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Virus-like particles (VLPs) from hepatitis B and human papillomaviruses have been successfully used as preventative vaccines
against these infectious agents. These VLPs consist of a self-associating capsid polymer formed from a single structure protein
and are devoid of viral DNA. Since virions from herpesviruses consist of a large number of molecules of viral and cellular origin,
generating VLPs from a subset of these would be a particularly arduous task. Therefore, we have adopted an alternative strategy
that consists of producing DNA-free defective virus particles in a cell line infected by a herpesvirus mutant incapable of packag-
ing DNA. We previously reported that an Epstein-Barr virus (EBV) mutant devoid of the terminal repeats (�TR) that act as
packaging signals in herpesviruses produces substantial amounts of VLPs and of light particles (LPs). However, �TR virions
retained some infectious genomes, and although these mutants had lost their transforming abilities, this poses potential con-
cerns for clinical applications. Therefore, we have constructed a series of mutants that lack proteins involved in maturation and
assessed their ability to produce viral DNA-free VLP/LPs. Some of the introduced mutations were deleterious for capsid matura-
tion and virus production. However, deletion of BFLF1/BFRF1A or of BBRF1 resulted in the production of DNA-free VLPs/LPs.
The �BFLF1/BFRF1A viruses elicited a potent CD4� T-cell response that was indistinguishable from the one obtained with wild-
type controls. In summary, the defective particles produced by the �BFLF1/BFRF1A mutant fulfill the criteria of efficacy and
safety expected from a preventative vaccine.

The Epstein-Barr virus (EBV) infects more than 90% of the
human population worldwide (1). Primary infection usually

occurs during early childhood and leads to asymptomatic lifelong
persistence. However, if infection is delayed, infectious mononu-
cleosis (IM), a self-limiting lymphoproliferative disease, can de-
velop. IM has been reported to increase the risk of different types
of lymphomas, including Hodgkin’s lymphoma (2, 3).

Owing to a strong cellular immune response, EBV infection is
usually rapidly controlled in healthy individuals (4). However,
immunodeficiency caused by infectious agents such as human im-
munodeficiency virus or by iatrogenic treatment after organ
transplantation can lead to the development of posttransplant
lymphoproliferative disease (PTLD), an affliction that carries a
high degree of morbidity and mortality (5). Moreover, EBV has
been described as the etiological agent of several other malignan-
cies such as nasopharyngeal carcinoma and gastrointestinal carci-
noma (6, 7). Altogether, EBV infection probably causes as many
cancer cases as hepatitis C virus infection (8). Therefore, genera-
tion of an EBV prophylactic or even of a therapeutic vaccine is of
prime importance.

The recent years have witnessed different attempts at generat-
ing an EBV-specific vaccine (9). One approach focuses on the
major EBV membrane glycoprotein gp350; other approaches use
a recombinant vaccinia virus to deliver a restricted number of
EBV peptide epitopes (10–12). All approaches led to the produc-
tion of neutralizing antibodies against these virus proteins, and
one of them reduced the frequency of IM but did not confer pro-
tection against wild-type virus infection (12). In recent decades,
virus-like particles (VLPs) have emerged as attractive vaccine can-
didates. VLPs differ from wild-type viruses in that they lack the
viral genome. Therefore, they cannot replicate and propagate but
can elicit an immune response against their constituents (13).

VLPs derived from human papillomavirus (HPV) and hepati-

tis B virus (HBV) proved to efficiently prevent infections with
these pathogens (14). These particles consist of a single protein
that self-assembles to form capsomers and VLPs. Such an ap-
proach with EBV is probably inapplicable, as its virions comprise
more than 40 viral proteins and include cellular membranes that
form the virus envelope. Therefore, EBV-infected cells must be
induced to produce VLPs following launching of EBV viral repli-
cation. We previously identified HEK293 cells infected with �TR,
an EBV mutant that lacks the DNA packaging signals also known
as the terminal repeats, as an abundant source of EBV VLPs and
light particles (LPs) (15, 16). These defective virions were found to
elicit a potent T-cell response in vitro (17). However, deletion of
the terminal repeats did not completely block viral DNA incorpo-
ration, although it caused a complete loss of the wild-type EBV
transforming properties (16). Thus, these VLPs did not fulfill the
safety criteria for use in humans. VLPs could in principle also be
obtained by eliminating the viral proteins required for viral DNA
incorporation. Because very little is known about the EBV pro-
teins that serve this function, we took advantage of the knowledge
accumulated in alphaherpesviruses. BGRF1/BDRF1, BALF3, and
BFRF1A are the EBV homologues of the alphaherpesvirus pUL15,
pUL28, and pUL33, respectively. These proteins form the termi-
nase complex that is responsible for cleavage of DNA concatemers
during virus replication and DNA packaging into preassembled
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capsids (18, 19). The endonuclease pUL15 possesses a highly con-
served ATP binding motif and is required for DNA cleavage, for
incorporation into capsids (20), and for the translocation of
pUL28, pUL33, and pUL6 into the nuclear replication centers (21,
22). The DNA binding protein pUL28 (23) interacts with pUL15
(24) and pUL33. pUL33 also stabilizes the terminase complex
(25). pUL32, the EBV homologue of BFLF1, is another important
protein that is involved not only in cleavage and DNA packaging
but also in transport of viral capsids to nuclear DNA replication
compartments (26, 27). In the present study, we generated a series
of mutants that lack the EBV homologues of some of these pro-
teins and report their phenotypes and ability to produce viral
DNA-free VLPs.

MATERIALS AND METHODS
Primary cells and cell lines. HEK293 is a neuroendocrine cell line ob-
tained by transformation of embryonic epithelial kidney cells with adeno-
virus (28, 29). Raji is an EBV-positive Burkitt’s lymphoma cell line (30).
Elijah 5E5 is an EBV-negative Burkitt’s lymphoma cell line (kindly pro-
vided by A. B. Rickinson). RK13 is a rabbit kidney cell line (ATCC; CCL-
37). WI38 are primary human lung embryonic fibroblasts (31). Peripheral
blood mononuclear cells were purified from fresh blood buffy coats by
density gradient centrifugation. CD19-positive B cells were isolated using
M-450 CD19 (PanB) magnetic beads (Invitrogen) followed by detach-
ment of the B cells from Dynabeads using Detachabead (Invitrogen). All
cell lines were routinely grown in RPMI 1640 medium supplemented with
10% fetal calf serum (Biochrom). Lymphoblastoid cell line (LCL) and T
cells were prepared and maintained as previously described (17).

