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Epstein-Barr virus (EBYV) is the most common cause of infectious mononucleosis and is associated with the
development of several human malignancies. A closely related herpesvirus in the same lymphocryptovirus
(LCV) genera as EBV naturally infects rhesus monkeys and provides an important animal model for studying
EBYV pathogenesis. We cloned the small viral capsid antigen (sVCA) homologue from the rhesus LCV and
developed a peptide enzyme-linked immunosorbent assay (ELISA) to determine whether epitopes in the rhesus
LCV sVCA are a reliable indicator of rhesus LCV infection. In order to define a “gold standard” for rhesus LCV
infection, we also cloned the EBV-encoded small RNA 1 (EBER1) and EBER2 homologues from rhesus LCV
and developed a reverse transcription (RT)-PCR assay to detect persistent LCV infection in rhesus monkey
peripheral blood lymphocytes. Animals from a conventional and a hand-reared colony were studied to compare
the prevalence of rhesus LCV infection in the two groups. There was a 100% correlation between the peptide
ELISA and EBER RT-PCR results for rhesus LCV infection. In addition, specificity for LCV infection and
exclusion of potential cross-reactivity to the rhesus rhadinovirus sVCA homologue could be demonstrated
using sera from experimentally infected animals. These studies establish two novel assays for reliable diagnosis
of acute and persistent rhesus LCV infections. The rhesus LCV sVCA peptide ELISA provides a sensitive and
reliable assay for routine screening, and these studies of the hand-reared colony confirm the feasibility of

raising rhesus LCV-naive animals.

Epstein-Barr virus (EBV) is a human gammaherpesvirus in
the lymphocryptovirus (LCV) genera which is associated with
the development of several different malignancies, including
Burkitt’s lymphoma, B-cell lymphomas in immunosuppressed
hosts, nasopharyngeal carcinomas, Hodgkin’s disease, and gas-
tric carcinomas (16). Closely related herpesviruses in the same
LCV genera naturally infect a number of Old World primate
species, and experimental infection of rhesus monkeys with the
rhesus LCV is the only animal model which accurately repro-
duces the pathogenesis of acute and persistent EBV infections
(24). Simian LCV infection is also associated with B-cell lym-
phomas in many Old World primate species and can cause
lethal malignant disease in macaques experimentally infected
and immunosuppressed with simian immunodeficiency virus
(SIV) (8, 26). Thus, accurate diagnostic assays for LCV infec-
tion in Old World primates, and rhesus monkeys in particular,
would be an important tool for primate care and for identifying
LCV-naive animals for experimental studies.

The simian LCV and EBV genomes are colinear and appear
to contain a similar repertoire of lytic and latent infection
genes. The rhesus LCV latent infection genes have shown a
surprising amount of sequence divergence from EBV, with
only 20 to 50% amino acid identity (3, 4, 9, 10, 25, 28). The few
Iytic infection genes from simian LCV cloned to date have
demonstrated better homology, with 50 to 90% amino acid
identity (15a, 23, 46). Currently rhesus LCV diagnosis is made
by detecting simian antibodies which are cross-reactive with
EBV-lytic infection proteins. The cross-reactivity with EBV
serologic assays can be useful for identifying animals with high
antibody titers but can be difficult for excluding infection and
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identifying truly seronegative, naive animals. Serologic screen-
ing for herpes B virus infection has been successfully used to
establish specific-pathogen-free colonies (6, 13). A simple, sen-
sitive, and specific serologic screening assay for LCV infection
would be a valuable tool for breeding LCV-naive macaque
colonies. LCV-naive animals would have less risk of LCV-
induced malignancies associated with experimentally induced
immunosuppression, e.g., transplant and SIV experiments, and
would provide a reliable source of animals for experimental
infection and pathogenesis studies.

