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NEOPLASIA

Rescue of “crippled” germinal center B cells from apoptosis by Epstein-Barr virus

Christoph Mancao, Markus Altmann, Berit Jungnickel, and Wolfgang Hammerschmidt

Epstein-Barr virus (EBV) is associated
with B-cell lymphomas such as Hodgkin
lymphoma, Burkitt lymphoma, and post-
transplantation lymphoma, which origi-
nate from clonal germinal center (GC) B
cells. During the process of somatic hy-
permutation, GC B cells can acquire del-
eterious or nonsense mutations in the
heavy and light immunoglobulin genes.
Such mutations abrogate the cell surface
expression of the B-cell receptor (BCR),
which results in the elimination of these
nonfunctional B cells by immediate apo-
ptosis. EBV encodes several latent genes,

among them latent membrane protein 1
(LMP1) and LMP2A, which are regularly
expressed in EBV-positive Hodgkin lym-
phoma and posttransplantation lympho-
mas. Since LMP1 and LMP2A mimic the
function of 2 key receptors on B cells,
CD40 and BCR, respectively, we wanted
to learn whether EBV infection can res-
cue proapoptotic GC B cells with crip-
pling mutations in the heavy chain immu-
noglobulin locus from apoptosis. We
show here that BCR-negative GC B cells
readily enter the cell cycle upon infection
with EBV in vitro and yield clonal lympho-

blastoid cell lines that are incapable of
expressing a functional BCR because the
rearranged and formerly functional heavy
chainimmunoglobulin alleles carry delete-
rious mutations. Our findings imply an
important role for EBV in the process of
lymphomagenesis in certain cases of
Hodgkin lymphoma and posttransplanta-
tion lymphomas. (Blood. 2005;106:
4339-4344)

© 2005 by The American Society of Hematology

Introduction

The hallmark of the germinal center (GC) reaction is the process of
somatic hypermutation (SH), which leads to B cells with a high-
affinity B-cell receptor (BCR) and the abrogation of the default
apoptosis pathway of GC B cells.! Since SH in the V genes of the
rearranged immunoglobulin heavy (HC) and light chain (LC)
alleles is largely random, most mutations will have a negative
impact on the BCR to bind its cognate antigen. Some mutations,
such as generation of a stop codon or a frame shift mutation caused
by insertions or deletions, will abrogate proper translation of the
immunoglobulin genes, which make up the BCR. Such mutations
are lethal for the cells that harbor them: these cells are eliminated
by apoptosis either because they cannot compete with cells that
bind antigen more strongly or because they no longer express a
BCR on their surface and therefore fail to signal.

It is therefore surprising that about 25% of Hodgkin/Reed-
Sternberg (HRS) cells, which are the characteristic cells of classic
Hodgkin lymphoma, carry crippling mutations in the rearranged
HC or LC alleles, which preclude the expression of a functional
BCR.? The Hodgkin tumors are clonal and derived from GC B cells
because they carry originally functional light and heavy chain
immunoglobulin alleles with typical modifications introduced by
SH.#3 It is therefore likely that HRS cells with crippling mutations
in the immunoglobulin genes have acquired additional transform-
ing event(s), which enabled the cells to escape the negative
selection in the GC reaction.

One of the most prominent candidates in supporting this
transforming event is Epstein-Barr virus (EBV), which is catego-

