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Lymphocryptoviruses (LCVs) naturally infecting Old World nonhuman primates are closely related to the
human LCV, Epstein-Barr virus (EBV), and share similar genome organization and sequences, biologic prop-
erties, epidemiology, and pathogenesis. LCVs can efficiently immortalize B lymphocytes from the autologous
species, but the ability of a given LCV to immortalize B cells from other Old World primate species is variable.
We found that LCV from rhesus monkeys did not immortalize human B cells, and EBV did not immortalize
rhesus monkey B cells. In this study, baboon LCV could not immortalize human peripheral blood B cells but
could readily immortalize rhesus monkey B cells. Thus, efficient LCV-induced B-cell immortalization across
distant Old World primate species appears to be restricted by a species-specific block. To further characterize
this species restriction, we first cloned the rhesus monkey LCV major membrane glycoprotein and discovered
that the binding epitope for the EBV receptor, CD21, was highly conserved. Stable infections of human B cells
with recombinant amplicons packaged in rhesus monkey or baboon LCV envelopes were also consistent with
a species-restricted block occurring after virus binding and penetration. Transient infections of human B cells
with simian LCV resulted in latent LCV EBNA-2 gene expression and activation of cell CD23 gene expression.
EBV-immortalized human B cells could be coinfected with baboon LCV, and the simian virus persisted and
replicated in human B cells. Thus, several lines of evidence indicate that the species restriction for efficient
LCV-induced B-cell immortalization occurs beyond virus binding and penetration. This has important impli-
cations for the study of LCV infection in Old World primate models and for human xenotransplantation where
simian LCVs may be inadvertently introduced into humans.

Old World nonhuman primates are naturally infected with a
herpesvirus in the same lymphocryptovirus (LCV) subgroup as
Epstein-Barr virus (EBV). These nonhuman herpesviruses (re-
ferred to here as simian LCVs) share considerable molecular
and biologic properties with EBV. Simian LCVs can immor-
talize B cells from the host species and express a similar rep-
ertoire of viral latent nuclear and membrane genes in EBV-
immortalized B cells (8, 11, 14–16, 19, 21, 22, 25, 27, 41). Like
EBV infection of humans, simian LCVs infect nearly all Old
World primates, both those raised in captivity and those in the
wild, and persist asymptomatically for life in infected animals
(14, 19). Simian LCV can also cause malignant B-cell tumors in
animals immunosuppressed by infection with simian immuno-
deficiency virus similar to the development of EBV-induced
B-cell tumors in AIDS patients (3, 12, 13).

These similarities prompted us to use rhesus monkey LCV
infection of naive rhesus monkeys as an animal model for acute
and persistent EBV infection (31). Previous attempts at infect-
ing Old World primates with EBV were unsuccessful (1, 14,
24). In some cases, failure can be retrospectively attributed to
the use of nontransforming deletion mutants of EBV, namely
P3HR1 (24), and potential cross-reactive immunity to EBV
infection from endemic simian LCV infection (14, 19). How-
ever, in other studies it remains unclear why EBV was unable
to infect Old World primates. A species restriction to LCV-
induced B-cell immortalization may be one reason why infec-
tion of Old World primates with EBV was unsuccessful.

Previous reports vary regarding the ability of a given LCV to

infect and efficiently immortalize B cells across Old World
primate species. There are several reports that EBV can im-
mortalize chimpanzee B cells, and chimpanzee LCV (referred
to elsewhere as herpesvirus pan) can immortalize human B
cells (19, 21). Similarly, LCV from a given cercopithicine spe-
cies can often immortalize B cells from a different cercopith-
icine species, further suggesting that LCV can readily immor-
talize B cells from closely related Old World primates (17, 19,
34). The ability of LCV to immortalize B cells from more
distantly related Old World species is less clear. Rhesus mon-
key and baboon LCVs have been reported to be incapable of
immortalizing human B cells (10). In contrast, others have
reported that baboon LCV can immortalize human cord blood
B cells, but the process is much less efficient compared to EBV,
since immortalized cell lines were successfully produced in
only 60% of the attempts (19, 34). In the present study, we
readdress the abilities of rhesus monkey, baboon, and human
LCVs to immortalize adult peripheral blood B cells from hu-
mans and Old World species and begin to characterize the
level at which this species restriction to efficient B-cell immor-
talization may occur.

