
type of sequence organization is similar to 
that of the exchangeable cassettes that are 
responsible for antigenic switching and oth- 
er types of phase variation in  microorgan- 
isms (1 7). It would not be surprising if some 
sort of cassette-switching mechanism were 
responsible for exchanging these divergent 
gene segments between strains or species, or 
both. The  evolutionary mechanism for di- 
vergence in  concert, however, remains un- 
known and may involve a hypervariability- 
generating system. 

Studies are ~resen t lv  directed toward 
the biological role or roles of these group- 
ings. Group-specific differences in  the ex- 
pression.%f subsets of virulence factors or 
other extracellular  rotei ins could be relat- 
ed to  differences in  disease patterns. 
Group-specific differences in  the expres- 
sion of colonization factors could be relat- 
ed to  interstrain interference with coloni- 
zation (1)  and to differences in  coloniza- 
tion site preference. Indeed, we have oh- 
served that the vast majority of menstrual 
toxic shock strains belong to agr group 111 
and are characterized by a coherent over- 
all biotype (1 2) .  This finding could reflect 
a tissue tropism for the human vaginal 
mucosa; however, i t  is inconsistent with 
the fact that  many surface proteins, pre- 
sumably including colonization factors, 
are down-regulated by agr (18). Finally, 
ligand-based inhibition of virulence or 
colonization factor ex~ression,  or both. 
could represent the of a therapeutid 
or prophylactic initiative that  may not  be 
limited to  staphylococci. 
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An Animal Model for Acute and Persistent 
Epstein-Barr Virus Infection 

Amir Moghaddam, Michael Rosenzweig, David Lee-Parritz, 
Bethany Annis, R. Paul Johnson, Fred Wang* 

Epstein-Barr virus (EBV) is a human lymphocryptovirus that causes infectious mono- 
nucleosis, persists asymptomatically for life in nearly all adults, and is associated with 
the development of B cell lymphomas and nasopharyngeal carcinomas. A highly similar 
rhesus lymphocryptovirus naturally endemic in rhesus monkeys was used to orally infect 
nai've animals from a pathogen-free colony. This animal model reproduced key aspects 
of human EBV infection, including oral transmission, atypical lymphocytosis, lymphad- 
enopathy, activation of CD23+ peripheral blood B cells, sustained serologic responses 
to lytic and latent EBV antigens, latent infection in the peripheral blood, and virus 
persistence in oropharyngeal secretions. This system may be useful for studying the 
pathogenesis, prevention, and treatment of EBV infection and associated oncogenesis. 

D e s p i t e  progress in  basic and clinical Ep- 
stein-Barr virus (EBV) research, the ah- 
sence of a suitable animal model for EBV 
infection continues to impede studies of 
viral pathogenesis, vaccine development, 
and therapeutics. EBV infection is typical- 
ly initiated by transmission in oral secre- 
tions, virus replication in the oropharynx, 
and infection of peripheral blood B lym- 
phocytes (1 ). Primary EBV infection is the 
most common cause of infectious mono- 

nucleosis (2) .  Thereafter, EBV persists as a 
latent infection in a small fraction of B 
lymphocytes and replicates sporadically a t  
low levels in  the oropharynx (1 ). Virus 
reactivation and shedding in oral secre- 
tions enables completion of the virus life 
cycle by infection of na'ive hosts. Latent 
EBV infection is generally asymptomatic 
but can lead to polyclonal EBV-infected B 
cell lymphoproliferations and lymphomas 
when individuals are immunosuppressed 
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because of congenital immunodeficien- 
cies, after transplantation, or by human 
immunodeficiency virus (HIV) infection 
(3). Persistent EBV infection is also asso- 
ciated with the development of Burkitt's 
lymphoma, nasopharyngeal carcinoma, 
and certain types of Hodgkin's disease (3). 

The growth-transforming properties of 
EBV can be demonstrated by the continuous 
proliferation of EBV-infected human B cells 
in tissue culture or when injected into mice 
with severe combined immunodeficiency (4). 
Parenteral inoculation of cotton-top tamarins 
with EBV can also result in acute polyclonal 
proliferation of infected B lymphocytes (5). 
However, animals that do not die from lym- 
phoproliferative disease do not become persis- 
tently or latently infected with EBV. There- 
fore, there is no animal model for the persis- 
tent or latent EBV infection that affects al- 
most all humans. 