rized as a class 1 carcinogen by the World Health Organization and
has been found associated with B-cell lymphomas such as Hodgkin
lymphoma, Burkitt lymphoma, posttransplantation lymphomas,
and certain carcinomas, among others.® In all EBV-infected tumor
cells the virus adopts a latent state, which is accompanied by the
expression of a restricted number of latent viral genes. In vitro,
EBYV infects resting human B lymphocytes and transforms them
into lymphoblastoid cell lines (LCLs); a process that is termed
growth transformation and a hallmark of this virus. EBV encodes
several proteins, which could play a crucial role in rescuing GC B
cells from apoptosis. These B cells are inherently prone to die, and
to survive must receive specific survival signals such as activation
of the B cell and CD40 receptors by contact with antigen and T
helper cells, respectively. These signals could be replaced by the
viral proteins LMP2A and LMP1, both of which are expressed in
EB V-infected HRS B cells and posttransplantation lymphomas.”
Whereas LMP1 in many aspects resembles a constitutively active
CD40 receptor,'1? the cytoplasmic tail of LMP2A harbors an
immunoreceptor tyrosine-based activation motif (ITAM).!*® This
motif has originally been identified in the coreceptors CD79A and
CD79B, which make up the BCR, together with the assembled
heavy and light chains.'%!> LMP2A expression itself stimulates
ITAM-specific tyrosine kinases and mimics the presence of a BCR
in transgenic mice.'® It is therefore possible that LMP2A, when
expressed in GC B cells, may simulate an activation signal by using
receptor-proximal signaling components similar to the BCR. This
molecular mimicry might constitute an important survival signal for GC

From the GSF-National Research Center for Environment and Health and the
Department of Gene Vectors; and the Institute for Clinical Molecular Biology
and Tumor Genetics, Munich, Germany.

Submitted June 13, 2005; accepted July 27, 2005. Prepublished online as
Blood First Edition Paper, August 2, 2005; DOI 10.1182/blood-2005-06-2341.

Supported by grant SFB455 of the Deutsche Forschungsgemeinschaft and by
Public Health Service Grant CA70723.

BLOOD, 15 DECEMBER 2005 + VOLUME 106, NUMBER 13

An Inside Blood analysis of this article appears at the front of this issue.

Reprints: Wolfgang Hammerschmidt, GSF-National Research Center for
Environment and Health, Department of Gene Vectors, Marchioninistr 25, D-
81377 Munich, Germany; e-mail: hammerschmidt@gsf.de.

The publication costs of this article were defrayed in part by page charge
payment. Therefore, and solely to indicate this fact, this article is hereby
marked “advertisement” in accordance with 18 U.S.C. section 1734.

© 2005 by The American Society of Hematology

4339


http://www.bloodjournal.org/
http://www.bloodjournal.org/site/subscriptions/ToS.xhtml

From www.bloodjournal.org by guest on July 29, 2016. For personal use only.

4340 MANCAO et al

B cells, since LMP2A expression could rescue proapoptotic B cells with
a nonfunctional or absent BCR from the default apoptosis pathway.

We wanted to test the hypothesis, whether EBV can rescue GC
B cells with a crippled BCR, in in vitro experiments. To this end,
we isolated BCR-negative (BCR™) GC cells and infected them
with a green fluorescent protein (GFP)—-encoding wild-type EBV.
We found that EBV’s capacity to transform primary human B
lymphocytes includes GC B cells that are incapable of expressing a
functional immunoglobulin heavy chain due to stop codons, frame
shift mutations, or devastating deletions introduced during somatic
hypermutation. Thus, our experiments mimic what might be one
step in the pathogenesis of Hodgkin lymphoma and posttransplan-
tation lymphomas. Our results also suggest that an EBV infection
can rescue BCR™ GC B cells from apoptosis in an in vivo situation,
indicating that EBV can be directly involved in the initial steps of
lymphomagenesis of GC-derived B-cell lymphomas.

