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The Epstein-Barr virus (EBV) nuclear antigen EBNA-1 is essent ial for viral genome maintenance in vitro and may be the 
only EBV protein expressed by the majority of latently infected ce lls in vivo. EBNA-1 may therefore be critica l to the evasion 
of host immunity which allows persistent infection. EBNA-1 includes a polymorphic internal repeat domain of unknown 
significance and unique regions which mediate all known functional activities and which have hitherto been assumed to be 
conserved between strains. Monoclonal antibodies were generated using a construct based on EBNA-1 of the prototype 
B95-8 strain, deleted for the repeat domain. These antibodies showed a limited profile of recogn ition of EBNA-1 in common 
laboratory EBV+ cell lines by immunoprecipitation and immunostaining. The observed antigenic heterogeneity also extended 
to spontaneously transformed B Iymphoblastoid cell lines (LCLs) representing viral isolates c irculating within US and UK 
populations. DNA fragments spanning the C-terminal unique domain of EBNA-1 from eleven spontaneous LCLs were 
amplified by polymerase chain reaction for sequencing, which directly demonstrated extensive and unexpected variability 
between diverse type 1 EBV isolates. The resulting polymorphism affects most of the putative MHC Class I binding epitopes 
which could be identified within this reg ion using published sequence motifs, and influences MHC binding by va riants of 
at least one such peptide in the processing mutant cell line T2. These findings could be related to the apparent lack of 
recognition of EBNA-1 by cytotoxic T lymphocytes. '<') 1995 Academic Press. Inc. 

INTRODUCTION 	 revealed a much more constrained pattern of viral gene 
expression, designated as the Group I phenotype (Rowe 

Epstein-Barr virus (EBV) shows dual tropism for B et aI., 1987). Such ce ll lines express only EBNA-1 , a pro 
ce ll s and oropharyng ea l epithelium, establishing reser file which has been suggested to parallel th e majority of 
voirs in both cellular compartments which normally per latently infected B ce ll s in vivo (Klein, 1989). EB NA-1 has 
sist for the lifetime of the host. Although asymptomatic been shown to be the only viral protein required for main
individuals intermittently shed virus at the ep itheli al site tenance of the EBV episome in various cellular contexts 
(Yao et al., 1985), infection of B ce ll s and EBV-associated (Yates et al., 1984, 1985) and also functions as a tran
tumors is essentia lly latent. EBV-transformed B Iympho scriptional transactivator (Reisman and 	Sugden, 1986; 
blasto id ce ll lines (LCL) express a limited number of viral Sugden and Wa rren, 1989), both effects 	depending on 
genes encoding a total of nine latent proteins (reviewed interaction with spec ific cognate recognition sequences 
by Ring, 1994). These include EBV nuclear antig ens within the EBV origin of plasmid replication, ori P (Wyso
(EBNAs) 1, 2, 3a, 3b, and 3c, leader protein (EBNA-LP), kenski and Yates, 1989; Hearing et aI., 1992). Additional 

I 
and membrane antigens designated latent membrane lower affinity binding elements occur in 	 the BamH I-Q 
prote in (LMP) and terminal proteins TP 1 and 2. Studies of region of the viral genome, and these appear to med iate 
EBV+ Burkitt's lymphoma (B L) cells in vitro have, however, feedback repression of EB NA-1 transcripti on from the 

BamHI-F promoter in at least some cells of Group I phe
notype (Sample et al., 1992). EBNA-1 is thu s a functionally 

Sequence data from this art ic le have been deposited w ith the EMBU 
pleiotropic housekeeping protein w ith a 	major role inGenBank Data Li bra ries under Access ion Nos. 	 EG, U2 11 95, PA, 

U21202, LA U2 1198, AM, U21193, WW U21205, 	 Pl\k U21203, NL virus persistence. 
U21200, JF-1 U21196, SB U21204, JF-20 U21197, MT U21 199, P3HR- Most of the known EBV latent proteins elic it cytotox ic 
1, U21201 and AG876 U21194. T lymphocyte (CTL) responses in the context of pa rti cu lar 
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overtly transformed cells displaying an LCL-like (Group 
III) phenotype. By contrast, EBNA-1 invokes a pro
nounced and ongoing serological response (consistent 
with sustained expression) in most infected individuals 
(Rowe et ai, 1988). but no study has so far detected 
specific MHC Class I-restricted CTL responses to this 
antigen. This apparent lack of recognition has been sug
gested to facilitate persistence and may therefore be 
critical to the natural history of EBV infection. Previous 
studies have, however, addressed this issue only in the 
context of the prototype B95-8 EBV isolate, which has 
been assumed to be representative of field isolates with 
regard to EBNA-1 ep itope presentation. 

