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Epstein-Barr virus (EBV) and Kaposi’s sarcoma-associated herpesvirus (KSHV) are human gammaherpesvi-
ruses associated with numerous malignancies. Primary effusion lymphoma or body cavity-based lymphoma is
a distinct clinicopathological entity that, in the majority of cases, manifests coinfection with KSHV and EBV.
In previous analyses, we have characterized the EBV in the BC-1 and BC-2 cell lines as potential intertypic
recombinants of the EBV types 1 and 2. In order to examine the infectious and transforming capacities of
KSHV and the intertypic EBV recombinants from the BC-1 and BC-2 cell lines, viral replication was induced
in these cell lines and fresh human primary B lymphocytes were infected with progeny virus. The transformed
clones were analyzed by PCR and Western blotting. All analyzed clones were infected with the intertypic
progeny EBV but had no detectable signal for progeny KSHV. Additionally, primary B lymphocytes incubated
with viral supernatant containing KSHV alone showed an unsustained initial proliferation, but prolonged
growth or immortalization of these cells in vitro was not observed. We also show that the EBV recombinants
from BC-1 were less efficient than the EBV recombinants from BC-2 in the ability to maintain the transformed
phenotype of the infected human B lymphocytes. From these findings, we conclude that the BC-1 and BC-2
intertypic EBV recombinants can immortalize human primary B lymphocytes, albeit at different levels of
efficiency. However, the KSHV induced from BC-1 and BC-2 alone cannot transform primary B cells, nor can
it coinfect EBV-positive B lymphocytes under our experimental conditions with B lymphocytes from EBV-
seropositive individuals. These results are distinct from those in one previous report and suggest a possible
requirement for other factors to establish coinfection with both viral agents.

Epstein-Barr virus (EBV) and Kaposi’s sarcoma-associated
herpesvirus (KSHV) are the only two known human gamma-
herpesviruses. EBV (human herpesvirus 4 [HHV-4]) is present
in the vast majority of individuals and establishes latent asymp-
tomatic infection in B lymphocytes (23). EBV has been asso-
ciated with several different human malignancies, including
Burkitt’s lymphoma, nasopharyngeal carcinoma, Hodgkin’s
disease, and various immunoblastic lymphomas (for a review,
see reference 32). KSHV (HHV-8) is a recently discovered
gammaherpesvirus belonging to the genus Rhadinovirus (6,
12). It has sequence similarity to herpesvirus saimiri, murine
herpesvirus 68, and EBV, all of which have tumorigenic capac-
ity (31). KSHV has been found in all epidemiological forms of
Kaposi’s sarcoma (21). In addition, KSHV has been detected
in primary effusion lymphomas (PELs) (10, 30), in multicentric
Castleman’s disease (17, 46; A. Gessain, A. Sudaka, J. Briere,
N. Fouchard, M. A. Nicola, B. Rio, M. Arborio, X. Troussard,
J. Audoin, J. Diebold, et al., Letter, Blood 87:414–416) and in
dendritic cells of patients with multiple myeloma (36). Despite
the discovery of KSHV’s association with many different
pathological entities, it is still unclear whether the virus plays a
causal role in the onset or manifestation of these diseases.

Primary effusion lymphomas, also known as body cavity-
based lymphomas (BCBLs), are a subset of non-Hodgkin’s

lymphomas with distinctive clinical and biological features
(30). PELs are found mostly in patients with AIDS and grow
mainly in the body cavities without contiguous tumor masses.
Among the distinctive characteristics of PELs are an intimate
association with KSHV (10, 32, 33; A. Carbone, U. Tirelli, A.
Gloghini, C. Pastore, E. Vaccher, and G. Gaidano, Letter, Eur.
J. Cancer 32A:555–556; D. S. Karcher and S. Alkan, Letter,
N. Engl. J. Med. 333:797–799) and the presence of EBV in the
vast majority of cases (30). In contrast to PELs, only a minority
of the solid Kaposi’s sarcoma tumors are positive for EBV
(16). A growing interest in the analysis of KSHV and EBV
coinfection and in the elucidation of a potential synergy be-
tween the two latently infected genomes provides considerable
motivation for the close characterization of PELs. The initial
establishment of the KSHV and EBV coinfected PEL cell
lines, BC-1 and BC-2, by Cesarman and colleagues has pro-
vided important reagents for the analysis of the KSHV and
EBV genomes and any interactions occurring between the
coinfecting viruses (11).

Two distinct types of EBV have been isolated and charac-
terized. Originally designated A and B, these two different
virus types are now referred to as types 1 and 2, in keeping with
the herpes simplex system of nomenclature (37). Even though
type 1 and type 2 EBV (EBV-1 and -2) are largely the same
throughout most of the genome, the viral genomes can be
typed based on known genomic markers. The EBNA loci can
be typed at the nucleotide level by PCR (43) or at the protein
level by the type-specific reactivity of EBNA epitopes with
human sera (41, 42, 45). Virus isolation studies of EBV derived
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from healthy patients have demonstrated that EBV-1 is most
prevalent in these individuals and is the only virus type present
in at least 90% of the examined cases (18, 50, 51). However,
virus isolation studies of certain T-cell-immunocompromised,
human immunodeficiency virus-positive cohorts have shown
that EBV-2 exists in much greater proportion in these groups
(7, 44, 50, 52, 53). The predominance of a single transforming
virus strain, most commonly EBV-1 rather than EBV-2, has
been demonstrated in healthy individuals; however, increasing
evidence suggests that multiple EBV infections are common
within immunocompromised hosts (22, 44, 51, 53). Previous
studies have documented the existence of intertypic recombi-
nants of EBV-1 and -2 in both a healthy adult (8) and T-cell-
immunocompromised individuals (52).