Materials and methods

Isolation, separation, and infection of primary B lymphocytes

Human primary B cells were isolated from adenoids, depleted from T cells,
purified by Ficoll density centrifugation, and characterized by fluorescence-
activated cell-sorter scanner (FACS) analysis with a—N\-LC —phycoerythrin
(PE) and a—k-LC—fluorescein isothiocyanate (FITC) (Dako Cytomation,
Carpinteria, CA), a—CD3-allophycocyanin (APC) (BD Biosciences, San
Jose, CA), a—CD77-FITC (BD Biosciences), and a—CD21-FITC (Chemi-
con, Temecula, CA) antibodies. For separation into a BCR" and a BCR™
fraction, the cells were stained with a—\ and k-LC antibodies (BD
Biosciences). B-cell preparations were depleted using magnetic cell sorting
(MACS) columns and a—mouse immunoglobulin G1 (IgG1) MicroBeads
(Miltenyi Biotec, Auburn, CA) to obtain BCR™ cells. As an alternative,
BCR™ cells were depleted for CD3 cells (a-CD3; Miltenyi Biotec) and
enriched for CD77 surface expressing B cells (a-FITC; Miltenyi Biotec) by
magnetic sorting in certain experiments. A variant of the maxi-EBV p2089
was prepared from a stable cell line as described:'718 1 X 105 B cells were
infected and initially plated on irradiated CD40 ligand feeder layer'? in the
presence of 2 ng/mL interleukin-4 (IL-4) (PAN Biotech, Karlsruhe,
Germany) and 1 pg/mL cyclosporine A (Novartis, Basel, Switzerland).
Four days after infection the cell proliferation assay was performed
using the BrdU Flow Kit (BD Biosciences). Limiting dilution assays
were performed with BCR™ cells to obtain single-cell clones.

Screening for BCR™ single-cell clones

Single-cell clones were analyzed by FACS for LC surface expression with
a—\-LC-PE (BD Biosciences) and a—k-LC—APC antibodies (Caltag Labo-
ratories, Burlingame, CA). The LC negative cells were further analyzed for
HC expression by Western blot using an a—human IgA + IgG + IgM
(H+L) antibody directly coupled with peroxidase (Dianova, Hamburg,
Germany). Purified immunoglobulin (Beriglobin, Aventis-Behring, Mar-
burg, Germany) was used in Western blots as a positive control. For
detection of EBNA2, a combination of a-EBNA2a and a-EBNA2b
antibodies was used with an o-rat peroxidase—coupled secondary
antibody (Dianova).

PCR amplification and analysis of the IgH gene loci

Genomic DNA was isolated and /gVy gene rearrangements were amplified
with the second round Vy polymerase chain reaction (PCR) primer sets?
and sequenced on both strands. Analysis was performed with the V BASE
database (www.dnaplot.de) and blast searches against the human germ line
sequence of the complete HC gene locus (PubMed accession ng_001019).
In order to discriminate between a completely (VDJy) versus an incom-
pletely (DJy) rearranged HC locus versus a possible HC germ line situation,
we used 2 sets of PCR primers: D7-272! combined with the Jyl.4.5
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primers,2? with which the intergenic sequence between the last Dy and the
first Jy segment can be amplified. To discriminate between a completely
(VDJy) versus an incompletely (DJy) rearranged HC locus, we used a
primer pair that amplifies part of the intergenic region in between the most
3’ Vi gene and the first Dy segment (GLfront: 5'-AGAGCAGACTCCAGG-
GACG-3’ with GLback: 5'-CCACACCAAGGTCATCATTGTAG-3").

Results

B cells prepared from adenoids revealed 3 discernable subpopula-
tions: light chain (LC) lambda positive (A*), kappa positive (k*),
and LC-negative cells, which are BCR™ (Figure 1A). In order to
isolate BCR™ cells, N*/k™ cells were depleted with LC-specific
antibodies coupled indirectly to magnetic beads (Figure 1B).
Although the resulting BCR™ fraction mostly consists of remnant
CD3* T cells, about 15% of all BCR™ cells are CD21% B cells
(Figure 1C). The BCR™ and control BCR™ cell populations were
infected with EBV in the presence of cyclosporine A to abrogate an
EBV-specific T-cell response. The EBV strain used in this study is
based on a modified maxi-EBV genome, which encodes the GFP
gene cloned onto the B95.8 prototype EBV genome.!” Four days
after infection GFP-positive (GFP™) cells could be detected among
BCR™ cells as well as BCR™ cells (Figure 2A, middle and bottom
panels), whereas in the uninfected population, GFP was detectable
only at background levels (Figure 2A, upper panel).

