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Cytotoxic T-lymphocyte (CTL) responses induced by persistent Epstein-Barr virus (EBV) infection in
normal B-lymphoid tissues could potentially be directed against EBV-positive malignancies if expression of the
relevant viral target proteins is maintained in tumor cells. For malignancies such as nasopharyngeal
carcinoma and Hodgkin's disease, this will require CTL targeting against the nuclear antigen EBNA1 or the
latent membrane proteins LMP1 and LMP2. Here we analyze in detail a B95.8 EBV-reactivated CTL response
which is specific for LMP2 and restricted through a common HLA allele, A2.1. We found that in
vitro-reactivated CTL preparations from several A2.1-positive virus-immune donors contained detectable
reactivity against A2.1-bearing target cells expressing either LMP2A or the smaller LMP2B protein from
recombinant vaccinia virus vectors. Peptide sensitization experiments then mapped the A2.1-restricted
response to a single epitope, the nonamer CLGGLLTMV (LMP2A residues 426 to 434), whose sequence
accords well with the proposed peptide binding motif for A2.1. Most Caucasian and African virus isolates
(whether of type 1 or type 2) were identical in sequence to B95.8 across this LMP2 epitope region, although 2
of 12 such isolates encoded a Leu-*Ile change at epitope position 6. In contrast, most Southeast Asian and New
Guinean isolates (whether of type 1 or type 2) constituted a different virus group with a Cys->Ser mutation at
epitope position 1. CTLs raised against the B95.8-encoded epitope were nevertheless able to recognize these
variant epitope sequences in the context of A2.1 whether they were provided exogenously as synthetic peptides
or generated endogenously in B cells transformed with the variant viruses. A CTL response of this kind could
have therapeutic potential in that it is directed against a protein expressed in many EBV-positive malignancies,
is reactive across a range of virus isolates, and is restricted through a relatively common HLA allele.

Epstein-Barr virus (EBV), a gammaherpesvirus widespread
in human populations, appears to persist in the B-lymphoid
system through one or more forms of latent infection (19, 37,
49). Since at least one such form of latency leads to growth
transformation of the infected B cell (24), maintenance of
asymptomatic virus carriage in vivo and protection from lym-
phoproliferative disease almost certainly depend upon efficient
host controls. In this context one important effector mecha-
nism appears to be mediated by HLA class I-restricted cyto-
toxic T lymphocytes (CTLs) (31). Thus, memory CTLs specific
for EBV can readily be reactivated from the blood of healthy
virus-carrying individuals by in vitro stimulation with the
autologous EBV-transformed B-lymphoblastoid cell line
(LCL). Furthermore, immunosuppressive regimens specifically
directed against T-cell function render patients susceptible to
EBV-associated lymphoproliferations (42, 52).

In this as in other viral systems, the CTL response recognizes
viral antigens in processed form as peptide fragments pre-
sented at the cell surface in association with HLA class I
molecules (47). Thus, all of the EBV latent proteins constitu-
tively expressed in LCLs, including the six nuclear antigens
EBNA1, EBNA2, EBNA3A, EBNA3B, EBNA3C, and
EBNA-LP and the two latent membrane proteins LMP1 and
LMP2 (24), are potential sources of target peptides, and for
any one individual, target antigen choice will be heavily
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influenced by their HLA class I type. Studies of more than 30
EBV-immune individuals with a range of HLA backgrounds
showed that reactivities against one or more of the EBNA3A-
EBNA3B-EBNA3C family of proteins were very often major
components of the memory CTL response (23, 33), and in
several such cases the immunodominant viral peptides have
now been identified (5, 8, 18). The original studies (23, 33) also
revealed less frequent examples of responses directed against
EBNA2, EBNA-LP, LMP1, and LMP2 but significantly, to
date, not against EBNA1.
One of the most interesting implications of these findings

concerns the efficiency of the EBV-induced CTL response as a

control against EBV-positive malignancies (34). On one hand,
immunoblastic lymphomas express all the known virus latent
proteins (20, 50) and accordingly remain sensitive to a recovery
of the virus-specific CTL response (46). In contrast, endemic
Burkitt's lymphoma (BL), nasopharyngeal carcinoma (NPC),
and the malignant cells of EBV-positive Hodgkin's disease
(HD) are much more likely to escape immune control because
the frequently immunodominant target antigens such as