The primary structure of EBNA-1 (B95-8 isolate) fea
tures a 238-residue internal repeat sequence (IR3) of 
unknown function, flanked by N- and C-terminal unique 
regions. The minimal sequence requirements for known 
activities of EBNA-1 have been extensively mapped by 
deletion mutagenesis. Amino acid residues 467-583 in 
the C-terminal unique domain constitute a potential basic 
helix-loop-helix structure similar to those of other DNA
binding proteins (Inoue et ai, 1991). This domain is 
closely associated with regions defined as essential for 
dimerisation, transactivation, and ori P binding by func
tional assays (Polvino-Bodnar et ai, 1988; Ambinder et 
al., 1991; Chen et al., 1993) and is partially protease
resistant, suggesting a degree of conformational auton
omy (Shah et al., 1992). EBNA-1 shows considerable size 
polymorphism between cell lines, ranging from 69 to 94 
kDa, but proteolytic cleavage studies map this variability 
to the nonessential glYCine-alanine repeat reg'ion (Allday 
and MacGil·livray, 1985). Sequence variation has not pre
viously been reported within the functionally important 
unique domains of EBNA-1 . 

In the present study we use monoclonal antibodies 
(mAb) generated against an EBNA-1 derivative lacking 
the IR3 sequence to demonstrate antigenic heterogeneity 
between diverse virus strains. A remarkably high fre
quency of sequence variation is shown to occur within 
the C-terminal unique region of EBNA-1 among Western 
EBV isolates. Such polymorphism could be critical to the 
apparent evasion of host CTL responses by EBNA-1 and, 
hence, to the establishment of lifelong persistent infec
tion. The variant forms of EBNA-1 could also differ at the 
functional leve l. 

MATERIALS AND METHODS 

EBV+ clinical samples and cell lines 

Spontaneous EBV-transformed Iymphoblastoid cell 
lines were generated from EBV seropositive donors by 
culture of peripheral blood mononuclear cells in RPMI 
1640 with 10% fetal calf serum and 0.1 j.Lg/ml cyclosporin 
A (Sandoz) or Ultraculture (Biowhittaker) Transformed 
cell lines appeared after approximately 6 weeks and 
were tested for the presence of EBV using monoclonal 

ET AL. 

antibodies specific to EBNA-2 and LMP (Dakopatts) Tu stages, 

mor biopsy specimen s from patients with nasopharyn allel ne 

geal carcinoma (N PC) and one pati ent w ith post-trans unrelatE 

plant Iymphoproliferative disease (PTLD) were obtained 
Immun(as snap-frozen t issue. Serial sections of 7- j.Lm thickness 

were dried onto sialane-treated glass microscope slides Celli' 
and fi xed in acetone/methanol for 3 min at - 70°. 8.0), 15 

0.1% S[
Monoclonal antibody production temper< 

EBNA-1 (B95-8 strain) was expressed as a glutathione cubatio 
S-transferase fusion protein (E1 ~-GST) in Escherichia with ra 
coli. The construct was deleted for the 7 N-terminal co wash ec 
dons of EBNA-1 and the coding sequence for amino of 2% ~ 
acids 40 - 438, which includes th e entire glycine-alanine phoresi 
repeat region (IR3). The resulting fusion protein therefore (Bio-Ra 

included all regions to which direct functi ona l importance negativ 
has so far been ascribed, with the exception of the puta in cold 

tive nuclear localization signal (residues 379-386; Am and 0.1 

binder et ai, 1991). Recombinant protein was purified on for 1 h 

glutathione-Sepharose beads (Pharmacia) and used as overnig 

immunogen in BALB/c mice. Hybridoma supernatants probed 

were tested against E 1 ~-GST and GST alone (expressed to havf 
and purified by an identical method) EBNA

al., 198 
Enzyme-linked immunosorbent assays (ELISA) alkalinf 

(Dako),MAb reactivity with recombinant EBNA-1 fragments 
phosprwas determined by a direct binding ELISA. Test antigen 

was coated onto microtiter plates (Immulon II, Nunc) by PolymE
overnight incubation in carbonate-bicarbonate buffer, 
pH 9.6, at 4°. Plates were then blocked with 1% BSA and DNA 

washed in TBS/0.1 % Tween 20 before addition of test unique 
supernatants. Synthetic 15-mer peptides (overlapping by ously tl 
six residues) spanning sections of the B95-8 EBNA-1 primer: 

sequence were obtained from Alta Bioscience (Bir (sense 

mingham, UK), and reactivity was determined by direct GAT G 

binding or inhibition of mAb binding to directly coated respon 

recombinant E1 ~-GST. In all assay systems, secondary B95-8 

detection was by goat anti-mouse Ig-alkaline phospha ucts w. 
tase (Sigma), with p-nitrophenyl phosphate as substrate. by the 

Mouse mAb isotypes were also determined by ELISA chroml 
using subclass-specific reagents (Sigma). analyzi 

dance 
Immunostaining methods 

Peptid
Cell preparations or cryostat sections for immunosta in mutan 

ing were air-dried, fi xed in acetone:methanol (1 :1) at - 20° 
for 10 min, and preblocked with TBS/0.1% Tween 20 with HLA 