To analyze the cell cycle status of infected and uninfected cells,
BrdU incorporation assays were performed. Two-parameter FACS
analysis revealed cycling cells in the EBV-infected BCR™ and
BCR™ cell populations but not in uninfected cells (Figure 2B).

unsorted starting
cell population

sorted and infected
cell population

CD19

kappa cD19

Figure 1. Cell surface expression of A and k light chains of primary lympho-
cytes and preparation of BCR~ B cells. (A) Primary lymphocytes were isolated
from nasal adenoids and stained for cell surface expression of the immunoglobulin
light chains X\ and k. Most cells were either single \- or k-positive BCR* B cells,
whereas a smaller fraction was double negative for both immunoglobulin light chains.
(B) The lymphocyte preparation was depleted by magnetic sorting with \- and
k-specific antibodies indirectly coupled to magnetic beads, and the BCR~ fraction
was again analyzed for cell surface expression of X and k light chains. (C) The BCR~
population consisted of a smaller CD21* B-lymphocyte fraction, whereas CD3* T
lymphocytes dominated. CD3~/CD21~ cells are probably monocytes, which were not
further analyzed. (D) In a second approach primary lymphocytes from adenoids were
analyzed for surface expression of CD19 and CD77, revealing the initial fraction of
GC B cells. (E) The lymphocyte preparation was depleted with CD3, - and k-specific
antibodies, enriched for CD77 surface-positive GC B cells, and again analyzed for
light chain cell surface expression. (F) Prior to EBV infection, the cells were
characterized for their expression of CD77 and CD19, indicating the germinal center
origin of the surface BCR™ B-cell preparation. Quadrant statistics based on intact
cells in the lymphocyte gate by forward and sideward scatter criteria are depicted in
the top right-hand corner of each FACS plot.
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Figure 2. BCR™ as well as BCR~ B cells infected with EBV enter the S phase of
the cell cycle and proliferate in vitro. (A) An EBV genome, which encodes GFP,!”
was used to infect the BCR~ and BCR™ cell populations (middle and bottom panels)
or BCR™ cells were left uninfected (top row panels). GFP* cells were found in BCR*
and BCR™ cells, indicating that EBV can infect cells in both populations. (B) To
analyze the cell cycle distribution of the uninfected and infected BCR~ and BCR* bulk
populations, the cells were labeled with the nucleotide analog BrdU 4 days after
infection for 2 hours. Dual parameter flow cytometry of the cells with an APC-
conjugated «-BrdU antibody and with 7-AAD to reveal the cellular DNA content
indicated that the EBV-infected B-cell pool entered S phase and proliferated
irrespective of their BCR surface status (middle and bottom panels, gates R2 and
R3). Cells in the uninfected population enter neither S phase (top panel, region R2)
nor M phase (region R3), as indicated by the lack of BrdU incorporation and
predominance of G1/GO phase (gate R1). (C) Dual parameter flow cytometry of
EBV-infected B cells gated for typical forward/sideward scatter lymphocyte morphol-
ogy. (D) Triple parameter flow cytometry of GFP*/EBV-infected B cells (gate M1 in
panel A). BrdU incorporation and 7-AAD staining showed a similar cell cycle
distribution in panels B, C, and D. Since only a fraction of EBV-infected primary B
cells express GFP at a detectable level, the number of GFP-positive cells in the BCR™
and BCR~ populations is markedly lower than in panel C. Also in contrast to panel B,
most GFP* cells in D are not apoptotic, as indicated by a minority of cells with sub-G1
DNA content.

Cycling cells are typical lymphocytes by forward and sideward
scatter criteria (Figure 2C and data not shown), whereas a large
fraction of the entire cell population is apoptotic or has disinte-
grated 4 days after preparation (Figure 2B). Since EBV infects B
cells exclusively, GFP* cells are indicative of selectively infected
B cells (Figure 2A), which enter the cell cycle irrespective of their
surface BCR status (Figure 2D). The lower absolute number of
proliferating cells in the BCR™ cell population compared to BCR™*
cells merely reflects the different absolute numbers of B cells in the
2 cell populations. Whereas more than 90% of BCR* cells are also
CD21*"/CD19" (data not shown), only about 15% of the cells in the
BCR™ preparation (Figure 1C) are B cells, which EBV infects.
Taking the GFP™ cells into account (Figure 2D), BCR™ cells were
only slightly if at all compromised in entering S phase in
comparison to BCR*/GFP* cells as indicated by their relative
distributions in the different phases of the cell cycle (Table 1). Our
data indicate that EBV infection can rescue BCR™ B cells from
early apoptosis and induce their initial proliferation in vitro.

