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We have identified an HLA-A2-restricted CD8� T-cell epitope, FLYALALLL, in the Epstein-Barr virus
(EBV) latent membrane protein 2 (LMP2), an important target antigen in the context of EBV-associated
malignancies. This epitope is TAP independent, like other hydrophobic LMP2-derived epitopes, but uniquely
is dependent upon the immunoproteasome for its generation.

Immune intervention against virus-associated malignancies
requires detailed knowledge of not only the immune response
to the virus involved, but also the components of the antigen
processing machinery required for efficient presentation of vi-
ral T-cell epitopes. Epstein-Barr virus (EBV), a B-lympho-
tropic gammaherpesvirus, is associated with a number of human
malignancies, including posttransplant lymphoproliferative
disease (PTLD), Hodgkin’s disease (HD), and a tumor com-
mon in Southern Chinese populations, nasopharyngeal carci-
noma (NPC) (21). In healthy individuals, EBV infection is kept
under control by a strong virus-specific T-cell response, prin-
cipally consisting of HLA class I-restricted CD8� cytotoxic T
lymphocytes (CTLs) (22). The dominant targets for these
EBV-specific CTLs are the Epstein-Barr nuclear antigen 3
(EBNA3) family of proteins (12, 18, 22). Importantly, these
antigens are expressed in most cases of EBV-positive PTLD,
and the success of adoptive T-cell therapy in this context has
become the paradigm for immune intervention against a tumor
(24). However, in EBV-positive HD and NPC, virus gene ex-
pression, and therefore the available targets for T-cell recog-
nition, is restricted to EBNA1 and the latent membrane pro-
teins 1 and 2 (LMP1 and -2, respectively) (2, 20, 21). Of these,
EBNA1 is protected from processing and presentation via the
conventional HLA class I pathway, due to the presence of an
internal glycine/alanine domain (1, 16), and LMP1 has thus far
proven to elicit CD8� T-cell responses only very rarely (13).
Attention has therefore focused on LMP2 as a therapeutic
target (15). Here, we report the identification of a novel HLA
A*0201-restricted CD8� T-cell epitope in LMP2, which is pre-

sented in a TAP-independent manner, but requires the immu-
noproteasome for its generation.

Stimulation of peripheral blood mononuclear cells (PBMCs)
with cells of the autologous EBV-transformed lymphoblastoid
cell line (LCL) has already identified a total of 11 CD8� T-cell
epitopes in LMP2, presented in the context of a range of HLA
alleles, including HLA-A2, -A11, -A24, -B27, -B40, and -B63
(14, 22). In this study, a similar reactivation of PBMCs from an
EBV-seropositive individual (donor A) carrying the HLA-A2,
-A11, -B27, and -B40 alleles generated a number of CTL clones
that did not recognize any of the previously identified CD8�

epitopes. As shown in the chromium release assay in Fig. 1A by
using one such CTL clone, there was clear recognition of
A*0201-positive LCLs overexpressing LMP2 from a vaccinia
virus vector, but no recognition of either of the previously
characterized A*0201-restricted LMP2 epitopes CLGGLL
TMV and LLWTLVVLL (henceforth designated by the first
three letters of their amino acid sequence). To identify the new
epitope, such clones were screened in a T-cell–T-cell killing
assay (3) against a panel of overlapping 14- and 15-mer LMP2
peptides, and their reactivity was mapped to the overlapping
14-mers, LMP2 amino acid positions 353 to 366 and 357 to 370.
As shown in Fig. 1B, titration of these 14-mers and smaller
peptides from within this region identified the minimal epitope
as FLYALALLL (FLY; LMP2 amino acids 356 to 364); inter-
estingly this sequence does not lie entirely within the original
overlap so that the recognition of the position 357-to-370 14-
mer was possible, even though it lacked the phenylalanine
residue that forms position 1 of the optimal recognition se-
quence. Importantly, this epitope sequence is conserved in the
LMP2 gene of all Caucasian and Chinese EBV isolates so far
sequenced, including the viruses present in the tumor cells of
EBV-positive HD and NPC (data not shown). Furthermore,
analysis by enzyme-linked immunospot (ELISPOT) assay for
peptide-induced gamma interferon (IFN-�) release revealed
that CD8� T cells specific for the FLY epitope are present in
a high proportion of EBV-seropositive, HLA-A*0201-positive
donors at levels (up to 168/106 PBMCs) that were generally as
strong as the response to CLG and stronger than the response
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to LLW in the same individuals (Table 1) (5). Clearly therefore
the FLY epitope is immunogenic in vivo, and FLY-specific
responses are likely to play a significant role in the physiologic
control of EBV infection in A*0201-positive individuals. It is
worth pointing out that the FLY T-cell clone illustrated in Fig.
1, like CD8� T-cell clones expanded in vitro against several
different EBV epitopes, including CLG and LLW, shows little
if any baseline killing of autologous EBV-transformed LCL
targets in conventional 5-h chromium release assays; only cells
overexpressing the target antigen from a vaccinia virus vector
elicit strong killing (5, 10). However, again, like clones against
other epitopes, good recognition of the unmanipulated LCLs
was observed when using IFN-� release as the more sensitive
ELISPOT assay (data not shown).

