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ABSTRACT

Epstein-Barr virus (EBV) attachment to human CD21 on the B-cell surface initiates infection. Whether CD21 is a simple
tether or conveys vital information to the cell interior for production of host factors that promote infection of primary B
cells is controversial, as the cytoplasmic fragment of CD21 is short, though highly conserved. The ubiquity of CD21 on
normal B cells, the diversity of this population, and the well-known resistance of primary B cells to gene transfer technolo-
gies have all impeded resolution of this question. To uncover the role(s) of the CD21 cytoplasmic domain during infection
initiation, the full-length receptor (CD21 � CR), a mutant lacking the entire cytoplasmic tail (CT), and a control vector
(NEO) were stably expressed in two pre-B-cell lines that lack endogenous receptor. Genome-wide transcriptional analysis
demonstrated that stable CD21 surface expression alone (either CR or CT) produced multiple independent changes in gene
expression, though both dramatically decreased class I melanoma-associated antigen (MAGE) family RNAs and upregu-
lated genes associated with B-cell differentiation (e.g., C2TA, HLA-II, IL21R, MIC2, CD48, and PTPRCAP/CD45-associated
protein). Temporal analysis spanning 72 h revealed that not only CR- but also CT-expressing lines initiated latency. In
spite of this, the number and spectrum of transcripts altered in CR- compared with CT-bearing lines at 1 h after infection
further diverged. Differential modulation of immediate early cellular transcripts (e.g., c-Jun and multiple histones), both
novel and previously linked to CD21-initiated signaling, as well as distinct results from pathway analyses support a sepa-
rate role for the cytoplasmic domain in initiation of intracellular signals.

IMPORTANCE

Membrane proteins that mediate virus attachment tether virus particles to the cell surface, initiating infection. In addition, upon
virus interaction such proteins may transmit signals to the interior of the cell that support subsequent steps in the infection pro-
cess. Here we show that expression of the Epstein-Barr virus B-cell attachment receptor, CD21, in B cells that lack this receptor
results in significant changes in gene expression, both before and rapidly following EBV-CD21 interaction. These changes trans-
late into major signaling pathway alterations that are predicted to support stable infection.

The human herpesvirus Epstein-Barr virus (EBV) is implicated
in the pathogenesis of infectious mononucleosis and several

hematologic and epithelial cancers, and in promotion of certain
autoimmune diseases (1). EBV is so efficiently transmitted that by
adulthood most (�95%) of the world’s population has been in-
fected (2). In vivo, virus persists for life through establishment of a
latent B-cell reservoir. In vitro, normal resting B cells alone are
actively infected and immortalized by EBV. A high-affinity pro-
tein-protein interaction (3) between the virion envelope glyco-
protein gp350/220 and human CD21 (4–6) can initiate virus at-
tachment to B-cell surfaces, culminating in EBV gene expression
that promotes latent, although in some cases lytic or abortive,
infection (reviewed in reference 7). Persistent infection of primary
B cells in vitro and in vivo begins with a robust viral expression
pattern known as latency type III (EBNAs 1, 2, and 3A, B, and C,
LP, LMP 1, 2A, and 2B, and noncoding RNAs, including EBERs
1/2 and viral microRNAs). However, in vivo and in most EBV-
positive tumor lines, progressive silencing of viral gene expression
is the norm (8).

For many viruses, contact with a specific attachment recep-
tor is a decisive event that not only tethers the virion to the
plasma membrane but also delivers intracellular signals that

support establishment of infection. Whether and how interac-
tion with CD21 initiates changes in host gene expression that
alter the efficiency, pattern, or stability of primary EBV infec-
tion is not well understood. CD21 is uniformly expressed on
mature B cells and follicular dendritic cells although it can be
variably detected on certain other cell types. A type 1 mem-
brane glycoprotein, CD21, consists of an extracellular domain
(ED) of 15 or 16 short consensus repeat (SCR) sequences, a
transmembrane (TM) region, and a short 34-amino-acid intra-
cellular peptide. In addition to EBV, the two N-terminal CD21
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SCRs bind the C3d fragment of complement C3, the activation
antigen CD23, and alpha interferon (reviewed in reference 9).
CD21 is transiently phosphorylated by exposure to phorbol
myristate acetate (PMA). When physically cross-linked to the
B-cell receptor (BCR) or triggered immediately prior to BCR
cross-linking, toggling of CD21 (a surrogate for immune com-
plex interaction) amplifies mIg signaling, B-cell proliferation,
antibody production, and antigen presentation (reviewed in
reference 10). CD21-CD23 (low-affinity IgE receptor) interac-
tion blocks B-cell apoptosis (11). These findings highlight
CD21’s role in the integration of innate and adaptive immune
responses. However, the cytoplasmic domain is short, and thus
it has been suggested that intracellular signals are transduced
not directly by CD21 but rather through B-cell surface pro-
teins, such as CD19, that complex with CD21 (12). Down-
stream phosphorylation upon ligation of CD21 has been de-
scribed in CD19-negative cell lines (13), and interactions with
the cytoplasmic domain of CD21 have been detected in two-
hybrid assays (14, 15), even though the intervening molecules
that link the intracellular domain of CD21 with signaling path-
ways are not well characterized. To identify whether and which
cell regulatory pathways are activated upon EBV ligation of
CD21 and to precisely uncover how the intracellular fragment
of CD21 contributes to these events, we developed a strategy
based on comparative transcriptional analysis. Because (i) vir-
tually all normal B cells express endogenous CD21, as well as
the CD21-associated proteins CD19 and CD35, (ii) normal B
cells circulating in peripheral and cord blood, as well as those
localized to lymphoid organs, are extremely diverse, consisting
of mixtures of cells expressing different BCRs suspended at
distinct stages of B-cell differentiation and cycling at different
rates, (iii) primary human B cells are altered by positive selec-
tion procedures, e.g., with CD19, and (iv) primary B cells are
very difficult to transfect and are modified by transfection-
infection procedures, we developed a cell line-based approach.
We stably introduced two unrelated human pre-B-cell lines
(Nalm6 and Laz221) that lack CD21 (and also CD35), estab-
lished clones, and engineered the respective cloned lines to
express either full-length CD21 (referred to as CR), CD21 de-
void of the cytoplasmic domain (referred to as CT), or a vector
control (NEO). Clones derived from the six sublines were syn-
chronized to eliminate cell cycle effects, simultaneously in-
fected with purified EBV, and analyzed for viral gene expres-
sion over 72 h. The expression pattern of EBV RNAs (by
Northern blotting) was consistent with the pattern observed
after primary infection of B cells. Cellular RNAs harvested at 1
min, at 1 h (this study), and at time points throughout the first
week were compared. In this report, we identify the major
changes in cellular gene expression just 1 h after EBV-CD21
interaction. We show that a subset of transcripts altered follow-
ing contact of EBV with full-length CD21 (CR) are distinct
from those that contact the truncated receptor (CT). This re-
veals modulation of downstream signaling networks by the cy-
toplasmic tail of CD21 and identifies pathways that may be
essential for infection of primary B cells (though not tumor
lines). Unexpectedly, the transcriptome of cells constitutively
expressing full-length compared with truncated CD21 were
more diverged from one another than predicted, based on an
established literature describing the intracellular fragment as
being predominantly silent. Nevertheless, among cells that sta-

bly expressed CR or CT compared with NEO, conserved pat-
terns of stable gene expression were evident. Among the most
notable changes, class I melanoma-associated antigen (MAGE)
family gene expression was dramatically reduced, whereas ex-
pression of multiple genes (e.g., HLA class II) associated with
B-cell maturation increased, consistent with a key role for in-
teractions mediated solely through association with the extra-
cytoplasmic domains of CD21 in B-cell differentiation.

MATERIALS AND METHODS
Cell lines and cultivation. The human pre-B-cell (acute lymphoblastic
leukemia) lines Nalm6 and Laz221(LAZ 221) were obtained from Marga-
ret Shipp, Dana-Farber Cancer Institute, Boston, MA. The Nalm6 cell line
has been extensively characterized, lacks a c-myc translocation, and con-
tains wild-type p53 (16). Less is known about Laz221 (17). The EBV-
positive Burkitt lymphoma line Akata was provided by Kenzo Takada
(Nihon University, Tokyo, Japan). The EBV-positive marmoset producer
B-lymphoblastoid cell line (LCL) B95-8 (American Type Culture Collec-
tion [ATCC]), EBV-positive B LCLs, and the human T-cell line HPB-
MLT (Jack Strominger, Dana-Farber Cancer Institute, Boston, MA) were
provided as indicated. All cell lines were maintained in a humidified 5%
CO2 incubator at 37°C in RPMI 1640 containing L-glutamine. Culture
media were supplemented with penicillin (100 U/ml), streptomycin (100
�g/ml) (HyClone), and 10% heat-inactivated calf serum (HyClone).

Plasmid preparation. A full-length CD21 cDNA encoding 16 SCRs
was cloned from a pH3M expression library derived from the CD21�

T-cell line HPB-ALL (18) using a cDNA probe. Mutant CD21 lacking the
35-amino-acid cytoplasmic tail (SKH. . .PAS) was generated by a sub-
cloning strategy. A 923-bp PstI-PstI fragment encoding the transmem-
brane region, cytoplasmic tail, and 3= untranslated region was removed
from CD21pH3M and subcloned into PACYC177 (ATCC). The internal
105-bp EcoRV-PvuII fragment encoding the cytoplasmic tail was excised,
and PACYC177 was then religated. The truncated PstI-PstI fragment was
then excised from PACYC177 and recloned into pH3MCD21 in the cor-
rect orientation. The fidelity of full-length CD21 and CD21 deleted of its
intracellular domain (CD21CT�) was confirmed by PCR and by DNA
sequence analysis (not shown).