Table 1. Relative cell cycle distribution
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Figure 3. Analysis of clonal LCLs for expression of immunoglobulin chains by
FACS and Western blot immunodetection. (A) Single cell clones were obtained
from limiting dilution assays and tested for surface BCR expression with light
chain—specific antibodies by FACS. Six LCL clones are shown as representative
examples, together with a control bulk population obtained from EBV-infected BCR*
B cells (BCR*). The numbers indicate the percentile of cells in the respective
quadrants. (B) Single-cell clones no. 16, 54, and 59, which all fail to express \ or k
light chains at their cell surfaces, as shown in panel A, also are negative with regard to
intracellular expression of the IgG-HC (50 kDa) as revealed by Western blotting.
Clones no. 15 and 26 were immunoglobulin HC positive in Western blotting, but only
no. 26 expressed a surface BCR, as shown in panel A. Clone no. 12, which does not
express a surface BCR, is shown to be IgG-HC negative but IgM-HC (75 kDa)
positive in Western blotting. The lane labeled “Ig” is a positive control with a purified
commercial human IgG preparation. Another positive control is a pool of BCR*/EBV-
infected LCLs. All LCLs are EBV infected, since they express the latent viral gene
product EBNA2, which also served as a loading control.

Since BCR™ B cells readily entered the cell cycle upon infection
with EBV, we wished to establish BCR™ single-cell lymphoblas-
toid cell clones in order to analyze their immunoglobulin genes at
the sequence level, eventually. In a pilot experiment, we isolated
BCR™ cells from patient A. From 3 X 108 cells in the first
preparation step, about 2 X 10 BCR™ cells were obtained after
depletion, and 1 X 10° were infected with EBV. In the presence of
the calcineurin inhibitor cyclosporine A, the EBV-infected cells
were initially plated in a 6-well cluster plate on irradiated CD40L
feeder L-cell layers in the presence of IL-4 to support the survival
of B cells. 1922 After several weeks, proliferating cells were again
enriched for BCR™ cells by depletion and plated in 96-well cluster
plates in limiting dilutions to obtain clonal LCLs. Cells in 136
wells, which fulfilled the statistical criteria of single-cell clones,
were further expanded and analyzed by FACS for surface expres-
sion of the BCR again with LC-specific antibodies.

One hundred seven cell clones were found to be BCR™ (Figure
3A), and 33 were further analyzed for HC expression by Western
blotting (Figure 3B). Of the 33 cell clones, 22 cell clones did not

No gate Lymphocyte gate GFP* cells (M1)

Cells Go/G1 S Go/M Go/G1 S Go/M Go/G1 S Go/M
BCR* uninfected 93 0 7 53 5 42 72 0 28
BCR* + EBV 48 39 13 42 49 9 40 43 17
BCR~ + EBV 68 16 16 50 30 20 45 32 23

Values are percentages of total cells.
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express the immunoglobulin HC detectably in Western blot analy-
sis, and 18 clones were further subjected to PCR amplification and
DNA sequencing of the rearranged Vy gene with Vy family-
specific forward and a set of Jy-specific backward primers as
described.?’ All 18 sequenced Vy loci showed multiple deviations
from the germ line Vi gene sequences, as expected due to somatic
hypermutation, but the Vy sequences were derived from only 3
individual B-cell clones. The Vy sequence of clone A54 shown in
Figure 4A was independently identified in 11 cell clones, whereas
the Vy sequence from clone A16 in Figure 4B was identified twice.
Five identical Vy sequences did not show any obvious nonfunc-
tional mutational defects (data not shown). We interpret this finding
to indicate that the bulk culture was made up of descendants of a
very limited number of individual B cells at the time of plating at
limiting dilution.