Most Old World nonhuman primates, 
such as macaques, baboons, chimpanzees, 
and apes, are infected with herpes viruses of 
the same subgroup [lymphocryptovirus 
(LCV)] as EBV (6, 7) and could provide a 
model for EBV infection. The genomes of 
all LCVs are colinear; encode highly ho- 
mologous structural proteins; and replicate 
by similar, interchangeable mechanisms (8- 
10). LCVs can immortalize B cells from 
their natural host in vitro (I 1 ), and they 
encode a similar repertoire of viral proteins 
that are homologous to each of the nuclear 
(EBNA, EBV nuclear antigen) and mem- 
brane (LMP, latent membrane protein) pro- 
teins expressed during latent EBV infection. 
LCV EBNA-1, EBNA-2, LMP1, and 
LMP2A homologs interact with the viral 
latent origin of replication, CBFl/RBP-Jk, 
TRAF3, and Src kinases, respectively, 
which are the same viral and cell targets as 
those of EBV EBNA-1, EBNA-2, LMP1, 
and LMP2A (10, 12-14). Like humans, 
almost all Old World primates are naturally 
infected with their endogenous LCV by 
adulthood, have LCV-infected B cells in 
the peripheral blood, and maintain serum 
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antibody responses for life (I 1 ). These anti- 
bodies cross-react with EBV antigens and 
can be used to identify LCV infection (1 5- 
17). Simian immunodeficiency virus (SIV)- 
infected monkeys develop LCV-infected B 
cell lymphomas that are similar to the EBV- 
infected B cell lymphomas that occur in 
acquired immunodeficiency syndrome 
(AIDS) patients or transplant recipients 
(18). Earlier attempts to infect Old World 
primates with EBV were unsuccessful (7, 19, 
20), possibly because of cross-reactive immu- 
nity as these animals were often not screened 
for previous simian LCV infection. Also, 
EBV does not immortalize rhesus B cells in 

vitro (21 ), and this may have contributed to 
the failure to persistently infect nonhuman 
Old World primates with EBV. 

Because of the need for better animal 
models of human EBV infection, we ex- 
plored whether rhesus monkeys can be ex- 
~erimentallv infected with rhesus LCV and 
to what extent experimental infection reca- 
pitulates key aspects of EBV infection. As 
expected, serologic testing for cross-reactive 
antibodies to EBV identified ubiauitous 
rhesus LCV infection in the convektional 
rhesus monkey colony at the New England 
Regional Primate Research Center (NER- 
PRC). In contrast, serologic testing indicat- 

A Animal 1 n , E 
Lymphadenopathy - -  Lymphadenopathy 

a 

6 Animal 2 

Days after lntectlon 

Fig. 1. Atypical lymphocytosis, lymphadenopathy, CD23-positive lymphocytes, and serologic respons- 
es to experimental rhesus LCV infection of rhesus monkeys. Atypical lymphocytes in the peripheral 
blood are expressed as the percent of white blood cells. The period of detectable lymphadenopathy is 
shown for animal 1. Phalyngitis and splenomegaly were not evident on physical examination. The 
percentages of lymphocytes positive for CD23 or positive for both CD23 and CD20 are shown as solid 
and grey bars, respectively. Assays for CD23 expression were not performed on day 56 or after day 84. 
The titers of antibodies reactive with EBV are shown in relative EBV EIA units. Rhesus LCV was obtained 
from LCL8664 cells induced for viral replication by transfection with an EBV BZLFl expression vector as 
previously described (70, 22). Complete blood counts were performed on an automated Coulter 
counter, and atypical lymphocytosis was confirmed by visual examination of the blood smear in a 
blinded fashion. Atypical lymphocytes were not observed in routine smears of blood obtained before 
infection. Cell surface CD23 and CD20 expression was determined by staining of whole blood with 
fluoroscein isothiocyanate-conjugated, CD23-specific, monoclonal antibody EBVCS4 Findly provided 
by B. Sugden (2311 and phycoerythrin-conjugated, CD20-specific, monoclonal antibody Leu1 6 (Becton- 
Dickinson), followed by fixation and blood lysis. Dual-color surface fluorescence was analyzed on a 
Becton-Dickinson FACScan, and at least 20,000 events were recorded for each population. EIA 
microtiter wells were coated with EBV concentrated by centrifugation from cell-free supernatants of 
P3HR-1 clone 16 cells (30) induced for viral replication with phorbol ester-sodium butyrate and frac- 
tionated by Sepharose 4CL-B chromatography as described (37). Sera were assayed at two dilutions in 
duplicates, developed with an antiserum to human immunoglobulin G (IgG) conjugated to horseradish 
peroxidase and o-phenylenediamine dihydrochloride, and read at an optical density of 450 nm. Titers 
were determined with a commercial software program (Bio-Rad Microplate Manager v4.0) referenced to 
a standard curve with an EBV-positive human serum (VCA titer 1 : 20,000) arbitrarily designated as 
10,000 EBV EIA units. 
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ed that rhesus LCV infection was less prev- kept free of herpes B virus, simian T cell 
alent in the NERPRC's specific pathogen- leukemia virus type 1, simian type D retro- 
free (SPF) colony o f  rhesus monkeys de- virus, and SIV infection. Two rhesus mon- 
rived from hand-reared founder animals and keys nalve for rhesus LCV were selected 