EBV infection is associated with a lifelong antibody re-
sponse to lytic infection viral capsid antigens (VCA) and EBV
latent infection nuclear antigens (EBNA) (27). An immuno-
globulin G (IgG) antibody response to either is a reliable
indicator of previous infection in humans. There are six differ-
ent EBNA expressed in EBV-immortalized cells which are
recognized by antibodies in EBV-immune human sera. The
highest antibody titers are usually generated against EBNA-1
(12, 21), but these are still quite low compared to titers of
antibody against VCA (34, 41-43). In addition, antibodies to
EBNA-1 may not appear for several weeks or months after
acute infection and may be low or difficult to detect in patients
with immunodeficiency (12).

Three different EBV open reading frames are known to
code for viral capsid proteins, BcLF1 (p135), BARF1 (p40),
and BFRF3 (p18 or p21) (31, 41, 43). Epitopes within EBV
BFREF3, or small VCA (sVCA), are known to be immunodom-
inant for the humoral response in EBV-infected humans and
are routinely used in diagnostic serologic assays for EBV in-
fection (34, 40-42). High sVCA antibody titers can be detected
relatively early in acute primary EBV infection, i.e., infectious
mononucleosis, and typically persist at high levels even in im-
munosuppressed hosts (20, 41). Therefore, we cloned the
sVCA homologue from the rhesus LCV and developed a pep-
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tide enzyme-linked immunosorbent assay (ELISA) to deter-
mine whether antibody responses to the rhesus LCV sVCA are
a sensitive and reliable indicator of rhesus LCV infection.

MATERIALS AND METHODS

Cell lines. LCL 8664 is a rhesus monkey LCV (cercopithicine herpesvirus 15)-
infected B-cell line derived from retro-orbital B-cell lymphoma in a rhesus
monkey (26). LCL 8664 was grown in RPMI medium supplemented with 10%
fetal bovine serum. COS-7 cells were grown in Dulbecco’s modified Eagle me-
dium supplemented with 10% fetal bovine serum.

Cloning of the rhesus LCV BFRF3 and EBER homologues. Genomic DNA
from LCL 8664 cells was digested with a Sa/l-constructed cosmid library and
screened as described previously (28). Rhesus LCV sVCA was cloned by PCR
amplification from the rhesus LCV cosmid clone QA15, using EBV-specific
primers (5" GAGGTAGAATTGCCACCTGG 3’ and 5" TTCGTGAGCCAGC
TTCGCCG 3') at reduced stringency. Multiple PCR products were cloned to
derive the nucleotide sequence, and the open reading frame was cloned into
pSGS (Stratagene) for eukaryotic expression. The rhesus LCV EBV-encoded
small RNA 1 (EBER1) and EBER2 homologues were identified by screening
subclones of the rhesus LCV CC1 cosmid by cross-hybridization with the EBV
EcoRI J DNA fragment encoding the EBERs.

Expression of rhesus LCV sVCA and Western blot analysis. Recombinant
sVCA expression constructs (30 pg) were transfected into COS-7 cells by elec-
troporation. Twenty-four hours after transfection, cells were washed with phos-
phate-buffered saline (PBS) and lysed in 1X Laemmli buffer. Total cellular
proteins were resolved by sodium dodecyl sulfate-15% polyacrylamide gel elec-
trophoresis, transferred to nitrocellulose filters (Schleicher & Schuell), and im-
munoblotted with a 1:100 dilution of rhesus sera. A cassette Mini-protean II
system (Bio-Rad) was used to screen multiple rhesus sera at one time. Filters
were subsequently incubated with a goat anti-human IgG reagent coupled to
horseradish peroxidase and detected with enhanced luminol and oxidizing re-
agents (NEN Life Science).

Peptide synthesis. Two peptides representing the carboxy-terminal domains of
rhesus LCV sVCA were synthesized by standard fluorenylmethoxycarbonyl
chemistry. Peptide 1, AASAPAATPAVSSSISSLRAATSGAAASSA, corre-
sponds to amino acids (aa) 117 to 146 of the rhesus LCV sVCA. Peptide 2,
AVDTGSGGGAQPQDTSTRGARKKAQ, corresponds to aa 147 to 170 of rhe-
sus LCV sVCA. Peptides were purified to >80% purity by reverse-phase high-
performance liquid chromatography.

