
Characterization of an human leucocyte antigen A2-restricted
Epstein–Barr virus nuclear antigen-1-derived cytotoxic T-lymphocyte

epitope

Introduction

CD8+ T lymphocytes play an important role in the control

of viral infections by generating effectors that are able to

recognize and kill infected cells.1,2 T-cell receptors (TCR)

expressed by cytotoxic T lymphocytes (CTL) recognize

virus-infected cells via interaction of the TCR with pep-

tides derived from the processing of endogenously

expressed viral proteins presented on the surface of the tar-

get cell as a complex with major histocompatibility com-

plex (MHC) class I molecules.3 The principal enzymatic

activity responsible for the generation of class I-associated

peptides is that of the proteasome, a large multicatalytic

protease that is essential for the degradation of intracellu-

lar proteins.4 Moreover, it has been demonstrated that

other cyosolic and endoplasmic reticulum (ER) resident

proteases act on products released by the proteasome.5

Although the complex network of proteases involved in

antigen processing should ensure the efficient presenta-

tion of viral antigens, several viruses have evolved strate-

gies for interfering with this pathway, allowing them to

evade destruction by the immune system. One of the best

examples of ubiquitin-proteasome targeting involves the

Epstein–Barr virus (EBV), a c-herpesvirus associated with

several human tumours.6 This virus is widespread and

establishes life-long persistent infections in the B lym-

phocytes in the vast majority of human adults. The

EBV-infected B cells can proliferate in vitro, giving rise to

lymphoblastoid cell lines (LCL) that express at least nine

latency-associated viral antigens: the EBV nuclear antigens

EBNA1, -2, -3A, -3B, -3C, -LP and the membrane pro-

teins LMP1, LMP2A and LMP2B.7

The proliferation of these virus-infected cells is moni-

tored in vivo by T lymphocytes that specifically recognize
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Summary

The Epstein–Barr virus (EBV) nuclear antigen 1 (EBNA1) is regularly

expressed in all proliferating virus-infected cells and is therefore an inter-

esting target for immunotherapy. Alleles of the human leucocyte antigen

(HLA) -A2 family are dominantly expressed in Caucasians so we sought to

identify EBNA1-specific cytotoxic T-lymphocyte (CTL) responses restricted

through this allele. We report on the characterization of the LQTHIFAEV

(LQT) epitope. LQT-specific memory CTL responses were reactivated in

three of 14 healthy EBV seropositive donors (21%) whereas responses to

HLA-A2-restricted epitopes, two derived from LMP2 and one from

EBNA3A, were detected in 93%, 71% and 42% of the donors, respectively.

The LQT-specific CTL clones did not lyse EBV-carrying lymphoblastoid

cell lines and Burkitt’s lymphoma cell lines nor EBNA1-transfected Bur-

kitt’s lymphoma cells but specifically released interferon-c upon stimula-

tion with HLA-matched EBNA1-expressing cells and this response was

enhanced by deletion of the Gly-Ala repeat domain that inhibits proteaso-

mal degradation. The poor presentation of the endogenously expressed

LQT epitope was not affected by inhibition of peptidases that trim anti-

genic peptides in the cytosol but full presentation was achieved in cells

expressing a trojan antigen construct that releases the epitope directly into

the endoplasmic reticulum. Hence, inefficient proteasomal processing

appears to be mainly responsible for the poor presentation of this epitope.

Keywords: antigen processing; cytotoxic T lymphocyte; Epstein–Barr virus

nuclear antigen 1; Epstein–Barr virus; Gly-Ala repeat
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viral antigens. In particular, EBNA3A, EBNA3B and

EBNA3C contain immunodominant epitopes of CTL

responses over a wide range of human leucocyte antigen

(HLA) backgrounds, while EBNA2, EBNA-LP, LMP1 and

LMP2 are subdominant targets that are presented in the

context of a limited number of HLA restrictions.8–12

Weak responses against EBNA1 have also been detected

in some individuals but, so far, only a limited number of

immunogenic CTL epitopes have been identified within

this antigen.13–16

The poor immunogenicity of EBNA1 has been attrib-

uted to the presence of a Gly-Ala repeat (GAr) sequence,

which prevents the presentation of EBNA1-derived anti-

genic peptides by MHC class I molecules. This GAr-

mediated function has been linked to its capacity to

prevent EBNA1 synthesis,17 as well as proteasomal degra-

dation.18,19 Although the role of the GAr domain on the

poor immunogenicity of EBNA1 has only partially been

clarified, the characterization of CTL responses directed

towards this antigen remains crucial. Because of its expres-

sion in all EBV-associated tumours, EBNA1 represents an

ideal tumour-rejection target for the development of

immunotherapy against EBV-associated malignancies.