Recombinant plasmids. A BZLF1 expression plasmid (p509) was
used for initiation of virus lytic replication (32). The entire BBRF1 gene
(B95.8 coordinates 114204 to 116045; GenBank accession number
V01555) was PCR amplified and cloned into the pRK5 expression plasmid
under the control of a human cytomegalovirus (HCMV) immediate-early
promoter. The BFLF1 gene (B95.8 coordinates 56948 to 58525) was PCR
amplified and placed under the control of the p38 parvovirus promoter.
The BFRF1A gene (B95.8 coordinates 58524 to 58929) and the BGRF1 and
BDRF1 exons (B95.8 coordinates 124938 to 125915 and 129188 to
130351, respectively) were PCR amplified and cloned behind the HCMV
promoter in pcDNA3.1(�) expression plasmids. Sequencing confirmed
the integrity of all gene sequences.

Recombinant EBV genomes. EBV wild-type (EBV-WT) recombinant
plasmid (p2089) carries the prokaryotic F factor origin of replication, the
green fluorescent protein (GFP) gene, the chloramphenicol (CAM) resis-
tance gene, and the hygromycin (HYG) resistance gene as described pre-
viously (33). The EBV BBRF1-negative mutant was obtained by exchang-
ing a large part of the BBRF1 gene (B95.8 coordinates 114501 to 115441;
GenBank accession number V01555) with the kanamycin (KAN) resis-

tance gene using homologous recombination (34). To this end, forward
and reverse primers labeled BBRF1-fwd and BBRF1-rev, whose internal
parts (24 bp; underlined) are specific for the KAN resistance gene and
whose external parts (40 bp) are specific for the BBRF1 gene, were synthe-
sized (Table 1). The internal sequences of these primers were used to
amplify the KAN resistance gene from plasmid pCP15 by PCR, whereas
their external sequences drove homologous recombination of the ampli-
fied PCR product with the EBV wild-type genome. All PCR amplification
products were treated with the restriction enzyme DpnI to remove traces
of the parental plasmids and introduced by electroporation (1,000 V, 25
�F, 100 �) into Escherichia coli DH10B cells carrying the recombinant
virus p2089 and the temperature-sensitive pKD46 helper plasmid encod-
ing the phage lambda red recombinase to foster homologous recombina-
tion. Cells were grown in Luria broth (LB) with CAM (15 �g/ml) at 37°C
for an hour and then plated onto LB agar plates containing CAM (15
�g/ml) and KAN (10 �g/ml). Incubation at 42°C led to a progressive loss
of the helper plasmid. After CAM and KAN double selection, DNA of
positive clones was purified and analyzed with the BamHI and HindIII
restriction enzymes to confirm correct recombination.

The BFLF1/BFRF1A double mutant was constructed using the same
strategy. Here again, the BFLF1/BFRF1A genes (B95.8 coordinates 57091
to 58525) were replaced by the KAN resistance gene using specific primers
(Table 1). The generation of the BGRF1/BDRF1 double-deletion mutant
required two successive steps. First, a mutant devoid of BGRF1 was con-
structed by exchanging part of BGRF1 (B95.8 coordinates 125159 to
125423) against the kanamycin resistance gene flanked by FLP recombi-
nation sites as described previously (34). We excised this cassette using the
FLP recombinase, and this genome served as a template for the construc-
tion of the double mutant that was obtained by deleting BDRF1 (B95.8
coordinates 129423 to 130302) through homologous recombination.

Stable clone selection. HEK293 cells were transfected with recombi-
nant EBV plasmid DNA using Metafectene (Biontex) as described previ-
ously (35). One day posttransfection, the cells were transferred to a cell
culture dish (150 mm in diameter) and HYG (100 �g/ml) was added to
the culture medium for selection of stable HEK293 clones carrying EBV
recombinant plasmids. Outgrowing GFP-positive colonies were ex-
panded for further investigation. The cell clones used in this study are
referred to as 293/�BBRF1, 293/�BFLF1/BFRF1A, and 293/�BGRF1/
BDRF1 to denote producer cells carrying the respective knockout mu-
tants.

Plasmid rescue in E. coli. A denaturation-renaturation method (36)
was used for extraction of circular plasmid DNA from 293/�BBRF1, 293/
�BFLF1/BFRF1A, and 293/�BGRF1/BDRF1 cells. E. coli strain DH10B
was transformed with the viral recombinant DNA by electroporation as
described before (34), and clones were selected on LB plates containing
CAM (15 �g/ml). Single bacterial colonies were expanded, and the plas-
mid DNA preparation was subjected to digestion with restriction enzymes
BamHI and HindIII.

TABLE 1 Sequences of primers used for generation of the different virus mutants and for qPCR detection of EBV DNAa