Peptide ELISA. Peptides 1 and 2 were resuspended in bicarbonate buffer (50
mM; pH 9.6) and used (0.5 pg in 200 pl) for overnight coating of Immulon 1
microtiter wells (Dynatech Laboratories, Inc., Chantilly, Va.) at 4°C. Unbound
peptides were washed with PBS containing 0.1% Tween 20 and blocked with PBS
(0.1% Tween 20, 3% bovine serum albumin [BSA]) for 2 h at room temperature.
Rhesus monkey serum was diluted 1:100 in PBS (0.1% Tween 20, 3% BSA)
before incubation and added to 96-well plates. After 1 h at room temperature the
wells were washed and incubated with horseradish peroxidase-conjugated anti-
serum to human IgG diluted in PBS (0.1% Tween 20, 3% BSA). Peroxidase
activity of bound conjugated antibodies was developed using O-phenylenedi-
amine dihydrochloride tablets (Sigma Biosciences, St. Louis, Mo.). The absor-
bance at 450 nm was read after a 30-min incubation using a Bio-Rad microplate
reader. Cutoff values were set at 3 standard deviations above the mean absor-
bance from triplicate wells with secondary antibody and no sera.

Real-time RT-PCR. A two-step reverse transcription (RT)-PCR was optimized
for the quantitation of rhesus LCV EBERI using TagMan technology (Roche
Molecular Systems, Inc.) and a GeneAmp sequence detector (model 5700)
during the PCR. The EBER1 forward and reverse primer sequences were 5’ G
GAGGAGATGAGTGTGACTTAAATCA 3’ and 5" TGAACCGAAGAGAG
CAGAAACC 3, and the probe sequence was labeled with a fluorescent reporter
(FAM) at the 5" end and a fluorescent quencher (TAMRA) at the 3’ end
(5" CCCGTCTTCACCACCCGGGA 3').

Total RNA was isolated from 5 million Ficoll-Hypaque-purified peripheral
blood mononuclear cells (PBMC) using TRIzol reagent (GIBCO BRL). The first
step of the RT reaction was carried out using random hexamers and 400 ng of
total RNA in a volume of 50 pl according to the manufacturer’s protocol (PE
Applied Biosystems). The PCR mixture was prepared as follows: 2X TagMan
universal PCR master mix, 10 wl of cDNA, 200 nM EBERI probe, and a 75 nM
concentration of each primer were mixed in a final volume of 50 wl and PCR
amplified for 40 cycles (15 s at 94°C, 30 s at 60°C, 30 s at 72°C). Serial dilutions
of a recombinant rhesus LCV EBER plasmid of known concentration were used
as a PCR standard. The limit of detection for the real-time RT-PCR assay was
determined to be 50 copies. Rhesus EBER1 RT-PCR products were also ana-
lyzed by electrophoresis through a 3% agarose gel. The DNA was transferred to
a nylon membrane and probed with a *?P-labeled EBER1 oligonucleotide at
65°C. The blots were washed with 6X SSC (1x SSC is 0.15 M NaCl plus 0.015 M
sodium citrate) (with 0.5% sodium dodecyl sulfate) at 65°C three times for 15
min.

Nucleotide sequence accession numbers. The nucleotide sequences for the
rhesus LCV sVCA, EBER1, and EBER2 homologues have been submitted to
GenBank (accession no. AF227123, AF227124, and AF227125).
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FIG. 1. Sequence analysis of the rhesus LCV sVCA. (A) Nucleotide and
predicted amino acid sequence of the rhesus LCV sVCA. (B) Amino acid
comparison between rhesus LCV sVCA and EBV VCA pl18 (p21). Identical
amino acids are represented by an asterisk, similar amino acids are represented
by a period, and gaps are indicated with a hyphen.

