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ABSTRACT With current techniques, genetic alterations
of herpesviruses are difficult to perform, mostly because of the
large size of their genomes. To solve this problem, we have
designed a system that allows the cloning of any y-herpesvirus
in Escherichia coli onto an F factor-derived plasmid. Immor-
talized B cell lines were readily established with recombinant
Epstein—-Barr virus (EBV), demonstrating that the F factor-
cloned EBV genome has all the characteristics of wild-type
EBYV. Because any genetic modification is possible in E. coli,
this experimental approach opens the way to the genetic
analysis of all EBV functions. Moreover, it is now feasible to
generate attenuated EBV strains in vitro such that vaccine
strains can be designed. Because we incorporated the genes for
hygromycin resistance and green fluorescent protein onto the
E. coli cloned EBV genome, the still open question of the EBV
target cells other than B lymphocytes will be addressed.

Oncogenic viruses provide a unique model to understand
neoplastic transformation of cells. The low complexity of some
of these viruses, e.g., simian virus 40, has allowed their cloning
and the generation of mutants, one prerequisite for the
understanding of the role of viral proteins in the process of cell
transformation.

Epstein—-Barr virus (EBV) is one of the few viruses that has
been shown to be oncogenic in humans, at least in immuno-
deficient patients. Most important, EBV infects human B
lymphocytes in vitro, such that its immortalizing capacity can
be investigated in a tractable system. Although cumbersome,
genetic manipulation of EBV genes is possible (1-4) but
conventional cloning techniques are not operative with the
large genomes of herpesviruses. Traditionally, herpesvirus
mutants are generated by homologous recombination in in-
fected cells with DNA fragments or plasmids carrying the
mutant allele as described almost 20 years ago (5-7). As a
consequence, recombination between the herpesvirus genome
and the mutant allele gives rise to a mixed population that
consists of wild-type and mutant virus, such that their sepa-
ration is necessary. This approach has been proven to be quite
tedious with y-herpesviruses, i.e., EBV, because no host cell
fully supports the lytic, productive phase of these viruses. Thus,
in the case of EBYV, it is first essential to obtain an immortal-
ized cell line latently infected with the mutant virus, which
takes place often in combination with wild-type virus. To
separate these viruses in a second step, the latently infected
cell needs to support the lytic phase to produce infectious
virions that are instrumental to establish another latently
infected, immortalized B cell line carrying the viral mutant,
exclusively. Because B cell immortalization is a prerequisite to
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establish a mutant EBV, this approach excludes the genetic
analysis of genes that are essential for B cell immortalization
in vitro (8-10).

To overcome these limitations, we cloned the complete EBV
genome onto a prokaryotic replicon that also carries the genes
for green fluorescent protein (GFP) and hygromycin resis-
tance under the control of eukaryotic promoters. This tech-
nique allows the generation of viral mutants in E. coli, transfer
of pure EBV mutant DNA into any cell, and the production of
infectious virions carrying the mutant viral genome.

MATERIALS AND METHODS

Cells. B95.8 is a lymphoblastoid cell line obtained by infec-
tion of marmoset monkey peripheral blood leukocytes with
EBV (11). 293 is a human embryonic epithelial kidney cell line
whose differentiation stage is not fully characterized (12). Raji
is a human Burkitt’s cell line (13). B lymphocytes from
peripheral blood buffy coats, adenoids, and tonsils were pu-
rified on a Ficoll cushion after T cell rosetting by using sheep
erythrocytes as described (14). Cell lines were grown in RPMI
1640 medium/10% fetal calf serum (Life Technologies, Egg-
enstein, Germany).