5% normal rabbit serum. MAbs were then applied in the using 
presence of 5% normal rabbit serum for 2 hr at 370. Immu 721.17 

nofluorescence staining was carried out using biotinyl unstat 

ated F(ab')2 rabbit anti-mouse Ig secondary and FITC absenl 

streptavidin tertiary reagents (Dako). Immunocytochemi al., 19 

cal staining was by the alkaline phosphatase-antialkaline thetic 
phosphatase (APAAP) technique, with detection by rabbit stabili; 

anti-mouse Ig and APAAP complexes (Dako); staining flow c 
was enhanced by repetition of the detecting reagent mAb V 
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u stages, and was developed using Fast Red (Sigma). Par

n- allel negative controls were isotype matched mAbs of 
unrelated specificity. 

r~ 
Immunoprecipitation and immunoblotting ;S 

!S Ceillysates were prepared using 50 mM Tris-HCI (pH 
8.0), 150 mM NaCI, 1% NP-40, 0.5% deoxycholate, and 
0.1 % SDS and incubated with mAbs for 3 hr at room 
temperature. Immune complexes were recovered by in
cubation with protein A-Sepharose beads precoated 
with rabbit anti-mouse Igs (Dako), which were then 
washed five times and boiled for 5 min in the presence 
of 2% SDS. Supernatants were analyzed by gel electro
phoresis in 0.1% SDS using 10% polyacrylamide minigels 

e (Bio-Rad), in parallel with immunoprecipitates from EBV

e negative cell lines. Western transfers were carried out 
in cold 0.25 MTris (pH 88),0.19 M glycine, 20% methanol, 

j - and 0.1 % SDS in a Bio-Rad minigel system at 175 mA 
for 1 hr. Nitrocellulose membranes were then blocked 
overnight at 4° with TBS/5% dried milk powder and 
probed with human serum MO, which has been shown 
to have a broad prof.ile of recognition encompassing 
EBNA-1 from a diverse range of EBV strains (Rowe et 
aI., 1987). Membranes were then washed , incubated with 
alkaline phosphatase-conjugated rabbit anti-human Igs 
(Dako), and developed using 5-bromo-4-chloro-3-indolyl 
phosphate/nitro blue tetrazolium (Sigma). 

Po'lymerase chain reaction (PCR) and sequencing 

DNA fragments corresponding to the C-terminal 
unique region of EBNA-1 were amplified from spontane
ously transformed LCLs by standard PCR methods using 
primers 5'-CCC AGG AGT CCC AGT AGT CAG T-3' 
(sense; EBV 109090-109111) and 5'-MC AGC ACG CAT 
GAT GTC TAC-3' (antisense; EBV 109969-109949), cor
responding to flank ing sequences as represented in the 
B95-8 strain. Double-stranded sequencing of PCR prod
ucts was performed using internal gene-specific primers, 
by the dideoxy chain termination method with fluoro
chrome-conjugated dideoxy nucleotide derivatives, and 
analyzed using an ABI 373A DNA sequencer in accor
dance with the supplier's protocol. 

Peptide-MHC binding assay using the processing 
mutant cel l line T2 

HLA-A2.1 binding activity of peptides was assessed 
using the antigen processing defective cell line LBL 
721.174-T2 (T2), which expresses reduced numbers of 
unstable empty A2.1 molecules at the cell surface in the 
absence of exogenous specific pept~des (Cerundolo et 
aI., 1990). T2 cells were incubated overnight with syn
thetic peptides at a final concentration of 200 /l.g/ml, and 
stabilization of HLA-A2.1 at the cell, surface measured by 
flow cytometry using the anti-HLA-ABC (monomorpnic) 
mAb W6/32 (Dako). Results were expressed as fluores

cence index, determined using the formula (mean sam
ple fluorescence - mean background fluorescence/ 
mean background fluorescence). 

RESULTS 

EBNA-1-specific monoclonal antibodies detect 
antigenic heterogeneity 

EBNA-1 from the prototype B95-8 EBV strain was ex
pressed as a GST fusion protein deleted for the internal 
gly-ala repeat region (El6.-GST; Fig. 1) and used as 
immunogen for mAb production. An ELISA screening sys
tem identified two hybridomas (3E4 and 403), from a total 
of three successful fusions, showing strong reactivity 
with the immunizing protein but negligible binding to GST 
alone; both mAbs are of IgG1 subclass. Immunoprecipi
tation with these mAbs, followed by Western transfer and 
probing with a human serum of high anti-EBNA-1 titer 
yielded a major band of apparent MW 82 kOa from B95
8 ceillysates (Fig. 2). Immunoprecipitation from Iysates of 
EBV- BL41 cells gave a negative result, and an isotype
matched control mAb of unrelated specificity was like
wise ineffective (not shown). Both mAbs showed punc
tate nuclear staining of acetone-methanol-fixed B95-8 
but not EBV- control cells by biotin-streptavidin immuno
fluorescence, while isotype-matched control mAbs did 
not produce detectable staining (not shown). 