RESULTS

Cloning of rhesus LCV sVCA. The rhesus LCV homologue
for the EBV sVCA was cloned by PCR amplification using
EBV-specific primers at reduced stringency from a rhesus
LCV cosmid clone, QA15. Three PCR clones were sequenced
to derive the nucleotide and amino acid sequence shown in
Fig. 1A. Overall the rhesus LCV sVCA shows 69% amino acid
identity with the EBV sVCA (Fig. 1B). To determine whether
the antibody response in rhesus LCV-immune animals is di-
rected at the sVCA gene product, the rhesus LCV sVCA was
expressed after transfection of COS-7 cells, and lysates of vec-
tor control- or rhesus LCV sVCA-transfected cells were used
for Western blotting with sera from five randomly selected
rhesus monkeys in the conventional colony at the New England
Regional Primate Research Center (NERPRC). As shown in
Fig. 2, a unique 18- to 21-kDa band is detected by all five sera
in rhesus LCV sVCA-transfected cells (Fig. 2A) but not in
vector control-transfected cells (Fig. 2B). Thus, the rhesus
LCV sVCA appears to be immunogenic in rhesus monkeys.
However, the high background levels relative to the specific
signal in these Western blots were emblematic of the difficul-
ties that may arise in distinguishing between naive animals and
those with lower antibody responses.

Rhesus LCV sVCA ELISA. In order to develop a more rapid,
less labor-intensive, and more discriminating assay, we tested
the potential utility of a rhesus LCV peptide ELISA. EBV
sVCA is known to be an important target for the human
antibody response to EBV infection, and the immunodomi-
nant epitopes are known to reside in the carboxy terminus (aa
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FIG. 2. Expression of rhesus LCV sVCA in COS-7 cells. (A) Immunoblot strips with cell lysates of pSG5 rhesus LCV sVCA-transfected cells; (B) cell lysates of
pSGS5-transfected cells. Immunoblots containing cell lysates positive (A) and negative (B) for rhesus LCV sVCA were probed with five different LCV-immune rhesus

sera (lanes 1 to 5) using a cassette Mini-protean II system (Bio-Rad).

119 to 176) (42). Therefore, we synthesized two peptides from
similar regions of the rhesus LCV sVCA carboxy terminus
(peptide 1, aa 117 to 146, and peptide 2, aa 147 to 170) (Fig.
1B). We used these peptides individually and in combination to
test serologic responses in two populations of rhesus monkeys.
The first population consisted of 20 randomly selected animals
from the conventional colony at the NERPRC. Rhesus LCV
infection was known to be highly prevalent in this colony (4).
The second population was selected from a colony of hand-
reared animals (6). These animals were separated early from
their mother, reared by hand, and then raised in isolated col-
onies. This colony was serologically screened to exclude herpes
B and D retrovirus infection. These animals were not specifi-
cally screened for LCV infection, but we hypothesized that
these handling procedures were likely to result in a low prev-
alence of rhesus LCV infection. The average age of these
animals was 1.5 years.

As shown in Fig. 3, none of the hand-reared animals had a
detectable rhesus LCV sVCA serologic response by ELISA
using peptides 1 and 2 alone or in combination. These animals
were also tested for sVCA antibodies by Western blotting
using sVCA protein expressed in COS-7 cells, and the results
were negative (data not shown). In the conventional colony,
sera from 14 of 20 animals reacted to peptide 1 with an optical
density greater than 3 standard deviations above background
levels. Sera from all 20 animals from the conventional colony
had stronger reactivity to peptide 2 and could be easily distin-
guished from those from the hand-reared colony. The combi-
nation of peptides 1 and 2 did not provide any significant
advantage over the results with peptide 2 alone. Previous stud-
ies of the rhesus LCV strains present in the oropharyngeal
washes of the animals from the conventional colony showed an
equal prevalence of type 1 and type 2 rhesus LCV (4). Thus,
the carboxy terminus of the rhesus LCV sVCA contains im-
munodominant antibody epitopes independent of viral type.