EBNA3A, EBNA3B, and EBNA3C are not expressed in tumor
cells (34). Thus, virus latent protein expression is restricted to
EBNA1 in BL (38) and to EBNA1, LMP1, and LMP2 in NPC
and HD (6, 9, 12, 15, 45, 51). This highlights the potential
importance for immunotherapy of those components of the
virus-induced CTL response directed towards epitopes from
this restricted subset of latent proteins.

In our earlier studies, the best documented example of such
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a response involved LMP2 as the target antigen and HLA A2.1
as the presenting allele (33). Although this particular reactivity
was never strong in in vitro-reactivated CTL preparations, it
was clearly worthy of further investigation since HLA A2.1 is a
very common allele in human populations (22). Here we
analyze this response in further detail, identify the LMP2
peptide epitope presented by HLA A2.1, and screen a range of
geographically distinct EBV isolates for conservation of that
epitope.

MATERIALS AND METHODS

Cell lines. LCLs were generated by transforming B cells
from donors of known HLA type with the reference type 1
EBV isolate B95.8 (29) and, in the case of donor 7 (HLA
A2.1,11; B27,40), with a number of other viral isolates of
different geographical origin and including representatives
both of type 1 and of type 2 (40). The BL-derived cell line
Eli-BL (HLA A2.1,23; B7,22) was isolated from an African
patient and has been described previously (36). All the above
cell lines were cultured in RPMI 1640 (GIBCO, Paisley,
United Kingdom) supplemented with 10% fetal calf serum, 2
mM glutamine, 100 IU of penicillin per ml, and 100 p.g of
streptomycin per ml (growth medium). Fibroblast cultures
were established from small skin biopsy samples from two
normal donors (HLA A2.1,29; B8,40 and HLA A2.1,11;
B35,40) and were cultured in DME (GIBCO) supplemented as
described above.
Recombinant vaccinia viruses. Recombinant vaccinia virus

vectors coding for each of the EBV latent proteins (EBNA1,
EBNA2, EBNA3A, EBNA3B, EBNA3C, EBNA-LP, LMP1,
and LMP2A) and a control vector (vTK-) have been de-
scribed previously (33). The LMP2B vaccinia virus recombi-
nant (vLMP2B) was likewise generated with an LMP2B cDNA
(39), expression of the relevant protein being confirmed by
immunofluorescence staining of infected cells with a NPC
patient serum with high anti-LMP2 reactivity. For cytotoxicity
assays, fibroblasts were infected for 2 h with recombinant
vaccinia virus at a multiplicity of infection of 10:1 and then
incubated in culture medium for a further 16 h before being
trypsinized and used as targets in a cytotoxicity assay.

Synthetic peptides. Peptides were synthesized by J. Fox
(Alta Bioscience, University of Birmingham, Birmingham,
United Kingdom) using fluorenylmethoxycarbonyl chemistry
and dissolved in dimethyl sulfoxide, and protein concentrations
were measured by a modified biuret assay (14).

Cytotoxic T-cell lines and clones. The HLA A and B antigen
types of the 15 healthy laboratory donors used in this study
were as follows: donor 1, A2.1 and B14,15; donor 2, A2.1 and
B18,44; donor 3, A2.1 and B7; donor 4, A2.1,11 and B8,44;
donor 5, A2.1,11 and B35,40; donor 6, A2.1,24 and B7,44;
donor 7, A2.1,11 and B27,40; donor 8, A2.1 and B27; donor 9,
A2.1,24 and B27,35; donor 10, A2.1,3 and B7,39; donor 11,
A2.1 and B27,44; donor 12, A1,2.1 and B17,55; donor 13, A2.1
and B31,44; donor 14, A2.1,3 and B15,44; and donor 15,
A2.1,11 and B44,55. EBV-specific polyclonal CTLs were gen-
erated by stimulation of peripheral blood mononuclear cells
from these donors with the autologous B95.8-transformed
LCL (y irradiated) at a responder-to-stimulator ratio of 40:1,
followed by short-term expansion in growth medium contain-
ing interleukin-2 as described elsewhere (48). EBV-specific
CTL clones were obtained by seeding autologous LCL-stimu-
lated peripheral blood mononuclear cells in semisolid agar as
described previously (32).