Primer Sequence

BBRF1-fwd 5=-CTGCATCCAGAAGCGATGGCCGAGCGATGACTCGTGTGCGAACAGCTATGACCATGATTACGCC-3=
BBRF1-rev 5=-ACTGCGGCGGGGGCTGACGCCGCTGGGTTGTTGCCGCCGGCCAGTCACGACGTTGTAAAACGAC–3=
BFLF1/BFRF1A-fwd 5=-GCGTAATTAACGAGTCACAGACCCCCTGTTCCAGATTCTGAACAGCTATGACCATGATTACGCC-3=
BFLF1/BFRF1A-rev 5=-GTCCTTGTGGCGGTGTCCCAGAAACTGGTGCCGACCCCGGCCAGTCACGACGTTGTAAAACGAC-3=
BGRF1-fwd 5=-CAATGCTTCGAGCATACTGCCGCCACTATGGCCCCAGGCCCAACAGCTATGACCATGATTACGCC-3=
BGRF1-rev 5=-TTGTTTCTGGAATGCTTCTAGGCGGGCGGGCTTGTGCTTGCCAGTCACGACGTTGTAAAACGAC-3=
BDRF1-fwd 5=-AGGATGCTCAGGAGCGGCTGCTGAACGTGGTAAGTTATGTAACAGCTATGACCATGATTACGCC-3=
BDRF1-rev 5=-TTCTTGAACGTGTGCTTCTGTGTTGTTGCGAGAAAATGAGCCAGTCACGACGTTGTAAAACGAC-3=
Pol-fwd 5=-CTTTGGCGCGGATCCTC-3=
Pol-rev 5=-AGTCCTTCTTGGCTAGTCTGTTGAC-3=
Pol-probe 5=-FAM-CATCAAGAAGCTGCTGGCGGCC-TAMRA-3=
a fwd, forward; rev, reverse. pCP15-specific sequences are underlined.
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Virus production and infection of B cells. Virus lytic replication in
the producer cells was induced by transfection of the various producer
cell lines with a BZLF1 expression plasmid (0.5 �g per 4 � 105 cells)
using lipid micelles (Metafectene; Biontex). In cases where the virus
progeny was required for cell infection experiments, the BALF4 gene
expression plasmid (0.5 �g) was cotransfected. In trans-complemen-
tation assays, 293/�BBRF1 cells were cotransfected with a BBRF1 ex-
pression plasmid (0.5 �g), 293/�BFLF1/BFRF1A cells with BFLF1 (0.5
�g) and BFRF1A (1 �g) expression plasmids, and 293/�BGRF1/
BDRF1 cells with the BGRF1/BDRF1 expression plasmid (1 �g).
Empty expression plasmids were used as negative controls. Virus su-
pernatants were harvested 4 days posttransfection, filtered through a
0.45-�m-pore-size filter, and frozen at �80°C. Viral titers were deter-
mined by quantitative real-time PCR (qPCR). To study virus infectiv-
ity, 104 Raji cells were incubated with increasing dilutions of virus
supernatants. Three days after infection, GFP-positive Raji cells were
counted using a fluorescence microscope. To analyze virus/VLP im-
mortalization ability, 105 primary B cells were exposed to 1.4 � 106

EBV-WT particles, i.e., a multiplicity of infection (MOI) of 10 mature
particles, or to supernatant from lytically induced mutant producer
cells that contain 1.4 � 107 �BFLF1/BFRF1A, 6 � 106 �BBRF1, and
1.4 � 107 �TR defective particles, respectively, as determined by elec-
tron microscopic (EM) analysis of pelleted virus particles (see below).
B cell infections with supernatants from lytically induced and comple-
mented producer cells were performed at an MOI of 10 as determined
by qPCR (see below). Sixteen hours postinfection, 103 B cells were
plated per well of a U-bottomed 96-well plate coated with gamma-
irradiated WI38 feeder cells (50 Gy; 103 cells/well) in RPMI 1640 me-
dium supplemented with 20% fetal calf serum. The number of wells
containing outgrowing LCL clones was recorded 4 weeks postinfec-
tion.

Electron microscopy. Three days after induction of the lytic cycle,
cells were harvested, washed in phosphate-buffered saline (PBS), and pel-
leted. Alternatively, 5-ml samples of virus supernatants were centrifuged
for 2 h at 30 000 � g to obtain virus pellets. Both preparations were fixed
with 2.5% glutaraldehyde in PBS for 20 min at 4°C. Samples were further
processed as previously described (37). Ultrathin sections were examined
with a Zeiss electron microscope. The number of viral particles present in
the studied supernatants was estimated from the observation of pellet
sections. Pseudorabies mutant viruses were propagated in RK13 cells at an
MOI of 1 as previously described (26), followed by fixation and embed-
ding (38), and ultrathin sections were analyzed in an electron microscope
(Tecnai 12; Philips).

EBV binding assay. Virus supernatant (1 ml) containing EBV-WT,
�BLLF1 (39), or mutant viruses lacking a packaging protein was incu-
bated for 3 h on ice with 5 � 105 EBV-negative Elijah B cells. Subse-
quently, the cells were washed three times with ice-cold PBS and fixed
on glass slides with pure acetone for 20 min. Immunostaining with a
monoclonal antibody directed against EBV glycoprotein gp350/220
(ATCC 72A1 hybridoma) was performed as previously described (16),
and slides were examined with an inverted fluorescence microscope
(Leica DM IRB).

Virus purification using Dynabeads. Dynal magnetic beads (1 mg)
(M-270 Epoxy; Invitrogen) were coated with 15 �g anti-gp350 monoclo-
nal antibody (clone 72A1 [40]) as recommended by the manufacturer.
Antibody-coated beads (1 mg) were incubated with 1 ml of supernatant
from lytically induced producer cell lines for 1 h at room temperature.
Attached virus particles were collected with a magnet, washed three times
with RPMI medium, and diluted in the initial volume of supernatant.
Purified virus particle preparations were used for quantitative real-time
PCR (qPCR) and Western blot analysis.

qPCR analysis. DNA content in virus supernatants of lytically in-
duced virus producer cells or of particles purified with magnetic beads,
coupled to gp350-specific antibody, was determined by quantitative
real-time PCR. Virus titers were calculated as genome equivalents per

milliliter virus supernatant. Cell supernatants or purified virus parti-
cles were digested with DNase I (1 IU/ml supernatant) at 37°C for 1 h,
followed by heat inactivation for 10 min at 70°C. Virus particles were
lysed by adding proteinase K (1 mg/ml) 1:1 (vol/vol) and incubation
for 60 min at 50°C, followed by proteinase K inactivation for 20 min at
75°C. Next, the DNA preparations were subjected to qPCR using prim-
ers and probe specific for BALF5 (referred to as Pol-fwd, Pol-rev, and
Pol-probe in Table 1). Amplification reactions were performed in a
total volume of 25 �l, including 12.5 �l of TaqMan universal PCR
master mix (Applied Biosystems), 2.5 �l each of Pol-fwd and Pol-rev
primers (2 �M), 1 �l of 5 �M FAM-labeled Pol-probe, 1.5 �l of water,
and 5 �l of virus supernatant or purified particles. After initial activa-
tion of the DNA polymerase for 10 min at 95°C, samples were ampli-
fied for 40 cycles (15 s at 95°C and 60 s at 60°C). The ABI 7300 real-time
PCR system (Applied Biosystems) was used for detection of the fluo-
rescent signals. A serial dilution of an EBV bacterial artificial chromo-
some (BAC) preparation (p2089) was included to calculate the viral
DNA content of the different supernatants.