Analysis of a wider panel of established cell lines by 
immunofluorescence or immunocytochemistry revealed 
a heterogeneous pattern of recognition by mAbs 3E4 
and 403 (Table 1). Among commonly maintained EBV
positive and negative cell lines, staining with either mAb 
was confined to B95-8 and LCLs transformed using this 
virus strain. Immunoprecipitation from cell Iysa tes with 
these mAbs, followed by blotting and probing with a hu
man antiserum known to recognize EBNA-1 from diverse 
virus strains, exactly mirrored this profile of reactivity (Fig. 
2; Table 1). Identical bands were precipitated from B95
8 and the derivative LCL Bristol 8, but not from any other 
cell line tested. These observations therefore suggested 
the occurrence of unexpected sequence heterogeneity 
within the unique regions of EBNA-1 among standard 
laboratory strains of EBV. 

Widespread variation among Western field isolates 
of EBV 

The restricted pattern of recognition of common EBV+ 
cell lines by these mAbs suggested that the prototype 
B95-8 EBV strain might be unrepresentative of strains 
occurring within the general population, perhaps as a 
result of mutations accumulated during extended pas
sage in culture. In order to assess the natural incidence 
of this antigenic variant, a panel of 16 spontaneous LCLs 
of U.S. and UK origin was examined by immunofluores
cence staining with these mAbs (Table 2). The cell lines 
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N-terminal gly-ala repeat C-terminal 
unique domain region (IA3) unique domain 

RE 

EBNA-l (B95-8) 

91 359 641 

Transactivation 
450 641 

DNA binding 
459 487 -

Dimerisation 
501 -532 554 598 

Extent of sequence 
comparison 

421 641 

Ell'> -GST construct01--1_--' 
~39 641 

FIG. 1. The domain structure of EBNA-l . Regions of particula r importance for speci fic functi ons, as defined us ing deletion mutants (Ambinder et 
ai, 1'991; Chen et ai, 1993), are ind icated. RegiGns compared at the sequence level and represented in th El!>-GST construct in this study are 
also shown. 

tested were obtained from donors representing a variety 
of clinical conditions in addition to asymptomatic sero
positive individuals. Within this sample, eight lines (50%) 
showed clear reactivity while the rema inder were not 
recognized. The EBV infection status of all lines exam
ined was confirmed by staining with the LMP-specific 
mAb pool CS1-4; unrelated control mAbs conversely 
failed to stain. Cryostat sections of liver biopsy material 
from aUK patient with post-transplant lymphoma (PTL) 
were also examined (Table 2). Involved liver tissue from 
this patient showed focal staining with these mAbs which 
coincided withl nests of positive staining for EBNA-2 and 
LMP, but not negative control mAbs. Tissue sections 

2 3 4 

-92 

-69 

FIG. 2. I mmunopreci ~itat i on of EBNA-l from cel l Iysates by pooled 
mAbs 3E4 and 403. Western transfers were carried out as described 
(Materials and Methods) and probed using human seru m MO, wh ich 
predominantly detects EBNA-l , and alka line phosphatase-conjugated 
rabbit anti -human Igs. Lane " Daudl ; 2, Akata ; 3, MT; 4, B95-8. No 
react iVity with E8V 8 L41 cel ls was observed; an isorype-ma tched con
trol monoclonal antibody was also unreact ive (not shown) Molecu la r 
weight standards are in kDa. 

from six cases of undifferentiated NPC of Chinese origin 
were not stained by 3E4 or 403, although the presence 
of EBV in each of the tumors was confirmed by positive 
staining for LMP (not shown). Thus, the antigenic varia
tion detected within the unique regions of EBNA-1 clearl y 
extends to circulating virus strains, at least within West
ern populations. 

In order to examine sequence variation directly, DNA 
fragments spann ing the unique regions of EBNA-1 from 
the UK spontaneous LCL MT, which was not recognized 
by either mAb (Table 2), were amplified by PCR, cloned, 
and sequenced. Although the N-terminal unique domain 
proved to be identical to th e prototype B95-8 sequence, 
multiple amino acid substitutions were identified be
tween residues 471 and 594 of th e C-terminal uniq ue 
domain. DNA fragments corresponding to residues 462 
641 of EBNA-1 from a further 10 spontaneous LCLs were 
therefore amplified by PCR for direct sequence analysis, 
which revealed a pattern of considerable interstrain di
versity such that no two LCLs within the sample were 
identical in this region (Fig. 3). 