Cytotoxicity assays. Target cells were labelled for 1 h with
51CrO4, washed, and incubated with CTLs in a standard 5-h

chromium release assay at known effector/target ratios. When
vaccinia virus-infected targets were used, supernatants from
the assay were harvested into 1% formaldehyde before count-
ing. To screen CTLs for recognition of synthetic peptides,
" CrO4-labelled target cells (80-,u volume) were preincubated
with peptide (20 pul) in 96-well V-bottom plates for 1 h or with
the appropriate dilution of dimethyl sulfoxide solvent as a
control. CTLs (100 RI) were then added to the wells, and the
assay was harvested after a further 5-h incubation. Peptide
concentrations refer to those present in the final 200-pu
volume.
DNA sequencing by polymerase chain reaction (PCR). DNA

for PCR was extracted by incubating cells in a proteinase K
lysis solution containing 100 pLg of proteinase K per ml, 10 mM
Tris HCl (pH 8.3), 50 mM KCl, 1.5 mM MgCl2, 0.01% gelatin,
and 0.005% Tween 80 for 1 to 2 h at 55°C. Crude DNA (10 to
100 ng) was amplified in a 100-pul reaction mix as described
previously (40) by using the following oligonucleotide primers
which span exon 7 of LMP2: LMP2 Si, 5'-GCAGCACTG
AA'lTTATACCC-3' (coordinates 1176 to 1195), and LMP2
S2, 5'-GCTCCTCACThTTCCAGTGTA-3' (coordinates 1648
to 1629). Coordinates correspond to the prototype B95.8 virus
strain published sequence (4). Following amplification, ali-
quots of the PCR mix were run out on 1.5% low-melting-point
agarose (Ultrapure) gels and PCR products were purified by
using a Magic PCR Preps DNA Purification System Kit
(Promega) according to the manufacturer's instructions. Cycle
sequencing was carried out with the Amplitaq Cycle Sequenc-
ing Kit (Perkin-Elmer Cetus) using the oligonucleotide LMP2
S1 and 3' nested primer LMP2 SP (5'-CTAATGACC
CCAAAGAGGGC-3' [coordinates 1597 to 1578]) which were
32P end labelled with T4 polynucleotide kinase (Boehringer
Mannheim).

RESULTS

Mapping of the HLA A2.1-restricted CTL response to
LMP2B. From a panel of healthy EBV-carrying individuals in
the laboratory, we elected to study 15 donors with the HLA
A2. 1 allele (see Materials and Methods for donors' HLA
types). Each donor was tested for EBV-specific CTL respon-
siveness on at least three occasions by in vitro stimulation of
peripheral blood mononuclear cells with the autologous B95.8
virus-transformed LCL. Effector populations with clear evi-
dence of EBV specificity were obtained from 12 of these
donors, and further testing of such effectors on a panel of
appropriately HLA-matched LCLs identified 6 individuals
whose response contained an A2.1-restricted component.

Figure 1 presents data from two such effector populations,
from donors 1 and 3, tested on HLA A2.1-matched and on
mismatched LCLs and on HLA A2.1-matched fibroblasts
infected with recombinant vaccinia viruses expressing the
individual EBV latent proteins. The A2.1-restricted response
clearly recognized fibroblasts expressing the LMP2 protein but
not any of the other vaccinia virus-infected targets. This
pattern of results was obtained from all six of the relevant
donors (donors 1, 2, 3, 6, 7, and 8), although in several of these
individuals the A2.1-restricted reactivity was only a minor
component of the total EBV-induced CTL response. Interest-
ingly, in the one donor (donor 1) in whom the HLA A2. 1 allele
appeared to be the dominant restriction element for the
polyclonal CTL response, we could occasionally detect a minor
A2.1 -restricted component recognizing EBNA3C in addition
to consistent reactivity against LMP2. This alternative anti-
genic specificity was not observed with the other five donors.