Recombinant DNA Plasmids. pMBO131 is an F factor-
based prokaryotic replicon that carries the F factor origin of
replication, the chloramphenicol-resistance gene, and the par-
titioning proteins A and B (15). The BamHI-HindIII fragment
from the pTG76 plasmid carrying the hygromycin-resistance
cassette (16) was inserted into the same sites in pMBO131 to
yield p1898. The enhanced version of GFP (AscI-Mlul frag-
ment, Klenow filled-in) (¢GFP, CLONTECH) was cloned into
the Hpal site of the previous construct to produce the p1919.
The EBV sequences that correspond to the segments located
at both sites of the deletion in the B95.8 genome (17) were
introduced into p1919 in several consecutive steps to provide
a flanking region for homologous recombination with the
B95.8 genome. To provide the right flank, a Clal/Ascl frag-
ment spanning the nucleotide coordinates 149,930-159,880 of
the B95.8 strain was cloned into the unique Clal site of p1919
with the aid of synthetic Clal linkers to yield the intermediate
plasmid p1929. The left flank is a BsaBI/BsaBI fragment
encompassing nucleotide coordinates 143,458-152,636, which
was cloned into the unique Pacl site of p1929 by using
phosphorylated Pacl linkers to obtain p1944. All plasmids
were propagated in the DHS5a E. coli strain (F~,
®80dlacZAM15, D(lacZY A-argF)U169, deoR, recAl, endAl,
hsdR17(r~, mk™), supE44, A"thi-1, gyrA96, relAl).

DNA Transfections. Transfections of cell lines with plasmid
DNA were performed by electroporation or lipid micelles.
B95.8 cells (107 cells) were washed in RPMI 1640 without fetal

Abbreviations: EBV, Epstein—Barr virus; GFP, green fluorescent
rotein.
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F1G. 1. Schematic overview of the EBV shuttle system. A linearized DNA fragment consisting of an F factor plasmid and two flanking regions.

A and B of EBV are transfected into the B95.8 cell line, which is latently infected with EBV. Homologous recombinations occur via the regions
A and B to generate a B95.8 cointegrate that encompasses the gene for hygromycin resistance (hyg) and green fluorescent protein (GFP) together
with the F factor replicon. Cells that contain such a cointegrate B95.8/F factor survive under hygromycin selection. Preparation of circular DNA
from these cells and its transfection into an appropriate E. coli strain establishes the B95.8/F factor molecule in E. coli for further genetic
modifications. The B95.8/F factor DNA can be amplified and isolated from E. coli in microgram quantities to be used for transfection into
EBV-negative cells, i.e., 293. Upon hygromycin selection, cell lines that carry the B95.8/F factor molecule as extrachromosomal copies can be
established. Induction of the lytic phase of EBV’s life cycle yields viruses that carry the B95.8/F factor molecule as genetic information. Infection
of primary B cells leads to their immortalization and B95.8/F factor-positive B cell lines.

calf serum, resuspended in 250 ul of the same medium, and
placed with the plasmid DNA in 0.4-cm gap electroporation
cuvettes. Cells were transfected by using an electroporator
(Bio-Rad) at 230 V and 960 uF. 293 cells were placed in
Optimem minimal medium (Life Technologies) for 2 hr and
incubated for 4 hr with DNA embedded in lipid micelles
(Lipofectamine, Life Technologies).

Hygromycin Selection. One day after transfection, cells were
plated in 96-well cluster plates (4,000 cells per well) and
hygromycin (Calbiochem) was added to the culture medium
(100 pg/ml). Cells were fed weekly with fresh RPMI 1640
containing 10% fetal calf serum with the same hygromycin
concentration.

Plasmid Rescue in E. coli. Circular DNA molecules were
extracted from F factor-positive B95.8 clones by using a
denaturation-renaturation method as described (18). After
extraction, DNA was introduced into E. coli DH10B strain (F~,
mcrA, A(mrr-hsdRMS-mcrBC), ®80dlacZAM1S5, AlacX74,
deoR, recAl, endAl, araD139, A(ara, leu)7697, galU, galK, ™,
rpsL, nupG) by electroporation (1,800 V, 25 uF, 100 Q). Cells
were plated on agar plates containing 15 pg/ml of chloram-
phenicol.