Electroporation. Wild-type (CR)- and mutant (CT)-containing plas-
mids were individually transfected, together with pSV2neo (Addgene),
into cells that were then selected with Geneticin (Gibco). PSV2neo was
transfected alone as the vector control. Briefly, Nalm6 cells and Laz221
cells were grown to log phase, and 1 � 107 cells were washed twice in 10 ml
serum-free RPMI and resuspended in 0.8 ml of 0.9% NaCl (Baxter) con-
taining 10 mM HEPES buffer (BioWhittaker). Expression plasmid
pH3M, pH3MCD21, or pH3MCD21� (15 �g) was mixed with pSV2neo
(1.5 �g), ethanol precipitated, washed with 70% ethanol, and then air
dried under sterile conditions. The DNA pellet was resuspended into the
cells, and the mixture was transferred to a 0.4-cm-gap electroporation
cuvette (Bio-Rad). Electroporation was performed at room temperature
on a Bio-Rad gene pulser apparatus at 0.3 kV and 960 �F, with a resultant
time constant of �11. Cells were maintained at room temperature for 10
min and then cultured in complete medium containing 20% heat-inacti-
vated calf serum that was mixed 1:1 with filtered (0.22 �m) (Easy Flow
filter; Becton Dickinson) conditioned media from the respective lines.
Forty-eight hours later, cells were washed once with complete medium
and then transferred into complete medium supplemented with 720
�g/ml (active) Geneticin (Gibco/BRL). Seventy-two hours later, cells
were transferred into complete medium containing 900 �g/ml (active)
Geneticin, in which they were maintained permanently. After 2 weeks of
growth in Geneticin, either transfectants were single-cell cloned and eval-
uated for CR2 expression by flow cytometry or the bulk population was
sorted four or more times for 100% CR2 expression on a FACSVantage
cell sorter (Becton Dickinson).

Antibodies. Murine monoclonal antibodies (MAbs) were used for
cytometric analysis of cell lines: HB-5 anti-CD21 (ATCC), OKB7 anti-
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CD21 (generously provided by Ortho Corporation), B-C3 anti-CD19
(Biosource), 5A6 anti-CD81 (Shoshana Levy, Stanford University School
of Medicine, Stanford, CA), 44D anti-CD35, anti-CD48, and anti-CD59
(Becton Dickinson), anti-Leu 13 (Sharon Evans, Roswell Park Cancer
Institute, Buffalo, NY), LB3.1 anti-HLA-DR (Jack Strominger), anti-
HLA-DP and anti-HLA-DQ (Biodesign International, Saco, ME), HB168
(also known as 72A1) anti-gp350 (ATCC), 2L10 anti-gp350 (Gary R.
Pearson, Georgetown University, Washington, DC, retired), CS1-4 anti
LMP-1 (Abcam), anti-UPC10 control IgG2a (ICN), and MOPC 21 con-
trol IgG1 (ICN). Antibodies were used at a concentration of 10 to 40
�g/ml, which was determined to be approximately 10-fold in excess of
saturation based on cytometric analyses of standard B-cell lines. For de-
tection, fluorescein isothiocyanate (FITC)-labeled goat F(ab=)2 anti-
mouse IgG (Biosource) at a concentration of 10 �g/ml was used. Mono-
specific rabbit anti-CD21/CR2 antibody, prepared as described previously
(19, 20), was used to detect human CD21 protein by immunoblotting.
Anti-CD21 antibody was detected with 125I-goat F(ab=)2 anti-rabbit IgG
(New England Nuclear). Rabbit anti-human CD21 and normal rabbit
serum (control) were used for some cytometric analyses, followed by de-
tection with FITC-goat F(ab=)2 anti-rabbit IgG (Biosource).

Flow cytometry. Cells (1 � 106/sample) were washed in RPMI con-
taining 2% heat-inactivated fetal calf serum (FCS) and 0.04% sodium
azide. Cells were then incubated with first antibody (either a specific mu-
rine MAb or an isotype-matched control or, alternatively, rabbit anti-CR2
or normal rabbit serum as a control) for 30 min on ice. The antibody
concentrations that were used were 10-fold in excess of saturation based
on prior titration by cytometry on appropriate positive- and negative-
control LCLs (commonly 10 to 40 �g/ml for MAbs). Cells were then
washed twice and further incubated with FITC–goat F(ab=)2 anti-mouse IgG
(murine MAbs) absorbed for cross-reactivity to human and rabbit IgG or
FITC–goat anti-rabbit IgG (rabbit sera) for 30 min on ice. The cells were
washed two additional times. In some experiments, propidium iodide was
added to live cells (final concentration, 5 �g/ml). Cells were analyzed by flow
cytometry on a FACScan instrument (Becton, Dickinson).

Immunoblotting. Cells (2 � 107/sample) were washed twice in phos-
phate-buffered saline (PBS) and then solubilized in 1 ml of lysis buffer
consisting of 1% NP-40 and 0.02% NaN3 to which 20 �l of 0.4 M iodo-
acetamide and 10 �l of 0.2 M phenylmethylsulfonyl fluoride (PMSF) in
methanol were added. The lysate was incubated for 30 min on ice and then
centrifuged for 10 min at 1,000 � g to remove insoluble material. Fifty
microliters of soluble cell extract was boiled for 5 min with sample buffer
under nonreducing conditions, and individual proteins were separated on
an SDS-10% polyacrylamide gel (21). The proteins were transferred to
nitrocellulose. CD21 was detected with rabbit anti-human CR2 followed
by 125I-labeled goat F(ab=)2 anti-rabbit IgG (New England Nuclear) and
analyzed by autoradiography using X-OMAT XAR film (Eastman Kodak)
or with goat anti-rabbit horseradish peroxidase (A5420; Sigma) and de-
veloped with a chemiluminescent substrate mixture (Amersham ECL, GE
Life Sciences) according to the directions of the manufacturer.

Virus preparation and infection. B95-8 cells were seeded at a density
of 5 � 105 cells/ml in 8 liters of complete medium and cultured in a
spinner flask with constant stirring for 1 week. The contents of the flask
were poured over coarse-porosity filters (grade 802; Whatman) to remove
cells. An additional filtration step was performed over fine-porosity filters
(0.8 �m) (Nalge). The resulting filtrate was 40-fold concentrated on a
Pelicon filtration system (Millipore). An additional centrifugation at
6,000 rpm in a JA-10 rotor (Beckman) for 10 min at 4°C was performed to
remove any remaining insoluble material. The supernatant was then cen-
trifuged at 20,000 rpm in an SS-27 rotor (Sorvall) for 90 min at 4°C, and
the EBV-containing pellets were pooled, resuspended in 50 ml of com-
plete medium, and stored in 1-ml aliquots at �70°C until use.

Duplicate samples of 2 � 107 Nalm6 or Laz221 transfectant cells were
removed from log-phase cultures and washed once in complete medium.
Cells were centrifuged at 800 � g for 10 min at 4°C, and the supernatants
were removed. Cell pellets were either processed immediately for prepa-

ration of total RNA (see below) or resuspended in 4 ml of complete me-
dium containing EBV at a 1:2 dilution with complete medium. EBV in-
cubation was continued for 4 h under cell culture conditions as described
above. After incubation, cells were washed twice by dilution in 50 ml
complete medium and separated by centrifugation as described above.
Cells were resuspended at a concentration of 4 � 105/ml in complete
medium and cultured in T75 vented-cap tissue culture flasks (Costar) as
described above. At 24, 48, and 72 h, 1 � 107 cells were removed from the
appropriate tissue culture flasks and separated by centrifugation, and total
RNA was prepared.

RNA blot hybridization. RNA preparation and blot hybridization
were performed as previously described (22). cDNAs utilized as probes
were as previously described (22) with the exception of the probe for
BHRF1. This probe consisted of an �1,100-bp BclI-BamHI subfragment
of the BamHI H genomic fragment (23).

RNA preparation and reverse transcription-PCR (RT-PCR). Cells
(107/sample) were harvested, and total RNA was prepared using the
RNeasy total RNA kit (Qiagen) according to the directions provided by
the manufacturer. All resultant RNAs were treated with DNase (Promega)
and further purified on RNeasy total RNA spin columns as directed. One
microgram of each sample of total RNA was reverse transcribed according
to directions provided in the GeneAmp PCR kit (Perkin-Elmer), using a
PTC-100 programmable thermal cycler (MJ Research). PCR amplifica-
tion primers spanning the cytoplasmic domain of CD21 were 5=-GTGCC
AATCGGATCACC-3= (sense) and 5=-TCCGCTGAATTCCAAGC-3=
(antisense). PCR amplification primers for GAPDH (glyceraldehyde-3-
phosphate dehydrogenase) and amplification conditions were as de-
scribed previously (24).