MATERIALS AND METHODS

Cell lines. B95-8 is a marmoset B-cell line infected with EBV (human herpes-
virus 4) from a patient with infectious mononucleosis (30). S594 is a baboon LCV
(referred to elsewhere as cercopithicine herpesvirus 12 or herpesvirus papio)-
infected B-cell line derived by spontaneous growth from baboon peripheral
blood lymphocytes (34). LCL8664 is a rhesus monkey LCV (cercopithicine her-
pesvirus 15)-infected B-cell line derived from a retro-orbital B-cell lymphoma in
a rhesus monkey (35). BJAB-ZE1 is an EBV-negative human B-lymphoma-cell
line, BJAB, that has been stably transfected with an EBV EBNA-1 expression
vector to enhance recovery of amplicon containing the EBV latent origin of
replication (ori-P) (38). BL41 is an EBV-negative human B-lymphoma-cell line.
All cells were propagated in RPMI medium supplemented with 10% fetal bovine
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serum (FBS). BJAB-ZE1 cells were propagated in the presence of 3 mg of
G418/ml.

EBV, simian LCV, and recombinant amplicon preparations. Cell-free virus
supernatants were harvested by filtration (pore size, 0.45 mm) from 3-day-old
cultures of 107 virus-producing cells electroporated with 30 mg of pSVNaeI-Z to
induce viral replication (7). EBV and rhesus monkey LCV titers were typically
106 and 5 3 104 transforming units/ml, respectively, when assayed on isogeneic
B cells. Baboon LCV titers were typically 5 3 105 transforming units/ml with
rhesus monkey peripheral blood mononuclear cells (PBMCs). Rhesus monkey
PBMCs were obtained from the New England Primate Research Center in
accordance with institutional guidelines for animal care. The amplicon plasmid,
BSAII, contains the EBV lytic origin of replication (ori-lyt), the EBV packaging
and cleavage signals within the terminal repeats, the EBV ori-P for episomal
maintenance, and the hygromycin phosphotransferase gene (39). LCV-envel-
oped amplicons were produced by cotransfecting BSAII and pSVNaeI-Z into
B95-8, S594, LCL8664, and BJAB (negative control), and harvesting cell-free
supernatants through 0.45-mm-pore-size filters after 3 days of culture. BJAB-
ZE1 and BL41 cells were infected with virus-amplicon supernatants for 2 h at
37°C. Cells were then washed and cultured in RPMI 1640 and 10% FBS. Cells
stably infected with amplicons were selected in medium supplemented with 400
mg of hygromycin/ml, 24 h after infection.

Infection of primary lymphocytes. PBMCs were prepared by centrifugation of
peripheral blood on an equal volume of Ficoll or with Vacutainer CPT tubes
(Becton Dickinson) and washed. Mononuclear cells were resuspended in viral
supernatants (106 mononuclear cells/ml), incubated for 2 h at 37°C, washed, and
cultured in 96-well microtiter plates at a density of 2 3 105 cells per well in RPMI
1640 containing 20% FBS, 20 mM HEPES, 1025 M b-mercaptoethanol and 0.5
mg of cyclosporin A/ml. Mononuclear cells from several human donors were T
cell depleted prior to infection by incubation with sheep erythrocytes treated with
2-amino ethylisothiouronium bromide, followed by removal of rosetted T cells on
a second Ficoll gradient. T-cell-depleted mononuclear cells were cultured in
96-well plates at a density of 105 per well in the presence of 104 gamma-irradiated
rat-1 fibroblast feeders per well. Propagation of virus from LCL15 was carried
out by incubation of 105 gamma-irradiated LCL15 cells (5,000 rads) with 107

PBMCs in a 96-well plate. Proliferation of PBMCs in response to cell-free viral
supernatants was determined by a colorimetric tetrazolium-formazan assay as
previously described (36).

DNA cloning and PCR. Genomic DNA from LCL8664 cells was digested with
BamHI and cloned into the BamHI site of plasmid Bluescript. Clones were
identified by hybridization with a DNA fragment containing the B95-8 EBV
gp350 open reading frame. Filters were washed at 50°C with 0.53 SSC (13 SSC
is 0.15 M NaCl plus 0.015 M sodium citrate) and 1% sodium dodecyl sulfate
(SDS). Nucleotide sequencing of the rhesus monkey EBV DNA fragment RE3
indicated that it was homologous to EBV gp350 beginning at amino acid 288.
The 59 coding region of the rhesus monkey LCV membrane glycoprotein was
PCR amplified from LCL8664 virus supernatants with primers derived from the
EBV B95-8 gp350 nucleotide sequence upstream of the ATG initiation codon
(59AGTGTGAGACTCACCAACACCG39) and from the rhesus monkey LCV
RE3 sequence (59GGCATGTCCTGAATAGTGGG39). Amplification was car-
ried out at an annealing temperature of 45°C for 30 cycles with Taq DNA poly-
merase (Gibco BRL). Sequence analysis and homology were carried out using
Lasergene and PCgene softwares. Amplification of EBV EBNA-2 sequences was
carried out with the primer pair 59GCGCGGATCCCAGCGCAGGGATGCCT
GGAC39 and 59GCGCGAATTCTGGCACCGTTAGTGTTGCAG39 at an an-
nealing temperature of 65°C. Amplification of baboon LCV EBNA-1 sequences
was carried out with the primer pair 59GCAGGAGTCTGCACTCCCTG39 and
59CTGGGACTACGTGGCCTCTT39 at an annealing temperature of 64°C.