Immunofluorescence. Lytically induced cells were pelleted 3 days
posttransfection, washed three times in PBS, and fixed on glass slides for
20 min using pure acetone at room temperature. Next, slides were incu-
bated for 30 min with an antibody directed against EBV glycoprotein
gp350/220 (ATCC 72A1 hybridoma) or early antigen EA-D (Chemicon/
Millipore; MAB818). Slides were washed three times in PBS, incubated for
30 min with a secondary Cy3-conjugated goat-anti-mouse antibody (Di-
anova), washed several times in PBS, and embedded with 90% glycerol.
Immunofluorescence was recorded using a fluorescence microscope cou-
pled to a charge-coupled-device (CCD) camera (Leica).

Western blot analysis. Purified virus particles were resuspended in
PBS and denatured in Laemmli buffer for 5 min at 95°C. Denatured pro-
teins were separated on a 10% SDS-polyacrylamide gel and electroblotted
onto a nitrocellulose membrane (Hybond ECL; GE Healthcare). After
blocking in 3% milk in PBS, the blot was incubated with a polyclonal
serum against the EBV tegument protein BNRF1 (1:20,000 dilution) (41)
for 1 h, followed by several washings in 0.1% Tween in PBS and incuba-
tion with horseradish peroxidase-coupled protein A (Promega) for 1 h.
Bound antibody was detected using an ECL reagent (PerkinElmer).

T-cell activation assay. T-cell activation assays were performed as
described previously (17). Briefly, 5 � 104 LCLs were pulsed with 1 �g,
100 ng, or 10 ng BNRF1 or gp350 peptide, with 150 �l, 15 �l, and 1.5
�l supernatants, or with defective particles present in 150 �l of super-
natant that were purified with a gp350-specific antibody coupled to
magnetic Dynal beads. Tested virions and defective particles were ob-
tained from lytically induced 293/EBV-WT, 293/�BBRF1, and 293/
�BFLF1/BFRF1A cells. A 150-�l portion of EBV-WT supernatant cor-
responds to an MOI of 30 and contains approximately 2 � 106 virus
particles. Stimulated LCLs were cocultured with 1 � 105 cells from a
CD4� T-cell clone specific for BNRF1 (1H7) (42) or for gp350 (ID6) in
T-cell medium in 96-well flat-bottomed plates. Gamma interferon
(IFN-�) released by the stimulated T cells was measured by an enzyme-
linked immunosorbent assay (ELISA).

RESULTS
Construction of a set of mutants lacking proteins involved in
EBV maturation. We generated a BBRF1-negative mutant and
two double-deletion mutants that lack BFLF1/BFRF1A and
BGRF1/BDRF1, respectively (Fig. 1). The BFLF1/BFRF1A double
knockout was constructed by deletion of 1,395 bp of the BFLF1
open reading frame as a result of an exchange against the KAN
resistance gene by homologous recombination in E. coli. The first
179 nucleotides of the gene open reading frame were not modified
since they entail the promoter of the BFLF2 gene. The deletion also
impaired expression of the BFRF1A open reading frame, which is
encoded on the opposite strand. Restriction enzyme analysis with
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FIG 1 Construction of the recombinant viruses. Left panel, schematic maps of the EBV genome fragments that encompass four EBV genes presumably
involved in virus maturation, before and after recombination with targeting vectors. Recombination results in an exchange between the targeted genes and
the kanamycin (kana) resistance cassette. Schematic maps of targeted EBV gene regions around BFLF1/BFRF1A (A), around BBRF1 (B), and around
BGRF1/BDRF1 (C). Promoters (arrows), enzyme restriction sites, and the predicted sizes of the resulting fragments after cleavage with BamHI or
HindIII are indicated. Right panel, results of the restriction fragment analysis of the various mutant genomes after construction in E. coli or after rescue
from the producer cell lines are presented. The results of this analysis concur with the predicted restriction pattern. EBV-WT, Epstein-Barr virus wild
type.
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BamHI evidenced a 7.4-kb fragment in the EBV wild-type genome
that compares with a 7.5-kb fragment generated by digestion of
the �BFLF1/BFRF1A genomes. Digestion of the wild-type DNA
with HindIII gave rise to a 29.3-kb fragment that contrasted with
the two 9.1-kb and 20.2-kb fragments that resulted from the de-
letion (Fig. 1A).

The BBRF1 gene knockout was obtained by deletion of 940 bp
of the BBRF1 gene open reading frame. The first 297 and the last
601 bp of this gene were kept intact since they encompass the
promoters for BBLF4 and BBRF2 genes, respectively. The DNA of
the resulting recombinant EBV genome was subjected to a BamHI
restriction enzyme analysis. The wild-type and mutant genomes
differed in that the BBRF1 mutant carries a larger BamHI frag-
ment (10.3 kb compared to 9.7 kb in wild-type viruses) (Fig. 1B).
Furthermore, the 25.9-kb HindIII fragment that spans the BBRF1
gene in the wild-type virus was split into a 3.6-kb and a 23-kb
fragment in the BBRF1 mutant as expected (Fig. 1B).