Validation of differentially expressed genes and genes belonging to
specific pathways and functions was performed by quantitative RT-PCR
(qRT-PCR). Two hundred nanograms of high-quality RNA samples was
reverse transcribed to first-strand cDNA, and 1 �l cDNA was used for
each well RT-PCR. Reactions were performed in triplicate. SYBR green
PCR Master Mix (Applied Biosystems, Foster City, CA) was used for two-
step real-time RT-PCR analysis on an Applied Biosystems StepOnePlus
real-time PCR instrument. Primer sequences were designed using the
rpimer3 tool (http://bioinfo.ut.ee/primer3-0.4.0/primer3/). The expres-
sion value of the targeted gene in a given sample was normalized to the
corresponding expression of GAPDH. The 2���CT method was used to
calculate relative expression of the targeted genes.

Microarray analysis. Total RNA was isolated using the RNeasy kit
(Qiagen). Transcriptional profiling of RNAs extracted from cell lines that
express NEO, CR, or CT was performed using the Affymetrix oligonucle-
otide microarray. Five micrograms of fragmented, labeled cRNA from
each sample was hybridized to the U133 Plus 2.0 chip, which has 54,675
probe sets, or to the U133A chip, which has 22,283 probe sets, using
standard Affymetrix protocols. Chips were scanned using an Affymetrix
microarray scanner (Hewlett-Packard), while fluorescence intensity val-
ues were captured using GeneChip software (Affymetrix). The quality of
hybridized chips was assessed using Affymetrix guidelines on the basis of
average background, scaling factor, number of genes called present, 3=-
to-5= ratios for beta-actin and GAPDH, and values for spike-in control
transcripts. The quality of the chips was determined using the affyQCR
package of BioConductor. Reproducibility of samples was checked using
chip-to-chip correlation and signal-to-noise ratio (SNR) methods for
replicate arrays. All of the high-quality arrays were included for low- and
high-level bioinformatics analyses.

Statistical analysis. To obtain the signal values, high-quality chips
were analyzed by dChip that was applied independently to two different
microarrays, which is more robust than MAS5.0 and robust multiarray
average (RMA) in signal calculation. The raw probe-level data were nor-
malized using a smoothing-spline invariant set method. The signal value
for each transcript was summarized using a perfect-match–mismatch
(PM-MM)-based signal-modeling algorithm as described in dChip. In
this way, the signal value corresponds to the absolute level of expression of
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a transcript. To reduce false-positive results, transcripts that were scored
as absent on the basis of MAS5 were removed from further analysis.
MAS5-retained transcripts were then calculated using the Affy package in
BioConductor. Normalized data from both microarrays were combined
into one data set using transcripts represented on both arrays. To reduce
the batch effect, the ComBat method (http://www.biostat.harvard.edu
/wjohnson/ComBat/ComBat.html) was used to normalize gene expres-
sion values between data sets before single-gene analysis.

A hierarchical clustering technique was applied to construct an un-
weighted-pair group method using average linkages (UPMGA) tree using
Pearson’s correlation as the metric of similarity. Clustering was per-
formed using the “Hclust” package in R language. Principal-component
analysis (PCA) was performed by computation and then plotting of the
two principal components using the R statistical software package with
default settings. PCA projects multivariate data objects onto a lower-di-
mensional space while retaining as much of the original variance as pos-
sible. When comparing two groups of samples to identify genes enriched
in a given group, we used the lower confidence bound (LCB) of the fold
change (FC) between two groups (NEO versus CR, CR versus CT, and
NEO versus CT) as the cutoff criterion. If the 90% LCB of the FC between
the two groups was greater than 1.2, the corresponding gene was consid-
ered to be differentially expressed. LCB is a stringent estimate of the fold
change and has been shown to be the better-ranking statistic (25). Re-
cently, dChip’s LCB method for assessing differentially expressed genes
has been shown to be superior to other commonly used approaches, such
as Microarray Analysis Suite 5.0 and robust multiarray average-based
methods. By using custom arrays and quantitative reverse transcriptase
real-time PCR, it has been suggested that Affymetrix chips might under-
estimate differences in gene expression. Based on previous studies, a cri-
terion of selecting genes that have an LCB of greater than 1.2 most likely
corresponds to genes with an “actual” fold change in gene expression of at
least 3.

Pathway and functional analyses. Pathway and functional analyses of
the differentially expressed genes were performed using the commercial
systems biology-oriented package Ingenuity Pathway Analysis (IPA)
(Qiagen). The knowledge base contains information on human, mouse,
and rat genes, including annotations, synonyms, and over 1.4 million
published biological interactions. Thus, this knowledge base provides a
framework by which the lists of genes identified by large microarray ex-
periments can be annotated in terms of functional relationships to under-
stand the underlying biological mechanisms. It calculates the P value us-
ing Fisher’s exact test for each pathway and functions according to the fit
of the user’s data to IPA databases. The P value measures how likely the
observed association between a specific pathway/function and the data set
would be if it were due only to random chance, by also considering the
total number of functions/pathways/lists of eligible genes in the data set
and the reference set of genes (those which potentially could be significant
in the data set). In case of interactive networks, all the identified genes
were mapped to genetic networks available in the Ingenuity database and
were ranked by the score. The score (�log P value) is calculated using
Fisher’s exact test and indicates the likelihood that a gene will be found in
a network due to random chance. For example, if a network achieves a
score of 2, it has at least 99% confidence of not being generated by chance
alone.

Upstream regulator analysis. Ingenuity’s upstream regulator analysis
is a tool that allows transcription regulator prediction based on the ge-
nome-wide differentially expressed gene signature. This tool predicts
which transcriptional regulators are involved and whether they are likely
activated or inhibited. The activation status of a given regulator is pre-
dicted through a calculated activation z score where z � 2 predicts activa-
tion and z 	 �2 predicts inhibition.

RESULTS
Stable transduction of the CD21-deficient pre-B-cell lines
Nalm6 and Laz221 enables EBV binding. Virtually all mature B

cells and B-cell lines susceptible to EBV infection already express
the EBV receptor CD21 (CR) (26). This has impeded analysis of
whether the signals transduced upon attachment of EBV impact
the outcome of infection and whether CR and/or a noncovalently
associated partner is responsible for signal generation. The early
pre-B lines Nalm6 and Laz221 lack CR (Fig. 1A). Therefore, we
analyzed whether they express B-cell surface proteins known to
form complexes with CR (complex 1, CD19/CD81/�/�Leu13/
CD225, and complex 2, CD35) (27) in addition to the EBV core-
ceptor, HLA class II (DR, DP, DQ), required for B-cell fusion and
entry (28). Although no CR was detected by cytometry, the core-
ceptor HLA-II as well as CD19/CD81 complex members were
expressed, whereas CD35 was absent (Fig. 1A, left and middle).
CD225 (Leu-13/IFITM1/CD225) and CD23 (not shown) were de-
tected only on Laz221 cells, consistent with derivation of each line
from separate patients. Staining of an EBV-positive LCL is dis-
played as a control (Fig. 1A, right).

Receptor expression on Nalm6 (Fig. 1B) and Laz221 (not
shown) cells at levels corresponding to those observed on normal
resting B cells was achieved by sequential transfection, selection
with Geneticin, and cell sorting (see Materials and Methods). A
Burkitt lymphoma cell line, BL41, that expresses endogenous CR
at approximately the same level as normal B cells, and an EBV-
positive LCL that upregulates CR, a characteristic of many LCLs
(29), are displayed for comparison. Expression was further docu-
mented by immunoblotting (Fig. 1C, left) and PCR (Fig. 1C,
right). Surface expression of CR and of CT (not shown) did not
significantly alter expression of the CR-associated cell surface pro-
teins, as shown for Nalm6CR compared with Nalm6NEO (Fig.
1D), although coreceptor expression (HLA-II) clearly increased
(�3-fold) as indicated by a shift in log mean fluorescence intensity
(Fig. 1D). While CR is the attachment protein for EBV on normal
B cells, EBV initiates infection of certain epithelial cell types
through alternate interactions (28, 30). Therefore, we confirmed
that purified EBV bound to CR, but not to the NEO control line
(Fig. 1E), and verified by flow cytometry that infection was
blocked with rabbit anti-CD21 (AP12) directed to the binding site
on SCRs 1 and 2 (20) (Fig. 1E, bottom), with the anti-CD21 MAb
OKB7 likewise directed to this site (not shown) and the anti-
gp350/220 neutralizing antibody 72A1 (not shown). Surprisingly,
these results showed that in the complete absence of a cytoplasmic
anchor, the ability of CT to support virion attachment to the B-cell
surface was not demonstrably altered (Fig. 1E). Type Ia plasma
membrane proteins with short intracellular domains of less than
10 amino acids sometimes become tethered to the cytoplasm by
lipid, specifically glycosyl phosphatidylinositol (GPI) linkages. CR
is a member of the regulators of complement activation (RCA)
gene family. In fact, several RCA proteins (e.g., CD55 and CD59)
can be GPI linked. To ensure that CT was not GPI linked in these
cells, we treated Nalm6CT cells with phospholipase C, which re-
leases GPI. As shown in Fig. 1F, although upon treatment with
phospholipase C, PI-linked proteins CD48 and -59 (31) were re-
leased from the surface of the T-cell line HPB-ALL, surface expres-
sion of both endogenous (HPB-ALL also expresses CR) and
Nalm6CT remained unaltered (Fig. 1F, bottom) (note that Nalm6
and Laz221 cells and many LCLs lack CD48 and -59 expression,
and therefore HPB-ALL was used as the cleavage control).