Point mutations affecting single amino acids resulted in 
va riation at 17 pOSitions, of wh ich three featured more than 
two distinct amino acids. The highest level of variability 
was seen at position 471 , which featured a total of four 
alternative amino acid residues. One isolate (WW) included 
a tripeptide insertion resu lting in an extra iteration of a DOG 
motif in the C-terminal negative ly charged regi on. Many of 
the observed point mutations introduced functionally dis
tinct amino acids relative to the B95-8 sequence; a further 
two codons showed silent nucleotide changes which did 
not result in altered amino acid residues. Two independent 

EBV-pOSi 
B95-8 
Bristol 
Kloek c 

Raji 

Namal' 
Daudi 

Akata 
P3HR
AW-Ra 
AG876 

EBV-neg, 
Ra mos 
BL41 

" Stain i 
detected 
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monoclo! 
tes ted, 5i 
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, Immu 

ru m MO 
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TABLE 1 

Reactivity of 3E4 and 403 with Standard EBV-Positive 
and -Negative Cell Lines 

IfTlmunocytochemistry" 
(Enhanced APAAP) 

3E4 403 LMP Control Imnlpptnb 

EBV-posi tive 
B95-8 + + ++ + 
Bristol 8c + + + + + 
Kloek + + ++ NT 
Raj! NT 
Namalwa NT NT 

Oaud i 
Alc ata +/-
P3HR-l NT NT 
AW· Ramos NT 

AG876 NT 
EBV-negative 

Ramos 
8L41 

n 
e 
e 
1

y 
t-

d 
j 

n 

• Stain ing of air-dr ied acetone/methanol-fixed cell preparations was 
de ected using two cycles of staining wi th rabbit ant i-mouse Igs and 
mouse APAAP. as detai led In the texi Contro l was isotype- matched 
monoclonal antibody of unrelated specificity. NT. not tested. Where 
les ed, simila r resul ts were also obta ined by biotin/st reptavidin immu
no luorescence staining. 

b Immunoprecipita tion followed by immunobloning with human se

m MO (Materials and Methods). 
LCLs tra nsformed using 895-8 EBV strain. 

spontaneous LCLs were available from U.S. donor JF., of 
which one was 3E4/4D3+ and the other negative (Table 2), 
suggesting the presence of at least two distinct antigeni
cally defined EBV variants within this individual; sequence 
data from these LCLs revea led distinct EBNA-l species 
differing at four amino acid positions within the C-terminal 
unique domain (Fig 3). The independence of all strains 
from the prototype B95-8 virus was confirmed by PCR am
plification of DI\JA fragments using primers corresponding 
to sequences within the deletion characteristic of this iso
late as previously described (Lees et aI., 1992) In order 
to determine whether the observed patterns of va riation 
correlated with conventional EBV types, DNA from each 
cell line was amplified by PCR using primers based on 
type-specific sequences within EBNA-2A or -2B, which indi
cated that all strains within the LCL panel were of type 1. 

Sequencing of PCR products from EBNA-l of the standard 
type 2 strains P3HR-l and AG876, however, revealed a 
comparable pattern of variation, mostly concentrated on 
similar residues to those which va ry between type 1 strains 
(Fig. 3). 

The determinants recognized by 3E4 and 4D3 could 
not be localized on the basis of sequence data alone and 
could not be mapped using synthetic 15-mer peptides or 
a limited number of expressed fragments representing 
sequences present in the E 1 ~-GST protein (not shown). 

These observations, together with the failure of these 
mAbs to recognize partially denatured antigen in immu 
noblots, suggest that their target epitope or epitopes are 
highly conformation-dependent. 

Comparison of sequence data with published binding 
motifs for MHC Class I alleles allowed twelve putative 
MHC-binding peptides to be identified within this region 
of EBNA-1, of which only three were completely con
served across all of the strains examined (Table 3). Three 
of the variable putative epitopes showed loss of primary 
anchor residues predicted to be essential for binding to 
MHC molecules. The ability of naturally occurring vari
ants of one such peptide (B95-8 amino acid residues 
565-574) to bind to the appropriate MHC specificity 
(HLA-A2.1) was tested in vitro using the A2.1 + antigen 
processing mutant cell line T2 (Fig. 4). The version of 
this peptide present in the B95-8 strain and a minority 
(3/ 11) of spontaneous LCLs clearly bound to A2.1 in this 
assay, while the homologous sequence as represented 
in the majority of th e LCL panel, which lacks a predicted 
C-terminal anchor res idue, failed to bind. 

DISCUSSION 

The monoclonal antibodies used in this study were 
raised against EBNA-l of B95-8 origin deleted for the 

TABLE 2 


Reactivity of 3E4/403 w ith Spontaneously Transformed 

Lymphoblastoid Cell Lines' 


Clinical 
Donor CountryO condition e 3E4/4D3 LMP Control 

WW UK XLP + ++ 
NL UK TR + ++ 
MT UK RA ++ 
SB UK CA ++ 
LA USA TR + + + 
EG USA BL + ++ 
PM USA N + ++ 
PA USA N + +.., 
AM USA N + ++ 
JF d USA N + ++ 

++ 
DG USA N ++ 
HS USA N ++ 
JPC USA N T+ 
PR USA N ++ 
MP USA N ++ 
SA" UK PTLD + ++ 

8 Staining of acetone/metha nol-fixed cell preparations was detected 

by immunofluorescence us ing til e biotin/streptavidin system. 
/0 UK, United Kingdom; USA. United States of America . 

c XLP, X- linked Iymphoproliferative d isorder; TR. transplant recip ient 
RA. rheu matoid arthritis; CA. non-E BV-related carc inoma; BL. Burkit t' s 
lymphoma; N. norma l; PTLD. post-t ransplant Iymphoprolifera tive dis
ea se . 