Currently, there is no “gold standard” for identifying rhesus

LCV infection, making it difficult to validate the sensitivity and
specificity of these peptide ELISA results. LCV infection per-
sists for life. However, oropharyngeal shedding of virus is ep-
isodic, and PCR detection from oropharyngeal washes is pos-
itive for only a fraction of adult, EBV-seropositive humans
(45). EBV infection also persists in 1 per 10° to 10° peripheral
blood B cells, a level which is difficult to detect by DNA PCR
of PBMC (22). However, the EBERs are expressed at a high
copy number, 10° to 107 copies per infected cell, and could po-
tentially increase the sensitivity of detecting persistent viral
infection in the peripheral blood (37). Therefore, we cloned the
rhesus LCV EBER homologues and tested whether an EBER
RT-PCR could effectively detect persistent LCV infection in
rhesus PBMC as an independent test for rhesus LCV infection.

RT-PCR for rhesus LCV EBER expression in rhesus mon-
key PBMC. The rhesus LCV EBER1 has 73 and 68% nucle-
otide identity with the EBV and the baboon LCV EBERI1
genes, respectively. The EBER?2 genes are less well conserved,
with only 42 and 38% identity with the EBV and baboon LCV
EBER?2 (Fig. 4). EBER1 was targeted since EBER1 is more
abundant than EBER2 in EBV- and baboon LCV-infected
cells (5, 14, 17) and better conserved. PCR primers were de-
signed from EBER1 sequences conserved among all three spe-
cies to minimize the potential effect of strain-dependent se-
quence variation.

RT-PCR amplification for EBER1 RNA followed by South-
ern blot hybridization with an internal oligonucleotide probe
was positive for 20 of 20 animals from the conventional colony
(results from 16 animals shown in Fig. 5A, lanes 1 to 16). Signal
intensity varied among these samples, and the signal was
weakly detected in one animal on repeated assays (Fig. S5A,
lane 6). All hand-reared animals were negative for EBER1
expression by RT-PCR amplification from peripheral blood
lymphocytes (results from 16 animals shown in Fig. 5B, lanes 1
to 16). These results were identical to the rhesus LCV sVCA
peptide ELISA results and suggested a nearly 100% preva-
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FIG. 3. Rhesus LCV sVCA peptide ELISA results for serum samples from animals in the conventional (C) and hand-raised (H) colonies. The dotted line near the
bottom of each panel represents the cutoff value in the ELISA. ELISA optical density values shown are the average of triplicate values in a representative assay.