EBV infects CR- but also CT-expressing cell lines and ex-
presses latent cycle transcripts. No viral gene expression was de-
tected after incubation of Nalm6NEO or Laz221NEO (not shown)
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cells with EBV, as assessed by RNA blot hybridization. However,
after introduction of CR into Nalm6 and Laz221 cells, EBV infec-
tion was manifest by initiation (24 to 72 h) of a type III latency
transcript pattern (Fig. 2A and B). There was minimal evidence of
lytic gene expression in these cells, consistent with absence of
BHRF1, a highly expressed lytic transcript (Fig. 2A, left, right bot-
tom segment). Preincubation of cells with OKB7, a MAb directed
to the EBV binding site of CR, blocked infection, as shown by loss

of LMP1 expression, whereas preincubation with an isotype-
matched irrelevant MAb, UPC10, did not prevent infection (Fig.
2A, bottom panel). Latent viral RNAs, including LMP1 and
EBERS (Fig. 2A) EBNA 2, LMP2A, and EBNA 1, were readily
detected by 24 h (Fig. 2A and B and data not shown). Cellular
transcripts, including Rag-1, TdT, and CD10, previously observed
to be downmodulated upon EBV infection of normal pre-B cells
(22), were also observed to decrease (Fig. 2C).

FIG 1 Pre-B-cell lines Nalm6 and Laz221, which lack endogenous CR and variably express CR complex members, can stably express recombinant CR and CT
and bind EBV. (A) Flow cytometric analysis (FC) of CD21, CD35, CD19/CD81/Leu13(CD225), and HLA-II (DR, DP, and DQ) expression on Nalm6 and Laz221
cells. x axis, log fluorescence intensity; y axis, cell number. An LCL is displayed as a staining control. (B) Expression of CR on two Nalm6 clones (1 and 2)
compared with a lymphoma line (BL41) and a LCL that express endogenous CR at different levels. (C) Verification of CR and CT expression by immunoblot (left)
and by PCR (right). (D) Demonstration that expression of associated proteins is unmodified in Nalm6CR although coreceptor, HLA-II expression is increased
�3-fold (left shift of log mean fluorescence intensity). (E) Top four histograms, demonstration that EBV attaches to cells expressing CR and also CT by FC. CR
and CT were directly detected with MAb HB-5 anti-CD21 (black line) compared with an isotype control (block). MAb 2L10 anti-EBVgp350/220 was used for
detection of bound EBV (black line). No virus served as the negative control (block). An LCL is displayed as a positive control. Bottom histogram, EBV blockade,
confirms that rabbit anti-CR blocks EBV attachment to Laz221CR and CT (dark gray block), whereas normal rabbit serum does not (light gray block). See
Materials and Methods for details. (F) Demonstration that CT is not cleaved by phosphatidylinositol-specific phospholipase C (PIPLC) (not PI linked) by FC.
Top, the GPI-linked proteins CD48 and CD59 are cleaved by PIPLC in HPB-ALL, a control T-cell line, resulting in decreased surface expression. Neither HLA-I
nor CR (endogenous), which lack PI linkages, is altered. Bottom, concurrent analysis of Nalm6CT showed no evidence of CT cleavage. CD48 and CD59 are absent
and HLA-I uncleaved on Nalm6CT.
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Significantly, not only was the intracellular domain of CD21
dispensable for stable virus attachment, it was also dispensable for
subsequent infection, as the efficiency and pattern of infection
among CT-bearing cells were similar to those with CR (Fig. 2D).
No major differences in viral transcripts at 24 to 72 h (Fig. 2D and
not shown) were observed between lines expressing wild-type and
mutant receptors. A switch in viral promoter usage together with
altered patterns of viral gene expression and hyperproliferation,
events that typically begin �72 h after normal B-cell infection,
were not examined here (32, 33).

Although major differences in the efficiency and pattern of
infection in the respective CR- and CT-bearing lines were lacking,
we reasoned that normal resting B cells could require signals that
were no longer relevant for infection or immortalization of estab-
lished tumor cell lines.

Gene expression profiles of the respective CR, CT and, NEO
control lines form separate clusters. To gain insight into events
that immediately followed EBV attachment to its wild-type recep-
tor, we compared the transcriptional responses of CR-, CT-,
and NEO-expressing cells before and 1 h after incubation with
EBV. Unsupervised clustering using all transcripts showed that
the three coordinate cell line sets, Nalm6NEO/Laz221NEO,

Nalm6CR/Laz221CR, and Nalm6CT/Laz221CT, formed separate
clusters (Fig. 3A) at each time point investigated. The first princi-
pal component (PC1) captured 42.5% of the variance, and the
second (PC2) captured 17.9% of the variance. The first PCA com-
ponent revealed that CT-bearing cells exhibited a more distinct
pattern of gene expression than cells expressing NEO or CR. The
second PCA component, PC2, confirmed that cells expressing
wild-type receptor, CR, varied significantly in gene expression
patterns compared with those expressing CT and NEO (Fig. 3B).
Although PCA and hierarchical clustering (Fig. 3C) uncovered
some increased variance in the founder line Laz221NEO, this vari-
ation was small compared to that detected between different data
sets defined by NEO, CT, and CR.

Stable expression of CR and CT alters the transcriptome of
pre-B cells. A relevant question when recombinant receptors are
expressed in cells prior to introduction of a specific ligand(s) is
whether and how the receptor or mutant forms of the receptor
alter baseline transcription. CR, a developmentally expressed pro-
tein in the B-cell lineage, forms cell surface complexes that have
the potential to constitutively modify the composition of the tran-
scriptome independent of changes induced by binding of an ex-
ogenous ligand(s). Therefore, before investigating the effects of

FIG 2 EBV infection of CR-bearing pre-B-cell lines analyzed by RNA blot hybridization. (A) Top, expression of LMP1 and EBER in Nalm6CR and Laz221CR
cells was detected 24 to 72 h after EBV incubation. Nalm6NEO cells served as a negative control. Expression of BHRF1, a highly expressed lytic RNA, was absent.
Ak (Akata) cells served as the positive control. GAPDH or 28S RNA (arrow) provided loading controls. Bottom, preincubation of cells with OKB7, a MAb that
blocks binding of EBV gp350/220 to CR, prevented infection of Nalm6CR, whereas UPC10, an isotype-matched control, did not. (B) EBNA-1 (top), EBNA-2
(middle), and LMP-2A (bottom) transcripts were also detected, as shown in Nalm6CR cells. (C) Cellular RNAs encoding RAG-1, TdT, and CD10 declined upon
EBV infection, as previously observed (22). (D) Infection of CT-bearing cells induced LMP1 (Nalm6 and Laz221) and EBNA2 (Nalm6) expression with a time
course similar to that of CR.
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EBV binding, we analyzed whether CR or CT synthesis expression
altered constitutive gene expression (time 
 1 min). As revealed
by hierarchical clustering (Fig. 3C), numerous alterations in gene
expression were observed in CR and CT compared with NEO
control cells and between CR and CT (top ca. two-thirds of heat
map) (Fig. 4A and B). Nevertheless, closer inspection of individual
genes with the highest fold change (Tables 1 and 2) uncovered

several changes common to CR and CT. Among the most prom-
inent findings was profound downregulation of multiple class I
melanoma-associated antigen (MAGE) family member mRNAs
encoding the cancer testis antigens MAGEA3, MAGEC1,
MAGEA2, MAGEA5, and MAGEA6 (LCBs for CR/CT of �8/
�20, �6/�5, �3/�4, �2/�2, and �11/�39, respectively).
These transcripts, encoded by genes on chromosome X, are highly

FIG 3 Unsupervised clustering and principal-component analysis of the gene expression data. (A) An unsupervised Euclidean distance-based cluster of arrays
after normalizing the data demonstrates that B-cell lines that express CT, CR, or NEO form separate clusters that correlate better with one another than with cells
expressing an alternate receptor form. (B) PCA analysis demonstrates that CT, CR, and NEO cells have distinct gene expression patterns. (C) Heat map of the
differentially expressed genes by comparing NEO, CT, and CR at 1 min and 60 min demonstrates that NEO, CR, and CT cells have a set of unique differentially
expressed genes. Rows represent genes, and columns represent samples from CT, CR, and NEO groups. Genes are clustered using row-normalized signals and
mapped to the [�1,1] interval (shown in scales beneath each heat map). Red and green represent high and low expression values, respectively.
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FIG 4 Differentially expressed genes in NEO, CR, and CT cells at 1 min (constitutive changes). (A) Venn diagrams of differentially expressed (downregulated
and upregulated) genes in NEO, CT, and CR cells. (B) Heat map of selected top genes constitutively altered (1 min) after recombinant receptor expression. Left,
NEO versus CT; middle, NEO versus CR; right, CT versus CR. Genes are clustered using row-normalized signals and mapped to the [�1,1] interval (shown in
scales beneath each heat map). Red and blue represent high and low expression values, respectively.
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expressed during embryogenesis and in many tumors (e.g., malig-
nant melanomas and carcinomas of the lung, head, and neck, as
well as urinary bladder, colorectal, prostatic, and renal cell carci-
nomas and others) but are suppressed in virtually all normal cells
(except male germ cells). On the basis of these properties, MAGE
family members have been targeted for tumor vaccine develop-
ment, and some are currently undergoing clinical trials (e.g., trial
NCT00944580, to determine the immunologic effects of a MAGE-
A1, MAGE-A3, and NY-ESO-1 vaccine in patients with high-risk
neuroblastoma, osteogenic sarcoma, and rhabdomyosarcoma).
MAGED2, a class II MAGE, is ubiquitously expressed (34) and,
unlike the other MAGEs, was not downregulated in CR- or CT-
expressing cells. Additional transcripts strongly downregulated in
both CR and CT included vesicle-associated membrane protein
8/endobrevin (VAMP8) (�4.1/�7.2), leukocyte receptor tyrosine
kinase (LTK and TYK1) (�5.3/�2.3), dopamine decarboxylase
(DDC) (�6.8/�1.3), and ZNF32, a zinc finger protein that de-
clined more in CR than CT. Enolase 2 (ENO2) increased most in
both CR- and CT-expressing cells (LCBs of 4.55 and 3.13, respec-