To identify novel EBNA1-specific CTL target epitopes,

we have tested CD8+ T-cell reactivity towards peptides

derived from the EBNA1 antigen in a panel of healthy

EBV-seropositive individuals. Because of the dominant

expression of these alleles in White people, we focused

our attention on CTL responses restricted by two differ-

ent HLA alleles: A2 and A24. We report on the identifica-

tion of a new EBNA1-derived CTL epitope, defined as

LQTHIFAEV (LQT), presented by HLA-A2. The fre-

quency of T cells specific for this epitope appears to be

lower compared with HLA A2-restricted epitopes derived

from other viral proteins and EBNA1 epitopes presented

by other class I alleles. Comparison of recognition of cells

expressing EBNA1 with or without the GAr domain or

incubated with a Trojan antigen (TA) construct that

delivers the epitope directly into the ER points to ineffi-

cient processing as the main cause for the poor recogni-

tion of this epitope.

Materials and methods

Cell lines

The .174/T2 cell line (T2) was obtained by fusion of the

peptide transporter mutant .174 LCL with the CEM T-cell

line. The LCL were obtained by infection of lymphocytes

from HLA-typed donors with culture supernatants of the

B95-8 virus-producer cell line, cultured in the presence of

0�1 lg/ml of cyclosporine A (Sandoz International GmbH,

Holzkirchen, Germany). T2 cells, LCL and Burkitt cell

lines were maintained in RPMI-1640 supplemented with

2 mM glutamine, 100 IU/ml penicillin, 100 lg/ml strepto-

mycin and 10% heat-inactivated fetal calf serum (Hy-

Clone; Thermo Fisher Scientific Inc., Waltham, MA). The

BJAB (B-cell lymphoma) E1 and E1DGA were generated

upon transfection using an amaxa V solution kit (Amaxa,

Cologne, Germany). Cells were maintained in selection

with 0�2 mg/ml G418 (Gibco; Invitrogen, San Diego, CA).

Phytohaemagglutinin (PHA)-activated blasts were

obtained by stimulation of peripheral blood lymphocytes

(PBL) with 1 lg/ml purified PHA (Remel Europe Ltd,

Dartford, UK) for 3 days and expanded in medium sup-

plemented with human recombinant interleukin-2 (rIL-2;

Proleukin; Chiron; Novartis, Emeryville, CA) as previously

described.8

Plasmids

The plasmid pFLAG-EBNA1 was kindly provided by

E. Kieff (Brigham & Women’s Hospital, Boston, MA);

pFLAG-EBNA1dGA has been generated by swapping a

BSpEI/NotI fragment from pMC-EBNA1dGA, kindly

provided by Neil Blake (Institute for Cancer Studies,

University of Birmingham, Birmingham, UK), to

pFLAG-EBNA1 digested with the same restriction

enzymes.

Synthetic peptides

The 9-mer and 10-mer peptide sequences were obtained

using a prediction model which ranks peptides based on

a predicted half-life of dissociation to HLA-A2 or HLA-

A24, (Table 1). Synthetic TAs were prepared by produc-

tion of synthetic peptides containing the minimal CTL

epitope joined to the HIV-Tat protein transduction

domain (RKKRRQRRR) using a furin-sensitive (RVKR)