There are two forms of LMP2 constitutively expressed in
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FIG. 1. Viral target antigen specificity of polyclonal CTL prepara-
tions from donors 1 (A2.1; B14, B15) and 3 (A2.1, B7). Data from
representative cytotoxicity assays on fibroblast targets (HLA matched
with these donors only through A2.1) either uninfected or following
infection with recombinant vaccinia viruses expressing individual EBV
(B95.8 strain) latent proteins. Control targets included B95.8 EBV-
transformed LCLs either HLA matched through A2.1 or completely
mismatched. Results are shown as percent specific lysis observed in 5-h
chromium release assays at an effector/target ratio of 10:1.

LCLs, the full-length LMP2A protein (497 amino acids) and a
truncated LMP2B protein which is initiated at an internal
methionine representing residue 120 in the LMP2A sequence
(25, 39). Using further A2.1-restricted effector populations
from donors 1 and 3, we went on to test their ability to
recognize fibroblasts expressing these two alternative forms of
LMP2 from recombinant vaccinia virus vectors. As illustrated
by representative results in Fig. 2, there was clear recognition
of both the LMP2A-positive and the LMP2B-positive target
cells.

Identification of the LMP2-derived target epitope. Synthetic
peptides (14-mers overlapping by 10 amino acids) representing
the entire LMP2B primary sequence were then prepared and
screened at a standard concentration of 2 x 10i- M for their
ability to sensitize A2.1-matched target cells to LMP2-specific
recognition. Note that the source of target cells in these
experiments was the A2.1-positive Eli-BL cell line; although it
is EBV genome positive, this line does not naturally express
LMP2 (37) but was clearly recognized by A2.1-restricted CTLs
following vaccinia virus LMP2 infection (data not shown).
Figure 3 shows typical results of such a peptide sensitization
assay using the complete panel of LMP2B peptides and
polyclonal CTLs from donor 1 as the source of effectors.
Significant lysis above background was observed with two
overlapping 14-mer peptides representing residues 421 to 434
and 425 to 438 in the LMP2 sequence but not with any of the
other peptides.
To define the target epitope(s) more precisely, we used the
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FIG. 2. HLA A2.1-restricted CTLs recognize both LMP2A and
LMP2B proteins. Polyclonal CTL preparations from donors 1 and 3
were tested as in Fig. 1 on HLA A2.1-matched fibroblast targets either
uninfected or following infection with a control vaccinia virus (vTK-)
or with recombinant vaccinia viruses expressing EBV latent protein
LMP2A, LMP2B, EBNA-LP, or EBNA3C. Control targets included
A2.1-matched and mismatched LCLs as in Fig. 1 and the EBV-
negative K562 cell line.

same approach to screen a selection of 9- and 10-mer peptides
from within the region 421 to 438. LMP2-specific CTL prepa-
rations from three different A2.1-positive donors, 1, 2, and 3,
were tested in this way, and each gave the same pattern of
results. This is illustrated by the data in Table 1 from an
experiment in which CTLs from donor 3 were assayed on
targets preexposed to peptides at 2 x 10 and 2 x 10-8 M
concentrations. Significant lysis was observed not just with the
original 14-mers of residues 421 to 434 and 425 to 438 but also
with the 10-mer peptide of residues 425 to 434 (i.e., the precise
region of overlap between these 14-mers) and with the con-
stituent 9-mer of residues 426 to 434 (sequence CLGGLLT
MV). In contrast, other peptides tested, including the imme-
diately adjacent nonamers of residues 425 to 433 and 427 to
435, gave only background levels of killing, thus demonstrating
the importance both of the Cys residue at 426 and of the Val
residue at 434. These initial observations were subsequently
confirmed in peptide titration experiments of the kind illus-
trated in Fig. 4. In this case the A2.1-positive Eli-BL cell line
was preexposed to a wide range of peptide concentrations (2 x
10- to 2 x 10- 13 M) and then tested for lysis by CTLs from
donor 3. For both 14-mer peptides of residues 421 to 434 and
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FIG. 3. Peptide screening of A2.1-restricted, LMP2-specific CTLs. Polyclonal CTL preparations from donor 1 were tested on the A2. l -matched
Eli-BL cell line preexposed to a 2 x 10 -7 M concentration of individual 14-mer peptides from the LMP2A sequence (representing the amino acid
residues shown) or to an equivalent dilution of dimethyl sulfoxide solvent (no peptide [controls]). Results are shown as percent specific lysis
observed in a 5-h chromium release assay at an effector/target ratio of 10:1.