tively) and then declined in both following infection (Table 2), as
did transcripts encoding the intracellular proteins programmed
cell death 4 (PCD4) (LCBs of 2.63/2.78), alpha interferon-induc-
ible gene 6-16 (G1P3) (1.65/2.51), and formin binding protein 2
(FNBP2) (1.77/2.48). Transcripts encoding several immune cell
surface antigens, in particular members of the HLA class II family
(HLA-DM, HLA-DP, HLA-DR, and HLA-DQ) were upregulated
(CT � CR) as were MIC2, CDW52, IL-21R, and CD48 (CR �
CT). Notably, fluorescence-activated cell sorter (FACS) analysis
(Fig. 1D) confirmed that HLA-DR protein expression was in-
creased as predicted. Based on the comprehensive nature of the
microarray analysis, not surprisingly, the majority of gene expres-
sion changes observed in CR and CT at 1 min persisted at 1 h
despite exposure to virus (Fig. 3C). The upregulated genes that
displayed the highest constitutive (one-minute) fold change (LCB
scores in Table 2 and heat maps in Fig. 4B) in CR compared with
CT included BHLHB2, CASP1, CEBPB, HIG2, IRF1, JUN,
MDM2, N33, PLAC8, PLXNB2, PP1R15A, RLF, and RRAD,
whereas E2F2, HEY1, ID4, and FASN were most downregulated.

TABLE 1 Identification of top downregulated genes based on hierarchical clustering of all differentially expressed genes in NEO, CR, and CT

Gene

Fold change

1 min 60 min

NEO-CR NEO-CT CT-CR NEO-CR NEO-CT CT-CR

MAGEA6 �11.4 �39.2 �0.21 0 0 �0.21
MAGEA3 �8.31 �19.59 �0.26 0 0 �0.12
DDC �6.77 �1.26 �2.05 0 0 �1.09
MAGEC1 �6.12 �5.11 0 0 0 0
ZNF32 �5.62 �1.52 �1.71 �2.57 �0.3 �3.04
VAMP8 �4.1 �7.2 1.04 0 0 1.73
HSPA1A �0.54 �1.71 0.65 �0.37 �1.35 0.67
BHLHB2 0.74 �2.74 4.58 0.69 �1.95 2.83
HSPA1B �0.59 �2.1 0.68 �0.59 �1.88 0.98
LYZ �0.59 �3.32 2.05 0.5 �2.14 1.96
GPRC5B �0.92 �4.04 1.64 0.35 0 1.53
LAMA3 �1.83 �2.86 0.82 �0.21 �0.33 0.87
MYB �1.02 �1.9 0.96 �0.97 �1.64 0.98
E2F2 �1.17 2.02 �3.49 �0.89 1 �1.1
HEY1 �0.94 1.92 �3.22 �0.9 1.6 �1.86
DDC �4.62 �0.83 �2.54 0 0.4 �2.13
ID4 �1.98 0.75 �2.52 �1.1 0.8 �1.56
FASN �0.66 1.38 �2.39 �1.15 1.37 �2.49
HLA-DQA1 0.19 1.81 �2.37 0.5 2.14 �2.07
LTK �5.3 �2.31 �0.87 �3.69 �3.78 �0.54
TPM2 �3.61 �1.62 �1.05 �3.25 �1.25 �0.5
AGTRL2 0.29 �0.19 0.3 �2.64 �0.89 �2.04
ANXA2 �2.94 �1.25 �0.38 �2.49 �0.86 �0.11
G6PD �1.22 �0.6 �0.92 �2.46 �0.81 �1.46
TXNIP �0.95 �1.54 0.67 �1.01 �2.75 1.19
C20orf97 1.21 �1.55 3.01 0.92 �2.72 3.06
GADD45B 0.9 �1.74 1.91 �0.72 �2.63 1.86
PPP1R15A 0.93 �4.14 4.48 0.96 �2.63 2.77
ZNF198 �0.55 �1.59 1.02 �1.1 �2.53 1.63
PSCD3 �1.99 �2.26 0.89 �0.74 �2.52 0.53
HLA-DQA1 0.83 2.31 �1.68 0.6 3.67 �2.49
GNMT 0.75 1.04 �1.07 �1.79 1.18 �2.48
CCNE2 0.25 1.47 �0.89 �0.98 1.35 �2.47
GPRK6 �1.42 1.15 �1.74 �0.6 1.37 �2.32
DLAT �1.49 �0.94 �1.54 �2.07 1.01 �2.31
MAP2K6 0.88 3.13 �1.48 �1.7 1.13 �2.3
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TABLE 2 Identification of top upregulated genes based on hierarchical clustering of all differentially expressed genes in NEO, CR, and CT

Gene

Fold change

1 min 60 min

NEO-CR NEO-CT CT-CR NEO-CR NEO-CT CT-CR

AK1 1.91 0.86 1.54 2.08 �0.69 1.67
ARHGEF9 0.86 1.34 �1.18 1.73 2.4 �1.15
ATF3 0.92 �0.96 1.99 0.95 �0.61 3.46
ATRN 0.94 2.41 �0.99 0.6 1.24 �1.32
BHLHB2 0.74 �2.74 4.58 0.69 �1.95 2.83
C14orf1 �0.97 1.97 �2.15 �0.82 2.18 �1.96
C20orf97 1.21 �1.55 3.01 0.92 �2.72 3.06
CASP1 2.04 �0.92 2.19 2.84 �0.67 2.14
CD48 2.41 1.2 1.68 2.1 1.03 1.9
CDKN1C 3.49 0 0.54 0 0 0
CDW52 3.77 1.7 1.42 4.42 2.45 1.39
CEBPB 1.28 �1.38 2.99 1.05 �2.19 2.94
COL5A1 2.6 0.74 1.04 2.98 0.51 1.09
COL6A3 0.81 1.6 �1.25 0.9 2.02 �1.66
CPM 1.37 3.48 �1.37 �0.01 0.81 �1.75
CYBA 1.01 1.62 �1.08 1.39 1.92 �1.1
DEPP 1.13 �0.41 1.65 2.14 �0.6 3.33
ENO2 4.55 3.13 1.35 0.95 0.78 0.92
FADS2 �0.68 2.31 �2.01 0.45 2.2 �1.76
FLJ11126 0 2.91 �1.01 �0.2 0.98 �2.23
FLJ12595 �1.73 �1.92 0.7 0.77 �3.45 5.43
FLJ12895 4.61 0 3.97 1.96 �0.94 5.94
FLJ20452 0.84 1.73 �1.06 0.89 2.16 �1.37
FNBP2 1.77 2.48 �1.24 1.02 1.11 �0.75
FOSB 0.7 �0.53 0.64 1.08 �0.7 2.73
G1P3 1.65 2.51 �0.66 0.57 0.93 �0.94
GALNAC4S-6ST 3.02 1.26 1.56 2.82 0.92 2.67
H1F3 0.98 �1.09 1.77 1.42 �1.7 4.24
H1F4 0.67 �0.68 1.63 0.83 �2.08 3.91
H2AFC 0.57 �0.99 1.4 0.93 �2.06 2.79
H2BFA 1.2 �1.39 1.94 2.11 �1.05 2.83
H3FB �0.81 �2.28 1.75 0.94 �2.3 2.86
H3FL �0.57 �1.68 1.15 0.81 �1.56 2.99
H4F2 0.61 �1.06 0.71 1.02 �0.83 3.05
H4FI 1.02 �0.71 1.08 0.96 �0.76 4.21
H4FK 1.04 �0.65 1.05 0.7 �1.52 5.78
HLA-DMA 1.18 2.08 �1.2 0.89 2.08 �1.16
HLA-DPA1 1.36 1.99 �1.28 1.56 2.22 �1.21
HLA-DRB3 1.32 2.31 �0.78 1.14 1.79 �0.79
HLA-DRB4 1.27 2.32 �0.81 1.23 1.8 �0.83
HLA-DRB6 1.24 2.39 �0.77 1.03 1.76 �0.84
IL21R 2.01 1.19 0.95 2.04 1.24 0.99
IRF1 0.97 �1.71 2.42 1.2 �0.97 2.07
JUN 1.07 �1.45 2.68 1.79 �1.04 2.24
KIAA1332 1.32 �0.88 2.25 1.89 �0.51 2.7
MAF 0 1.7 �1.31 0 2.01 �0.9
MAGED2 0.71 1.81 �1 0.94 2.15 �1.88
MDM2 1.32 �1.95 2.9 1.06 �1.45 2.01
MGC861 0.58 1.47 �1.25 0.37 2.06 �0.91
MIC2 3.72 0.84 1.07 1.16 0.32 0.85
MICA 1.31 �1.25 2.34 �0.7 �1.42 1.63
N33 3.86 �0.6 3.28 4.11 0.67 3.64
PALM 2.6 0.76 1.58 2.89 �0.79 2.7
PDCD4 2.63 2.78 �1.03 1.16 1.05 0.86
PFKL 1.59 1.52 0.92 2.05 1.53 1.3
PLAC8 1.72 �0.92 2.34 1.77 0.76 1.62
PLXNB2 2.31 �0.49 2.21 1.65 �0.45 3.77
PPP1R15A 0.93 �4.14 4.48 0.96 �2.63 2.77
PTPRCAP 1.56 2.5 �1.17 1.28 2.08 �0.98
RLF 1.06 �2.26 2.49 0.99 �1.3 1.89
RNU2 �0.28 �0.78 0.77 0.77 �2.5 3.18
RRAD 1.6 �0.72 2.61 1.45 �0.58 2.72
SCGF 1.68 0.62 1.48 2.05 �0.88 1.98
SERPINE1 0 �0.41 0 1.06 �0.43 3.21
SIAH1 0.98 1.87 �1.1 0.84 1.92 �1.12
SNX17 1.02 2.31 �1.37 0.54 2.04 �1.26
SPINK4 1.47 1.38 0.51 1.59 2 0.55
TCL6 0.77 2.45 �1.2 0.82 0.9 �0.66
TNS 4.66 0.91 3.44 5.5 0.78 4.53
TRIM44 2.76 1.8 1.45 3.13 1.39 1.85

