed LCLs grown in tissue culture. By fractionation of B
cells from EBV-positive humans, EBV is found in the BCR-
positive memory cell fraction (1, 34, 35). If LMP2A is ex-
pressed in these cells at anytime during their lifetime, they
would require another signal to prevent apoptosis. LMP2A
could provide this signal. This LMP2A-specific function was
unappreciated in in vitro studies of EBV latency since LMP1
expression in LCLs promotes B-cell growth and survival by
inducing the expression of antiapoptosis proteins (17). An-
other complicating factor when studying in vitro latency is that
LCLs express all nine latent proteins, whereas only LMP2A
and EBNA1 are expressed during in vivo latency. In vivo im-
mune pressures may also select for low-level LMP2A expres-
sion in latently infected cells inasmuch as LMP2A-specific cy-
totoxic T cells can be isolated from healthy latently infected
individuals (16, 22, 41).

From these studies and others, it is now apparent that
LMP2A may play multiple roles in the persistence of EBV in

the human host. Our previous studies indicate LMP2A blocks
normal BCR signal transduction in EBV latently infected
LCLs grown in culture. This block in BCR signal transduction
prevents switch from latent to lytic replication following BCR
activation in EBV-transformed LCLs grown in tissue culture
(31, 32). These in vitro observations suggested that the in vivo
role of LMP2A in latent EBV infection may be to prevent
activation of lytic EBV replication by BCR-mediated signal
transduction (26, 31, 32). This LMP2A function would be im-
portant in preventing lytic replication in latently infected lym-
phocytes as they circulate in the peripheral blood, bone mar-
row, or lymphatic tissues, where they might encounter
antigens, superantigens, or other ligands which could engage
BCRs and activate EBV lytic replication. Related to the down-
modulation of BCR signal transduction, LMP2A may also be
important in maintaining EBV-infected lymphocytes in an in-
activated state, thereby providing poor targets for cytotoxic T
cells specific for LMP2A.

The data presented herein illustrate that LMP2A can pro-
vide a survival signal to developing and peripheral B cells in
two different groups of EmLMP2A transgenic animals. As ev-
idence by the EmLMP2ABCR1 lines, LMP2A can provide this
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FIG. 11. Flow cytometry analysis of IL-7 methylcellulose cultures. Data from littermate genotype-matched sets of wild-type (A), RAG2/2 EmLMP2A1 (B) and
RAG2/2 (C) animals are shown. A total of 106 IL-7-cultured bone marrow cells from the indicated genotypes were analyzed for CD19, CD43, and IgM expression by
flow cytometry as described in the text. Boxes are specific for littermate-matched animals and represent CD191 IgM2 and CD191 IgM1 populations as delineated by
wild-type littermate-matched animals. The percentage of total lymphocytes expressing the indicated surface markers are indicated for specific populations. These data
are representative of at least three separate experiments.
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survival signal without significantly altering normal B-cell de-
velopment. This LMP2A survival signal, coupled with the abil-
ity to block BCR signal transduction, could be particularly
important for the persistence of EBV in the human host in

BCR-positive cells by preventing activation of lytic replication
and providing long-term B-cell survival without the necessity
for normal BCR signal transduction. This potential LMP2A
function in vivo was not fully appreciated from earlier LMP2A

FIG. 12. Schematic representation of EmLMP2A altered bone marrow B-cell development. (A) Normal murine B-cell development can be divided into defined
steps based upon the coordinated expression of various B-cell markers and immunoglobulin gene rearrangements. (B) LMP2A expression redirects normal murine
B-cell development in a wild-type genetic background. EmLMP2ABCR1 mice express relatively lower levels of LMP2A, which are insufficient to significantly alter
normal B-cell development. EmLMP2ABCR2 animals express enough LMP2A to alter B-cell development. The EmLMP2ABCR2 phenotype can be defined by the
accumulation of DJH

1 VDJH
2 VJK

1 CD432 preB cells in the bone marrow, which subsequently colonize peripheral organs. (C) Murine B-cell development in a
RAG2/2 genetic background. RAG is responsible for immunoglobulin gene-specific DNA recombination. B-cell development in RAG2/2 mice is blocked at the
proB-cell stage. (D) B-cell development in RAG2/2 EmLMP2A1 animals. All EmLMP2A transgenes are able to provide a survival signal to RAG2/2 proB cells. BCR
null RAG2/2 EmLMP2A1 primordial B cells survive in the bone marrow and colonize peripheral lymphoid organs. These peripheral RAG2/2 EmLMP2A1 cells are
CD191 CD432 with immunoglobulin genes in a germ line configuration. EmLMP2ABCR2 transgenes are able to provide a more efficient survival signal than
EmLMP2ABCR1 transgenes.
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transgenic animals. Further research with the LMP2A trans-
genic mice will elucidate the unique effects LMP2A has on
normal B-cell biology and the role of LMP2A in EBV persis-
tence in the human host.
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