Southern blot analyses. DNA was extracted from hygromycin-resistant cells
with DNAzol (Gibco BRL), digested with BamHI, and analyzed by electrophore-
sis through a 0.7% agarose gel. The DNA was transferred to a nylon membrane
and probed with a 32P-labeled hygromycin phosphotransferase DNA fragment.
For detection of viral DNA, the blot was stripped with 0.4 M NaOH at 65°C and
hybridized with an EBV BamHI W DNA fragment. All hybridizations were
carried out at 68°C. Filters hybridized with the hygromycin phosphotransferase
probe were washed at 68°C in 0.253 SSC and 1% SDS, and filters hybridized
with the BamHI W probe were washed at 50°C in 0.53 SSC and 1% SDS.

Immunodetection of EBNA-2, CD23, and LMP1. A total of 107 B-lymphoma
cells were exposed to LCV preparations for 2 h at 37°C, washed, and incubated
for 48 h. For detection of EBNA-2, cells were lysed in 50 mM Tris-HCl (pH
7.7)–150 mM NaCl–2 mM EDTA–1% Nonidet P-40–1% deoxycholate–0.1%
SDS and immunoprecipitated with 5 ml of PE2 anti-EBNA-2 hybridoma super-
natant and protein G-Sepharose. Proteins were resolved on 7% denaturing
polyacrylamide gels, transferred to a nitrocellulose membrane, and detected with
PE2 monoclonal antibody. Cell surface CD23 expression in BL41 cells was
detected by using a fluorescence-activated cell sorter (FACS) with phyco-
erythrin-conjugated anti-CD23 monoclonal antibody (Bio-Source International).
EBNA-2 and LMP1 expression in lymphoblastoid cell lines (LCLs) was deter-
mined by Western blot analysis of lysates from 400,000 cells using the PE2 and
S12 monoclonal antibodies, respectively.

RESULTS

Species-specific B-cell immortalization with EBV, rhesus
monkey LCV, and baboon LCV. We tested the abilities of
baboon LCV, rhesus monkey LCV, and EBV to immortalize
PBMCs from rhesus monkeys and humans. Cell-free prepara-
tions of rhesus monkey LCV efficiently immortalized PBMCs
from five different rhesus monkey donors. The typical titer of
transforming virus obtained from the rhesus monkey LCV-
producing cell line LCL8664 was approximately 5 3 104 trans-
forming units per ml. However, the same rhesus monkey LCV
supernatants failed to immortalize PBMCs from five different
human donors. EBV containing supernatants, typically at 106

transforming units per ml, efficiently immortalized the same
human PBMC preparations but failed to generate any immor-
talized cell lines from the same rhesus monkey PBMC prepa-
rations. Baboon LCV readily immortalized rhesus monkey
PBMCs, but no immortalized B-cell lines were obtained from
the same PBMC preparations of the five human donors ex-
posed to baboon LCV. Development of immortalized B-cell
lines correlated in all instances with cell proliferation of human
and rhesus monkey peripheral blood lymphocytes in response
to the different viral preparations (Fig. 1). Thus, rhesus mon-
key and human LCVs efficiently immortalize B cells from the
autologous species but not from the heterologous species. The
species restriction for efficient B-cell immortalization is not
absolute, since baboon LCV can readily immortalize B cells
from rhesus monkeys, a closely related species in the same
cercopithicine family as baboons.

Major viral membrane glycoprotein is conserved in nonhu-
man LCV and EBV. The EBV gp350/220 membrane glycopro-
tein binds to the EBV receptor on B cells, CD21, and contrib-
utes to the cellular host range of EBV (23). We cloned the
EBV gp350 membrane glycoprotein homolog from rhesus
monkey LCV to determine whether this receptor-binding viral
protein had diverged significantly between the human and rhe-
sus monkey LCVs. The amino acid sequence of the rhesus
monkey LCV membrane glycoprotein encoded by the pre-
dicted open reading frame is 783 amino acids in length and is