In a previous study, we identified a number of LMP2-derived
epitopes that unexpectedly were presented in the background
of TAP-negative T2 cells (14). This revealed a clear correlation
between hydrophobicity of the epitope sequence and TAP-

independent presentation. Thus, the A*0201-restricted
epitopes LLW and CLG, with hydrophobicities of 8.14 and
4.14, respectively, were TAP independent, whereas epitopes
RRR and IED restricted through B*2704 and B*4001 and with
hydrophobicities of �0.60 and �0.59, respectively, were TAP
dependent (14). Calculation of the hydrophobicity of the FLY
epitope as 7.64 (29) predicted that this epitope would also be
TAP independent. To investigate this, we carried out chro-
mium release assays by using as targets either T2 cells or a rat
TAP1/TAP2 transfectant of T2 (designated T3 cells), in both
cases expressing LMP2 via a recombinant vaccinia virus
(vLMP2). Figure 2A shows the results of such assays with
FLY-specific effector CTLs. Interestingly LMP2 was not pro-
cessed to generate the FLY epitope in either T2 or T3 cells, yet
both target lines pulsed with the cognate peptide epitope were
efficiently recognized. The inability of FLY-specific effectors to
recognize endogenously expressed LMP2 in either T2 or T3
cell backgrounds was confirmed by using IFN-� release as the
detection assay (data not shown). Figure 2B and C show the
different cytotoxicity assay results obtained when the same set
of target cells were tested against reference effector CTL
clones specific for TAP-independent (CLG) and TAP-depen-
dent (RRR) epitopes from LMP2. As expected, the CLG
epitope was presented from endogenously expressed LMP2 in
both T2 and T3 cells, whereas the B27-restricted RRR epitope
was only presented in the T3 cells, with, in this case, the
restriction element being provided by a vaccinia virus express-
ing HLA-B*2704.

Given the unique pattern of results obtained with FLY ef-
fectors in the assays described above, we sought to determine
whether the requirements for processing of LMP2 to generate
the FLY epitope were in some way different. In this context, we
had earlier shown that all other LMP2-derived epitopes (both
TAP dependent and TAP independent) appeared to be gen-
erated by proteasomal degradation, since specific inhibitors of
the proteasome, such as lactacystin and epoxomicin, blocked

FIG. 1. Identification and mapping of an LMP2-specific CTL clone
directed against a novel HLA-A*0201-restricted epitope, FLYA
LALLL. (A) CTL clone donor A c30, derived by stimulation of
PBMCs with irradiated autologous LCLs, was tested in a chromium
release assay against autologous (auto) or partially HLA-matched LCL
target cells infected with recombinant vaccinia viruses expressing ei-
ther LMP2 (vLMP2) or, as a control, EBNA3A (vE3A), and A*0201-
positive targets preexposed to the known LMP2-derived A*0201-re-
stricted epitope peptides CLGGLLTMV (CLG) or LLWTLVVLL
(LLW), or to dimethyl sulfoxide (DMSO) solvent control. (B) donor A
c30 was tested in a chromium release assay against autologous LCL
target cells preincubated with the synthetic peptides shown, represent-
ing LMP2 amino acids 353 to 370, at the indicated molar concentra-
tion. The minimal epitope was defined as FLYALALLL (FLY; LMP2
356 to 364). Results are expressed as the percentage of specific lysis
observed in a standard 5-h chromium release assay at an effector/target
ratio of 5:1.