BGRF1 and BDRF1 are two exons separated from each other by
a 3.28-kb intron and are spliced together to form the BGRF1/
BDRF1 mature mRNA. Therefore, the mutant construction in-
cluded two independent and sequential rounds of deletion.
BGRF1 and BDRF1 are located in a complex viral locus where
most genes partly overlap and share promoters and polyadenyla-
tion signals. The first 221 nucleotides of BGRF1, which include the
BGLF3 gene promoter, and the last 489 nucleotides, including
part of the BGLF2 gene, were spared, but all remaining sequences
were deleted. This mutant was used for construction of the dou-
ble-deletion mutant. This recombination deleted 879 bp from the
BDRF1 gene but left the BDLF4 promoter and the BDLF3 gene
untouched. These alterations were identified by a BamHI cleavage
that produced a 6.5-kb and an 8-kb fragment that, respectively,
contain BGRF1 and BDRF1 in the wild-type genome fragment but
shift to a 6.4-kb and an 8.7-kb fragment in the mutant DNA (Fig.
1C). Sequencing of all mutants confirmed the results of the restric-
tion analyses.

Purified DNAs from each virus mutant were then transfected
into HEK293 cells and subjected to HYG selection. Ten HYG-
resistant and GFP-positive outgrowing cell clones were expanded
and tested for their ability to support the viral lytic replication.
Induction of lytic replication was achieved through transient ex-
pression of the immediate-early protein BZLF1. The 293/
EBV-WT cell line, which contains the wild-type virus, was used as
a positive control. Three days after transfection, cells were stained
for BMRF1 and glycoprotein gp350, early and late markers of lytic
replication, respectively, and clones showing a high percentage of
positive cells were selected for further experiments. The mutant
viral genomes present in these clones were extracted and trans-
formed in E. coli cells, and their restriction profile was determined.
The results of this analysis, presented in Fig. 1, confirm that the
mutant genomes have retained an intact structure upon transfer
into HEK293 cells. With the exception of the expected size shifts of
the relevant BamHI or HindIII restriction fragments, no altera-
tions of the mutant genomes were visible.

Phenotypic traits of the defective mutants. The various pro-
ducer cell lines were lytically induced, and electron micrographs of
cells fixed 3 days later were examined (Fig. 2A, left panel). We
found that all tested mutants produced capsids in replicating cells
and that all the capsids were exclusively of type A or B, i.e., were
devoid of electron-dense cores that indicate the presence of nu-
cleic acids. This confirmed that the proteins lacking in the tested

mutants are involved in viral DNA packaging. However, aside
from this common trait, differences between the mutants were
also readily visible.

The average number of capsids in replicating cells was reduced
in induced 293/�BGRF1/BDRF1 cells relative to wild-type cells
(Fig. 3A). In contrast, replicating 293/�BFLF1/BFRF1A, 293/
�BBRF1, or 293/�TR cells contained approximately twice as
many capsids as the wild-type cells. The total numbers and the
percentages of viral particles observed in the cytoplasm of repli-
cating cells were higher when they contained wild-type genomes
than when they contained any of the mutant viruses (Fig. 3B). We
conclude from these observations that BGRF1/BDRF1 is impor-
tant for capsid assembly and/or stability as well as for nuclear
egress, that all proteins studied are essential for viral DNA pack-
aging, and that A and B capsids are preferentially though not ex-
clusively retained in the nucleus.

All producer cell lines, with the exception of 293/�TR, were
complemented by cotransfection of expression plasmids that
carried the genes missing in the respective recombinant vi-
ruses. The levels of gp350 protein expression in complemented
and noncomplemented cells were similar (data not shown). In
each case, induced and complemented cells were examined by
electron microscopy and found to contain both mature and
immature capsids in their nuclei (Fig. 2A, right panel). There-
fore, we conclude that the genetic defects present in the studied
viral knockouts are limited to the mutations intentionally in-
troduced. The 293/�TR mutant obviously cannot be comple-
mented by proteins, but we previously reported that a 293 cell
line carrying this mutant can efficiently package plasmids that
contain the EBV terminal repeats. This mutant can therefore be
cis complemented (15).

To calculate the approximate amount of virus particles (viri-
ons/VLPs/LPs) present in 1 ml virus supernatant from lytically
induced EBV-WT or mutant producer cell lines, we pelleted 1 ml
of each supernatant and examined ultrathin slices by EM. The
bulk of virus particles is concentrated in certain areas of the virus
pellet. We counted both LPs and VLPs and calculated the number
of EBV-WT and mutant virus particles per micrometer of slice
area. Knowledge of the total area containing virus particles al-
lowed calculation of the total number of viruses present in 1 ml of
supernatant. Since qPCR analysis of EBV-WT revealed that 1 ml
of supernatant contains 107 genomes, and considering that only
70% of the particles carry DNA, 1 ml EBV-WT supernatant con-
tains 1.4 � 107 virus particles. Taking into account the number of
particles present per slice area in EM, we could estimate the num-
ber of mutant particles as being approximately 1.4 � 107 �TR,
1.4 � 107 �BFLF1/BFRF1A, and 6 � 106 �BBRF1 particles per ml
supernatant, respectively.

293/�BFLF1/BFRF1A cells produce large amounts of DNA-
free VLPs/LPs. We then conducted a series of experiments that
aimed at defining the characteristics of the VLPs/LPs present in
the supernatants from induced 293/�BFLF1/BFRF1A and 293/
�BBRF1 cells. To this aim, we performed infection studies both
on primary B cells and on the B cell lymphoma cell line Raji.
The results of these experiments are given in Table 2 and Fig. 4.
A total of 105 primary B cells were exposed to approximately
1.4 � 106 EBV-WT, 1.4 � 107 �TR, 1.4 � 107 �BFLF1/
BFRF1A, and 6 � 106 �BBRF1 particles. None of the mutants
was able to transform primary B cells. The amount of EBV-WT
particles used in the transformation assay corresponds to an
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MOI of 10. The number of mutant particles was found to be at
least one order of magnitude higher than that of EBV-WT.
Complementation of these mutants restored their ability to
produce infectious viruses, and complemented �BFLF1/
BFRF1A, �BBRF1, and �BGRF1/BDRF1 viruses transformed B
cells as efficiently as wild-type viruses (data not shown). There-
fore, these proteins do not contribute to B cell transformation,
although the performed experiments cannot formally exclude a

role for these proteins in the initial stages of infection, e.g., in
case they become incorporated into the mature virion and
serve a function immediately after infection and before a new
round of viral transcription can be initiated.