FIG. 1. Proliferation of human and rhesus monkey peripheral blood lympho-
cytes after infection with EBV, rhesus monkey LCV, or baboon LCV. Cell
proliferation was measured by metabolic reduction of soluble tetrazolium salts at
14 days of culture and is expressed as the ratio of infected to noninfected
mononuclear cells. Standard deviations are indicated by error bars (n 5 6).
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56% identical and 68% similar to EBV gp350 (Fig. 2). The
rhesus monkey LCV membrane glycoprotein is 124 residues
shorter than the human homolog, and the region of greatest
divergence between these proteins is within the spliced domain
of gp220. The spliced domain present in EBV gp350 encom-
passes a 13-amino-acid sequence (AVTTPTPNATSPT) that is
repeated five times. The rhesus monkey LCV membrane gly-
coprotein contains a related 12-amino-acid sequence that is
repeated three times (SVSTTPNA/DTSPT). The rhesus mon-
key LCV membrane glycoprotein contains 27 N-X-T/S poten-
tial asparagine-linked glycosylation sites, 22 of which are posi-
tionally conserved in EBV gp350. The peptide sequence
(EDPGFFNVEI) in EBV gp350 which mediates binding to the
cell receptor for EBV, CD21, is identical to the peptide se-

quence in rhesus monkey LCV membrane glycoprotein (EDP
GFFNIEM) except for conserved substitutions at positions 8
and 10, suggesting that rhesus monkey LCV is likely to bind to
CD21 on human B cells (4, 32, 37).

A recombinant amplicon packaged with simian LCV enve-
lopes can infect human B cells. We tested whether simian LCV
envelopes are capable of infecting human B cells by using a
system that packages a marker plasmid with different LCV
envelopes. A recombinant amplicon plasmid carrying a hygro-
mycin phosphotransferase gene as a marker and the signals
required for DNA replication and packaging (39) was trans-
fected into EBV (B95-8)-, rhesus monkey LCV (LCL8664)-,
and baboon LCV (S594)-infected cell lines. The transfected
cells were induced for viral replication by cotransfection of
an expression vector for the EBV lytic transactivator BZLF1,
whereupon wild-type viruses and amplicons carrying the mark-
er plasmid packaged by the respective LCV envelope were
produced. These EBV- or simian LCV-enveloped particles
in the supernatant of transfected cells were used in turn to in-
fect an EBV-negative human B-lymphoma-cell line constitu-
tively expressing EBV EBNA-1, BJAB-ZE1. Hygromycin-re-
sistant clones were derived from BJAB-ZE1 cells exposed to
EBV-, rhesus monkey LCV-, and baboon LCV-enveloped am-
plicons (4, 2, and 23 clones, respectively). Amplicon infection
could be confirmed by detection of hygromycin phosphotrans-
ferase DNA on Southern blots of cell DNA from hygromycin-
resistant clones infected with EBV- or simian LCV-enveloped
amplicons (Fig. 3, top). Hygromycin phosphotransferase DNA
was not detected on blots of cell DNA from uninfected BJAB-
ZE1 cells or nontransfected virus-producing cell lines (B95-8,
LCL8664, and S594). Low-stringency hybridization with an EBV
DNA BamHI W probe was negative in all clones except for
hygromycin-resistant clone 2, derived after exposure to rhesus
monkey LCV, suggesting the presence of the rhesus monkey
LCV genome in this clone by superinfection with wild-type
rhesus monkey LCV (Fig. 3, bottom). The different-sized re-
striction fragments hybridizing with hygromycin phosphotrans-
ferase DNA in this clone may be due to integration of the
plasmid DNA into the viral or cell genome. This result indi-
cates that simian LCVs are capable of infecting human B cells
and suggests that a species restriction for efficient B-cell im-
mortalization is likely to occur at a step beyond virus infection
and penetration.

Simian LCV EBNA-2 is expressed after simian LCV infec-
tion of human B cells. We tested whether transformation-
associated latent viral genes are expressed after acute simian
LCV infection in human B cells. Antibodies specific for ba-
boon and rhesus monkey LCV latent gene products have not
yet been developed, and the human and nonhuman LCV latent
genes are generally more divergent than the lytic genes (15, 16,
27, 41). The PE2 monoclonal antibody specific for the EBV
EBNA-2 does detect the EBNA-2 gene product from rhesus
monkey and baboon LCVs (31, 42), despite the marked se-
quence divergence of the baboon LCV EBNA-2 (27). Expres-
sion of LCV-specific EBNA-2 was detected after acute infec-
tion of human B-lymphoma cells with human, rhesus monkey,
and baboon LCVs (Fig. 4), and the relative levels of EBNA-2
expression correlated with the relative virus titers (106, 5 3 104,
and 5 3 105 transforming units/ml, respectively). Since the
EBV promoters responsible for EBNA-2 expression also drive
expression of all other EBNAs (23), baboon LCV EBNA-2
expression is probably coincident with expression of all simian
LCV EBNAs.