Infections. Primary B cells (2 X 107) were infected with
filtered (0.45-um pore size) supernatants from B95.8 /F factor-
transfected 293 cells in which the lytic cycle had been induced
by transfecting an expression plasmid encoding BZLF1 (19,
20). B cells were then plated in 96-well cluster plates (2 X 107)
and fed once a week with RPMI 1640 containing 10% fetal calf
serum.

Southern Blot Analysis. Cells were lysed in 1% SDS,
proteins were digested overnight in proteinase K (Boehringer
Mannheim) (50 pg/ml final concentration), and cellular DNA
was extracted by using a modified Hirt procedure: the extrac-
tion medium was made 0.3 M NaCl, thoroughly mixed, and
spun down at 7,000 rpm in a swinging-bucket rotor. Superna-
tants then were precipitated with 2 volumes of ethanol. Pellets
were washed in 70% ethanol and resuspended in TE (Tris 10
mM/EDTA 5 mM). Ten micrograms of DNA was digested
with restriction enzymes, separated on agarose gel, and blotted
onto a Hybond N* nylon membrane (Amersham) after de-
purination in 0.25 M HCl using an alkaline transfer procedure.
Blots were hybridized overnight with a 3?P-radiolabeled probe
in “Church” buffer (7% SDS/1 mM EDTA/0.5 Na;HPOy).
Blots were washed in 1% SDS/0.2 SSC and exposed by using
intensifying screens.
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Gardella Gel Analysis. Gardella gel electrophoresis were
performed as described previously (21, 22) followed by South-
ern blot hybridization.

Immunostaining. Cells were fixed 15 min in pure acetone
and incubated 30 min with a mouse mAb (Chemicon) against
the viral capsid antigen (dilution 1:1,000 in PBS 5% fetal calf
serum) in a moist chamber at 37°C. After three washings, a
sheep anti-mouse antibody coupled to the Cy5 fluorochrome
was applied 30 min at 37°C to the cells. After further washings
and embedding in glycerol 10% PBS, immunostainings were
evaluated by using an Axiovert-inverted epifluorescence mi-
croscope (Zeiss).