In earlier studies of BC-1 and BC-2, we have characterized
the EBV infecting these cell lines as intertypic recombinants of
EBV-1 and -2 (1). The discovery of such intertypic recombi-
nants existing in transformed lymphoblastoid cell lines (LCLs)
prompts one to ask whether these intertypic EBV recombi-
nants are responsible for the transformed phenotype and
whether they can efficiently transform primary B lymphocytes.
Previous work has also shown the ability of these viruses to
transform B cells (27). However, the question of whether the
KSHV contained in BC-1 and BC-2 can infect and/or immor-
talize human primary B cells as coinfected or singly infected B
lymphocytes is important in understanding the initiation and
maintenance of the transformed phenotype. In this work, we
have shown that the EBV recombinants in BC-1 and BC-2 can
infect and immortalize fresh T-cell-depleted peripheral blood
mononuclear cells (PBMC); however, these viruses vary in the
efficiency with which they transform B lymphocytes. We have
also shown that KSHV from BC-1 and BC-2 alone cannot
infect and immortalize human primary B cells. Furthermore,
KSHV from BC-1 and BC-2 cannot be established as a coin-
fection with EBV in immortalized B lymphocytes in our sys-
tem. Previous work by Haas and colleagues showed immortal-
ization of human primary B lymphocytes by KSHV and
coinfection with EBV by using PBMC from EBV-seropositive
individuals (24). Further investigations into the ability of
KSHV and EBV to coinfect human B lymphocytes will help
explain the variations in results from our studies and from
previously reported studies.

MATERIALS AND METHODS

Antibodies and cell cultures. Latent EBNA proteins were analyzed with an-
tibodies derived from a patient serum previously characterized for identification
of each of the EBNA proteins (38). Serum samples were adsorbed against the
EBV-negative Burkitt’s lymphoma cell line BJAB lysate at 4°C for 48 h. Ad-
sorbed serum was then used as a 1:50 dilution in phosphate-buffered saline (PBS)
with 1 mM sodium azide. The hybridoma cell lines PE2, A10, and S12 against
EBNA2, EBNA3C, and LMP1, respectively, were cultured, and the supernatant
was used as a 1:2 dilution in PBS with 1 mM sodium azide. Antiserum recog-
nizing the EBV lytic antigens was obtained from patient samples which had been
previously characterized (40). The serum was typically diluted 1:50 in PBS after
absorption with cell lysate from the EBV-negative cell line BJAB.

BJAB is an EBV-negative cell line obtained from Elliott Kieff. The B95-8 cell
line harbors EBV-1, and the Jijoye cell line is infected with EBV-2 (28, 29). The
P3HR-1 cell line is derived from its Jijoye parent and also contains EBV-2;
however, the P3HR-1 genome has regions in the EBNALP and EBNA2 genes
deleted (34). BC-1, BC-2, and BC-3 were purchased from the American Type
Culture Collection. BCBL-1 was obtained from the AIDS Reference and Re-
agent Program (35). BC-1 and BC-2 are coinfected with EBV and KSHV (20).
BC-3 and BCBL-1 are infected with KSHV alone (3, 35). The cell lines were
maintained in complete medium, which consisted of RPMI 1640 supplemented
with 15 to 20% inactivated fetal bovine serum, 2 mM glutamine, and 10 mg of
gentamicin per ml. All cell lines were monitored and routinely fed with fresh
medium every 3 to 4 days. BC-1, BC-2, BC-3, and BCBL-1 grew best when
maintained at a density of at least 400,000 to 500,000 cells per ml.

Primary B-lymphocyte infections. Lytic replication was induced in the BC-1,
BC-2, BC-3, BCBL-1, B95-8, and Jijoye cell lines with a combination of tetra-
decanoyl phorbol acetate (TPA) and sodium butyrate. We have established a

specific titration of 20 ng of TPA/ml and 2.5 mM sodium butyrate for inducing
lytic replication of BC-1, BC-2, BC-3, and BCBL-1. The resultant virus super-
natant was passed through a 0.45-mm-pore-size filter and used to infect primary
human B lymphocytes. The virus was incubated for 2 h at 37°C with 5 3 107

T-cell-depleted human PBMC. The PBMC were obtained from adult EBV-
seropositive donors, and T cells were removed with 2-aminoethyl isothiouronium
bromide (Sigma)-treated sheep erythrocytes. Infected primary B cells were re-
suspended in complete medium at a concentration of 3.3 3 105 per ml and
distributed at 150 ml (5 3 104 cells) per well in a 96-microwell plate (40, 48). The
cultures were fed 14 days postplating with 100 ml of fresh complete medium.
LCLs were macroscopically visible 1 to 4 weeks after plating. The cell lines were
expanded in culture for further genetic and biochemical analyses.