EB1RH GGGACCTACGCTGCCCTAGCGGTTATGCTGGGGAGGAGATGAGTGTGACT 50
EB1EBV AGGACCTACGCTGCCCTAGAGGTTTTGCTAGGGAGGAGACGTGTGTGGCT 50
EB1BAB AAGACCTACGCTGCCCTAGCGGTTCTGCTAGGGAGGAGATTGGTGCGGCT 50
L EKE KKK KRRk R kR AKAK hkkk KKK kR EKK KKK | kxk K kK
EB1RH TAAATCACCCGTCCCGGGTACAAGTCCCGGGTGGTGAAGACGGEGTCTGG 100
EB1EBV GTAGCCACCCGTCCCGGGTACAAGTCCCGGGTGGTGAGGACGGTGTCTGT 100
EB1BABR TATGCCGCCCGTCCCGGGTACAAGTCCCGGGAGGTGACGGTAGCGTCTGT 100
LR KK AR KA KRR KR KKK KA KKK kKK KA K Kx Kk Ak A Kk
EBLRH TGCTGCTAARAGTTTGGA-——~——--——————- -~ CAGTCCCCGGTTTCT 133
EBLEBV GGTTGTCTTCCCAGACTC -~~~ —--———————— -~ TGCTTTCTGCCGTCT 133
EB1BAB ATTTGCCCTGTATCAGGTGTATAGCTGCTCTCTCGCAGTCGCTECTATCA 150
*n x % % *
EB1RH GCTCTCTTCGGTTCAAACCAGCTGGTGGTCCGCCTGTTTT 173
EBL1EBV TCGGTCAA-—-—-~ GTACCAGCTGGTGGTCCGCATGTTTT 167
EBL1BAB GCCGTCTCCGGTCCGATGCCAGCTGGTGGTCTGCTCTTTT 190
AT T S S S
EB2RH AGGACATTGGCTAGCCTAGAGGTTACGGACAGAGGGGGGTGGT- -GTGCG 48
EB2EBV AGGACAGCCGTTGCCCTAGTGGTTTCGGACACACCGCCAACGCTCAGTGC 50
EB2BAB AGACCATCGGCTGCCCTAATGGTTACGTAGGGAGGAGTTGTGTCCGGCTT 50
kA Kk k| okkkk | kkxk_kk ok x % L.
EB2RH GGTTCATCCGTCCGTTGCCGAAGTACAAGTCCCGGGAAGGGGAARAAGAG 98
EB2EBV GGTGCTACCGACCCGAGGTCAAGTCCCGGGCGGAGGAGAAGAGAGGCTTCC 100
EB2BAR AGTCCGAGCGTACCGGGTACAAATCCCGGGGGGTTGAGAAGAGLGGCTCC 100
SEROR L Rx Y RN KL .
EB2RH CGGCTCCCGCCTATGTGCAATTGAAGTCAGGATTCTCAACCTCCCTGGCA 148
EB2ERV CGCCTAGAGCATTTGCAAGTCAGGATTCTCTAATCCCTCTGGGAGAAGGG 150
EB2BAB CGCCAAGTGCATTTGCAGTCAGGATT - --CTCTACCCTCCCCGGGTAAAG 147
wx % x ok kx| % R
EB2RH ACGCAACCAATGTCCGCCCTTT 170
EB2EBV TATTCGGCTTGTCCGCTATTTT 172
EB2BAB 169

CCAGCTCATGGTCTGCTCTTTT

FIG. 4. Comparison of the EBV, rhesus LCV, and baboon DNA (14) se-
quences encoding EBER1 (A) and EBER2 (B). Nucleotides conserved among

all viruses are represented with an asterisk, well conserved nucleotides are
represented with a period, and gaps are indicated with a hyphen.

lence of rhesus LCV infection in the conventional colony and
absence of rhesus LCV infection in the hand-reared colony.

In order to get a better appreciation of the relative magni-
tude of EBER RNA expression, samples were quantified by
real-time PCR. As shown in Fig. 5C, 19 out of 20 animals were
positive for EBER expression, with levels above the cutoff
value. The relative EBER copy number determined by real-
time PCR differed by almost 4 logs. One animal had undetect-
able EBER RNA by real-time PCR, and this was the same
animal whose sample was weakly positive by Southern blot
hybridization of the RT-PCR products and strongly positive by
peptide ELISA. Therefore, this animal was likely rhesus LCV
infected, and the weak or absent EBER signal by Southern blot
hybridization and real-time PCR may be due to low viral load
or sequence variation.

In order to determine the potential effect of strain-depen-
dent sequence variation, RT-PCR products from four animals
were cloned and sequenced. The sequences from two animals
known to be infected with the type 1 rhesus LCV (4) were
identical to the EBERI sequence derived from the type 1
rhesus LCV cosmid clone. The sequences from two animals
known to be infected with the type 2 rhesus LCV (4) were
identical to each other and differed from the type 1 rhesus
LCV sequence in 7 of 80 nucleotides. Since both rhesus LCV
strains are equally prevalent in this colony (4), these sequence
data and the ability to detect EBERs in nearly all animals
suggest that strain-dependent sequence variation is unlikely to
be a major problem.