. , Two independent LCLs established from thi s donor were examined. 
e Cryostat sections of a liver biopsy fro a pat ient with post-trans

plant Iynlphoproliferative 0isease w ere staine by b,otin/streptavidin 
immunof I uorescence. 
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B95 421 GGPDGEPDVP PGAIEQGPAD DPGEGPSTGP RGQGDGGRRK KGGWFGKHRG QGGSNPKFEN IAEGLRALLA 

EG 


PuPA V L -Q T 

LA V -Q T 

AM 

WW T 

PM -Q T 

NL -Q T 
 Alle le 
JF1 R E -Q L 

A1
SB D 
JF2 E -Q L 
MT H -Q L A2. 1 
P3HR1 R E -Q L 
AG876 E SQ L 

B95 491 RSHVERTTDE GTWVAGVFVY GGSKTSLYNL RRGTALAIPQ CRLTPLSRLP FGMAPGPGPQ PGPLRESIVC A3/A 11" 
EG 

• • •PA I 
LA I 
AM I 
WW I 
PM C I 
NL C I 
JF1 C ED N I 

SB 

• • A24JF2 C ED N I 
MT C ED N I 
P3HR1 C -D N IG 

AG876 C ED N IG 


B95 561 YFKVFLQTHI FAEVLKDAIK DLVMTKPAPT CNIRVTVCSF DDGVDLPPWF PPMVEGAAAE GDDGDDG--- A68 
EG 
PA G 
LA I G -P KA 
AM I G -P KA DR 1" 
WW I G -P KA DDG 
PM I G -P KA 
NL I G LL KA 
JF1 I G LP ., SeqUi 

I allele-sr 
SB 

1992; Ru[JF2 -P KA 
MT I G -P K- ary anch( 
P3HR1 I G LP o For e 
AG876 I G LP K 895-8 str 

underl ine 
B95 628 DEG GDGDEGEEGQ E HLA-IC 

EG 
u DR 1-r 

PA 

LA 
 ai, 1994) 

AM 

WW 

PM (Sterna:
NL 
JF1 antibod 

SB D 
unlikely 

JF2 1 expre 
MT effect c P3HR1 

AG876 Th es( 


terstra i r 
FIG. 3. Comparison of E8 NA-l C-termina l unique region sequences of 895-8, UK/US spontaneous LCLs and stand ard type 2 isolates P3HR-1 

firmed
and AG876. Posit ions at which one or more strai ns diverged from the 895-8 sequence are indi ca ted; at ea ch such position, - denotes no change 
relative to 895-8; • denotes a silent base change. All sequences were otherwise identical to 895-8. 7.5% di' 

isolates 
observe 

IR3 repeat region. While primaril y necessary in order to by immunostaining of fixed ce lls. Interpretation of hetero is comr 

achieve stable express ion of the EBNA-1 construct, this geneous antibody recognition in both systems is poten interstrE 

modification conferred the additional benefit of removing t,iallycomplicated by va riation in levels of EBNA-1 expres particul, 

sequ ences known to be cross-reactive with host proteins sion between cel l lines. Published data suggest, how and als 

(Birkenfeld et ai., 1990; Sabbatini et ai., 1993) and in some ever, that level s of this protein are remarkably uni fo rm only av, 

instances highly immunogenic (Rumpold et ai., 1987). among diverse EBV+ lymphoid ce lls, showing a less tha n Overal l 

The antibodies show a restricted profile of detection of 2-fold range of va r,iation among a panel of cell lines in EcoRI J I 

EBNA-1 in EBV+ cel l Ilines by immunoprecipitati on and which EBV genome copy number varied by up to 40-fold to be 9S 
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TABLE 3 