Simian LCV infection induces CD23 expression in human B
cells. Latent EBV nuclear and membrane proteins act in syn-
ergy to induce cell gene expression, such as the B-cell activa-

FIG. 2. Amino acid comparison of rhesus monkey LCV membrane glycopro-
tein (top sequence) and EBV (B95-8) major membrane glycoprotein gp350
(lower sequence). The gp350 peptide epitope sufficient for binding to the EBV
receptor, CD21, is boxed. Identical (:) and similar (.) amino acids are shown.
Amino acid sequence coded by the RNA region spliced in EBV gp220 is shown
(–•).
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tion marker CD23 (38). We assayed for cell surface CD23
expression to determine whether simian LCV infection could
affect human B-cell gene expression. FACS analysis demon-
strated that CD23 expression was reproducibly induced by
acute baboon LCV infection of human B cells (Table 1). Only
a subset of B-lymphoma cells typically express viral proteins
after acute EBV infection in vitro, and the relative number of
CD23-positive cells correlated with the percentage of virus-
infected, EBNA-2-positive cells. Dual immunostaining with
anti-EBNA-2 and anti-CD23 antibodies confirmed expression
of CD23 in the EBNA-2-expressing population of EBV- and
baboon LCV-infected BL41 cells (data not shown). Rhesus
monkey LCV-induced gene expression could not be ade-
quately assessed in this assay due to the relatively low virus
titer. Thus, simian LCV infection of human B cells activates at
least one cell gene previously identified as a target for EBV
latent gene function.

Baboon LCV can superinfect, persist, and replicate in EBV-
immortalized human B cells. An experiment using PBMCs
from a sixth human donor provided additional data showing
that baboon LCV can superinfect, persist, and replicate in
EBV-immortalized human B cells. A high rate of spontaneous
LCLs arose from in vitro culture of 107 T-cell-depleted unin-
fected PBMCs from this human donor, reflecting a relatively
high viral load of EBV-infected B cells (28 of 96 microtiter
wells positive). When PBMCs from the same individual were
exposed to baboon LCV, several immortalized cell lines were
retrieved (51 of 96 wells positive). To determine whether these
cell lines were infected with EBV, baboon LCV, or both, 12
spontaneous cell lines and 43 cell lines exposed to baboon LCV
were expanded for detection of viral DNA (eight cell lines
exposed to baboon LCV were lost due to technical problems,
e.g., bacterial contamination).

FIG. 3. Transfer of hygromycin phosphotransferase DNA (top) and viral DNA (bottom) by infection of EBV-negative B-lymphoma cells (BJAB-ZE1) with EBV-,
rhesus monkey LCV-, or baboon LCV-enveloped amplicons. Genomic DNAs from hygromycin-resistant BAJB-ZE1 clones exposed to EBV-, rhesus monkey LCV-,
and baboon LCV-enveloped amplicons were hybridized with a radiolabelled hygromycin phosphotransferase DNA at high stringency (top) or an EBV BamHI W DNA
probe at lower stringency (bottom). Uninfected BJAB-ZE1 cells and EBV-, rhesus monkey LCV-, and baboon LCV-infected cells (B95-8, LCL8664, and S594,
respectively) were used as controls. Molecular size markers (kilobases) are shown at right.

FIG. 4. EBNA-2 expression in EBV-negative B-lymphoma cells, BL41, after
acute infection with control medium, EBV, rhesus monkey LCV, and baboon
LCV. The EBV (88 kDa), rhesus monkey LCV (100 kda), and baboon LCV (94
kda) EBNA-2 proteins were immunoprecipitated from cells 2 days after infection
and detected by Western blotting with the monoclonal antibody PE2, which
recognizes a conserved EBNA-2 epitope. E2, EBNA-2; IgG, immunoglobulin G.
Molecular mass markers (kilodaltons) are at left.
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Oligonucleotide primers specific for the EBV EBNA-2 se-
quence amplified a 341-bp PCR product from a control EBV-
infected cell line, B95-8 (Fig. 5, top), but not from a control
baboon LCV-infected cell line, S594. EBV EBNA-2 could be
amplified from all 12 spontaneous cell lines, indicating that
these spontaneous LCLs derived from human peripheral blood
were infected with EBV. Figure 5 (top) shows results from
representative cell lines, and data are also summarized in Ta-
ble 2. Similarly, EBV EBNA-2 could be amplified from all 43
cell lines arising after exposure to baboon LCV (Fig. 5 [top];
Table 2), indicating that EBV infection is contributing to im-
mortalization of all these cell lines.