Raji cell infections were largely confirmative of the transforma-
tion assays, in that none of the mutants could infect these cells
with the notable exception of supernatants from induced 293/
�TR cells that displayed infectious titers on the order of 1 � 102

FIG 2 Electron micrographs of replicating producer cell lines carrying wild-type EBV or various mutants. (A) Induced producer cells with or without gene
complementation. (B) Pelleted supernatants from induced cells. Insets show viral progenies at various stages of maturation. Bars, 200 nm; N, nucleus; C,
cytoplasm.
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Raji cells per ml of supernatants (Fig. 4), as previously reported
(16). Therefore, the VLPs/LPs produced by 293/�BFLF1/BFRF1A
and 293/�BBRF1 are devoid of infectious DNA.

VLPs/LPs used in vivo must fulfill multiple safety criteria,
among which the absence of viral DNA from a transforming
virus is of prime importance. Therefore, we investigated the
presence of contaminating EBV DNA in VLPs/LPs produced by
some of the mutants using qPCR, as this method might be more
sensitive than the infection experiments previously described
(293/�BGRF1/BDRF1 were excluded from this analysis as they
generate no or only rare LP/VLPs). However, we deemed it
important to restrict our analysis to purified virions so as to
exclude potential DNA contaminants from nonviral struc-
tures. To that aim, we coupled antibodies directed against the
viral envelope protein gp350 to magnetic beads to purify viral
structures. Incubation of these coupled antibodies with super-
natants from induced 293/�BFLF1/BFRF1A, 293/�BBRF1,
293/EBV-WT, or 293/�TR cells followed by collection with a
magnet allowed multiple washings and purification of viral
structures. These were submitted in parallel to a qPCR analysis
using primers and probe specific for the BALF5 gene (EBV-Pol)
and to Western blot analysis with a BNRF1-specific antibody.
The latter assay confirmed the presence of BNRF1-positive vi-
ral structures in supernatants from induced 293/�BFLF1/
BFRF1A, 293/�BBRF1, 293/EBV-WT, and 293/�TR cells (Fig.
5A and Table 2). It also confirmed the relative paucity of VLPs/

LPs in supernatants from induced 293/�BBRF1 cells. The de-
tection of BNRF1, an EBV tegument protein, within the mate-
rial purified with the gp350-specific antibodies fits with the
previous results and strongly suggests that, with the exception
of 293/�BBRF1, the mutants produce VLPs/LPs at approxi-
mately the same rate as 293/EBV-WT produces infectious vi-
ruses.

These findings were confirmed by an EBV particle binding as-
say. We incubated EBV-negative Elijah B cells with supernatants
from lytically induced wild-type or mutant producer cell lines and
performed an immunostaining with a gp350-specific antibody to
visualize bound particles (Fig. 5B and Table 2). We found that
induced 293/�BFLF1/BFRF1A and 293/�TR mutants produced
at least as many viral particles as 293/EBV-WT. In contrast, 293/
�BBRF1 generated around 10 times less particles than the wild
type and the 293/�BGRF1/BDRF1 mutant did not produce any
particles. Gp350 deletion mutant (�BLLF1) particles were used as
a negative control and, as expected, did not bind to B cells.

The qPCR assay performed with supernatants from induced
293/�BBRF1 or 293/�BFLF1/BFRF1A cells delivered signals in-
distinguishable from those obtained with virus-free medium con-
trol; i.e., these supernatants contained fewer than 103 DNA mol-
ecules per ml. This corresponds to fewer than 0.00036 DNA
molecules per �BFLF1/BFRF1A VLP/LP or fewer than 0.0008
DNA molecules per �BBRF1 VLP/LP (Fig. 5C and Table 2). In
contrast, this assay allowed the detection of viral DNA within pu-

FIG 3 Results of the electron microscopic analysis of producer cells. (A) Absolute numbers of EBV capsids per replicating producer cells. A total of 350 cells per
mutant were analyzed. (B) The percentages of capsids observed in the nucleus or cytoplasm of the different producer cell lines studied are indicated.

TABLE 2 Phenotypic traits of the various EBV mutants

EBV virus

Statusg of:

Lytic
replicationa

Raji B-cell
infectionb

B-cell
transformationc

VLP
productiond

Packaged
DNAe

T-cell
stimulationf

WT � � (2.5 � 105 ) � � � (1 � 107) �
�TR � � (1.4 � 102) � � � (1 � 104) �
�BFLF1/BFRF1A � � � � � �
�BBRF1 � � � � � �
�BGRF1/BDRF1 � � � � NA NA
a Lytically induced virus producer cells were immunostained for EA-D and gp350.
b Presented as green Raji units per ml supernatant.
c Outgrowth of lymphoblastoid cells was recorded 4 weeks postinfection.
d Measured by Western blot analysis of purified particles using a BNRF1-specific antibody, by electron microscopy of pelleted supernatants from induced producer cell lines, and by
binding to Elijah B cells, followed by immunostaining with a gp350-specific antibody.
e Measured by qPCR analysis and presented as genomes per ml supernatant.
f IFN-gamma production of stimulated T cells as measured by ELISA.
g �, negative; �, positive; NA, not applicable.
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rified �TR virions, although it was a thousand times less abundant
than in wild-type viruses.