Putative MHC Allele-Specific T Cell Epitopes in EBNA-, 8 

EBNA-l 
amino acid Peptide Incidence among 

Allele positions (B95-8) sequence" spontaneous LCLs 

At 501-510 GTWVAGVFVY- - 8/ t t 73% 
GN ~J V AG V FVr 3/ 11 27% 

A21 562-570 Ft1VFLQTH.l 4/11 36% 

F IV FLQTHl 7/ 11 64% 
565 - 574 F!oQTHIFAE'{ 3/ 11 27% 

F1 0THIFAEG 8/ 11 73% 

A3/All c 506 - 514 GV FVYGGSK- -
11 / 11 100% 

56/576 QIHI FAEVL~ 3/ 11 27% 

OIHIFA E G L~ 8/ 11 73% 
571 - 580 FAEVLKDAIK- - 3/11 27% 

FAEGLKDAI K - - 8/11 73% 
577-586 DAIKDLVMTK - - 3/ 11 27% 

D6. I KDLV LLlS. 1/ 11 9% 

D~I KD LVMPlS. 7/ 11 64% 
A24 477-485 Kf ENIAEG1 10/11 91% 

Kf EN j ADG!: 1/ 11 9% 
509 - 517 VYGGSKTSL - - 11 / 11 100% 
561-570 Y£MVFLQTH.l 4/ 11 36% 

Y£ l VFLQT I 7/11 64% 
A68 514-522 KTSLYNLRR - - 11/11 100% 

523-532 GIALAIPQC.B. 2/1 1 18% 

GIALA I PO C.B. 9/ 11 82% 
DR1" 515-527 TSLYNLRRGTALA 2/ 11 18% 

TSLYNLRR GIA LA 9/11 82% 

fi Sequences were identi f ied on the basis of published MHC Class 
I allele-specific motifs defined by primary anchor residues (Guo el ai., 
1992; Ruppe rt el ai, 1993; Kubo el ai., 1994). taking account of second
ary anchor imeractl ons where these have been defined. 

b For each pep tide sequence the version occurring in the prototype 
B9 5-8 strain is indica ted in bold type; primary ancho r res idues are 
underli ned. 

" HLA-A3 and All motifs are close ly related (Kubo el a/., 1994). 
" DR I-restr icted epitope detected by EBNA- l-specifi c CTL (Moss el 

al., 1994); anchor residues unknown. 

(Sternas et aI., 1990). The observed pattern of monoclonal 
antibody recognition of standard EBV ' lines is therefore 
unlikely to be substantially due to differences in EBNA
1 expression, although the possibility of a contributory 
effect cannot be formally exC'luded. 

These observations implied the occurrence of in
terstra in heterogeneity, wh ich was subsequently con
firmed directly by sequence analysis, predicting up to 
7.5% divergence at the amino acid level between virus 
isolates over the region examined. Comparison of the 
observed variation with other regions of the viral genome 
is complicated by the occurrence of other patterns of 
interstrain variation arising from insertions and deletions 
particularly, though not exclusively, within repeat regions, 
and also because comprehensive sequence data are 
only available for the B95-8 strain (Baer et aI., 1984). 
Overall homology at the nucleotide level across the 
fcoRI J regions of multiple EBV strains has been reported 
to be 99%, with the slight variation largely concentrated 

in noncoding regions (Arrand et al., 1989). A high overall 
level of conservation is also apparent within most of the 
open reading frames of the BamHI L region, including 
the late glycoprotein gp340/220 and dUTPase (973 and 
98.9% amino acid identity respectively; Lees et aI., 1993). 
Substantial type-specific sequence variation character
izes EBNAs 3a, 3b, 3c, and EBNA-2, of which the latter 
shows the greatest divergence (Dambaugh et ai. , 1984; 
Sample et aI., 1990). Both EBNA-2 types also show some 
sporadic variation in individual amino acid residues, but 
available partial sequence data suggest a maximum of 
5% amino acid dissimilarity between Type 1 strains of 
extremel,y diverse geographical origin, and rather less in 
the case of Type 2 strains (Aitken et al., 1994). The ob
served variation in EBNA-1, which does not correlate 
with the conventional virus types, is therefore at least 
comparable to the highest levels of sporadic amino acid 
variation known to occur in other EBV proteins. 

Extensive EBNA-1 unique region heterogeneity was 
detected among Type 1 field isolates of EBV from UK 
and U.S. populations. We were unable to detect the B95
8-associated antigenic marker in six Chinese NPC b'iop
sies; within the limits of small experimental numbers, 
this result is consistent with a reduced frequency or ab
sence of such variants in the Chinese popu1lation. The 
simultaneous isolation of two EBV strains with differing 
EBNA-1 unique sequences from donor J.F. is of particular 
interest, as the occurrence of two or more totally distinct 
transforming EBV strains in immunocom petent carriers 
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FIG. 4. Differenti al binding of EBNA-l variant peptid es to HLA-A2.1 
using the proces sing mutant ce ll line T2. FLPSDFFPSV (H BcAg 18-27) 
is an aU thentic A2-binding peptide; VLKDAIKDL is an EBNA-l-derived 
peptide (574 - 582; B95-8). predicted to bind poorly using the extended 
rnot if of Ruppert el a/. (1993). Peptide i=LQTHIFAEV represents EBNA
1 residues 565-574 of B95-8 and a minority of EBV fi eld isolates; 
FLQTHIFAEG is the equivalent occurring in rnost natural strains, which 
,fai led to bind in this assay. The th reshold fluorescence index of 1 
corresponds to 2X background mean linear fluorescence. 
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is thoughtto be an extremely rare event (Yao et aI., 1991). 
Coinfection of a minority of such individuals by appar
ently related strains with EBNA-l species of differing 
molecu llar weights has been reported (Gratama et aI., 
1994), but these variants were attributed to heterologous 
recombination within the IR3 repeat sequences during 
viral rep llication. Dual infection with independent strains 
appears to increase in frequency in the context of trans
plantation or HIV-associated immune dysfunction (Katz 
et aI., 1988; Scu Iley et al., 1990; Cen et aI., 1991; Gratama 
et al., 1994), but this donor did not show clinical evidence 
of immunosuppression at the time of sampling. These 
observations therefore suggest that EBNA-l unique re
gion polymorphism may define a greater diversity of virus 
strains within normal donors than might necessarily be 
detected by analyses based solely on molecular weight. 