Fig. 2. Serum antibody response to viral capsid A Animal 1 
antigen VCApl8 (A) and latent infection nuclear 2 $ 
protein EBNA-2 (B) after experimental rhesus LCV (D b m 

F 2 E a b 2 z ~ 2 8 : : ~  
infection. (A) Serum antibodies to VCApl8 were 

E E E $ $ $ $ $ $ a $ $ $  
detected by protein immunoblotting with a gluta- Z I 1 o n o n o o o n o n  
thione-S-transferase (GST)-VCApl8 fusion pro- 
tein (GST-VCA18). Sera from two EBV-seroposi- GST-v * 
tive animals in the conventional colony (Mm 182- 
85 and Mm 186-85) were used as positive con- 
trols, and serum from an EBV-seronegative B - I,? - 
animal in the SPF colony (Mm 204-93) was used 8 m Animal 1 
as a negative control. The GST-VCApl8 fusion ~m - w C h  
protein migrates with a relative molecular mass of % Z O O Z Z % ~ ~ E  
approximately 45 kD. (B) Serum antibodies to rhe- 4 $ $ $ $ $ $ $ $  
sus LCV EBNA-2 were detected by immunopre- Z o o o o o o o o  
cipitation with rhesus sera and protein immuno- EE --*. .- -.. . 
blotting for EBNA-2. Mm 182-85 serum (lane 2) 
and lysate representing 500,000 LCL 8664 cells (lane 1) were used as positive controls. Rhesus LCV 
EBNA-2 migrates with a relative molecular mass of 100 kD. The GST-VCApl8 fusion protein was made 
by fusion of the EBV BFRF3 open reading frame with the NH,-terminus of GST, expression in bacteria, 
and purification with glutathione-Sepharose beads. GST-VCApl8 protein immunoblots were incubated 
in a multichannel apparatus (Bio-Rad) with rhesus serum diluted at 1 :I00 in 5% milk and phosphate- 
buffered saline (PBS) with 20% GST control bacterial lysate for blocking. Blots were developed with 
HRP-conjugated antiserum to human IgG and chemiluminescence. lmmunoprecipitations for rhesus 
LCV EBNA-2 were performed by incubation of 3 p1 of rhesus serum in a lysate of 2 million LCL 8664 cells 
in PBS with 1% deoxycholate and 0.1% SDS, precipitation of immune complexes with protein 
GSepharose, and protein immunoblotting for EBNA-2 in the immunoprecipitates with the PE2 mono- 
clonal antibody (32). 
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Fig. 3. Rhesus LCV persis- -I A a m 
tence in peripheral blood (A) A 3 9  B 2 .? .? 
and oropharyngeal(6) corn- V) V) 

E $ ;  
O O . 2 . Z  0 0 partments. (A) EBNA-2 pro- ' = Sufi 

m 0 7  r s  CUs tein immunoblot of sponta- A -I a) 
V) = g 2 3 E  3F 

s 3 3 3  
neous B cell lines recovered 2 o a E .E .E 

$ X > > . E O  E g  0 0  C C from the peripheral blood of m m C % ' Z ,  20-a a 
rhesus LCVinfected ani- g $ u u <  a 
mals confirms rhesus I "" Day 0 

infection. EBNA-2 from ! .- IEBNA-2 
ian LCV and EBV can be Day 7 
tinguished by the diffe. -. .. 
relative molecular mass in 
rhesus LCV, baboon LCV, Day 56 