Sensitivity and specificity of the rhesus LCV sVCA ELISA
during acute rhesus LCV and RRYV infection. In order to fur-
ther test the sensitivity and specificity of the rhesus LCV sVCA
peptide ELISA, we examined the serologic response in an
experimentally infected rhesus macaque. As shown in Fig. 6A,
a rhesus macaque experimentally inoculated with rhesus LCV
in the oropharynx (24) developed a brisk antibody response to
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FIG. 5. RT-PCR for EBERI expression in rhesus monkey PBMC. (A) Southern blot analysis of RT-PCR-amplified products from conventional colony animals.
Lanes 1 to 16 represent 16 animals randomly selected from the conventional colony. Positive (lane 19) and negative (lanes 17 and 18) controls are shown. (B) Southern
blot analysis of RT-PCR-amplified products from hand-reared colony animals. Lanes 1 to 16 represent 16 randomly selected hand-reared animals. Positive (lanes 17
and 18) and negative (lane 19) controls are shown. (C) Semiquantitation of rhesus LCV EBER1 by real-time RT-PCR. The EBER1 copy number per 80 ng of total
cellular RNA is shown. The limit of detection (50 copies/80 ng of total RNA) is shown by the dotted line.

the rhesus LCV sVCA, with a peak response developing by day
10. Rhesus macaques are also commonly infected with rhesus
rhadinovirus (RRV), a gammaherpesvirus in the rhadinovirus
subgroup (19, 44). Therefore, to rule out the remote possibility
that serologic responses detected with the rhesus LCV sVCA
might be due to cross-reactive antibodies specific for the RRV
capsid protein, we tested sera from macaques experimentally
inoculated with RRV. We obtained acute- and convalescent-
phase sera from four animals with documented RRV serocon-
version after experimental RRV inoculation (19) and tested
these samples in the rhesus LCV sVCA peptide ELISA. Two
animals were seropositive for rhesus LCV sVCA antibodies
prior to infection, and the antibody titers did not change after
RRYV inoculation (Fig. 6B). Two animals were rhesus LCV
seronegative prior to RRV inoculation and remained negative
as shown by the rhesus LCV sVCA peptide ELISA. The pre-
viously documented RRV seroconversion in these specimens
(19) confirmed that antibodies to the RRV VCA do not cross-
react with the rhesus LCV sVCA.

DISCUSSION

We have developed highly sensitive and reproducible assays
for acute and persistent rhesus LCV infections. As in humans,
LCV infection is highly prevalent in nonhuman primates and
is associated with B-cell malignancies in immunosuppressed
hosts (8, 26). In addition, experimental infection of rhesus
monkeys with the rhesus LCV provides the only animal model
which accurately reproduces many aspects of acute and persis-
tent EBV infections in humans (24). As these studies demon-
strate, it is possible to breed a rhesus LCV-naive colony which
would reduce the risk of LCV-induced malignancies in immu-
nosuppressed animals and provide naive animals for pathogen-
esis and vaccine studies after experimental rhesus LCV infec-
tion.

The rhesus LCV sVCA is moderately well conserved with
the EBV sVCA (69% amino acid identity), falling approxi-
mately halfway between the most and least well conserved lytic
genes studied to date (90 to 50% amino acid identity) (15a,
23). The greatest sequence divergence is in the middle of the
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FIG. 6. Rhesus LCV sVCA peptide ELISA results from an animal experi-
mentally inoculated with rhesus LCV (A) and from four animals experimentally
inoculated with RRV (B). The dotted line represents the ELISA cutoff value.

protein and overlaps positionally with our peptide 1 (aa 117 to
146), whereas the region represented by peptide 2 was more
well conserved. In rhesus macaques the antibody responses to
peptide 2 were clearly more prevalent in rhesus LCV-infected
animals, whereas human antibody responses to the regions
represented by peptides 1 and 2 are equally prevalent (42).
The observed sequence divergence and potential differences in
immunodominant epitopes may contribute to a loss of sensi-
tivity when using the EBV sVCA as a cross-reactive antigen for
detecting rhesus LCV-immune sera. The rhesus LCV VCA
peptide 2 epitope was particularly useful since it not only
identified all positive animals but also was associated with an
extremely robust signal, clearly separating positive and nega-
tive results.