�BBRF1 and �BFLF1/BFRF1A elicit a CD4-positive T-cell
response. Having ascertained that producer cell lines that lack
BBRF1 or BFLF1/BFRF1A produce DNA-free VLPs/LPs, we
wished to determine whether these maintain their ability to in-
duce a T-cell response. To this aim, we incubated virus superna-

tants or purified defective particles from these producer cell lines
with LCLs that were subsequently cocultivated with BNRF1- or
gp350-specific T-cell clones. Evidence for T-cell activation was
recorded by measuring IFN-� production using ELISA. We found
that the VLPs/LPs elicited a dose-dependent IFN-� release re-
sponse that was similar in amplitude to the one observed in the
wild-type positive control (Fig. 6A and B). The intensity of T-cell
stimulation with antibody-purified particle preparations was re-
duced compared to that in nonpurified virus supernatants. This
may result from impaired T-cell recognition due to the presence
of magnetic beads (Fig. 6A and B, gray bars). However, the effi-
ciency of T-cell stimulation with purified wild-type or �BFLF1/
BFRF1A defective particles was within the same range. As ex-
pected, �BBRF1 VLPs/LPs delivered a weak signal.

Links between VLP production and capsid maturation in
pseudorabies virus. Although herpesvirus capsid maturation and
egress were mainly studied in alphaherpesviruses, little has been
reported on the nuclear egress of empty capsids and the produc-
tion of VLPs in these infectious agents. Therefore, we reexamined
the phenotypic traits of pseudorabies (PrV) mutants that lack
pUL6 (homologue of BBRF1), pUL15 (homologue of BGRF1/
BDRF1), pUL32 (homologue of BFLF1), or pUL33 (homologue of
BFRF1A), which have already been demonstrated to produce large
amounts of light particles (LPs) (26). We now confirm these re-
sults and additionally find that, with the exception of the pUL15
(BGRF1/BDRF1)-deleted virus, all PrV mutants also produce a

FIG 4 Deletion of BFLF1/BFRF1A, BBRF1, or BGRF1/BDRF1 curbs the virus
ability to infect B cells. Raji cells were exposed to increasing dilutions of super-
natants from induced producer cell lines. Three days postinfection, cells were
examined under UV light and the number of GFP-positive cells was counted.
Titers are given as green Raji units (GRU) per ml of supernatant.

FIG 5 Purification and analysis of DNA-free defective virus particles. (A) Virus particles from 1 ml of the indicated supernatants were pulled down using
gp350-specific antibodies and protein extract thereof were separated through an acrylamide gel. Blotted proteins were incubated with a rabbit antiserum
specific for BNRF1 tegument protein. Wild-type viruses were used as a positive control. (B) Elijah B cells were incubated with 1 ml of the various virus
supernatants, and bound particles were visualized by immunostaining using a gp350-specific antibody. Wild-type virus was used as a positive control and
gp350 knockout mutant virus (�BLLF1) as a negative control. (C) The viral DNA content per ml of purified supernatant was determined by qPCR analysis
using an EBV-specific probe. This assay used RPMI and wild-type viruses as negative and positive controls, respectively. The lower limit of quantitative
measurement is 5 � 103 DNA molecules per ml of supernatant. The mean results and standard deviations from eight independent experiments are
given.
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minority of VLPs. As an example, viral particles released from
RK13 cells infected with PrV�UL32 are shown in Fig. 7. After
analysis of multiple electron micrographs, we estimate that VLPs
represent approximately 10% of the defective particles released by
pUL6-, pUL32-, or pUL33-deleted PrV.

DISCUSSION

The purpose of the present study was to identify proteins that are
essential for EBV maturation and whose absence triggers abun-
dant VLP/LP production. This search was guided by knowledge
accumulated on alphaherpesviruses.

Herpesvirus maturation has been extensively studied in the
alphaherpesviruses HSV1 and PrV. In HSV1, pUL15, pUL28, and
pUL33, the EBV homologues of BGRF1/BDRF1, BALF3, and
BFRF1A, respectively, form the terminase complex that cleaves
monomeric genomes from the concatemers built during virus

replication but also facilitates their translocation into preformed
capsids (18, 19). pUL28 binds to the viral DNA (23) whereas
pUL33 interacts with pUL28 to stabilize the terminase complex
(25). pUL15 is an endonuclease that is also able to recruit ATP
(20), which can be hydrolyzed to fuel viral DNA incorporation
into capsids. This complex protein is involved in the transport of
pUL28 and pUL33 and also of pUL6 to the nuclear replication
centers (21, 22). In addition, pUL32, the EBV BFLF1 homologue,
has been found to be important for cleavage and packaging of the
HSV1 and PrV genomes. pUL32 is required for the transport of
viral capsids to nuclear DNA replication compartments (26, 27).

The analysis of the EBV/�BFLF1/BFRF1A mutant revealed a
defect in viral DNA packaging, but primary egress of empty cap-
sids and the release of DNA-free VLPs were not impaired (Fig. 2
and 3). We could demonstrate that these DNA-free VLPs can in-
duce a potent CD4� T-cell response (Fig. 6). Because our mutant

FIG 6 B cells exposed to defective or wild-type EBV particles are recognized by BNRF1- and gp350-specific CD4� T cells. B cells were pulsed with antibody-
purified particles (VLP/LP or virions) (gray bars) or supernatants (SN) from induced producer cells (dark gray bars) that carry wild-type virus or defective virus
mutants as indicated and were incubated with syngeneic T cells that are specific for BNRF1 (A) or gp350 (B). Incubation of T cells with B cells that were pulsed
with dilutions of the respective peptides served as positive controls. IFN-� released into the medium by stimulated T cells was determined by ELISA.

FIG 7 Electron microscopy of cells infected with a PrV UL32 deletion mutant. (A) VLPs and LPs are released at the cell membrane of infected cells. The inset
represents an example of a VLP (bar, 250 nm). (B) Multiple LPs and VLPs are present in the extracellular space. The inset on the left shows an LP and that on the
right a VLP (bar, 500 nm).
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lacks both BFLF1 (pUL32 homologue) and BFRF1A (pUL33 ho-
mologue), it is difficult to delineate the function of both proteins.
However, a PrV mutant that lacks pUL32 was found to generate
exclusively immature capsids (26). Deletion of pUL33 from the
PrV or HSV1 genome had similar effects (26, 43).