425 to 438 and for the 10-mer of residues 425 to 434,
half-maximal lysis was achieved at concentrations between
10-7 and 10-8 M, whereas the 9-mer of residues 426 to 434
was significantly more efficient, mediating half-maximal lysis at
5 x 10- 10 M. Interestingly, with all four peptides titrated in
this way, a reduction in the levels of lysis was observed at a high
peptide concentration.

Analysis of the A2.1-restricted epitope in a range of EBV
isolates. The work described above was entirely based upon
CTLs activated against autologous B cells transformed in vitro
by the standard type 1 virus strain, B95.8. We next sought to
determine to what extent the LMP2 position 426 to 434
epitope was conserved in other virus strains; this was important
because there are examples in the literature of EBV genome
polymorphisms which alter target epitope sequences and
thereby abrogate CTL recognition (3, 13). Exon 7 of the LMP2
gene, encoding residues 390 to 462 of the LMP2 protein

TABLE 1. Screening of peptides in LMP2 region 421 to 438

LMP2 % Lysis" at peptide
peptide Peptide sequence concn of (M):

(residues) 2 x 10 -7 2 x 10-8

417-430 NRTYGPVFMCLGGL 2 0
421-434 GPVFMCLGGLLTMV 30 13
425-438 MCLGGLLTMVAGAV 30 23
429-442 GLLTMVAGAVWLTV 1 0

423-430 VFMCLGGL 2 6
424-432 FMCLGGLLT 3 1
425-433 MCLGGLLTM 1 1
425-434 MCLGGLLTMV 28 27
426-434 CLGGLLTMV 21 27
427-435 LGGLLTMVA 6 2
429-438 GLLTMVAGAV 4 2

No peptide 0 1

a Specific lysis of peptide-coated Eli-BL cells in a 5-h chromium release assay
with LMP2-specific A2.1-restricted CTLs from donor 3 at an effector/target ratio
of 20:1.

encompassing the epitope, was therefore amplified by PCR
and sequenced from both the B95.8 reference strain and 18
other virus isolates. These isolates were derived from geo-
graphically distinct areas and included representatives both of
the type 1 and of the type 2 virus families. Table 2 presents
sequence data from these isolates for that region of LMP2
exon 7 encoding amino acid residues 421 to 438. From such
data, the majority of viral isolates divided into two groupings
which correlated closely with geographic origin rather than
with virus type. Thus, four of five Caucasian isolates and six of
seven African isolates were identical to the B95.8 sequence in
the epitope region, whereas only one of four Southeast Asian
isolates carried this sequence. In contrast, the three other
Southeast Asian and two New Guinean isolates displayed a
different sequence, having three nucleotide changes with re-
spect to B95.8; two of these were conservative, while the third
encoded a Cys- Ser mutation at position 1 of the nonamer
CTL epitope. Two other isolates (one Caucasian and one
African) showed a different mutation encoding a Leu-*Ile
change at position 6 of the epitope.
To determine to what extent such changes affected CTL