and EBV-infected cell lines (LCL 8664. S594, and IB4, respectively). An 
EBV-negative B lymphoma cell line, BJAB, was used as a negative control. Day 84 
92-, 66-, and 45-kD molecular mass markers are shown at left. (B) \"--I 
DNA was detected in oral secretions of experimentally infected rh 
macaques by PCR amplification. Control samples of distilled water 126 

harvested at each time point and processed in parallel with the ar 
specimens. Peripheral blood lymphocytes were isolated with CPT t~,,, ,,, 239 
(Becton-Dickinson) and cultured in either 96-well microtiter or 24 
plates at a concentration of lo6 cells/ml in RPMl 1640 with 20% fetal 
mM 2-mercaptoethanol, and cyclosporin A (0.5 pglml). Oral secretic 
tized animals by the addition of 1 ml of distilled water to the oral cavity and aspration ot oral tlu~ds. 
Control and animal samples were boiled for 5 min, digested with proteinase K (200 pg/ml) for 30 min at 
55"C, and boiled for an additional 5 min; 2 p1 of sample was used for PCR amplification of a 120-base 
pair (bp) fragment with primers for the major internal repeat region of rhesus LCV. The rhesus LCV major 
internal repeat sequences were obtained by PCR amplification of LCL 8664 genomic DNA with EBV 
Barn HI W primers at low stringency. The rhesus LCV PCR DNA sequence is 90% homologous with that 
of EBV Bam HI W. Rhesus LCV primers RBWI (5'-CCAGAGGTAAGTGGACTT-3') and RBW2 (5'- 
TGCCGGCGCCTTCTCAGG-3') derived from this region specifically amplify a 120-bp fragment from 
LCL 8664 at an annealing temperature of 60°C but not from EBV-negative human B lymphoma cells or 
EBV-infected B cells. PCR products were transferred by Southern (DNA) blotting and probed with 
another internal rhesus LCV radiolabeled oligonucleotide (RBW-P; 5'-CTCTGCTCAGCCCACC-3') for 
specificity. 
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from the SPF colony after serial EBV sero- 
logic testing, and these animals were inoc- 
ulated wi th lo6 transforming units of rhesus 
LCV (22) by topical, nontraumatic appli- 
cation throughout the oral cavity. 

Acute responses that are characteristic of 
human EBV infection became evident on 
physical examination, on microscopy of pe- 
ripheral blood smears, and on flow cytometry 
analysis (FACS) of peripheral blood lympho- 
cytes. Axillary and inguinal lymphadenopathy 
was evident in animal 1 between 3 and 5 
weeks after infection. Both animals developed 
1 to 3% atypical lymphocytes in the periph- 
eral blood at 1 week after infection, and the 
atypical lymphocytosis resolved after 10 weeks 
(Fig. 1). Both animals also developed a dra- 
matic increase in peripheral blood CD23+ 
cells detected by FACS as early as 7 days after 
oral inoculation (Fig. 1). CD23 i s  an activa- 
tion marker induced on B cells by EBV infec- 
tion in vitro (23,24), and CD23+ B cells and 
monocytes and macrophages are frequently 
detected in patients with acute infectious 
mononucleosis (25). The CD23+ response in 
experimentally infected animals peaked on 
days 11 to 14, with 50 to 56% of the periph- 
eral blood lymphocytes being positive for 
CD23, and the response resolved to near base- 
line levels of fewer than 5% within 3 to 4 
weeks after infection. Double immunostaining 
with the B cell marker CD20 revealed that up 
to 60% of the CD23+ cells were activated B 
cells (Fig. 1). The remaining CD23+/CD2@ 
cells had an increased size and granularity that 
were consistent with monocytes (26). Thus, 
oral inoculation of nalve rhesus monkeys with 
rhesus LCV resulted in atypical lymphocyto- 
sis, lymphadenopathy, and an activated 
CD23+ B cell response that are characteristic 
of primary EBV infection and infectious 
mononucleosis. 