or furin-resistant (VRVV) linker.20,21 All peptides were

synthesized by the solid-phase method using a continuous

flow instrument with online ultraviolet monitoring. The

stepwise syntheses were conducted by F-moc chemistry as

previously described.22 Crude deprotected peptides were

purified by high-performance liquid chromatography

(HPLC); their purity was > 98%. Structural verification

Table 1. Predicted Epstein–Barr virus nuclear antigen 1 (EBNA1)-

derived epitopes selected and tested in this study

HLA Sequence Name EBNA1 aa

A2 FLQTHIFAEV FLQ 565–574

SIVCYFMVFL SIV 557–566

A24 VYGGSKTSL VYG 509–517

LYNLRRGTAL LYN 517–526

Each epitope is represented by the first three amino acids of its

sequence. The amino acid co-ordinates within the EBNA1 protein

are also shown.
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was achieved by elemental and amino acid analyses and

mass spectrometry. Peptide stocks were prepared in

dimethyl sulphoxide at a concentration of 10)2
M, main-

tained at )20�, and diluted in phosphate-buffered saline

before use. The origin and restriction of the epitopes used

in this study was: CLG: LMP2, A2; SVR EBNA3A, A2;

LLW: LMP2, A2; YNL: EBNA1, B8; HPV: EBNA1, B35;

YPL: EBNA3A, B35.

Preparation of antigen-presenting cells

T2 and T2/A24 cells (2 · 106) were cultured overnight at

26� in 1 ml of serum-free AIM-V medium. Cells were

then washed, treated with mitomycin C to avoid cell pro-

liferation, and pulsed for 3 hr with 10)5
M of the different

peptides in AIM-V medium at 37�. After extensive wash-

ing, the cells were used as stimulators.23

Generation of memory CTL cultures

Monocyte-depleted PBL from EBV-seropositive subjects

were plated in RPMI-1640 containing 10% fetal calf

serum (HyClone) at 3 · 106 cells per well in 24-well

plates, and stimulated with peptide-pulsed T2 cells at a

stimulator : responder ratio of 1 : 20. Cultures were resti-

mulated after 7 and 14 days, and the medium was supple-

mented from day 8 with 10 U/ml rIL-2 (Chiron). On

days 14 and 21, T-cell cultures were tested by cytotoxicity

assay for CTL activity.24 Single-cell cloning was achieved

by limiting dilution in 96-well plates in 200 ll of 30%

AIM-V medium containing 10 U/ml of human rIL-2, and

105 irradiated (3000 rads) allogeneic PHA-activated PBL

as feeders.25 Growing cultures were split and tested for

CTL activity by cytotoxicity assay. All EBV-specific CTL

clones were expanded into 24 plates and restimulated

weekly with irradiated autologous LCL in IL-2-containing

medium. The EBV specificities and HLA class I restriction

of the CTL preparations were investigated by testing their

cytotoxic activities against a panel of EBV-positive and

EBV-negative targets, including autologous LCL, alloge-

neic LCL and PHA-activated blasts matched through sin-

gle HLA class I alleles or HLA-mismatched LCL.

Cytotoxicity assays

Cytotoxic activity was tested by standard 5-hr 51Cr-release

assay, as previously described.26 Briefly, target cells were

labelled with 0�1 lCi/106 cells of Na2
51CrO4 for 90 min at

37� and, where indicated, were pulsed for 45 min with

10)6
M of the different peptides at 37�. Cells were then

washed, and 4 · 103 cells were used as targets of each

CTL at different E : T ratios. The per cent specific lysis

was calculated as 100 · [(c.p.m. sample ) c.p.m. med-

ium)/(c.p.m. Triton X-100 ) c.p.m. medium)], where

c.p.m. represents counts/min. Spontaneous release was

always < 20% in all cases. None of the tested peptides

affected spontaneous release.

IFN-c ELISPOT

Enzyme-linked immunosorbent spot-forming cell assay

[ELISPOT; for interferon-c (IFN-c)] was carried out

using commercially available kits (Becton-Dickinson,

Franklin Lakes, NJ) according to the manufacturer’s

instructions. In brief, 96-well nitrocellulose plates were

coated with 5 lg/ml of anti-IFN-c overnight at 4�. The

following day the plates were washed four times with

phosphate-buffered saline and blocked for 2 hr with 10%

fetal bovine serum-supplemented RPMI-1640 at 37�. The

CTL were added to the wells (in triplicate) at a ratio of

3 : 1 and incubated with target cells for 24 hr at 37�. Con-

trols were represented by cells incubated with concana-

valin A (Sigma-Aldrich, St Louis, MO; 5 lg/ml) (positive

control) or with the medium alone (negative control).