recognition, nonamer peptides representing the three different
epitope sequences were synthesized and tested over a range of
concentrations in peptide sensitization assays. Figure 5 pre-
sents the results from an experiment in which CTLs generated
from donor 3 by stimulation with autologous B95.8 virus-
transformed LCL cells were assayed on peptide-treated targets
of the A2.1-positive Eli-BL line. Interestingly, the Cys-*Ser
mutant peptide mediated higher levels of lysis than the B95.8
sequence, though the two titration curves had similar end
points, while the Leu->Ile mutant was recognized but only at a
100-fold-higher peptide concentration. Finally, target LCLs
were generated by in vitro transformation of B cells from the
A2.1-positive donor 7 with representative EBV isolates from
the panel described above. These lines were then tested for
lysis by B95.8-reactivated CTL populations from donor I in
which the only detectable EBV reactivity was against the
LMP2 epitope of residues 426 to 434. Figure 6 shows the
pattern of results reproducibly obtained in such experiments.
All donor 7 LCLs tested were equally well recognized and
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FIG. 4. Titration of different peptides from the LMP2 epitope
region. Effector CTLs from donor 3 were tested on the A2.I-matched
Eli-BL cell line prccxposed to a series of 10-fold dilutions of the
peptides LMP2 residues 421 to 434 (D), LMP2 residucs 425 to 438
(A), LMP2 residues 425 to 434 (0), and LMP2 residues 426 to 434 (0)

or to an equivalent dilution of dimethyl sulfoxide solvent (No peptide
[control]). Results are shown as percent specific lysis observed in a 5-h
chromium release assay at an effector/target ratio of 20:1; for clarity,
the data from one rcpresentative experiment are presented on two
graphs.

killed by these A2.1-restricted effectors, whether the resident
virus encoded an LMP2 with the B95.8 epitope sequence, with
the Cys-sSer mutation at position 1, or with the Leu->Ile
mutation at position 6.

DISCUSSION

Recent work in several laboratories has begun to identify the
major EBV antigens eliciting CTL responses in asymptomati-
cally infected virus carriers (17, 23, 33). A natural progression
therefore is to ask whether such responses can be turned to
advantage in the control of EBV-positive malignancies, partic-
ularly tumors such as NPC and HD in which viral antigen
expression appears to be limited to EBNA1, LMP1, and, at
least from the evidence of transcriptional analysis, LMP2 (6, 9,
12, 15, 45, 51). While CTL responses to EBNA1 were not
detected in studies of as many as 30 virus-immune individuals,
some of these donors did show detectable reactivities against
LMPI or LMP2, albeit often as minor components of their
total virus-induced response (23, 33). The present work con-
centrates on the most frequently observed reactivity of this
type, namely, on the HLA A2.1-restricted CTL response to
LMP2. This response was of interest not only in being directed
against a viral protein constitutively expressed in many EBV-
positive tumors but also because the HLA A2.1 allele is
common in virtually all human populations (22). Lessons
learned from this particular example may therefore be appli-
cable in the long run to an unusually high proportion of
patients.
The results from the recombinant vaccinia virus experiments

(Fig. I and 2) clearly showed that the A2. 1-restricted response
recognizes both the 497-amino-acid LMP2A protein and the
shorter LMP2B protein which lacks the 119-amino-acid N-
terminal region of LMP2A (26, 39). This was an important
observation not just for the subsequent epitope mapping
studies but also in the context of the potential effectiveness of
this response against tumors, since there appear to be some

TABLE 2. DNA sequences of EBV isolates in A2. I CTL epitope region of LMP2

Isolate Type Origin Epitope sequence"

B95.8 I Caucasian
IB 1 Caucasian
RT 1 Caucasian
PB 1 Caucasian 4 2 1 4 3 8
AW 2 Caucasian GGTCCAGTTTTTATGTGCCTCGGTGGCCTGCTCACCATGGTAGCCGGCGCTGTG
BL72 I North African
C17 1 North African
C18 1 North African G P V F M |C L G G L L r M V A G A V
ODHI 1 Central African
MWI 1 Central African
AG876 2 Central African
YKO I Southeast Asian

WWI 1 New Guinean 421 438
WW2 2 New Guinean GGTCCCGTT'TTTATGTCCCTCGGCGGCCTGCTCACCATGGTAGCCGGCGCTGTG
CKL I Southeast Asian
DH I Southeast Asian G P V F M |S* L G G L L T M V A G A V
QY 1 Southeast Asian