Primers specific for baboon LCV EBNA-1 amplified a
700-bp PCR product from the control baboon LCV-infected
cell line S594 but not from a control EBV-infected cell line,
B95-8 (Fig. 5, bottom). Baboon LCV EBNA-1 DNA could be
amplified from 33 of 43 cell lines that arose after exposure to
baboon LCV, suggesting that a significant percentage of cell
lines were coinfected with baboon LCV (Fig. 5 [bottom]; Table
2). No cell lines contained baboon LCV alone without EBV,
consistent with the interpretation that baboon LCV does not
efficiently immortalize human B cells.

To confirm the presence of EBV and baboon LCV coinfec-
tion detected by PCR analysis, immortalizing viruses were re-
covered from a coinfected cell line, LCL15, by lethal gamma
irradiation and cocultivation with either human or rhesus mon-
key PBMCs. Control wells containing only lethally irradiated
LCL15 cells or PBMCs showed no growth. However, immor-

talized cell lines were recovered from cultures of primary hu-
man or rhesus monkey lymphocytes cocultivated with irradi-
ated LCL15 cells (two and three LCLs, respectively).

The recovery of both EBV and baboon LCV from LCL15
was confirmed by PCR and Western blotting for EBNA-2. Two
cell lines derived from human lymphocytes cocultivated with
LCL 15 were PCR positive for EBV EBNA-2 (Fig. 6A) but not
for baboon LCV EBNA-1 (Fig. 6B). All three cell lines derived
from rhesus monkey lymphocytes cocultivated with LCL15
were PCR positive for baboon LCV EBNA-1 (Fig. 6B) but not
for EBV EBNA-2 (Fig. 6A). The identity of the EBV-infected
human cells and baboon LCV-infected rhesus monkey cells
could be further confirmed by Western blotting for EBNA-2
and LMP1 expression. As shown in Fig. 6C, the relative mo-
lecular mass can be used to identify the origin of the EBNA-2
gene product from baboon LCV (S594), EBV (B95-8), or
rhesus monkey LCV (LCL8664). The rhesus monkey LCV
EBNA-2 migrates with the largest molecular mass and is some-
times associated with a second band, most likely a degradation
product. By Western blotting, the cell lines derived from rhe-
sus monkey lymphocytes cocultivated with LCL15 were shown
to express a protein similar in size to baboon LCV EBNA-2,
consistent with recovery of baboon LCV from the coinfected
cell line LCL15. The S12 monoclonal antibody detects EBV
LMP1 but not rhesus monkey or baboon LCV LMP1 (Fig.
6D), and all cell lines derived from rhesus monkey lymphocytes
cocultivated with LCL15 are negative when blotted with S12,
also consistent with a baboon LCV origin. All cell lines derived
from human lymphocytes cocultivated with LCL15 express
EBV EBNA-2 and EBV LMP1 proteins, indicating recovery of
the EBV coinfecting LCL15. EBV EBNA-2 expression was
confirmed on repeated Western blot analysis when equal levels
of cell lysates were loaded (not shown). Thus, baboon LCV can
persist and replicate in human B cells by superinfection of
EBV-immortalized B cells.

DISCUSSION

This study addresses the basis for a species restriction for
efficient B-cell immortalization by human and nonhuman

FIG. 5. Coinfection of EBV-immortalized B cells with baboon LCV. Spontaneous, immortalized B-cell lines were recovered from PBMCs exposed to medium or
baboon LCV, and evidence of EBV or baboon LCV infection was evaluated by PCR amplification of genomic DNA. PCR amplifications for EBV EBNA-2 sequences
(top) and for baboon LCV EBNA-1 DNA (bottom) are shown. LCL15 (indicated by asterisk) was expanded and used for recovery of coinfecting EBV and baboon LCV
shown in Fig. 6. Molecular mass markers (in base pairs) are at left.

TABLE 1. Induction of cell surface CD23 in human B-lymphoma
cells, BL41, by acute infection with baboon LCV

Virus
% CD23-positive cells

Expt 1 Expt 2 Expt 3

Control 0.7 0.8 0.2
EBV 4.5 5.4 NDa

Baboon LCV 4.7 6.4 7.5

a ND, not done.
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LCVs. In previous surveys, EBV immortalized chimpanzee B
cells but not baboon, gibbon, cynomolgus macaque, rhesus
monkey, and stump-tailed monkey B cells (9, 14, 21). Rhesus
LCV immortalized rhesus monkey and cynomolgus macaque B
cells but not those of baboon, African green monkey, stump-
tailed monkey, or human origin (reference 35 and this report).
A negative finding for B-cell immortalization can be difficult to
interpret. Virus titer, immune status of the B-cell donor, and
use of purified B-cell preparations and cyclosporin A may all
be relevant for the efficiency of LCV-induced B-cell immortal-
ization (5). In this study, we used rhesus monkey LCV and
EBV preparations with titers of 5 3 104 and 1 3 106 trans-
forming units/ml, respectively, when assayed on lymphocytes
from the autologous species. Serologic testing revealed that
LCV-immune human and nonhuman donors were used, and
use of purified B-cell populations or cyclosporin A had no
effect on the findings with the heterologous viruses. Thus, our
initial findings are consistent with previous reports of EBV-
and rhesus monkey LCV-induced B-cell immortalization in
various species. The inability for EBV to immortalize rhesus
monkey B cells suggests one possible explanation for why ex-
perimental infection of rhesus monkeys with EBV has been
unsuccessful (14, 18, 24).