We therefore changed our strategy to avert the clonal domi-
nance seen in the first experiment. From 2 patients, CD77* GC B
cells were prepared, N */k* cells were depleted along with remain-
ing T cells, and about 105 BCR™ CD77" cells were infected with
EBV (Figure 1D-F). The infected cells were cultivated on plastic in
the absence of CD40L/IL-4 stimulation in bulk cultures for 3
weeks. Surviving cells were enriched for BCR™ cells and plated in
limiting dilution experiments. A total number of 185 proliferating
B-cell clones were analyzed by FACS for LC surface expression, of
which 104 clones were found to be BCR™. Of 67 clones analyzed
by Western blotting, 14 did not express the HC detectably. The Vy
sequence of the PCR products of these B-cell clones showed either
a stop codon (patient B, clone 5 and clone 11; Figure 4C-D) or a
frame shift mutation (patient C; data not shown).

All crippled B-cell clones were analyzed for the status of the
second HC allele. Using 2 primer pairs, which either detect the
germ line composition or discriminate between DJ or VDJ
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rearrangements in the HC locus, we found PCR products character-
istic of DyJy rearrangements in all 5 cases, but no germ line
situation or additional VyDyJy rearrangements, indicating that the
second HC alleles are nonfunctional (data not shown).

In all experiments we found 5 proliferating B-cell clones, which
were genotypically BCR™. Their Vy sequences display deviations
from the germ line V gene database entries (Figure 4); a finding that
is a hallmark of somatic hypermutation and underlines the GC
origin or passage of the isolated B cells. The clone A54 shows a C
to G transversion in CDR1, which leads to an in-frame translational
stop codon (Figure 4A). The Vy gene of the LCL Al6 is
characterized by a drastic deletion of all of CDR2 and parts of
CDR3, which also causes a frame shift mutation. The 2 clones from
patient B are sterile for BCR expression due to in-frame stop
codons (Figure 4C-D). One clone derived from patient C suffers
from a frame shift mutation presumably in the region of the D
segment, such that the C segments of the immunoglobulin HC gene
are out of phase (data not shown). Taken together, the sequence
analysis of 5 immunoglobulin HC genes indicates that none of the
isolated clonal LCLs can express a functional BCR. Since the
second alleles of the 5 B-cell clones showed only a DyJy
rearrangement, we conclude that the completely rearranged and
sequenced immunoglobulin genes had been functional in the naive
B-cell status before the cells underwent somatic hypermutation in a
GC reaction where they all experienced loss of function mutations.

Discussion

The rescue of proapoptotic germinal center B cells by EBV could
be the crucial initial step in the evolution of B cells to Hodgkin
Reed-Sternberg cells and similarly involved in lymphomagenesis
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Figure 4. Sequence analysis of clonal LCLs derived from EBV-infected BCR~ B cells. The sequences of 4 single-cell LCL clones are shown, which carry a crippled heavy
chain allele and fail to express a functional BCR. A detailed comparison of VDJ gene regions of the 4 sequenced clones (bottom lines) to the most homologous germ line genes
(top lines) is shown. Sequence identity is indicated by dashes, and nucleotide exchanges introduced by somatic hypermutation are indicated. Uppercase characters denote
replacement mutations, and lowercase characters describe silent mutations. (A) In clone A54 an in-frame stop codon (marked with asterisks) in CDR1 (solid lines) abrogates
HC expression. (B) In clone A16 only the variable and the joining segment could be determined, since this rearranged heavy chain allele suffers from a massive internal
deletion, which is indicated by boxes. The deletion also causes a frame shift mutation such that the C segments are out of phase. The clones B5 (C) and B11 (D) are crippled
due to in-frame stop codons (asterisks). The forward and backward primer binding sites (dotted lines) contain wobbled bases: M (adenosine or a cytidine), and Y (cytidine or a