PCR analyses. (i) PCR primers. Primers corresponding to five different mark-
ers in the EBV genome were used in the PCR typing analyses (Fig. 1). The
primer combinations which amplify distinctive EBV-1 and -2 fragments of the
EBNA2, EBNA3B, and EBNA3C genes have been previously described (43, 47,
48). The BamHI-C-AluI primers and the Bam122 primers have also been de-
scribed (49). The BamHI-C-AluI primers amplify a 157-bp fragment for both
EBV-1 and -2; however, only the EBV-1 PCR product can be digested with AluI
into fragments of 52 and 105 bp. The Bam122 primers produce a PCR product
for both type 1 and type 2 genomes. This PCR product contains a BamHI site in
the type 1, B95-8 DNA but not in type 2, P3HR-1 DNA. PCR analysis for the
presence of the KSHV viral genome in the progeny LCLs was done with primers
which amplify a 233-bp fragment (KS330). The sequences of these oligonucleo-
tides have been previously reported (12).

(ii) Preparation of viral DNA for PCR analysis. The supernatant from the
induced cell lines used in primary B-lymphocyte infections was prepared and
analyzed for the presence of virus. Supernatant (0.5 ml) was centrifuged at 15,000
rpm (International Equipment Co.) for 30 min to pellet the virus particles. The
pellet was resuspended in 60 ml of 0.23 PBS and heated at 95°C for 30 min. The
solution was then incubated with proteinase K (0.75 ng/ml) at 55°C for 1 h,
followed by inactivation of the enzyme for another hour. Six microliters of each
preparation of viral DNA was used for PCR analysis.

(iii) PCR and restriction endonuclease digestion. Crude DNA extracts were
prepared for PCR by proteinase K treatment of harvested cells. Cells from 0.5 ml
of a well-growing culture were resuspended in 250 ml of 0.23 PBS. This solution
was then incubated with proteinase K (0.75 ng/ml) at 55°C for 1 h, followed by
inactivation of the enzyme at 95°C for another hour. Five microliters of these
DNA solutions was then added to the reaction components to give a 25-ml
reaction mixture. The PCR was carried out in 20 mM Tris-HCl (pH 8.4), 50 mM
KCl, 1.5 mM MgCl2, 0.5 mM (each) deoxynucleoside triphosphate, 0.1 mM

FIG. 1. Schematic of the EBV genome showing the locations of the three
genomic markers used in PCR typing analyses of the BC-1 and BC-2 progeny
EBV. The genomic markers are an AluI restriction site at 6,913 bp in the region
adjacent to the EBV early RNA region, type-specific polymorphisms within the
EBNA3B gene, and a BamHI restriction site located at approximately 122 kbp.
The locations of the P3HR-1 and B95-8 deletions are also shown shaded in gray.
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(each) primer, and 0.75 U of Taq polymerase. DNA was amplified in an MJ
Research, Inc., thermal cycler machine. A total of 40 cycles were run, each
consisting of 1 min at 94°C, 1 min at 58°C, and 1 min at 72°C. PCR-amplified
DNA was analyzed by electrophoresis in a 1% (wt/vol) ME-agarose, 2% (wt/vol)
Nusieve agarose gel and stained with ethidium bromide. For restriction endo-
nuclease digestion, the entire PCR mixture was precipitated in 100% ethanol and
resuspended in 10 ml of Tris-EDTA buffer. The DNA was then digested over-
night in a 30-ml reaction mixture, based on the manufacturer’s suggested proto-
col.

Immunoblot analysis. Harvested cells were dispersed mechanically and dis-
solved in sodium dodecyl sulfate (SDS) lysis buffer. In order to compensate for
low levels of expression of viral proteins in BC-1 and BC-2 parental and progeny
cell lines, the number of harvested cells from these lines was increased twofold
(1,000,000 cells) compared to the number harvested from the B95-8, P3HR-1,
and BJAB cell lines (500,000 cells). The cell lysates were fractionated by
SDS–8% polyacrylamide gel electrophoresis, and the proteins were transferred
to 0.45-mm Bio-Rad nitrocellulose membranes. The membranes were analyzed
according to the manufacturer’s protocol and incubated in the human serum
dilutions at 4°C overnight. Protein A-horseradish peroxidase secondary antibody
was used at a 1:7,500 dilution, and anti-mouse immunoglobulin-horseradish
peroxidase secondary antibody was used at a 1:2,500 dilution. Proteins were
detected with chemiluminescence reagents (Amersham). Images were scanned
and prepared for publication with Corel Draw.

RESULTS

Intertypic EBV recombinants from BC-1 and BC-2 immor-
talize human primary B lymphocytes in vitro. Previous typing
analyses of the EBV genomes in the BC-1 and BC-2 cell lines
demonstrated that these viruses are intertypic recombinants of
EBV1 and -2 (1). In order to detect the presence of this
intertypic recombinant EBV in the progeny BC-1 and BC-2
cell lines, we chose six cell lines derived from each of the BC-1
and BC-2 infections and analyzed representative genomic
markers by PCR typing assays. The first marker we examined
is located adjacent to the EBV early RNAs. An AluI site is
located at 6,913 bp in the prototypic type 1 B95-8 genome but
not in the prototypic type 2 P3HR-1 genome. This restriction

site is also absent in the BC-1 and BC-2 viral genomes. To
further identify the EBV in the transformed BC-1 and BC-2
progeny cell lines, we analyzed for the known type 1 and type
2 polymorphisms in the EBNA2, -3B, and -3C genes. With
primers specific for these loci, we used PCR analysis to dem-
onstrate differences in the amplification products for the type
1 and type 2 alleles. The BC-1 viral genome shows type 2
characteristics at these loci, whereas the BC-2 viral genome
shows type 1 polymorphisms at these markers. Using primers
that amplify from nucleotides 122206 to 122475, we also ana-
lyzed the BC-1 and BC-2 progeny EBV genomes for the pres-
ence of a BamHI restriction site within this amplification frag-
ment. DNA from the B95-8 cell line and the BC-1 and BC-2
parental cell lines has a BamHI restriction site within this PCR
product, while in P3HR-1 DNA this restriction site is absent
(4, 19). The data from these typing experiments suggest that
the EBV infecting the BC-1 and BC-2 progeny cell lines are
the intertypic recombinants derived from the parental cell
lines. Table 1 provides a summary of the PCR analyses of the
progeny cell lines chosen in these series of experiments.