RESULTS

Cloning of the B95.8 EBV DNA in E. coli. To address the
problem of genetic manipulations of EBV, we cloned the
genome of the B95.8 strain onto an F factor-based replicon in
E. coli. F factor is a endogenous low-copy plasmid (one to two
copies per cell) of E. coli that is about 94 kbp in size.
Derivatives of the F factor replicon can encompass large,
foreign DNA fragments that serve as, e.g., bacterial artificial
chromosomes. The 6.5-kbp pMBO131 F factor plasmid (15),
which encodes chloramphenicol resistance, was used as a basic
F factor construct to add the genes for hygromycin resistance
for selection in eukaryotic cells together with GFP as a
phenotypic marker. To introduce this F factor construct into
the EBV genome, the strategy depicted in Fig. 1 was employed.
To target the modified F factor construct right into the site of
the deletion in the B95.8 genome, flanking regions of approx-
imately 9 and 5 kbp in length were added as shown in Fig. 1 to
promote homologous recombination events. The final p1944 F
factor construct was linearized via its flanking NorI sites,
transfected into the B95.8 marmoset cell line infected with
B95.8 virus, and cells were selected for resistance against
hygromycin. Three to 6 weeks after transfection, 120 clones
grew out and 100 were tested for integration of the F factor in
genomic B95.8 DNA by Gardella gel analysis, using the F
factor plasmid as a probe. A total of 40 clones showed two
distinct signals corresponding to the linear and circular forms
of viral DNA, indicating that the F plasmid had recombined
successfully with the endogenous B95.8 genome. The signal
corresponding to unit-length virion DNA further indicated
that spontaneous lytic DNA replication of the hybrid mole-
cules occurred as expected for B95.8 cells (Fig. 2). These 40
positive clones also expressed GFP as indicated by their bright
green color after exposure to UV light (data not shown). We
rescued the hybrid B95.8/F factor plasmids from these B95.8
cells into the E. coli strain DH10B via electroporation. After
selection for chloramphenicol resistance, colonies were ex-
panded and their plasmid DNA was analyzed with numerous
restriction enzymes. E. coli clones obtained with DNAs from
seven independent, hygromycin-resistant B95.8 cell clones
showed restriction fragments indicative of a perfect integration
of the F factor plasmid into the site of the B95.8 deletion (Fig.
3).
Establishment of 293 Cell Clones Producing Infectious
Virions. To establish the envisioned EBV shuttle system, the
B95.8/F factor DNA needed to be stably introduced into an
EBV-negative cell line that would maintain a latent infection
but support the lytic phase of EBV to generate infectious
virions at will. Toward this aim, 293 cells were transfected with
three, independently isolated but otherwise identical B95.8 /F
factor plasmid DNAs isolated from the cell lines B95.8 cl.4,
cl.11, and cl.12 (Fig. 2), and selected for resistance against
hygromycin. The outgrowing clones were analyzed for the
presence of the viral B95.8/F factor hybrid DNA molecules by
using the Gardella gel technique and exposure to UV light to
detect GFP expression. Fourteen independent cell lines
proved to be positive in Gardella gel analysis (Fig. 5 and data
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F1G. 2. Gardella gel analysis of individual, hygromycin-resistant
B95.8 cell clones that were generated after transfection of the linear-
ized F factor plasmid DNA shown in Fig. 1. After Southern blotting
the blot was probed with an F factor-specific probe. Four of seven
hygromycin-resistant cell lines showed clear signals, indicating a
successful recombination between endogenous, wild-type B95.8 DNA
molecules and the transfected linearized plasmid DNA carrying the F
factor replicon. The two discrete bands correspond to the circular and
linear forms of the B95.8/F factor DNA molecules. Linear EBV
molecules are indicative of spontaneous lytic EBV replication, which
is common in B95.8 cells.

not shown), which also expressed GFP (Fig. 4). Most of the 14
cell lines contained circular but also linear forms of the
B95.8/F factor DNA, indicating that a small proportion of
B95.8/F factor carrying 293 cells spontancously supported the
lytic cycle of EBV (293 B95.8/F V, 293 B95.8/F VI, 293
B95.8/F XI in Fig. 5 (Fig. 5) and data not shown).

To induce the lytic cycle in the majority of the cells, the 293
clones were transfected with an expression plasmid encoding
the viral transactivator BZLF1 (20). A strong increase in the
number of viral linear molecules could be identified after
Gardella gel analysis (data not shown), and the presence of
viral capsid antigens was visualized by immunostaining with a
specific antibody directed against viral capsid antigen (Fig. 4).
To test whether the transfected 293 cells produced mature and
infectious virions, we incubated Raji cells with supernatants
from the induced 293 cells carrying the B95.8/F factor DNA.
As revealed by direct visualization of the Raji cells under UV
light, nearly 100% of the Raji cells expressed GFP, supporting
the infectious nature of the virions produced (Fig. 4).

Generation of Immortalized B Cell Lines with the B95.8/F
Factor Virus. The ability to immortalize human B cells in vitro
is unique to EBV. To see whether the B95.8/F factor DNA
molecule has this property, we infected primary B cells with
the virus stocks. B cells were prepared from four different
buffy coat blood samples, three different tonsils, and two
adenoids and infected with supernatants from induced 293
cells carrying the recombinant B95.8 /F factor virus. In addi-
tion, we cocultivated four B cell preparations with irradiated,
noninduced B95.8/F factor carrying 293 cells. One night after
infection, cells were plated in 96-well cluster plates that
contained an irradiated feeder layer as described (1). In all
cases, immortalized B cells grew out in all wells of the 96-well
cluster plates after 2 (adenoids) to 6 weeks (peripheral B cells).
Many infected cells showed a moderate to high expression of
the GFP protein (Fig. 4). DNA was extracted from 20 of these
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Restriction fragment analysis of B95.8/F factor DNA in comparison with B95.8 virion DNA. Circular B95.8/F factor DNA molecules