Arredouani et al.

5568 jvi.asm.org Journal of Virology

 on July 16, 2017 by guest
http://jvi.asm

.org/
D

ow
nloaded from

 

http://jvi.asm.org
http://jvi.asm.org/


Based on these candidates, upstream regulator analysis pre-
dicted significantly increased activation of pathways in CR
compared with CT related to tumor necrosis factor (TNF) sig-
naling (P value, 1.42E�07), lipopolysaccharide (LPS) signaling
(P value, 3.08E�06), and TP53 (P value, 4.49E�06) as well as
others discussed below.

The B-cell transcriptome is minimally altered by EBV incu-
bation in the absence of receptor expression. Gp350/220, the
EBV glycoprotein ligand that binds CR, abundantly decorates the
virion surface. Gp350/220, or possibly other envelope proteins,
might contact cells through low-affinity interactions that cross-
link cellular pattern recognition proteins (e.g., Toll-like receptors
[TLRs]) or other cell surface innate immune proteins. Such inter-

actions would not result in infection but could alter the cellular
transcriptome, inducing signals that are distinct from or, more
likely, would overlap those delivered through CT or CR, itself an
innate immune system protein.

The observation that the NEO control cell lines in the absence
of infection displayed some consistent changes among transcripts
after 60 min (Fig. 3) suggested that responses to EBV might occur
even virus was present only in the surrounding cellular milieu.
Therefore, we performed a class comparison of NEO lines to iden-
tify transcripts that were differentially expressed after 1 h. We
detected 253 upregulated (215 unique to NEO) and 260 down-
regulated (167 unique to NEO) transcripts with an LCB of �1.2 (Fig.
5A). However, �90% of these differentially expressed mRNAs had

FIG 5 Comparison of genes differentially altered in NEO, CT, and CR at 1 versus 60 min after incubation with EBV. (A) Venn diagrams of differentially
expressed (downregulated and upregulated) genes in NEO, CT, and CR cells. (B) Heat map of selected top genes changing from 1 to 60 min within the cell lines
NEO, CT, and CR. (C) Heat map depicting selected top genes changing at 60 min in NEO versus CT, NEO versus CR, and CT versus CR. Genes are clustered using
row-normalized signals and mapped to the [�1,1] interval (shown in scales beneath each heat map). Red and blue represent high and low expression values,
respectively.
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an LCB of 	1.5, indicating that changes were modest. A heat map
of the top differentially expressed transcripts in NEO control cells
at 1 and 60 min is displayed in Fig. 5B (left). We also analyzed
whether the differentially expressed genes in NEO lines (1 versus
60 min) were retained in CR and CT as a vestige of receptor-
independent low-affinity interactions between EBV and the cell.
Common to all samples, 5 transcripts were upregulated and 31
were downregulated (Fig. 5B) To address whether specific biolog-
ical effects could be attributed to these shared genes, we performed
separate function and pathways analyses on the transcripts that
populated the overlapping NEO compartments of the Venn dia-
grams. Canonical pathway analysis, using the Ingenuity Pathway
Analysis package on overlapping subsets of transcripts, did not
detect significant enrichment in any pathway. Functional and net-
work-based analysis of NEO-expressing cells uncovered only mi-
nor changes in cellular assembly, regulation of cellular morphol-
ogy, development, and proliferation. No major changes in
interferon response pathways/factors or TLR family-related
downstream signaling effector transcripts were identified in the
NEO control cells after EBV incubation. Overall, in the absence of
an attachment protein, incubation with EBV did not appear to
have major effects on cellular gene expression beyond limited
modulation of acute-phase response-related transcripts that were
largely negative and potentially reflect nonspecific plasma mem-
brane perturbation.

Cellular genes representing distinct functional categories are
differentially expressed in CR- and CT-expressing cells at 60
min after exposure to EBV. Although cells stably expressing CR
and CT constitutively expressed several transcripts in common
compared with NEO-bearing cells, the baseline transcriptome was
more widely divergent than had been predicted. Following EBV
incubation (60 min), specific differences in the respective tran-
script profiles of CR and CT could be clearly identified (Tables 1
and 2; Fig. 5A to C). Two hundred fifty-eight transcripts were
uniquely upregulated and 425 were downregulated upon EBV
binding to CR-bearing cells, compared with 269 upregulated and
219 downregulated in CT-bearing cells (Fig. 5A). Thus, almost
twice as many transcripts were downregulated in CR- compared
with CT-expressing cells. The heat map displayed in Fig. 5B shows
selected top changes in gene expression within each receptor
grouping after 60 min, whereas the heat map displayed in Fig. 5C
reveals major differences between these receptor groupings at 60

min after receptor contact. Histones, particularly those belonging
to histone cluster 1, were a frequent target of altered gene regula-
tion, particularly in CR. The transcription factor c-JUN, first iden-
tified as a proto-oncogene and active in many cellular processes,
was among the genes whose expression was clearly increased in
CR-bearing cells (60 min), but this was accompanied by minimal
changes of FOS and FOSB transcripts compared with those in
CT-bearing cells. The FOS family members are encoded by leucine
zipper proteins that can dimerize with Jun to form the AP1 tran-
scription factor complex, which is implicated in the regulation of
cell proliferation, differentiation, and transformation. c-Fos tran-
scription was previously found to be minimally activated within
the first hour after cross-linking of CR (35) on primary B cells,
whereas c-Myc was unaltered, a point we will return to. Though
approximately twice as many genes were downregulated in CR-
compared with CT-expressing cells after EBV exposure (Fig. 5A),
Tables 1 and 2 indicate that the degree of down- compared with
upregulation (based on LCB values) of altered transcripts was less.
Interestingly, among the major downregulated genes, several were
involved in metabolism, particularly lipid metabolism, and there-
fore may reflect transient growth inhibition (SPHK2, HMGCR,
MRPL12, INSIG1, and FASN). The top modified genes for CT
versus CR at 60 min (Fig. 5C) included MDM2, GADD45B,
UBQLN3, IER3, TIEG, PIM1, and SMAD7 (up) and TNFRSF21,
ARHGEF12, PIK3R3, and CCNE2 (down). These and others were
subjected to a more comprehensive functional and pathway anal-
yses, as discussed below. In many cases there was already evidence
of altered constitutive signaling through full-length CR that was
then amplified by EBV interaction.