PCR analysis does not detect KSHV DNA in BC-1 and BC-2
progeny cell lines. Using KS330 primers that amplify a distinc-
tive 233-bp fragment from the KSHV genome, we performed
PCR analysis for the presence of KSHV in the BC-1 and BC-2
progeny cell lines. Our analysis clearly indicates the presence
of the KSHV genome in the parental BC-1 and BC-2 cell lines
(Fig. 2, lane 8). However, PCRs did not yield any amplification
products for the progeny BC-1 and BC-2 (Fig. 2, lanes 2 to 7).
We analyzed progeny cell lines from three separate experi-
ments for both BC-1 and BC-2. More than 500 LCLs were
screened for the presence of KSHV DNA. No signal was seen
from PCR of progeny LCL DNAs; however, our positive con-
trols were clearly detecting KSHV DNA. Thus, we conclude
that KSHV is not present in these progeny cell lines.

FIG. 2. PCR analysis for the presence of KSHV in the BC-1 and BC-2
progeny cell lines by using KS330 primers, which amplify a distinct 233-bp
fragment. (a) BC-1 analyses; (b) BC-2 analyses. The appearance of a KS330
amplification product signifies infection with KSHV. BC-1 and BC-2 parents
show the presence of KSHV (lanes 8), but the BC-1 and BC-2 progeny cell lines
do not appear to be infected with KSHV (lanes 2 to 7). BJAB (lane 9) is an
EBV-negative and KSHV-negative cell line. PO denotes a control reaction run
in the absence of any source of template DNA.

TABLE 1. Classification of EBV genome types at five different locia

Cell line

Genomic marker

AluI
(6,913 bp) EBNA2 EBNA3B,

-3C
BamHI

(122 kbp)

BC-1 parent T2 T2 T2, T2 T1
BC1.1 T2 T2 T2, T2 T1
BC1.2 T2 T2 T2, T2 T1
BC1.4 T2 T2 T2, T2 T1
BC1.13 T2 T2 T2, T2 T1
BC1.16 T2 T2 T2, T2 T1
BC1.22 T2 T2 T2, T2 T1
B95-8 T1 T1 T1, T1 T1
Jijoye or P3HR-1 T2 T2 T2, T2 T2

BC-2 parent T2 T1 T1, T1 T1
BC2.5 T2 T1 T1, T1 T1
BC2.7 T2 T1 T1, T1 T1
BC2.9 T2 T1 T1, T1 T1
BC2.12 T2 T1 T1, T1 T1
BC2.14 T2 T1 T1, T1 T1
BC2.18 T2 T1 T1, T1 T1
B95-8 T1 T1 T1, T1 T1
Jijoye or P3HR-1 T2 T2 T2, T2 T2

a Summary of data acquired from typing analyses of BC-1 and BC-2 parent and
progeny viruses. Previous studies have shown that the EBV harbored in the BC-1
and BC-2 cell lines are intertypic recombinants of the prototypic type 1 (T1) and
type 2 (T2) viral genomes (1). The EBNA2, -3B, and -3C markers were analyzed
with previously described type-specific primers (43, 49). The genomic types at the
AluI (6,913-bp) and BamHI (122-kbp) markers were determined by restriction
endonuclease digestion of PCR-amplified products. The AluI (6,913-bp) and the
BamHI (122-kbp) markers have been previously shown to segregate according to
genomic type at each locus (2, 49).
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KSHV is not capable of immortalizing T-cell-depleted hu-
man primary B lymphocytes in vitro. BC-3 and BCBL-1 are
BCBL cell lines that are singly infected with KSHV. In order
to examine the infection of primary B lymphocytes by KSHV,
we harvested virus after the induction of viral replication
with TPA and sodium butyrate. We incubated T-cell-depleted
PBMCs from EBV-seropositive individuals with BC-3 and
BCBL-1 supernatants containing KSHV. In EBV-seropositive
individuals, approximately 1 in 105 to 106 of their peripheral-
blood B lymphocytes is EBV infected (23). Previous infection
studies have shown that the outgrowth of spontaneous LCLs in
vitro due to EBV from seropositive individuals is rare (49).
After incubation with BC-3 and BCBL-1 supernatants, the
cells were plated in 96-microwell plates and observed for evi-
dence of proliferation and immortalization. Table 2 shows the
results of three separate experiments. By 2 weeks after plating,
initial proliferation and clumping were observed in all wells
with a change in pH, as detected by a color change in the
medium. After 2 weeks, however, B-cell proliferation did not
persist, and no evidence of prolonged growth transformation
and immortalization of these cells was observed. Similar initial
unsustained proliferation has been seen previously when pri-
mary human B lymphocytes were incubated with medium con-
taining TPA and butyrate (E. S. Robertson, unpublished ob-
servations). We suggest that the initial proliferation observed
in this experiment is not caused by KSHV infection and sub-
sequent mediation of transformation. Rather, we propose that
such initial proliferation results from the TPA and butyrate in
the media. However, it is possible that KSHV infects primary
B cells and triggers proliferation of these cells but this prolif-
eration is not maintained due to the absence of other critical
factors.