The sensitivity and specificity of the VCA peptide ELISA
were also tested using sera from experimentally infected ani-
mals. First, a brisk antibody response was detected in an ani-
mal experimentally infected with rhesus LCV, similar to that
previously detected by immunoblotting (24). Second, the spec-
ificity of the assay was checked using sera from animals exper-
imentally infected with RRV. Rhadinoviruses are the herpes-
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viruses most closely related to the LCV subgroup, and RRV
infection is also highly prevalent in rhesus monkeys (19, 30,
44). The RRV VCA homologue shares only 24% amino acid
identity (30), and the absence of any cross-reactivity could be
confirmed by studying two animals who remained rhesus LCV
seronegative after experimental RRV infection and docu-
mented RRV seroconversion (19). This specificity is similar to the
lack of serologic cross-reactivity reported between the sVCAs of
Kaposi’s sarcoma-associated herpesvirus and EBV (18).

Since we had no gold standard for rhesus LCV infection, we
also cloned the rhesus LCV EBER1 and EBER2 homologues
and developed an EBER1 RT-PCR assay as an independent
parameter for rhesus LCV infection. These two assays mea-
suring different aspects of rhesus LCV lytic and latent infec-
tions gave identical results which further validate the accuracy
of these assays. The ability to directly measure rhesus LCV
RNA in the peripheral blood will also be an important tool for
studying LCV pathogenesis in experimental infections. The
RT-PCR assay is a sensitive indicator for persistent infection
since EBER RNA expression could be detected in at least 95%
of the animals. This rapid assay will be an important tool for
experimental pathogenesis studies in which viral mutants with
specific genetic lesions will be tested for their ability to estab-
lish persistent infection. The relatively broad range of EBER
RNA expression levels was somewhat surprising and proba-
bly reflects a combination of different precursor frequencies
of LCV-infected cells in the peripheral blood and different
amounts of EBER RNA per quantity of infected cells. There-
fore, it may be difficult to identify quantitative effects on viral
persistence using simple quantitation of EBER RNA levels in
the peripheral blood, given this broad range of EBER expres-
sion levels. Detecting more subtle quantitative effects on viral
persistence will likely require limiting dilution analysis scored
by an EBER RT-PCR assay to determine the precursor fre-
quency of virus-infected cells (22).

Conservation of the EBER genes also suggests that they play
an important role for the pathogenesis of LCV infection in
vivo. The EBERs are expressed in LCV-immortalized B-cell
lines in vitro, but genetic studies demonstrate that they can be
deleted from the EBV genome with no detectable effect on
virus replication or B-cell immortalization in tissue culture
(36). Thus, one predicts that the EBERs must provide a func-
tion which is important for successful LCV infection in vivo but
not necessarily in vitro. The EBERs have sequence similarity
and can functionally replace the adenovirus VA RNAs (29),
which block interferon-induced responses by inhibiting activa-
tion of an interferon-induced protein kinase and phosphoryla-
tion of the protein synthesis initiation factor eIF2 alpha (1, 2).
The EBERSs have also been reported to bind the interferon-
inducible protein kinase PKR (33), the ribosomal protein L22
(7, 38, 39), cellular La protein (11, 15, 17), and (2'-5") oligoad-
enylate synthetase (32). However, there is no obvious differ-
ential phenotype observed when B cells infected with wild-type
EBV or EBER deletion mutant EBV are challenged with
interferon in vitro (35, 36). The cloning and identification of
the EBER genes from rhesus LCV are the first step towards
generating an EBER deletion mutant of rhesus LCV and using
the rhesus animal model to test the hypothesis that the EBERs
are essential for successful LCV infection in vivo.
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