The spots were read using an ELISPOT reader (A.EL.VIS

GmbH, Hannover, Germany). Results are expressed as net

number of spot-forming units (SFU)/106 cells.

Western blotting

Total cell lysates were prepared in sodium dodecyl sul-

phate sample buffer, fractionated in 12% sodium dodecyl

sulphate –polyacrylamide gel electrophoresis gradient gels

(Invitrogen, Carlsbad, CA) and transferred to polyvinylid-

ene fluoride membranes (Millipore Corporation, Billerica,

MA). The blots were then probed with anti-EBNA1

OT1X, donated by Y. Middeldorp (Vrije Universiteit,

Amsterdam, the Netherlands), and b-actin (AC-15,

1 : 2000, Sigma-Aldrich, St Louis, MO), followed by the

appropriate horseradish peroxidase-conjugate secondary

antibodies (Zymed, San Francisco, CA) and developed by

enhanced chemiluminescence.

Results

Selection of HLA-A2- and HLA-A24-binding peptides
derived from the EBNA1 antigen

To identify new CTL epitopes within the EBNA1 latent

antigen, the amino acid sequence of the protein was

analysed by a web-based algorithm that predicts peptide

binding to HLA-A2, and HLA-A24 (http://www-bimas.

cit.nih.gov/cgi-bin/molbio/ken_parker_comboform). This

analysis yielded a list of peptide sequences containing puta-

tive binding motifs and an estimation of the half-time disso-

ciation of the HLA–peptide complex.27 As the stability of

MHC-I–peptide complexes is a crucial factor in determining

CTL responsiveness,24,26,28,29 only peptide sequences with

the highest scores for HLA-A2 and HLA-A24 molecules,

respectively, were selected for further analysis (Table 1).
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Induction of memory CTL responses by selected HLA-A2-
and HLA-A24-restricted EBNA1-derived peptides

The PBL obtained from healthy HLA class I-typed EBV-

seropositive donors (21 donors: 14 HLA-A2, 10 HLA-A24

and three HLA-A2, HLA-A24), were stimulated with pep-

tides or peptide-pulsed T2 or T2/A24 cells. The specificity

of the CTL cultures was tested after three stimulations

using standard 51Cr-release assays against autologous

PHA-blasts, pulsed or not with the relevant synthetic

peptide. Only cultures that showed specific lysis (peptide-

pulsed target – unpulsed target) above 20% were consid-

ered as epitope-specific. Based on this criterion, the

HLA-A2-restricted 10-mer FLQ was deemed to induce

peptide-specific responses in three of the 14 HLA-A2

donors tested (Fig. 1a) while no specific responses were

detected against other predicted EBNA1-derived epitopes

(data not shown).

Parallel stimulations using other known EBV-derived

epitopes (Table 2) including: CLGGLLTMV (CLG) and

LLWTLVVLL (LLW) from LMP2, SVRDRLARL (SVR)

and YPLHEQHGM (YPL) from EBNA3A, and YNLRRG-

TAL (YNL) and HPVGEADYFEY (HPV) from EBNA1

were performed as controls. The presenting HLA allele of

each of these peptides is indicated in Fig. 1(a). These stim-

ulations yielded EBV-specific CTL responses in 18 of 21

donors, confirming the efficiency of the stimulation proto-

col. It is noteworthy that the frequency of FLQ responders

(21%) was significantly lower compared with the fre-

quency of responders to HLA-A2-restricted epitopes

Figure 1. (a) List of healthy Epstein–Barr virus

(EBV) -seropositive donors exploited and the

relative human leucocyte antigen (HLA) map-

ping for A2, A24 and B35 molecules. Cytotoxic

T-lymphocyte (CTL) memory stimulations

were performed according to donor HLA-typ-

ing, and cytotoxicity activity was tested after

three stimulations against autologous phyto-

haemagglutinin (PHA) -blasts, pulsed or not

with the relevant synthetic peptide. Grey boxes

indicate the presence of a peptide-specific

response. The predicted EBV nuclear antigen 1

(EBNA1) -derived epitopes tested in this study

are shown in bold. Other known EBV-derived

CTL epitopes were used as control for EBV-

and EBNA1-specific CTL responses. CLG and

LLW peptides were derived from LMP2, SVR

and YPL peptides from EBNA3A,and HPV and

YNL peptides from EBNA1. The lowest line

shows the frequency of the positive responses.