One important question raised in these experiments was the
possibility that the KSHV was not easily induced by TPA and
sodium butyrate. Additionally, we wanted to approximate the
relative levels of virion particles present in the supernatant.
Semiquantitative analysis with KS330 primers (12) for PCR of
viral DNA indicated that similar levels of viral DNA were
present (Fig. 3B). Moreover, the induction of KSHV was sim-
ilar for the EBV-positive (BC-1 and BC-2) and EBV-negative
(BCBL-1) cell lines. Therefore, KSHV was induced and
present at relatively equivalent levels for infection of primary B
lymphocytes.

LCLs derived from BC-1 and BC-2 expressed essential la-
tent antigens. Using adsorbed, specific EBNA human serum
capable of detecting EBNA1, EBNALP, EBNA2, and
EBNA3A, -3B, and -3C (40), we analyzed membranes blotted

with fractionated cell lysates from BC-1 and BC-2 parents and
progeny (Fig. 4). EBNA1 is expressed in all the cell lines
analyzed. The intensity of the EBNA1 signal was lower in BC-1
(Fig. 4a) than in BC-2 (Fig. 4b). The notable size variability of
the EBNA1 protein from BC-2 can be attributed to different
numbers of IR3 repeats located within the EBNA1 coding
region. Because EBNA2 was not readily distinguishable in the
BC-1 and BC-2 cell lines, we postulated that the EBNA2 band
was comigrating with the EBNA1 band. To test this hypothesis,
we blotted separately for the EBNA1 and EBNA2 proteins. A
human serum that recognizes only the EBV EBNA1 antigen
was used to detect EBNA1 expression. Immunoblot analysis
indicates that EBNA 1 is expressed in all progeny cell lines
(Fig. 5a and b). Numerous breakdown products were seen to
be migrating faster on the blot in the BC-2 analysis. EBNA2
expression was determined by blotting with supernatant from a
hybridoma cell line specific for detection of the EBNA2 pro-
tein (Fig. 5c and d). This analysis clearly indicated that EBNA2
was expressed in both the BC-1 and BC-2 progeny cell lines
and was comigrating with the EBNA1 protein. However, as
expected, the BC-1 and BC-2 parental cell lines did not express
detectable levels of EBNA2 (Fig. 5c and d, lanes 6) (9). Ex-
pression of the EBNA3C protein was clearly seen in the BC-2
progeny but was almost undetectable in the BC-1 progeny (Fig.
5e and f). Since the monoclonal antibodies were made to type
1 EBNA3C antigens, the absence of or lowered EBNA3C
detection in BC-1 cell lines may represent the type specificity
of the antibodies used and not the actual expression patterns
(26). Some signals for EBNA3C were seen in the parental
lanes in BC-1 and BC-2; however, this is probably due to the

FIG. 3. PCR analysis for the presence of virus in the supernatants of cells
induced for production of EBV and KSHV. The source of the template DNA is
indicated in parentheses in the label for each lane. (S), virus supernatant; (L),
cell lysate. (A) Analysis with type-specific primers for EBNA3B; (B) 233-bp
products generated with the KSHV-specific primers. BC-1 and BC-2 are cell
lines which are coinfected with EBV and KSHV. BCBL-1 is infected with only
KSHV. B95-8 and Jijoye are the prototypic EBV-1 and -2 strains, respectively.

TABLE 2. Infection of primary human B lymphocytes by KSHVa

Expt Virus
No. of wells positive for B-cell proliferation

1 wk 2 wk 4 wk 12 wk

1 BC-3 0 96a 0 0
BCBL-1 0 96a 0 0

2 BC-3 0 96a 0 0
BCBL-1 0 96a 0 0

3 BC-3 0 96a 0 0
BCBL-1 0 96a 0 0

a Initial unsustained proliferation observed in all wells with change in pH as
detected by color change in medium and clumping of cells. Similar initial pro-
liferation has been seen when primary human B lymphocytes are incubated with
medium containing TPA and butyrate, usually used to induce lytic replication
(E. S. Robertson, unpublished observations). We suggest that this observation
may be a result of TPA and butyrate which were present in the medium during
infection.
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nonspecific signals seen in most of the lanes after prolonged
exposure. EBNALP can typically be seen as a ladder of bands
from 17 to 73 kDa due to the multiple splicing of the BamHI
W repeats that span the open reading frame. A number of
bands are seen in this region in the progeny cell lines, which
indicates expression of EBNALP in all progeny lines derived
from BC-1 and BC-2 (Fig. 4).

Expression of the essential EBV latent protein LMP1 was
analyzed in the progeny cell lines by Western blotting with
supernatant from the S12 hybridoma cell line that specifically
detects LMP1 (Fig. 6) (25). All progeny LCLs show reasonably
high levels of LMP1 expression. A predominant lower band
typical of the D1LMP1 protein can be seen in the B95-8 con-
trol lanes. This D1LMP1 signal and other smaller bands were
observed in BC-1 progeny. This may indicate relatively high
levels of spontaneous lytic replication. Additionally, the BC-1
progeny cell lines express LMP1 at markedly higher levels than
do the BC-2 progeny. Moreover, these same LCLs expressed

high levels of the D1LMP1 variant. However, this form of
LMP1 was not detectable in the analyzed BC-2 progeny LCLs.