thymidine).
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of posttransplantation lymphomas. A certain fraction of these
malignancies are characterized by tumor B cells, which fail to
express a surface BCR because the immunoglobulin genes are
either transcriptionally silent or inactivated by somatic muta-
tions.?3?* Although numerous reports describe the establishment of
LCLs from human pre- and pro-B cells in vitro,>>?’ and EBV
equally infects and growth transforms naive and memory B cells,?
the survival of B cells depends on a functional BCR.? Therefore, it
was unclear whether EBV can infect proapoptotic germinal center
B cells ex vivo and rescue those that are destined to undergo
programmed cell death because they are BCR™. This is a relevant
issue since germinal center B cells have a very limited life span ex
vivo, whereas the expression of counteracting viral genes occurs
relatively late after B-cell infection. The relative survival of
germinal center B cells in cell culture was determined to be
between 10% and 25% of the initially seeded cells 16 to 24 hours
after isolation,"?%3% and the ex vivo lifespan of BCR ™ cells is likely
to be shorter than the BCR* subpopulation. This likely assumption
is critical since the 2 viral genes LMPI and LMP2A are expressed
later during EBV infection.

For several reasons, we expect LMP1 and LMP2A to be
crucially involved in rescuing proapoptotic GC B cells. LMP1
expression induces a number of antiapoptotic cellular genes and
leads to NF-kB activation!® similar to a ligand-activated CD40
receptor.!%31 LMP2A acts as a constitutive activated receptor and
has been recognized to mimic physiologic functions of a “trick-
ling” B-cell receptor? in vitro and in a transgenic mouse model.3 It
is therefore obvious to postulate that LMP2A expression in GC B
cells might rescue proapoptotic B cells since LMP2A constitutes a
fully functional BCR analog in vivo.3* Several publications suggest
a correlation between crippling mutations and LMP2A-expressing
HRS cells because most cases of Hodgkin lymphoma with crippled
BCR are EBV positive.*>3336 In fact, preliminary experiments
indicate that LMP2A is essential to growth transform primary B
cells, which are phenotypically BCR™. To our knowledge, the
expression kinetic of LMP2A has not been investigated, but LMP1
is known to become expressed near the levels ordinarily found in
LCLs 2 to 3 days after infection.?”* This is because LMP1 as well
as LMP2A are indirectly but concomitantly up-regulated by
EBNAZ2, whose expression precedes that of LMP1.% In contrast,
2 additional viral genes, which are known or suspected to have
antiapoptotic functions, are maximally expressed within the first
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24 hours of B-cell infection such that the late onset of LMP1 and
LMP2A expression might be compensated by very early viral
functions.*

Our findings are consistent with the hypothesis that EBV
infection can rescue proapoptotic GC B cells in vivo and are in
accordance with 2 similar reports.*'*> As a consequence, the
resultant pool of EBV-positive rescued cells is that from which
EBV-positive Hodgkin lymphoma and posttransplantation lym-
phoma subsequently arise.>* However, the in vivo phenotype of
EBV-associated malignancies such as Hodgkin tumors differs from
the cell lines established here, which are classic lymphoblastoid
cell lines (Figure 3 and data not shown). Whereas EBV adopts a
transcription program in LCLs, which is termed latency III and
includes the expression of 11 EBV genes, HRS cells are character-
ized by a restricted set of expressed EBV latent genes, termed
latency I1.2* This is characterized by expression of EBNAT mRNA
and the LMP1, LMP2A, and LMP2B transcripts, among others.*3
At the single-cell level, monoclonal antibody staining has con-
firmed the expression of EBNA14* and high levels of both LMP1
and LMP2A784 in the HRS cells. These findings suggest that
proapoptotic GC cells could be rescued through the expression of
LMP1 and/or LMP2A. Indeed, it has been shown that germinal
center cells in healthy carriers of the virus already express typical
latency II genes, including LMP2A.#6 Since LMP2A is already
known to substitute for the BCR in transgenic animals,'® it is a
likely candidate that might play a critical role in rescue of
BCR-defective GC B cells in vivo and in vitro.

Taken together, our data formally demonstrate that EBV
actively subverts the physiologic, rapid death of proapoptotic GC B
cells even among those that have lost the capacity to encode a
functional BCR and are therefore prone to die. It is the focus of
ongoing work to examine the role of LMP2A and other EBV latent
genes, which are expressed during latency II, and determine
whether they are essential for growth transformation and prolifera-
tion of BCR-defective GC B cells.
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