were extracted from the hygromycin-resistant B95.8 cell lines and rescued in E. coli strain DH10B. DNA was purified from the chloramphenicol-
resistant E. coli clones and digested with Ndel and BamHI. The restriction pattern of the B95.8/F factor DNA was compared with the one obtained
with linear wild-type B95.8 DNA extracted from viral capsids. Both restriction patterns were identical with the exception of distinct DNA fragments.
New fragments were generated by the integration of the F factor into the B95.8/F factor molecule (11.2 and 4.8 kbp in size after digestion with
BamHI; 14.3, 12.8, 2.8, and 2.3 kbp in size after digestion with Ndel). Fragments that represent the genomic terminal fragments in wild-type B95.8
virion DNA are fused in B95.8/F factor DNA to form a new terminal fusion fragment. One of the terminal fragments in B95.8 DNA generated

by digestion with Ndel is too small to be visible on this gel.

immortalized B cell lines, digested with BamHI, and hybrid-
ized with an F factor-specific probe. All cell lines tested were
found to carry the F factor DNA (Fig. 6 and data not shown).

DISCUSSION

To understand EBV’s immortalizing functions genetically, we
had a system in mind that would allow any possible mutation
of herpesvirus genomes. Toward this end, we cloned the B95.8
EBV DNA onto a F factor-based replicon and show here that
such DNA molecules can be propagated stably in E. coli and,
when introduced into EBV-negative 293 cells, establish a latent
infection in eukaryotic cells. Moreover, 293 cells carrying the
recombinant B95.8/F factor DNA support the lytic cycle and
release infectious virions that fully retain the immortalizing
capacity of wild-type EBV. Thus, it is now possible to modify
any EBV gene in E. coli as has been demonstrated multiple
times by us with F factor-based mini-EBV plasmids and mouse
cytomegalovirus, more recently (23-26). Having introduced
such a mutation in E. coli, one can easily obtain a pure and
otherwise fully functional virion DNA molecule in contrast to
the current approach in which helper virus is required (1-3).
Moreover, even genes and cis-acting elements involved in lytic
or latent DNA replication, encapsidation of genomic viral
DNA, or viral infectivity are now accessible to genetic analyses.

A specific problem in the field of EBV viruses is the
difficulty in testing for mutations that do not completely inhibit
the immortalizing potential of EBV but have auxiliary func-

tions (1, 10, 23). This is because a direct evaluation of the
concentration of mutant virus in the virus stocks was impos-
sible. Now this problem is easily solved because the expression
of GFP in the infected cells provides a reproducible means to
evaluate the concentration of infectious particles in pure virus
stocks and to quantify the effect of a given mutation. After
transfection of an expression plasmid for BZLF1, virus stocks
obtained from 293 cells carrying B95.8/F factor are in the
order of 103 infectious particles per milliliter (Fig. 4).