Early antigen expression is detected in the BC-1 and BC-2
progeny LCLs. For detection of the EBV early antigens we
used a human serum capable of detecting a number of lytic
antigens, including BALF2, the single-stranded DNA binding
protein, the EA-D (early antigen diffused) complex, and
BZLF1 (14, 23). The EA-D antigens range from 43 to 56 kDa.
The BALF2 protein and BZLF1 gene product are usually seen
in EBV-infected cells undergoing active replication (13, 39).
The BC-1 parent expresses EA-D antigens as well as BALF2
(Fig. 7a), whereas the BC-2 parent does not express detectable
levels of early antigens (Fig. 7b). Progeny cell lines from both
BC-1 and BC-2 appear to be expressing low levels of EA-D
antigens. A larger band at approximately 135 kDa indicated
expression of the BALF2 single-stranded DNA binding protein
in all progeny cell lines (Fig. 7). Only one BC-1 progeny cell
line (BC-1.22) was tightly latent, as indicated by undetectable
levels of lytic antigen expression (Fig. 7a, lane 5). Another
band located at approximately 80 kDa is present in many of the
progeny BC-1 and BC-2 cell lines. This band corresponds to
the EBNA1 protein that was recognized by the human serum
used to detect the early antigens.

BC-1 and BC-2 intertypic EBV recombinants transform pri-
mary B cells with various efficiencies. After induction of EBV
lytic replication in the BC-1 and BC-2 parental cell lines, T-
cell-depleted PBMC were infected with filtered virus superna-
tant. The infected B lymphocytes were then plated out in a
96-well plate and screened for outgrowth of transformed B
lymphocytes. Outgrowth was designated positive if visible
clumping of transformed cells and notable color changes in the
medium were observed. The experiment was performed three
times for verification of the results, and the data are listed in
Table 3. In each experiment, BC-2 progeny virus transformed
B cells and led to macroscopic outgrowth at a much higher rate
than the virus induced from the BC-1, B95-8, and Jijoye cell
lines. In experiment 1, for example, BC-2 gave 14 wells positive
for B-cell outgrowth at week 1. BC-1 and Jijoye gave no pos-
itive wells at week 1, and B95-8 gave only 8 wells positive for
B-cell outgrowth. By week 4 of experiment 1, BC-1 showed 62
wells positive for B-cell outgrowth and BC-2 had 76 wells with
visible outgrowth of transformed B cells. At week 4, B95-8 and
Jijoye had 68 and 71 positive wells, respectively. The number of
wells demonstrating visible B-cell transformation continued to
increase for all cell lines until week 8, with the total number of
positive wells for each cell line in experiment 1 increasing by 23
to 35%. By week 24, a striking difference in prolonged out-
growth was observed. As expected, the total number of positive
wells had decreased due to the eventual death of cells that
were not truly immortalized. However, BC-1 showed a much
more drastic decline in total number of positive wells than
BC-2, B95-8, or Jijoye. By week 24, 71% of the BC-1 wells that
were once positive for outgrowth of B cells had lost the trans-
formed phenotype and failed to maintain outgrowth. BC-2
demonstrated the greatest number of stable transformants,
with only a 25% reduction in the total number of positive wells
as measured from week 8. B95-8 and Jijoye underwent reduc-
tions of 41 and 55%, respectively. By week 48, only two wells
from BC-1 remained positive for outgrowth. BC-2, on the
other hand, did not lose any positive wells over the last 24-
week period. B95-8 and Jijoye demonstrated 20 and 10% re-
ductions in cells with the transformed phenotype, respectively.
The data from experiments 2 and 3 corroborate the data from
experiment 1, as seen in Table 3.

To verify that the experiments were controlled for levels of
virion particles, we analyzed the virus supernatant for EBV

FIG. 4. Western blot analysis for latent EBNA expression by using human
serum specific for EBNA recognition. (a) BC-1 analyses; (b) BC-2 analyses.
Latent EBNA proteins are labeled. EBNA1 and EBNA2 appear to be comigrat-
ing on SDS–8% polyacrylamide gel electrophoresis. Size differences in the
EBNA1 protein are due to different numbers of the IR3 repeats located in the
coding region. B95-8 and P3HR-1 are the type 1 and type 2 controls, respectively.
BJAB is an EBV-negative cell line. Molecular masses (in kilodaltons) are shown
on the left of each gel.
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produced upon induction of BC-1 and BC-2 by TPA and so-
dium butyrate. We used the same volume of virus supernatant
to maintain a similar exposure to the TPA and butyrate present
in the virus supernatant. Similar to the cases of the B95-8 and
Jijoye cell lines, EBV was readily induced in BC-1 and BC-2.
Moreover, BC-2, which has a more potent transforming po-
tential, had less virus present in the supernatant (Fig. 2A).
Hence, while one could postulate that the observed results in
Table 3 could be attributed to relatively higher levels of com-

petent virus in BC-2, Fig. 2A indicates that this was not the
case.

To determine if these results may also be due to the type of
EBNA2 and EBNA3 loci in BC-1, we compared BC-1 to Ji-
joye, the prototypic type 2 virus used in our experiment. Al-
though the amount of LCLs obtained from infections with
Jijoye was lower than the number derived from the type 1,
B95-8 virus, it was substantially higher than that seen for BC-1
infections. Hence, the lower transforming potential of BC-1
EBV cannot be attributed solely to its type 2 EBNA2 and
EBNA3 genomic loci.