421 438
BL74 1 Caucasian GGTCCAGTTTTTATGTGCCTCGGTGGCCTGATCACCATGGTAGCCGGCGCTGTG
MAK 1 Central African GGTCCAGTTTTTATGTGCCTCGGTGGCCTGATCACTATGGTAGCCGGCGCTGTG

G P V F M| C L G G L I* T M V A G A V

Nucleotide changes with respect to the B95.8 sequence are underlined; amino acid changes are marked with an asterisk. Boxes identify the minimal epitope
sequenice.
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FIG. 5. CTL recognition of the B95.8 LMP2 residue 426 to 434
peptide and of variant nonamer peptide sequences from other EBV
isolates. Effector CTLs from donor 3 were tested as in Fig. 4 against
A2.1-matched Eli-BL cells preexposed to a series of 10-fold dilutions
of the B95.8 epitope sequence (0) and of variant peptides with the
Cys--Ser change at position 1 (A) or the Leu->Ile change at position
6 (LI).

cases of NPC and HD in which only the LMP2B form of the
protein is expressed (12, 45). By using synthetic peptides
covering the 378-amino-acid sequence common to both forms
of LMP2, clear evidence of A2.1-restricted CTL recognition
was confined to one particular region defined by two overlap-
ping 14-mer peptides representing residues 421 to 434 and 425
to 438 of the LMP2A sequence (Fig. 3). Subsequent studies
with shorter peptides mapped recognition to a single nonamer
epitope within that region (Table 1; Fig. 4). Although the
original two 14-mers and the 10-mer sequence by which they
overlap (425 to 434) were each capable of sensitizing targets to
A2.1-restricted effectors, peptide titration experiments clearly

showed greater efficiency of sensitization by the nonamer of
residues 426 to 434. Interestingly, with all four active peptides,
their presence in the assay at high concentrations was associ-
ated with reduced levels of target cell lysis. We attribute this
effect to increased lysis within the A2.1-positive effector cell
population itself through mutual peptide presentation leading
to T-cell-T-cell killing (30).
The sequence of the cognate epitope in LMP2, CLGGLL

TMV, accords well with the consensus motif proposed for
A2.1-binding peptides (16, 21) in that the anchor residues at
positions 2 and 9 are occupied by leucine and valine, respec-
tively. HLA refolding assays using the T2 mutant cell line (10)
indeed confirmed the ability of this peptide to bind nascent
A2.1 molecules. In this context, of 35 nonamer peptides from
the LMP2 sequence which satisfied the A2.1-binding motifs, 30
gave significant levels of binding in the above assay and 5
bound A2.1 either as strongly as or more strongly than the
residue 426 to 434 peptide (25a). Yet the A2.1-restricted CTL
response to LMP2 appeared to focus only on the residue 426
to 434 peptide, with no clear evidence of reactivity against any
of the other A2.1-binding sequences (Fig. 3 and data not
shown).

Since all of the CTL assays had used memory cells reacti-
vated against autologous B-cell lines carrying the B95.8 EBV
isolate, it was important to determine whether the CLGGLL
TMV epitope was conserved across a range of different
isolates. The major subdivision between natural EBV strains is
into types 1 and 2, reflecting sequence polymorphisms in the
EBNA2, EBNA3A, EBNA3B, and EBNA3C genes (2,11, 40).
Given the concentration of CTL epitopes found to date in
these EBNA proteins, it is not surprising that some of these
epitopes are type specific in their antigenicity (41) whereas
others are conserved between both virus types (7). There are in
addition more subtle polymorphisms within the type 1 group of
viruses which can alter epitope residues critical for CTL

CA
CA

c)
c;
u

ek 00t
to Ey X XXE

CLGGLLTMV SLGGLLTMV CLGGLITMV

B95-8 LCLs B cells from an HLA A2.1-matcbed donor 7
transformed with different EBV isolates

FIG. 6. HLA A2.1-restricted LMP2-specific CTLs recognize A2.1-positive LCL targets transformed with different EBV isolates. Effector CTL
preparations from donor 1, in which the only EBV-specific reactivity detectable was against the LMP2 residue 426 to 434 epitope, were tested on
a panel of LCL targets from the A2.1-matched donor 7 transformed with different virus isolates from Table 2 (LMP2 residue 426 to 434 target
epitope sequences as shown). Control targets included B95.8 EBV-transformed LCLs, either autologous, HLA matched through A2.1, or
completely mismatched, and the EBV-negative K562 cell line. Results are shown as percent specific lysis observed in a 5-h chromium release assay
at effector/target ratios of 20:1 (-) and 10:1 (0).