In the past, genetic analyses of herpesviruses proved to be a
particularly tedious task mainly because of the large size of
their genomes. On the other hand, herpesviruses provide a
unique opportunity to incorporate large pieces of foreign
DNA into their genomes. This is in contrast to the majority of
viral vectors used today in gene therapy approaches, e.g.,
retroviruses, adenoviruses, or others. Very large genes or even
complete loci could be introduced in EBV-derived vectors that
minimally encompass the cis- and trans-acting elements of
EBV required for DNA amplification (oriLyt), packaging
(TR), and maintenance of the vector in the recipient cell (oriP
and EBNALI) (1, 10, 27-29). To use EBV-derived vectors in
gene transduction, a helper cell line must provide the trans-
acting factors that normally are not present on EBV-derived
vectors. The generation of such a helper cell line is now feasible
because a deletion of the packaging signals on the recombinant
B95.8/F factor molecule will generate a helper virus genome
that itself is unable to become encapsidated but will provide all
functions in trans required for packing.
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FiG. 4. (Top Left) GFP expression in 293 B95.8 /F factor-positive cell
lines. Living cells were examined with an inverse microscope under UV
light. In both cases, the bright green color of all cells demonstrates a high
level of expression of the GFP gene, which is part of the F factor
backbone, as shown schematically in Fig. 1. (Top Right) Expression of the
viral capsid antigen (VCA) in 293 carrying the B95.8 /F factor DNA after
induction of the lytic cycle. Fixed cells were incubated with an antibody
against VCA and a second anti-mouse antibody coupled to the Cy5
fluorochrome. Stained cells were exposed to UV light. (Middle) GFP
expression in cells incubated with supernatants from induced 293 cell lines
carrying the B95.8/F factor DNA. Raji cells (1 X 10°) were incubated with
0.5 ml of supernatant from BZLF1-transfected 293 cells carrying the
B95.8/F factor. Approximately 50% of the cells were GFP-positive,
indicating a virus titer of at least 10° infectious viruses per ml. GFP
fluorescence was investigated 48 hr after infection (Left). (Middle Right)
Phase-contrast light microscopy. (Bottom) Primary human B cells were
infected with supernatants from BZLF1 transfected 293 cells carrying the
B95.8/F factor. As a consequence, immortalized B cell lines were
generated that were investigated for GFP expression about 6 weeks after
infection. (Bottom Left) UV light exposure. (Bottom Right) Phase-contrast
light microscopy.

Posttransplant lymphoproliferative disorders are thought to
be a direct consequence of the ability of EBV to immortalize
B cells. The role of EBV in other diseases such as nasopha-
ryngeal carcinoma or Hodgkin’s disease is unclear to date, but
it is highly probable that EBV contributes to the acquisition of
the malignant phenotype. Therefore, vaccination against EBV
should allow prevention of these diseases. Vaccination against
EBYV by using immunogenic peptides, for example, is currently
under study but we think that our shuttle system could provide
an interesting alternative to these approaches. Generation of
attenuated EBV strains that, for example, lack LMP1 or
EBNAZ2, would impede the development of neoplasms but
would not necessarily alter the clinical latency that is estab-
lished in the majority of infected individuals. Alternatively,
construction of EBV vaccine strains that are sensitive to
pharmaceutical drugs is perfectly feasible.
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Fi1G. 5. Gardella gel analysis of hygromycin-resistant 293 cell lines
transfected with the B95.8/F factor plasmid DNA. After Southern
blotting the blot was probed with an F factor-specific probe. Half of
the tested clones proved to be positive after hybridization. As already
observed in the B95.8/F factor clones, spontaneous replication occurs
in these positive cell lines as demonstrated by the presence of linear
genomic virion DNA.

In conclusion, we have designed a system that permits
cloning and mutation of herpesvirus genomes in general. The
experimental approach used in this work is equally applicable
to any large DNA virus genomes.
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FIG. 6. Southern blot analysis of immortalized B cell lines that were
established with virus stocks derived from 293 cells carrying the B95.8/F
factor molecule. Total cell DNA from the immortalized B cell lines was
digested with BamHI, separated by electrophoresis, blotted, and hybrid-
ized with a probe specific for the pMBO131 plasmid. DNAs extracted
from the EBV-negative cell line HeLa served as a negative control. The
positive control consisted of 100 pg of the pMBO plasmid lacking the
genes for GFP and hygromycin resistance, which was digested together
with 10 ug HeLLa DNA. All cell lines tested were found to carry the F
factor, although the number of B95.8/F factor copies varied in the
immortalized B cell lines, as expected.
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