These results indicate that the BC-2 intertypic recombinant
EBV is a more potent transforming agent than either the
B95-8 and Jijoye controls or the BC-1 EBV. In addition to
initiating transformation more effectively, BC-2 EBV also
maintained the transformed phenotype at significantly higher
levels throughout the experiment. Additionally, BC-1 was un-
able to maintain long-term outgrowth of LCLs as efficiently as
BC-2, suggesting possible genomic abnormalities. The fact that
BC-1 and BC-2 are intertypic recombinants of EBV-1 and -2
may provide one explanation. However, the type 2 cell line
Jijoye is capable of transforming B lymphocytes with relatively
high efficiency. Therefore, we would suggest that there is a
greater probability for genomic abnormalities in the BC-1 re-
combinant.

DISCUSSION
The PCR data presented in this work clearly show that the

progeny BC-1 and BC-2 EBV are intertypic recombinants that
were derived from the parental cell lines. PCR evidence also
demonstrates that no coinfection with KSHV occurred in over
500 LCLs analyzed in our experiments. Western blot analyses
of the EBV proteins expressed in the progeny cell lines indi-
cate an expression pattern that is consistent with the latent
transformed state. Unlike the parental cell lines, which dem-
onstrate a latency II (Lat II) pattern of expression (9), the

FIG. 5. Western blot analysis with antibodies specific for EBNA1, -2, and -3. Western blots of BC-1 (a) and BC-2 (b) with human serum specific for EBNA1
recognition are shown. Cross-reactive antibodies to EBNA1 recognized both type 1 and type 2 variants of the protein. All BC-1 and BC-2 parents and progeny express
the EBNA1 protein. Western blots with monoclonal antibodies specific for EBNA2 are shown for BC-1 (c) and BC-2 (d). The progeny cell lines appear to be expressing
EBNA2 (lanes 1 to 5), but the parent cell lines do not (lane 6). These results confirm that EBNA2 was comigrating with EBNA1 in our experiments. Western blots
with monoclonal antibodies specific for recognition of the EBNA3C protein are shown for BC-1 (e) and BC-2 (f), respectively. Since the monoclonal antibodies were
made in response to type 1 antigen, apparent expression differences between BC-1 and BC-2 may be attributable to type-specific differences in antigen recognition.

FIG. 6. Western blot of BC-1 (a) and BC-2 (b) parent and progeny with a
hybridoma cell line specific for the LMP1 S12. The predominant lower band in
the B95-8 lane represents the D1LMP1 protein. Most BC-1 progeny LCLs show
expression of multiple smaller variants of LMP1, including D1LMP1. BC-2
progeny showed only one major predominant wild-type LMP1 signal.
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progeny cell lines appear to demonstrate a Lat III pattern that
is characteristic of transformed LCLs (37). In Lat III, a full
pattern of latent gene expression is observed, including expres-
sion of the Cp- and Wp-driven set of EBNA transcripts and the
BamHI N-derived mRNAs encoding several virus latent mem-
brane proteins (for a review, see reference 32). The fact that
the progeny cell lines are expressing the EBNA2 protein, es-
sential for EBV-induced B-cell transformation, and the LMP1
oncogene argues strongly for the ability of the intertypic re-
combinant viruses to drive cell proliferation.

The discovery of intertypic EBV recombinants in the trans-
formed BC-1 and BC-2 cell lines prompted some crucial ques-
tions about the transforming efficiencies of these viruses. As-
says to determine the transformation efficiencies of the BC-1
and BC-2 intertypic EBV recombinants indicate that the BC-2
EBV is a more potent transforming virus than the type 1 B95-8
or the type 2 Jijoye. On the other hand, BC-1 EBV was shown
to be the least potent of the analyzed transforming viruses.
BC-2 EBV was also shown to be most successful in maintaining
the transformed phenotype over time, while BC-1 EBV ap-

peared to be least capable of maintaining transformation in
cells. B cells transformed by BC-1 EBV showed a significant
decrease in the transformed phenotype when observed over a
48-week period following initial infection. It is possible that the
recombination events had resulted in aberrant genomes of
BC-1 and BC-2 and that the BC-1 genome is rearranged in a
manner deleterious to the long-term survival of LCLs in vitro.
However, this does not suggest that the BC-1 intertypic EBV
has no role in inducing PELs in vivo. It is possible that the
BC-1 recombinant virus provides critical functions in patients
infected with KSHV to drive cell proliferation in the immuno-
compromised individuals (20). The BC-1 transformed pheno-
type may be maintained by the synergistic actions of EBV and
KSHV infecting these cells in vivo.

Previous studies of human immunodeficiency virus-positive
T-cell immunocompromised cohorts have indicated a greater
prevalence of type 2 EBV in these individuals as well as an
increased frequency of multiple EBV infections (50, 53). The
discovery of intertypic EBV recombinants in these patients
(52) has suggested that the impaired immune surveillance and
higher titers of EBV in immunocompromised individuals may
foster the development of novel recombinant strains. The dem-
onstration of the BC-2 intertypic EBV recombinants as dis-
tinctly more potent at transforming PBMC in vitro is an im-
portant finding that may provide evidence for intertypic
recombination as an evolutionary mechanism for the emer-
gence of more potent and efficient transforming strains of
EBV. The selective advantage of a virus with enhanced trans-
forming capacity could lead to altered tropisms for host cells
and an increase in the virulence of these strains of EBV. Type
1-type 2 EBV chimeras may also exhibit novel mechanisms of
immune evasion. Changes in patterns of gene expression or
alterations in programs of EBV latency may enable these re-
combinant variants to elude established immune responses to
EBV infection. New combinations of EBV-1 and -2 antigens
could help these emerging intertypic strains to elude the es-
tablished host immune response, which most often involves
antibody recognition of the widely prevalent type 1 antigens.