TABLE 1. Frequency of CD8� T cells specific for HLA-A2-
restricted epitopes in EBV LMP2a

Donor
no.

EBV
statusb HLA type

No. of SFCs/106 PBMCsc

FLY CLG LLW

1 � A1, A2, B8, B39 80 65 5
2 � A2, A11, B44, B35 45 30 35
3 � A2, A24, B40, B44 158 7 13
4 � A2, A11, B35, B44 10 15 NTd

5 � A2, A24, B27, B35 88 219 46
6 � A2, A32, B44 88 65 13
7 � A2, A11, B8, B44 52 50 8
8 � A1, A2, B8 168 68 53
9 � A2, A11, B8, B18 38 60 5
10 � A2, A31, B49, B60 18 33 8
11 � A2, A11, B18, B44 87 23 40
12 � A11, A24, B35, B52 0 0 0
13 � A2, B40, B44 0 0 0

a The epitopes tested were FLYALALLL (FLY), CLGGLLTMV (CLG), and
LLWTLVVLL (LLW).

b EBV status was determined serologically by staining for viral capsid antigen.
�, positive; �, negative.

c Results are expressed as the number of spot-forming cells (SFCs)/106

PBMCs (after subtracting spots in control wells with no peptide).
d NT, not tested.
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their presentation in LMP2-expressing cells (14); this is indeed
the pathway by which most CD8� epitopes are produced from
endogenously expressed antigens (4, 6, 23). The catalytic core
unit of the proteasome, the 20S proteasome, has a cylindrical
structure composed of four stacked rings made up of 14� and
14� subunits (30). Importantly, the catalytic activity of this
constitutively expressed complex has been mapped to three �
subunits, �1, �2 and �5. In professional antigen-presenting
cells, such as B cells and certain other cell types following
IFN-� induction, the subunit composition of the proteasome

alters such that the active site � subunits are replaced by three
IFN-�-inducible subunits, low-molecular-weight protein 2,
low-molecular-weight protein 7, and MECL-1, resulting in the
formation of the immunoproteasome (11, 19). We noted that
the major histocompatibility complex (MHC) region deletion
that rendered T2 cells TAP negative has also removed the
genes encoding two of the IFN-� inducible immunoprotea-
some subunits, low-molecular-weight proteins 2 and 7 (here
referred to as ip-lmp2 and ip-lmp7, respectively) (25). Recent
studies have shown that these subunits, either individually or
collectively, are required for efficient generation of particular
CD8� epitope sequences from native antigen (8, 26, 27). In an
attempt to study this further, we took advantage of a series of
TAP and ip-lmp transfectants that had been generated on the
background of cell line .174, which was equivalent to T2 in
processing function and was in fact the line from which the T2
clone was originally derived. However, these experiments
showed that coexpression of the human TAP1 and TAP2 pro-
teins plus either ip-lmp2 or ip-lmp7 was insufficient to rescue
presentation of the FLY epitope (data not shown). Because
there was no .174 transfectant in which TAP1/TAP2 and both
ip-lmp subunits had been restored, we moved to the use of
epithelial or fibroblast targets (i.e., to cells in which the immu-
noproteasome subunits could be induced by IFN-�).

The first experiments of this type involved the TAP-positive,
HLA-A*0201-positive melanoma cell line MEL-275, which
preliminary work had identified as negative for the immuno-
proteasome subunits. As shown in Fig. 3A, assays with CLG-
specific effectors first confirmed that after infection by vLMP2,
these cells can efficiently present the CLG epitope to levels
almost equivalent to those of peptide-pulsed targets. In con-
trast, the same target cells were not recognized by FLY-specific
effectors; however, good recognition was achieved if the cells
were first treated with IFN-� (Fig. 3A), and such treatment was
associated with the induction of significant levels of the ip-
lmp2 and ip-lmp7 subunits (Fig. 3B). This presentation of FLY
by IFN-�-induced cells was completely blocked by pretreat-
ment with the proteasomal inhibitor lactacystin (Fig. 3A) and
by a second specific inhibitor, epoxomicin (17) (data not
shown), while such IFN-�-induced and drug-treated cells re-
tained the ability to present exogenously added FLY peptide.
This strongly suggests that the IFN-�-induced immunoprotea-
some is necessary for generation of the FLY epitope.