Enzyme immunoassays (EIAs) with EBV 
antigen preparations were used to detect an  
antibody response to LCV infection. Both 
animals developed high-level antibody re- 
sponses that peaked at day 14 (Fig. 1). An 
antibody level of 2 to 7 EIA u n i t s  persisted in 
these animals for over 1.5 years after infec- 
tion. T h i s  antibody level was comparable to 
the mean antibody titer in randomly selected, 
naturally infected LCV-seropositive animals 
(mean titer of 3.0 EIA units in 13 random 
seropositive animals versus a mean titer of 0.9 
EIA units in 8 random seronegative animals). 
Antibodies to specific viral antigens were an- 
alyzed further in animal 1. Antibodies to the 
EBV capsid antigen p18 (VCApl8) were de- 
tected by protein immunoblotting as early as 
day 7, with a peak response on days 14 to 21, 
and persisted at a lower level for at least 1.5 
years after infection (Fig. 2A). Antibodies to 
EBNA-2, a rhesus LCV gene product, were 
detected by immunoprecipitation. A trace 
amount of EBNA-2 antibody could be detect- 
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ed on  day 14, with readily detectable 
EBNA-2 antibodies being present by day 21 
after infection (Fie. 2B). Because EBNA-2 

quent episodes of infectious mononucleosis. 
We rechallenged animal 1 with a second 
dose of virus at dav 525 to determine 

tant for the develooment of vaccines and 
therapies against the diverse spectrum of 
EBV-associated diseases. Vaccines that in- - ,  

is expressed in latently infected, immortal- 
ized B cells but is not exoressed in eoithelial 

whether the primary LCV infection provid- 
ed anv orotection from reinfection. A com- 

duce neutralizing antibodies and mucosal 
immunity may be effective in llmiting acute 
EBV infection. Increasing cellular immuni- 
ty in  normal and immunosuppressed indi- 
viduals who are latently infected with EBV 
mav reduce the risk of subseauent tumori- 

cells (1 ), the induction of serum antibodies 
soecific for EBNA-2 is consistent with the 

, A 

parable oral dose of lo6 transforming units 
did not result in lymphadenopathy or atyp- 
ical lymphocytosis. The number of periph- 
eral blood CD23+ cells varied from 3 to 8% 

expression of viral latent infection genes in 
the B cell comDartment. 

Experimental infection resulted in persis- 
tence of rhesus LCV in the ~ e r i ~ h e r a l  blood 

[which is not different from the baseline 
before rechallenge (Table 1)l. EBV anti- 

genesis. Novel pharmaceutical, biological, 
and molecular thera~ies  against EBV infec- 

and in shedding of virus in oral secretions, 
which is similar to the human infection pat- 
tern. Rhesus LCV-infected B cell lines were 
recovered when peripheral blood lympho- 
cytes from the infected animals were cul- 
tured in vitro. N o  rhesus LCV-infected B 
cells were obtained from two separate blood 
samples of either animal before experimental 
infection. Rhesus LCV-infected B cells were 
recovered from animal 1 at 21, 84, 206, 238, 
and 525 days after infection and from animal 
2 at 21 days after infection. Rhesus LCV 
infection was confirmed in these cell lines bv 

body titers did n i t  change i i  the 5 weeks 
after rechallenge (Table 1). Thus, the 

- 
tion can also now be evaluated in vivo. 

- 
lymphadenopathy, atypical lymphocytosis, 
and increase in  CD23+ cells were specific 
for primary infection, and primary infection 
appeared to protect against rechallenge. 
Whether experimental infection complete- 
ly blocks transient or long-term coloniza- 
tion of oral mucosal cells or the peripheral 
blood compartment by rechallenge virus re- 
mains to be determined. 
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tions with eeneticallv modified LCV to ad- 

Table 1. Protection from acute responses dur- 
ing rhesus lymphocryptovirus rechallenge. Ani- 
mal 1 was orally rechallenged with virus 525 
days after primary inoculation and the days after 
virus rechallenge are shown. The percent of 
CD23+ and CD23+/CD20t cells in the periph- 
eral blood, atypical lymphocytosis and EBV an- 
tibody titers were measured as described in Fig. 
1 .  ND, not determined. 

dress the rile of thesk viral genes in persis- 
tence and latency can now go forward. Inter- 
actions between HIV, EBV, and the host that 
result in a high frequency of EBV-induced 
lymphomas in AIDS patients can be more 
readily investigated in animals coinfected 
with SIV and LCV. The role of co-carcino- 
gens in converting persistent EBV infection 
into nasopharyngeal carcinoma can be direct- 
ly investigated. Further studies of nonhuman 
primate LCVs are also required, because these 
viruses are likely to be inadvertently transmit- 
ted to humans through xenotransplanted or- 
gans, just as EBV can be transmitted among 
humans by blood transfusions and transplant- 
ed organs (28, 29). 

This animal model will also be impor- 
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