Functional and pathway analyses of differentially expressed
genes implicate the cytoplasmic domain in gene regulation. The
Ingenuity Pathway Analysis program provides a framework by
which lists of genes identified by large microarray experiments
can be annotated in terms of functional relationships to pro-
vide new understanding of fundamental biological mecha-
nisms. For interactive networks, all identified genes are
mapped to genetic networks available in the Ingenuity database
and ranked by a score (�log P value) that indicates the likeli-
hood that a gene will be found in a network by random chance.
Table 3 displays the significantly ranked functional categories
derived from the entire data sets for CR and CT (and compared
with NEO) at 60 min after EBV incubation. For each of the

TABLE 3 Significantly affected functional categoriesa

Functional category

P valueb (1–60 min)

CR CT NEO

Cellular growth and proliferation 1.35E�05–6.15E�02 1.28E�03–1.27E�01 1.26E�04–1.21E�01
Hematological system development and function 4.99E�05–7.25E�02 1.28E�03–1.27E�01 6.74E�03–1.21E�01
Cellular development 4.41E�05–7.25E�02 4.05E�03–1.27E�01 9.43E�03–1.21E�01
Cellular movement 4.43E�05–7.25E�02 2.52E�02–1.27E�01 9.58E�03–1.21E�01
Cell death 1.01E�04–7.25E�02 6.54E�03–1.27E�01 1.58E�02–1.21E�01
Cell-mediated immune response 5.25E�04–7.25E�02 1.28E�03–1.27E�01 2.34E�02–1.21E�01
Cell cycle 5.46E�04–6.52E�02 6.81E�02–1.27E�01 2.34E�02–1.21E�01
Lipid metabolism 3.12E�02–5.96E�02 4.19E�02–1.27E�01 3.66E�02–1.21E�01
Antigen presentation 9.96E�03–1.27E�01 6.51E�02–1.21E�0
Immune cell trafficking 5.96E�02–5.96E�02 1.28E�03–1.27E�01 6.51E�02–1.21E�01
a Significant perturbations in biological function categories were identified using the Ingenuity Pathway Analysis biological function analysis tool. Differentially expressed genes in
each cell type were uploaded into IPA for analysis.
b The P value is corrected for multiple tests.
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categories cell growth and proliferation, hematological system
development and function, cellular development, cellular
movement, cell death, cell-mediated immune response, and
cell cycle, the P value of CR exceeded those of CT and NEO.
This finding is consistent with an augmented role of the wild-
type receptor in relation to these functions at 1 h after infec-
tion. In contrast, the functional category related to antigen
presentation ranked in CT alone. Although these data reveal
that specific functional categories are impacted, they do not
uncover predicted outcomes, as that requires inspection of the
individual components of each functional category.

Identification of the top pathways affected at 60 min after EBV
infection in CR- compared with CT-bearing cells (Fig. 6) was
based upon the pooled analysis of individual genes identified in
the original heat map. Of note, several findings were consistent
with results from certain early studies that had interrogated CR
signaling upon EBV contact. Pathways significantly activated by

CR interaction and that supported some of the prior studies in-
cluded NfkB activation by viruses (36), interleukin-6 (IL-6) sig-
naling (37, 38), RAR activation (suppresses the EBV lytic cycle
factor Z) (39), and phosphatidylinositol 3-kinase (PI3K)/Akt sig-
naling (implicated in a prior study of a CD19-negative cell line)
(40). Insulin-like growth factor 1 (IGF-1) signaling and molecular
mechanisms of cancer signaling may reflect increased expression
of immediate early transcripts that become increasingly relevant
as latent infection progresses. Previously unrecognized functions
include upregulation of several potentially interrelated pathways
such as IL-15 signaling, IL-2 signaling, CTLA4 signaling in cyto-
toxic T lymphocytes, and ceramide signaling. Upregulation of
ephrin receptor signaling, platelet-derived growth factor (PDGF)
signaling, and CML signaling were novel, and their relevance is
currently undefined. In contrast to CR-bearing cells, CT-bearing
cells showed activation of several proapoptotic pathways, includ-
ing death receptor signaling, apoptosis signaling, lymphocyte-me-

FIG 6 Comparison of top signaling pathways affected in different receptor-bearing cell types. (A) CT; (B) CR. Sets of differentially expressed genes (LCB of �1.2)
between cell lines were uploaded onto Ingenuity Pathway Analysis and corresponding signaling pathways predicted. Statistical significance was set at �log P 
 2.
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diated apoptosis signaling, and interferon signaling. The absence
of CR activation of these same proapoptotic pathways following
infection is notable.

In addition to direct pathway analysis, we also probed the da-
tabase to identify predicted upstream regulators of functional
pathway components. This analysis documented an overall in-
creased number and diversity of activated upstream regulators in
CR compared with CT and NEO after EBV incubation, highlight-
ing the increased modulation of cellular gene expression following
virus contact with CR (Fig. 7).

Validation by RT-PCR of selected differentially expressed
transcripts. To validate the results of Affymetrix analysis and as-
sess whether modulation of gene expression was consistent with
older findings, some based on interrogation of primary B cells, we
performed RT-PCR on selected transcripts from the Nalm6 line,
as Nalm6 is known to express normal p53 and lacks a c-myc trans-

location. Analyzed transcripts included the tumor-associated class
I MAGE transcripts A3 and C1 (downregulated) contrasted with
the ubiquitously expressed class II MAGE D2 (unchanged), the
immediate early gene Jun (upregulated) contrasted with c-fos and
FosB (upregulated but minimally changed upon infection in CR)
and c-myc (unchanged), selected histone proteins (more variable
than predicted by microarray analysis, suggesting that the Laz221
line may have contributed to detected changes), and other genes
that predict novel CR functions (e.g., PIM1 and ATF3) (Fig. 8).

DISCUSSION

For many viruses, the first encounter with a surface receptor not
only tethers the virion to the cell but also activates signal transduc-
tion pathways that help create a receptive intracellular environ-
ment. Downstream signaling events emanating from this interac-
tion can be critical for establishing successful infection, and their

FIG 7 Comparison of predicted upstream regulators of NEO, CT, and CR transcripts at 60 min after EBV infection. Differentially expressed genes were processed
through Ingenuity Pathway Analysis to predict the downstream regulators whose activation status was affected following EBV interaction. No regulators reached
the significant activation z score of �2 or �2 in NEO (A), whereas several regulators were predicted to be activated (z-score of �2) in CT (B) and a significantly
larger number of regulators was either activated or inhibited (z score of 	�2) in CR (C).
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investigation may identify potential cellular targets for antiviral
therapy.

Attachment of EBV gp350/220 to CD21 (CR) initiates efficient
latent infection of primary B cells, CR-positive B-cell lines, and cer-
tain other cell lines transfected with CR and HLA-II (the coreceptor)
(28). The observation that the cytoplasmic domain of CD21 is short
(34 amino acids) has led to speculation that it does not signal (12). In
support of this proposal and in contrast to an earlier report, expres-
sion of recombinant receptor lacking its intracellular domain (CT) in
an epithelial cell line (41) and, as we now show, in two B-cell lines
initiates latent infection (42). Nevertheless, normal resting B cells, the
physiologic target, differ from established immortal lines that prolif-
erate constitutively and are protected from apoptosis by genetic alter-
ations. Therefore, primary B cells may be dependent on CD21-medi-
ated signaling events.

Here we investigated the changes in cellular transcripts that
occur 60 min after EBV attachment but before initiation of EBV-
driven transcription (43, 44). Our hypothesis was that in the ab-
sence of a tractable system for analysis of normal primary B-cell
infection, comparative study of clonally derived and synchronized
pre-B cells expressing CR, compared with CT (illustrated in Fig. 9),

would identify cellular pathways required for initial EBV infection
in normal B cells, even though they were no longer essential in a
tumor cell microenvironment. To that end, the cellular transcrip-
tome was analyzed in Nalm6 and Laz221 sublines stably express-
ing a NEO control vector, CR, or CT at 60 min after infection,
when viral transcripts could not yet be detected, although infec-
tion was documented by continued culture and analysis. Profiling
of mRNAs from the respective sublines revealed cellular gene ex-
pression patterns within each of the respective CR, CT, and NEO
subsets that diverged at 60 min after exposure to EBV. Two major
sets of findings stem from these studies.

First, although we did not set out to investigate the effects of
constitutive recombinant receptor expression, upon analysis it be-
came apparent that stable expression of CR compared with CT
exerted very different effects on cellular gene expression, despite
the fact that only the short intracellular fragment was removed.
Nevertheless many of the top changes were shared and fell into
categories related to the state of B-cell differentiation. In stable
CR- and CT-bearing lines (pre-EBV exposure), multiple class I
MAGE family transcripts dramatically decreased, whereas diverse
mRNAs associated with B-cell maturation increased. The MAGE

FIG 8 RT-PCR validation of selected differentially expressed genes, including MAGE family, immediate early proto-oncogenes, histones, and novel candi-
dates.
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family consists of more than 60 genes that share a conserved
MAGE homology domain (45). Class I MAGEs are highly ex-
pressed tumor antigens that are silent in all normal adult cells
except germ line cells, which lack HLA and, as a result, are under
intense study as targets for cancer immunotherapy (46). Some
MAGE proteins interact with RING domain proteins such as E3
ubiquitin ligases, potentially modulating their activity (34). Al-
though little is currently known about class I MAGE function(s),
accumulating evidence suggests a role for the class I MAGE A and
C proteins, identified here, in blockade of apoptosis through sup-
pression of p53 activity (47) as well as in prevention of senescence
(MAGE A2) (48). Additional genes coordinately downregulated
that have also been directly or indirectly linked to suppression of
differentiation include MYB, LTK, and TXNIP.

In contrast to the MAGE family, diverse mRNAs associated
with B-cell maturation constitutively increased in CR- and/or CT-
bearing cells, including C2TA, HLA-II family genes (DR, DP, DQ,
and DM), other immune system genes, and genes more generally
linked to differentiation (IL21R, MIC2, CD48, CDw52, CPM,
SNX17, SCGF, TNS, ENO2, FNBP2, and PTPRCAP). Moreover,
HLA-II was clearly increased on the plasma membrane of
Nalm6CR cells (Fig. 1). As noted, on resting B cells CR is associ-
ated primarily with either CD19/CD81 or CD35. However, estab-
lished B-cell lines (including Nalm6 and Laz221) typically lack
CD35, though it is not well understood why (49). Because stable,
synchronized CR- and CT-bearing lines, compared with NEO
controls, displayed multiple changes in gene expression patterns
associated with B-cell maturation, the observed changes could not
be attributed to the cytoplasmic domain of CR, nor was CD35
required. Rather, previously described interactions between the
extracellular and transmembrane regions of CD21 and CD19/
CD81 (50), perhaps constitutively activating CD19, a molecule
with a long signal-rich intracellular domain that is expressed ear-
lier during B-cell differentiation than CD21 (51), may, upon con-
stitutive interaction with CD21, transmit information that pro-
motes B-cell maturation. The results of this analysis should serve
as a useful resource for further studies.