Baboon LCV has been reported to immortalize B cells from
gibbons, cynomolgus macaques, rhesus monkeys, and stump-
tailed monkeys (11, 19). Although some reports have cited no
immortalization of human B cells by baboon LCV (10), two
studies have reported that baboon LCV can transform human
cord blood lymphocytes. Given the uncertainties associated
with negative results, one might conclude that baboon LCV
can readily immortalize human B cells. However, on closer
examination of these studies, growth transformation occurred
only in 60% of the attempts, significantly less efficient than with
EBV (19, 34). Thus, our present findings are not inconsistent
with these previous reports and reinforce the interpretation
that baboon LCV is much less efficient than EBV in inducing
human B-cell growth transformation. Some of the differences
may be from our use of adult peripheral blood lymphocytes
versus cord blood lymphocytes used in previous studies. Cord
blood B cells are generally regarded as being more susceptible
to EBV-induced B-cell immortalization and less permissive for
EBV replication than adult peripheral blood B cells.

Taken together, these data suggest that LCVs may be able to
immortalize B cells from more closely related species but
would do so significantly less efficiently for B cells from more
distantly related species. One hypothetical mechanism is that
the envelope membrane glycoproteins have diverged signifi-
cantly through evolution so that binding and penetration of
human B cells by simian LCV is less efficient. However, the
EBV gp350 peptide epitope sufficient for binding to the EBV

receptor, CD21, is conserved with 80% identity and 100%
similarity in the rhesus monkey LCV membrane glycoprotein,
and similar degrees of homology have been cited for the ba-
boon LCV membrane glycoprotein (29). In addition, our re-
sults in this study place the species-specific block for efficient
LCV-induced B-cell immortalization beyond virus binding and
penetration. We demonstrate that simian LCV-enveloped am-
plicons can infect human B cells, EBNA-2 and CD23 are ex-
pressed in human B cells after acute simian LCV infection, and
baboon LCV can coinfect and persist in spontaneous EBV-
infected human PBMCs. The fact that baboon LCV coinfec-
tion was frequently recovered in the spontaneous LCL from
the sixth human donor indicates that baboon LCV must be
reasonably efficient at binding and penetrating human B cells.
Only a minute fraction of B cells in the peripheral blood of
seropositive humans is EBV infected, so that many more EBV-
negative B cells must be infected by baboon LCV alone with-
out subsequent growth transformation. This study also rules
out the possibility of a dominant negative effect, since baboon
LCV is able to stably coinfect and persist in EBV-immortalized
B cells.

A more likely mechanism for the species-specific block to
efficient B-cell immortalization may be at the level of latent
gene function and interaction with species-specific host cell
proteins or signaling pathways. However, all the LCV latent
genes identified to date are capable of interacting with their
respective pathways in human B cells. For example, baboon
and rhesus monkey LCV EBNA-1 can maintain the EBV ori-P
in human cells (31a, 41) and the EBV EBNA-1 can maintain
the baboon LCV ori-P in human cells (33). The baboon LCV
EBNA-2 can bind human CBF1/RBP Jk, act as a transcrip-
tional transactivator in human cells, and contribute to CD23
induction after baboon LCV infection of human B cells (ref-
erence 26 and this report). Baboon LCV LMP2A is tyrosine

FIG. 6. Propagation of EBV and baboon LCV from gamma-irradiated
LCL15 cells by incubation with human or rhesus monkey PBMCs. The LCLs
generated from human lymphocytes (Hum15-1 and Hum15-2) contained EBV
DNA but not baboon LCV DNA, and LCLs generated from the rhesus monkey
lymphocytes (Rh15-1, Rh15-2, and Rh15-3) contained baboon LCV but not
EBV. (A) PCR amplification for EBV EBNA-2; (B) PCR amplification for
baboon LCV EBNA-1; (C) Western blot for EBNA-2; (D) Western blot for EBV
LMP1. Molecular mass markers (in base pairs for panels A and B and in
kilodaltons for panels C and D) are at left.