We subsequently showed that, like MEL-275, normal fibro-
blasts from an HLA-A*0201-positive donor (donor B) were
able to present the CLG epitope but not the FLY epitope from
vaccinia-expressed LMP2, but acquired the ability to present
following IFN-� induction (Fig. 4A). This proved important in
view of the availability of fibroblasts from an HLA-A*0201-
positive patient (patient C) with a homozygous TAP2 gene
mutation that abrogated TAP function (S.G. and V.C., unpub-
lished data). When the experiment was repeated in this TAP-
defective fibroblast background, uninduced cells again pre-
sented the TAP-independent CLG epitope from LMP2 but not
the FLY epitope; importantly, however, IFN-� induction did
allow FLY to be presented (Fig. 4B). Figure 4C confirms that
the immunoproteasome subunits ip-lmp2 and ip-lmp7 are in-
deed induced by IFN-� in patient C fibroblasts, as is TAP1, but
these cells are incapable of making TAP2. There is one report
on a study using mouse RMA/S cells, also expressing only

FIG. 2. The LMP2 FLY epitope is not presented to CTLs in the T2
cell background. (A) Chromium release assays carried out with CTLs
specific for the FLY/A*0201 epitope as effectors. Targets include T2
cells infected with a recombinant vaccinia virus expressing LMP2
(vLMP2) or control virus vTK� and T3 cells (rat TAP1/TAP2-trans-
fectants of T2) infected with either vLMP2 or control virus vTK�.
Both target cell lines were also preexposed to either the cognate
epitope peptide or to dimethyl sulfoxide (DMSO) solvent control.
(B) Assays conducted with effector CTLs specific for the TAP-inde-
pendent CLG/A*0201 epitope on the same targets as those described
above. (C) Assays conducted using as effectors CTLs specific for the
TAP-dependent RRR/B*2704 epitope on the same targets described
above, but in this case also infected with a vaccinia virus, vB*2704,
expressing the HLA-B*2704 allele. Results are expressed as the per-
centage of specific lysis observed in a standard 5-h chromium release
assay at effector/target ratios of 5:1 (black bars) and 2:1 (white bars).
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TAP1, that raises the possibility that a TAP1 homodimer is
capable of transporting peptides (7). However, from work with
T2 cells, human TAP1 has an absolute requirement for TAP2
to transport peptides (9), and so we consider it very unlikely
that in patient C fibroblasts a homodimer of TAP1 could be
responsible for the ability of the FLY epitope to access the
HLA class I presentation pathway. The data are therefore
consistent with FLY being a TAP-independent-epitope. This is
in accord with our proposed hypothesis that cytosolically gen-
erated peptides, if sufficiently hydrophobic, can access the en-
doplasmic reticulum by a novel TAP-independent pathway (14).

As to the route whereby the FLY epitope is generated from
endogenously expressed LMP2, our data from both epithelial
and fibroblast systems clearly show that the processing of FLY
(i) is dependent upon IFN-� induction of the target cells, (ii) is
blocked by specific inhibitors of the proteasome, and (iii) is
coincident with appearance of the IFN-�-inducible immuno-
proteasome components ip-lmp2 and ip-lmp7 (Fig. 3 and 4)
(data not shown). Besides the ip-lmp subunits, it is of course
possible that some other IFN-�-induced proteasomal activity is

responsible for the change in processing capacity. In this con-
text, the most likely candidate would be the proteasome mod-
ulator complex, PA28, which has been shown to influence the
generation of antigenic peptides in a manner independent of