EBNA-l is known to vary in the glycine-alan ine repeat 
region, leading to a spectrum of molecular weight vari
ants occurring in different isolates (Allday and MacGilliv
ray, 1985). These findings, together with similar recent 
observations in tumor biopsy material by another group 
(Snudden et aI., 1995), constitute the first publ i'shed re
ports of sequence divergence within the unique domains 
of EBNA-l. The functional properties of the numerous 
EBNA-l variants need to be examined in order to deter
mine the relevance of this diversity to models of EBV 
persistence and pathogenesis. The observed variation 
falls largely within the region (ca aa 450 - 600) shown to 
be essential for most of the known functional activities 
of the molecule (Polvino-Bodnar, 1988; Ambinder et aI., 
1991; Chen et al., 1993). EBNA-l is known to be phos
phorylated on serine residues (Hearing and Levine, 
1985), and some strains show replacement of serine by 
cysteine at position 492, removing one such site. The 
functional consequences of this and other nonconserva
tive amino acid changes are unknown at present. 

These findings have important implications w ith regard 
to host immunological control of differing virus strains at 
the population level. CTL directed against one or more 
of the EBV latent proteins have been detected in the 
context of various common MHC class I specificities, 
but no such recognition of EBNA-l has been observed 
(Murray et aI., 1992; Khanna et aI., 1992) The apparent 
lack of response was suggested to facilitate virus persis
tence in the host, as EBNA-l expression defines a basal 
state of virus latency in vitro and may therefore be the 
only viral protein essentia ~ for long term maintenance of 
the EBV genome in vivo. Most existing studies of EBNA
1 function have, however, used derivatives of the protein 
as represented in the B95-8 cell line, this isolate being 
implicitly assumed to be representative of strains circu
lating in human populations By contrast, the panel of 
spontaneous LCLs examined in the present study in
cluded only one virus strain completely identical to B95
8 within the region sequenced. The high level of variabil
ity in the C-terminal unique domain results in strain-spe

cific variation in most of the putative Class I-restricted 
epitopes which can be identified on the basis of pub
lished sequence motifs (Table 3). Observed changes in
cluded the introduction or loss of primary anchor resi
dues, which in at least one instance clearly determines 
the capacity of the corresponding peptide to bind to MHC 
Class I molecules. Conservative and nonconservative 
amino acid substitutions in positions of potential impor
tance for T cell recognition were also apparent. These 
findings therefore suggest that experimental reactivation 
of memory CTL responses may be critically dependent 
on the host/strain combination used for restimulation. 
This conclusion thus reopens the possibility that CTL 
recognition of EBNA-l may be a major determinant of the 
virus-host relationship during EBV latency, with MHC 
hap'lotype-specific responses to particular epitopes of 
the protein determining which virus variants can estab
lish persistent infection in a given individual. 

Immunologically driven interstrain variation in a domi
nant HLA All-restricted CTL epitope has already been 
documented in EBNA-3b in populations of high All prev
alence (de Campos-Lima et aI., 1993,1994), suggesting 
that distinct EBV strains can readily arise in the face of 
appropriate selection pressure. The relatively pro
nounced and sustained serologica ll response to EBNA
1 in infected individuals (Rowe et aI., 1988) is consistent 
with continuous expression of this antigen in vivo. Recog
nition of this target by classical MHC Class I-restricted 
CTLs would therefore be expected to exert significant 
immunological selection pressure on EBNA-l variant 
strains, either at the time of or subsequent to primary 
infection. CTL recognition of EBNA-l in the context of 
MHC Class II has recently been demonstrated (Moss et 
al., 1994), further suggesting that this antigen is indeed 
susceptible to immune surveillance. The epitope identi
fied by these workers is restricted through the HLA-DRl 
allele and also shows sequence variation within the 
panel of LCLs in the present study (Table 3), suggesting 
that Class II-restricted CTL recognition of EBNA-l could 
be subject to similar constraints. The incidence of Class 
I-restricted EBNA-l-specific CTL in diverse strain/haplo
type combinations is currently under investigation in our 
laboratory. 
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