Second, demonstration of differential gene expression in lines
expressing CR versus CT versus NEO at 1 h after EBV incubation

provided new evidence that the intracellular fragment of CD21 is
functional and added support for some older findings that when
directly toggled (antibody and recombinant ligand), CR can signal
independently of CD19/CD81 and CD35 (i.e., in induction of
c-fos but not c-myc transcripts [35] and activation of PI3K/Akt
signaling [40]). As shown in Table 2 and the Fig. 6 heat maps, AP1
family members c-jun, and to a lesser extent fos (FOS) and FOSB,
were among the transcripts upregulated at 1 h after EBV incuba-
tion in CR compared with CT. Pathway analysis provided indirect
evidence of PI3K/AKT activation as previously detected in a study
of a CD19- and CD35-negative myeloid cell line (40). Although
pathway analysis also supported older studies indicating that
NF-�B is rapidly activated upon contact with CD21, these data did
not eliminate the possibility that in the earlier studies NF-�B ac-
tivation resulted from CD35 binding and/or CD19 interaction
(36, 38). Two previous reports (37, 52) described rapid elevation
of IL-6 transcripts upon CR contact with either EBV or recombi-
nant gp350/220. We did not detect an early increase in IL-6 tran-
scripts in any of our comparisons (though downstream targets
were consistent with emerging activation by IL-6 as well as other
cytokines). One possibility is that the 1-h time point was too early
to detect changes (in one study IL-6 transcripts were increasing at
1 h but peaked later) (52). Another possibility is that IL-6 signaling
is altered in these tumor lines or that the signal in these earlier
studies actually emanated from CD35 or CD19/CD81 (in both
studies CD19 was used for positive selection and may have primed
cells). Furthermore, as shown in Fig. 1E, there is some variation in
the level of receptor expression on the respective lines that may
have contributed to these and certain other differences in signal-
ing (e.g., for Nalm6, CT � CR, whereas for Laz221, CR � CT).
However, pooling of data sets as depicted in Fig. 3 indicates that
most such variance is compensated.

It is well known that expression of EBV genes reprograms the
cellular transcriptome. The ongoing convergence of cellular re-
sponses postinfection facilitated informative profiling of cellular
responses in a mixed primary B-cell population (four donors)
starting 3 days after infection and in a related elegant study docu-
menting a cellular DNA repair response during the first week after
infection (7, 33). But what of the earliest event: virion attachment

FIG 9 Schematic of CD21 complex formation on normal resting (primary) B cells compared with transfectant cell line models (CR and CT) used in this work.
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to an extremely heterogeneous B-cell population before de novo
expression of EBV genes? To circumvent obstacles and limit the
amount of noise (though not without the caveat of interrogating
tumor lines), we stably transfected clones from two B-cell lines
that lack CD21 and CD35, replacing CD21 with either wild-type
receptor, CR, or a receptor devoid of the cytoplasmic domain, CT
(and documenting that it was not PI linked). Thus, we were able to
maintain equivalent levels of surface receptor expression, mimic
the expression level on normal B cells, and begin each experiment
with synchronized, clonally derived cells. Because CD35 was ab-
sent and CR/CD21 is known to associate with CD19 only through
the extracytoplasmic regions of the respective proteins, deletion of
the intracellular domain was predicted to distinguish cellular
changes in gene expression resulting from CD19 association from
those requiring the cytoplasmic fragment of CR/CD21 (Fig. 9,
diagram of wild-type and mutant receptors). Although differences
in the levels of expression of individual genes within and between
CR and CT were often small, as predicted at this very early time
point, the functional categories and the pathway analyses which
incorporated the total number of gene changes revealed many
more changes in addition to activation of distinct pathways in CR.
Functional categories significantly impacted by CR, compared
with CT and/or NEO, included cell growth and proliferation/cell
cycle, hematological system development and function/cellular
development, cell death, lipid metabolism, and, interestingly, im-
mune cell trafficking/cellular movement as well as cell-mediated
immune response. The content of the functional categories was
further revealed in a pathway analysis that independently con-
firmed activated categories, providing additional detail. Upon
comparison of CR with CT, pathways with the highest compara-
tive P values for CR included molecular mechanisms of cancer/
NF-�B, activation by viruses/CML signaling/PI3K/Akt signaling,
growth factor activation (IGF-1 and PDGF), cytokine activation
(IL-2, IL-6, and IL-15 signaling), and, interestingly, CTLA-4 sig-
naling in cytotoxic T lymphocytes (negative signaling). The modu-
lation of functions/pathways typically associated with CD4 T-cell
mobilization may support the previous observation that EBV-im-
mortalized B cells behave as T-cell-activated B cells (8) and suggests
that relevant signals may begin as soon as cells are contacted. In strik-
ing contrast, pathways with the highest P values in CT, which were
nonsignificant in CR, included death receptor signaling/apoptosis
signaling/lymphocyte-mediated apoptosis of cells, VDR/RXR activa-
tion (potentially antiproliferative), and interferon signaling. These
observations raise the possibility that the latter pathways are, by com-
parison, repressed in CR-expressing cells both constitutively and
more prominently upon multimerization following EBV engage-
ment as a result of signals transduced through the cytoplasmic do-
main. This hypothesis is conversely supported by examination of the
heat maps in Fig. 5 and 6, which show enhanced expression of
MDM2, PIM1, and other antiapoptotic genes at 1 h after infection of
CR but not CT cells. Although it was not formally tested, we did not
note a comparative decrease in the number of infected CT cells over
the subsequent week, perhaps because of compensatory mechanisms
in the tumor lines.

Similar to the case for other herpesviruses, EBV DNA is intro-
duced into the cell nucleus as a linear fragment essentially devoid
of nucleosomes. Evidence suggests that it is several hours before
covalently closed circular episomes form, eliminating exposure of
the cell to double-strand breaks (53). Signals transduced through
CR may increase expression of genes able to protect acutely in-

fected cells from cell death until homologous recombination or
another form of DNA repair is achieved. No functional category
or pathway associated with a classic DNA repair program was
highly activated at this early time point, in contrast to that re-
ported for days 3 to 4 postinfection (7, 33). The alteration of
mRNAs encoding multiple cluster 1 histones (chromosome 6)
comprising all four of the core histones that make up the nucleo-
some (i.e., H2AFC, H2AFM, H2BF, H2BFG, H2BI, H3FA, H3FB,
H3FL, H4FL, H4FK, H4FI, and H4FK) and also a single cluster 2
histone, H4F2 (note that nomenclature varies; the NCBI database
and references 54 and 55 provide alternative names), as well as
linker H1 histones (H1F3 and H1F4) that bind DNA between
nucleosomes, was much more prominent in CR than CT at 1 h
after EBV exposure and raises speculation that virus attachment
may modulate specific histone clusters. One possibility is that
some of these histones are rapidly regulated in order to provide a
host cell-generated chromatin barrier that rapidly covers naked
virus DNA that otherwise would be a nidus for onset of virus
replication, leading to cell death. Modified expression of other
histones may allow for activation of innate immune responses or
alter cell cycle regulation, to name just a few alternatives. Although
little has been reported about the precise functions of many of
these histones, the conserved linker histones (H1F3 and H1F4,
also known as H1D and H1E) were recently directly implicated in
epigenetic silencing in mice by regulating both DNA methylation
and posttranslational modification of histone H3 (56). Most cur-
rent studies of histone-based regulation, particularly of herpesvi-
rus DNA, have focused on epigenetic modifications. An intriguing
question raised here is whether herpesvirus genomes become dec-
orated with specific histone cluster members to support latency
and/or whether following virus attachment, distinct histone pro-
teins are specifically expressed or repressed.

Although we show in this report that the cytoplasmic domain
of CD21 is not required for infection of immortalized B-cell lines,
comparative gene expression profiling indicates that modifica-
tions induced at 1 h following EBV attachment to the wild-type
receptor differ from those transduced through a receptor that
lacks the cytoplasmic domain. Somewhat surprisingly, despite
discernible similarities, the transcriptome of cells that stably ex-
pressed CT compared with CR was highly variant, suggesting that
much of the signaling mediated by the CR cytoplasmic domain is
constitutive and that this signaling is predominantly amplified
rather than globally transformed upon EBV binding and receptor
multimerization. Our findings provide insight into the specific
pathways and genes altered upon virus contact with its high-affin-
ity receptor CD21. Given the heterogeneity of normal B-cell pop-
ulations at the time of primary infection, future studies can now
focus on uncovering whether candidate genes identified here are
key determinants of a successful primary infection and/or whether
other attachment proteins, such as CD35, contribute major sig-
nals that determine the course of primary B-cell infection. Recent
advances in technology, including better methods for transduc-
tion of primary cells and analysis of RNA presence through meth-
ods such as whole-transcriptome shotgun sequencing (RNA-seq),
will refine future work.
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