FIG. 3. Presentation of the LMP2 FLY epitope requires IFN-�
induction of the immunoproteasome. (A) The melanoma cell line
MEL-275 was infected with a recombinant vaccinia virus expressing
LMP2 (vLMP2) or a control virus, vTK�, or preexposed to the cog-
nate epitope peptide or to dimethyl sulfoxide (DMSO) solvent control
and then used as targets in chromium release assays with CLG-specific
CTL effectors (left panel). MEL-275 cells were either untreated or
pretreated with IFN-� for 48 h prior to exposure to the vaccinia viruses
or peptide described above and then used as targets for FLY-specific
CTL effectors (right panel). IFN-�-induced MEL-275 cells were also
incubated with lactacystin for 1 h prior exposure to the vaccinia viruses
or peptide described above and then used as targets for FLY-specific
CTL effectors. Results of chromium release assays are shown as the
percentage of specific lysis observed in a standard 5-h chromium re-
lease assay at effector/target ratios of 5:1 (black bars) and 2:1 (white
bars). (B) Western blot analysis of MEL-275, both before and after
IFN-� induction, for expression of immunoproteasome subunits ip-
lmp2 and ip-lmp7. A standard LCL was used as a positive control.

FIG. 4. Presentation of the LMP2 FLY epitope is TAP-indepen-
dent. (A) TAP-positive HLA-A*0201-positive donor B fibroblasts
were infected with a recombinant vaccinia virus expressing LMP2
(vLMP2) or a control virus vTK� or preexposed to the cognate
epitope peptide or to dimethyl sulfoxide (DMSO) solvent control and
then used as targets in chromium release assays with CLG-specific
CTL effectors (left panel). The same cells were either untreated or
pretreated with IFN-� for 48 h prior to exposure to the vaccinia viruses
or peptide described above and then used as targets for FLY-specific
CTL effectors (right panel). (B) The TAP2-negative HLA-A*0201-
positive patient C fibroblast cells were infected with a recombinant
vaccinia virus expressing LMP2 (vLMP2) or a control virus vTK� or
preexposed to the cognate epitope peptide or to dimethyl sulfoxide
solvent control and then used as targets in chromium release assays
with CLG-specific CTL effectors (left panel). Patient C fibroblasts
were either untreated or pretreated with IFN-� for 48 h prior to
exposure to the vaccinia viruses or peptide described above and then
used as targets for FLY-specific CTL effectors (right panel). Results of
chromium release assays are shown as the percentage of specific lysis
observed in a standard 5-h chromium release assay at an effector/target
ratio of 5:1 (black bars) and 2:1 (white bars). (C) Western blot analysis
of patient C fibroblasts (fibros), both before and after IFN-� induction,
for expression of immunoproteasome subunits ip-lmp2 and ip-lmp7
and the TAP1 and TAP2 subunits. A standard LCL line was used as a
positive control.
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the presence of immunoproteasome subunits (28). However,
we found that PA28 is present at significant levels in donor B
and patient C fibroblasts even before IFN-� induction, in ad-
dition to being present in .174 and T2 cells (data not shown).
This would suggest that PA28 is not the limiting factor in the
generation of the FLY epitope. We therefore infer that FLY is
indeed dependent upon the immunoproteasome components
ip-lmp2 and ip-lmp7 for its generation.

In summary, we have identified a new EBV-encoded CD8�

T-cell epitope which could prove a therapeutically useful target
in that it is restricted through a relatively common HLA allele,
HLA-A*0201, and is derived from LMP2, one of the few viral
proteins expressed in EBV-positive malignancies such as HD
and NPC. Interestingly, though the epitope displays the ex-
pected TAP-independent phenotype, it also represents the first
EBV epitope whose generation has been shown to be immu-
noproteasome dependent. These data emphasize a more gen-
eral lesson: that as more “tumor-associated” epitopes are de-
scribed, one needs to study the requirements for their
generation within cells and to determine whether these re-
quirements are met in the tumor cells themselves. In the par-
ticular context of the FLY epitope, it will be important to
determine whether EBV-positive HD and NPC cells, for which
there are very few if any truly representative cell lines in cul-
ture, have the capacity to present this epitope from endog-
enously expressed LMP2 in vivo.
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