Since the recent discovery of KSHV, much study has focused

FIG. 7. Western blot for detection of the EBV early antigens with a human
serum capable of detecting early antigens from the EA-D complex ranging from
43 to 56 kDa. The same serum also detects the single-stranded DNA binding
protein (at approximately 135 kDa) encoded from the BALF2 ORF. BC-1 (a)
and BC-2 (b) analyses are shown. Only one progeny cell line from BC-1 had
undetectable levels of lytic antigen expression. All other LCLs indicated some
level of expression. Molecular masses (in kilodaltons) are shown on the left of
each gel.

TABLE 3. Comparison of transformation efficiencies of BC-1 and
BC-2 intertypic recombinants to that of wild-type EBVa

Expt Virus
No. of wells positive for B-cell outgrowth

1 wk 4 wk 8 wk 24 wk 48 wk

1 BC-1 0 62 84 24 2
BC-2 14 76 96 72 72
B95-8 8 68 92 54 43
Jijoye 0 71 87 39 35

2 BC-1 0 57 92 12 6
BC-2 17 70 96 84 84
B95-8 9 67 96 61 60
Jijoye 0 59 84 43 41

3 BC-1 0 48 80 15 4
BC-2 11 73 96 84 75
B95-8 ND ND ND ND ND
Jijoye ND ND ND ND ND

a T-cell-depleted PBMC were infected with virus induced from each of the cell
lines indicated. The infected B lymphocytes were distributed in 96-well plates
with approximately 50,000 cells per well. Outgrowth was considered positive
when visible clumping of transformed cells and notable color changes in the
medium were observed. The experiment was repeated three times. ND, not
determined. Distinct differences in the transformation competencies of the BC-1
and BC-2 intertypic recombinant EBV are evident in all three experiments.
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on the potential transforming properties of this virus. The virus
appears to have much potential to trigger malignancy, includ-
ing many candidates for transforming genes (for a review, see
reference 5). One recent report proposes that KSHV is capa-
ble of transforming primary human endothelial cells (15). This
is the first report declaring that KSHV can transform any cell
type; however, it should be noted that the virus was lost over
time in the majority of cells (15). Our data suggest that KSHV
alone cannot transform human primary B lymphocytes. One
recently published study by Kliche and colleagues posits that
KSHV can maintain persistent infection of EBV-positive B
lymphocytes and can be serially passaged from KSHV1 EBV1

LCLs to fresh PBMC (24). Furthermore, this group presents
data from infection of PBMC from EBV1 donors with
BCBL-1 supernatants and suggests that KSHV infection can
induce LCL outgrowth of primary B lymphocytes. They also
state that KSHV1 EBV1 immortalized cell lines have been
derived from infections of PBMC from EBV-seropositive do-
nors with supernatants from the BCBL-1 cell lines. Based on
numerous infection studies, we have no evidence that KSHV
can induce immortalization of T-cell-depleted human primary
B lymphocytes. We also have no data to suggest that infection
of PBMC from EBV-seropositive patients with supernatants
from induced BCBL-1 or BC-3 cell lines can produce KSHV1

or KSHV1 EBV1 immortalized cell lines. Since Kliche and
colleagues observed that infection of PBMC with BC-1 super-
natant did not result in the outgrowth of EBV1 LCLs but
instead resulted in the outgrowth of LCLs infected with both
EBV and KSHV, they propose that this observation may indi-
cate a selection for infection with both viruses. However, our
data suggest that the KSHV from the KSHV1 EBV1 BC-1 and
BC-2 cell lines can potentially infect primary B cells but cannot
maintain a sustained coinfection with EBV in human primary
B lymphocytes, thus indicating no selection for coinfection.
The contradiction in the observed results from these two stud-
ies may indicate the necessity of important cofactors for KSHV
infection that were present in one study and absent in the
other. Hence, we propose that important differences in the
experimental setup and in the isolation methods used in pre-
paring the PBMC for infection in our experiments and in those
of Kliche and colleagues may account for the observed differ-
ences.

The study of PEL-derived cell lines continues to produce
new insights into their unique biology. Of central importance
to this biology is the potential synergistic relationship between
KSHV and EBV. Much evidence suggests that cells infected
with both viruses may have a growth advantage (24). Our data
suggest that coinfection of KSHV with EBV may alter the gene
expression patterns of EBV. For example, all progeny cell lines
express both LMP1 and EBNA2; however, neither parental
cell line expresses EBNA2. While a model remains to be es-
tablished, differences between EBV expression patterns of
KSHV-positive parental and KSHV-negative progeny cell lines
may indicate that the functions of some KSHV proteins can
supplement or possibly even substitute for the functions of
certain EBV proteins. Further study of the BC-1 and BC-2 cell
lines will continue to elucidate any potential synergism be-
tween these two latently infected herpesviruses.
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