TABLE 2. Superinfection and persistence of baboon LCV
in EBV-transformed PBMCsa

Treatment No. of LCLs
generated

No. of LCLs
positive for EBV
EBNA-2/no. of
LCLs analyzed

No. of LCLs
positive for

baboon LCV
EBNA-1/no. of
LCLs analyzed

Control medium 28 12/12 0/12
Baboon LCV 51 43/43 33/43

a A total of 107 T-cell-depleted human PBMCs were exposed to control me-
dium or baboon LCV and cultured in a 96-well microtiter plate. Subsequent LCLs
were analyzed for the presence of EBV DNA and baboon LCV DNA by am-
plification for EBV EBNA-2 and LCV EBNA-1 sequences, respectively (Fig. 5).
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phosphorylated in human B cells and induces phosphorylation
of syc in human B cells (15). Baboon and rhesus monkey LCV
LMP1 can bind human TRAF3 and activate NF-kB activity
and ICAM-1 expression in human cells (16). Thus, a potential
species-specific latent gene effector function that is essential
for growth transformation is not yet obvious. A species-specific
block at the level of transcriptional regulation also cannot be
excluded since certain latent gene effector functions, e.g.,
LMP1 effects, may be closely linked to expression level. Ge-
netic experiments to produce chimeric viruses may provide
further clues to the underlying mechanism.

The cloning of the rhesus monkey LCV gp350 homolog
provides further insight into the evolution of the LCV lytic and
latent gene sequences. The most divergent evolution between
human and nonhuman LCV has been found among the coding
sequences for the latent genes, e.g., EBNA-2, LMP1, and the
first exon of LMP2A (37, 32, and 31% amino acid homologies,
respectively) (15, 16, 26). The EBNA-1 genes in baboon and
rhesus monkey LCVs are also modestly divergent from those
of EBV (51 and 48% amino acid identities, respectively) (31a,
41). The homology of the lytic gene, gp350, between EBV and
rhesus monkey LCV (56% amino acid identity) is closer to that
of the EBNA-1 genes and less than that typically seen with the
lytic genes and noncoding sequences which are usually highly
conserved (often 70 to 90% homology [28, 41]). One hypoth-
esis is that the LCV latent genes are relatively new genes which
have evolved for B-cell immortalization. In contrast, the lytic
genes are relatively older genes which share properties of virus
replication common to all herpesviruses. In this view, it is not
surprising that the LCV major membrane glycoprotein that
determines B-cell tropism might be closer to latent than lytic
gene evolution. Conservation of the LCV membrane glycopro-
tein provides additional evidence that the rhesus monkey an-
imal model, which can recapitulate the natural oral route of
LCV transmission, will provide a valid and useful model for
EBV vaccine development.

The ability of nonhuman primate viruses to infect human
cells has become highly relevant for the field of xenotransplan-
tation. EBV-induced lymphomas are a major cause of trans-
plant morbidity. Like humans, most Old World primates, ei-
ther those raised in captivity or those in the wild, are LCV
infected, and viruses persist asymptomatically for life in in-
fected animals (14, 19). EBV can be transmitted to other
humans by infected B cells present in blood transfusions or
bone marrow transplants (2, 20). Thus, there is a high likeli-
hood for transferring simian LCV to humans by transplanting
primate organs such as baboon bone marrow.

The present study characterizes the interaction of simian
LCV with human cells in vitro and leads to several interpre-
tations regarding the potential biohazards of simian LCV in-
fection introduced by xenotransplantation. First, this study in-
dicates that simian LCV infection in humans is unlikely to
cause immediate malignant proliferation of human B cells.
Similarly, simian B cells introduced into humans are unlikely to
be immortalized by EBV. Second, simian LCV may still cause
lymphoproliferative disease of simian B-cell origin in humans
after xenotransplantation, and the increased immunosuppres-
sion required for xenotransplantation may increase the risk of
simian LCV-induced lymphoproliferation. Third, the ability of
simian LCV to coinfect, persist, and replicate in EBV-immor-
talized B cells sustains the theoretical possibility for recombi-
nation with EBV to produce novel chimeras. Two recent re-
ports of novel EBV strains derived by potential recombination
of type 1 and type 2 EBVs in vivo suggest that this remains a
clinically significant possibility (6, 40).

The use of LCV-negative donors would significantly reduce

the risk of simian LCV transmission. Most animals, even from
typical closed domestic breeding colonies, are usually infected
due in part to the persistent and asymptomatic nature of LCV
infection. Our preliminary analysis of a specific-pathogen-free
breeding colony suggests that breeding LCV-negative animals
is possible (31a). Furthermore, we have been able to experi-
mentally infect seronegative rhesus monkeys with rhesus LCV,
thereby confirming that LCV-naive animals can be raised do-
mestically (31).
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