A more complex picture emerged from the study of the
�BGRF1/BDRF1 mutant in the present paper and of previously
published data on knockouts of its homologues in alphaherpesvi-
ruses (pUL15). A common feature of �BGRF1/BDRF1 and
�UL15 in HSV1 and PrV is the absence of C-type capsids in cells
lytically infected by these mutants (Fig. 2) (26, 44, 45). However,
deletion of BGRF1/BDRF1, but not of UL15, also drastically re-
duced capsid synthesis (Fig. 3A). Furthermore, successful nuclear
egress was among the phenotypic traits visible in cells infected
with HSV1 �UL15 (45) but not in those infected with PrV �UL15
(26). This suggests that the three homologues diverge, at least to a
certain extent, in their functions. As already mentioned, pUL15
has been implicated in protein transport of other lytic proteins,
including HSV pUL28 and pUL33, but also in ATP binding (45,
46). This protein also contributes to DNA translocation into the
capsid and possesses an endonuclease activity (20, 22). Thus, it is
not unexpected that such a multifunctional protein should serve
overlapping though not identical functions in different viruses.

The BBRF1 homologue pUL6, also known as the portal pro-
tein, forms homo-multimers that arrange into a circular structure
that is incorporated into procapsids. The pUL6 complexes form a
docking site for the terminase complex with which it interacts and
builds the entry site for the viral genome into the capsids (47–49).
HSV1 and PrV mutants that lack pUL6 are unable to incorporate
their DNA into preformed capsids (50–52). However, rare imma-
ture capsids can undergo primary envelopment and gain access to
the cytoplasm, although no information was available on VLP
production in the extracellular milieu. Analysis of the EBV/
�BBRF1 mutant confirms that in EBV this protein is also required
for viral genome incorporation and is therefore very likely to be
the functional homologue of pUL6. Lytically induced �BBRF1
cells produced capsids in large numbers, all of which were found
to be of A or B type (Fig. 2). Most capsids located to the nucleus,
but some could also be found in the cytoplasm (Fig. 3B). The cells
also released DNA-free VLPs/LPs, although less efficiently than
�BFLF1/BFRF1A mutant cells (Fig. 5). Therefore, EBV-derived
viral structures that contain immature capsids can undergo pri-
mary and secondary egress.

This observation to some extent contradicts the current view
on capsid maturation that proposes that only C-type capsids can
undergo primary and, a fortiori, secondary envelopment and re-
lease (53). This prompted us to reexamine the morphology of viral
progeny in PrV mutants that are defective for the genes involved
in DNA packaging pUL6, pUL15, pUL32, or pUL33 and we found
that, with the exception of the mutant devoid of pUL15, all mu-
tants produce VLPs, although these viral structures were much
less frequently seen than LPs (Fig. 7 and data not shown). There-
fore, the absence of viral DNA within capsids does not fully inhibit
egress, although we agree that it substantially impairs it. Similar
observations were made in HSV-1-infected neurons (54). Our
data confirm the high degree of functional homology of the pro-
teins involved in DNA incorporation and capsid maturation
across alpha- and gammaherpesvirus subfamilies.

The search for EBV mutants that produce VLPs/LPs was mo-
tivated by the observation that �TR mutants imperfectly block the

viral genome incorporation into the capsid. In contrast, B cell
infection studies (Fig. 4 and Table 2) and qPCR (Fig. 5B) could not
detect any EBV DNA in VLPs/LPs obtained from induction of
293/�BFLF1/BFRF1A and 293/�BBRF1. The purified VLPs/LPs
elicited a CD4� T-cell response after incubation of B cells that
acted as antigen-presenting cells as strongly as wild-type virus par-
ticles. Therefore, the �BFLF1/BFRF1A VLPs/LPs differ from
those obtained with 293/�TR cells in that they are devoid of viral
DNA contaminants. As such, the �BFLF1/BFRF1A VLPs/LPs rep-
resent promising candidates for a safe and efficient preventative
vaccine.

A recent paper by Ruiss et al. (55) has also suggested using
VLPs from a similar though distinct producer cell line (293-VII�)
for vaccination purposes. The EBV mutant contained in this cell
line is based on the �TR mutant but also lacks multiple EBV latent
genes (EBNA2, EBNA3, LMP1, LMP2) as well as the lytic BZLF1
gene. Since EBV latent genes are unlikely to modulate DNA incor-
poration into viral capsids, one would expect similar degrees of
DNA contamination in the defective particles produced by the
293-VII� cell line and in the 293/�TR clone (16). However, the
authors report that they could not find evidence of contamination
using an endpoint PCR analysis performed on VLPs/exosome
preparations from induced producer cells. The reasons for this
discrepancy are difficult to explain without parallel evaluation of
the mutants. It would be important to estimate how many VLPs/
LPs are produced by the 293-VII� cell line, to purify them using
gp350 antibodies, and to assess DNA content by sensitive PCR
analysis. Clearly, the strategy pursued by Ruiss et al. aims at min-
imizing the potential adverse consequences of viral DNA contam-
ination in a preventative EBV vaccine. Indeed, deletion of the
latent genes and of BZLF1 massively reduces the risk of oncogenic
transformation and of virus propagation, although the expression
of BRLF1 is independent of BZLF1 and this transactivator can
drive the expression of lytic proteins such as the bcl-2 homologue
BHRF1 (56–60). In addition, other genetic elements such as
EBNA1, BHRF1, and the BHRF1 micro RNAs (miRNAs) have
been shown to be involved in EBV-mediated B cell transformation
or in the induction of genetic abnormalities (59, 61–63). More-
over, very little is known about the persistence of EBV after pri-
mary infection but the consensus is that hardly any gene expres-
sion is required for persistence in B cells (64–66). Therefore, it is
possible that the viral genome present in the 293-VII� cell line
might be able to persist in the bodies of vaccinated individuals
along with the genes that encode GFP and the hygromycin resis-
tance gene. A recent study has also provided persuasive evidence
that attenuated herpesvirus vaccines can recombine in vivo and
form virulent field viruses (67). Therefore, VLP/LPs EBV mutants
that preclude viral DNA incorporation altogether might in the end
be more suitable as preventative vaccines.
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