VOL. 67, 1993

-1 ; -rS I ;-T2 1 ; -Ti 1 ; 1 0 1 . 9 1 ; 8 ;-7 1 ; 6 1 ; 5 ;-4



7434 LEE ET AL.

recognition (13), and indeed one such example sets the refer-
ence B95.8 isolate apart from all other type 1 strains (3).
Sequence analysis across the LMP2 residue 426 to 434 epitope
did indeed reveal some strain polymorphisms which, interest-
ingly, correlated more closely with geographic origin of the
viruses than with type 1 or type 2 status.

Thus, while most Caucasian and African isolates mirrored
the B95.8 sequence, a Cys--Ser mutation at epitope position 1
was prevalent among Southeast Asian and New Guinean
isolates. This adds to the evidence that Southeast Asian and
New Guinean viruses, whether of type 1 or type 2, are
distinguishable from other isolates at a number of polymorphic
sites (1, 13, 28). The above Cys--Ser mutation did not,
however, reduce the antigenicity of the peptide epitope. In-
deed, CTLs generated by B95.8 LCL stimulation from donor 3,
whose endogenous EBV is B95.8-like in the LMP2 epitope
region (Table 2, isolate IB), produced higher overall lysis of
targets precoated with the Cys->Ser mutant peptide than with
the CLGGLLTMV peptide itself (Fig. 5). A second epitope
mutation, Leu->Ile at position 6, was found in just two isolates,
and this peptide was also recognized by B95.8-induced CTLs in
peptide sensitization assays, though less efficiently (Fig. 5).
Interestingly, these differences between the three target
epitopes in peptide titration assays were not obviously re-
flected in the levels of killing observed for LCL targets
transformed with the corresponding viruses; all three groups of
LCL targets appeared equally sensitive to epitope-specific T
cells (Fig. 6). We therefore conclude that, at least in the
context of an LCL cell, the LMP2 residue 426 to 434 epitope
is sufficiently well processed and presented on A2.1 molecules
to allow CTL recognition to occur whichever of the three
alternative epitope sequences is being encoded by the resident
viral genome. We do not yet know, however, whether A2.1-
positive individuals infected with one of the non-B95.8-like
EBV strains mount a CTL response against the variant LMP2
residue 426 to 434 epitope, but in light of the present findings
this seems quite possible.
The above response, restricted through a common HLA

allele and recognizing a wide range of virus isolates through a
defined epitope in LMP2, remains an interesting candidate for
immunotherapy of LMP2-positive malignancies such as NPC
or HD. However, we should point out that there is as yet no
indication that the HLA A2.1 allele is naturally protective
against either of these tumors. Indeed, a very early analysis of
Chinese populations suggested that A2 (then not discriminated
into its subtypes) may even be a weak risk factor for NPC (43,
44), although this may now be explained by linkage disequilib-
rium with another, as yet unidentified susceptibility gene (27).
The lack of clear evidence for A2.1 as a protective allele may
reflect the fact that the LMP2-specific response, when present,
constitutes only a minor component of EBV-specific CTL
memory in most A2.1-positive individuals studied to date. It
may nevertheless prove possible to amplify this component by
vaccination either with the relevant peptide or with an LMP2-
expressing viral vector or to augment this response by passive
transfer of in vitro-amplified effectors (35). For this reason it
becomes important to determine whether the relevant tumors
carry EBV isolates in which the epitope sequence is conserved
and whether all the tumor cells not only express the LMP2
protein but can also process and present the necessary target
epitope.
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