(b) Comparison of FLQ responses to other

HLA-A2 restricted EBV epitopes (left chart)

and other EBNA1-derived epitopes (right

chart).

Table 2. Known Epstein–Barr virus-derived epitopes selected and

tested in this study

HLA Sequence Name Protein

A2 CLGGLLTMV CLG LMP2

SVRDRLARL SVR EBNA3A

LLWTLVVLL LLW LMP2

B35 HPVGEADYFEY HPV EBNA1

YPLHEQHGM YPL EBNA3A

B8 YNLRRGTAL YNL EBNA1

Each epitope is represented by the first three amino acids of its

sequence. The protein of origin is also shown.

EBNA, Epstein–Barr virus nuclear antigen; HLA, human leucocyte

antigen; LMP, Epstein–Barr virus membrane protein.
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derived from EBNA3A (SVR) and LMP2 (CLG and LLW),

which ranged between 42% and 93% of the donors. A sim-

ilar observation was made when the response to FLQ was

compared with that of EBNA1-derived epitopes restricted

through different class I alleles (Fig. 1b).

Characterization of the FLQ minimal epitope

To identify the minimal epitope seqence presented by

HLA-A2, polyclonal CTL cultures derived from the three

responders (Fig. 2a) were cloned by limiting dilutions

and four CD8+ FLQ-specific CTL derived from donor 19

(Fig. 2b) were selected for further analysis. The PHA-

blasts were pulsed with different concentrations of the

FLQ peptide and used as a target of FLQ-specific CTL in

cytotoxic assays. As shown in Fig. 2(c), half-maximal lysis

was detected at high peptide concentrations (�10)7
M),

suggesting that, despite possessing the correct anchor resi-

dues for binding HLA-A2 molecules, FLQ 10-mer peptide

may not represent the minimal epitope sequence. Two

shorter peptides were therefore sysnthesized and tested

for their ability to sensitize autologous PHA-blasts. As

shown in Fig. 2(c), the 9-mer peptide EBNA1 565–573

(LQTHIFAEV) was able to sensitize target cells at 10)10
M

concentrations, suggesting that it corresponds to the min-

imal epitope sequence. This was confirmed by the capac-

ity of the LQT 9-mer to stimulate memory T-cell

responses (data not shown).

LQT epitope presentation in EBNA1-expressing cells

In the next set of experiments we assessed whether the

endogenously produced LQT epitope is presented by

HLA-A2-positive cells. To this end, the CTL clones were

tested in cytotoxicity assays against a panel of LCL

including the autologous LCL, and HLA-A2 single-

matched or mismatched cell lines. As illustrated by the

representative results obtained with clone E8, LQT-

specific CTL did not lyse the autologous LCL nor allo-

geneic HLA-A2-matched LCL and lysis was observed only

in the presence of exogenously added peptide (Fig. 3a, left

panel). The failure to present the endogenous epitope to

a level sufficent to trigger cytotoxic responses was further

confirmed using a panel of Burkitt’s lymphoma cells,

including RAEL (HLA-A2 and EBV-positive); DG75

(HLA-A2-positive and EBV-negative) and Namalwa

(HLA-A2-negative and EBV-positive) (Fig. 3a middle

panel) and EBV-converted or EBNA1-transfecetd sublines

of the EBV-negative B-lymphoma BJAB that express dif-

ferent endogenous levels of EBNA1 (Fig. 3a right panel).

Excessive activity of the proteasome and other cytosolic

peptidases such as TPPII may limit the generation of class

I epitope.30–33 We therefore tested whether the presenta-

tion of LQT could be enhanced by inhibiting these but

treatment with specific inhibitors did not affect the recog-

nition of HLA-A2-positive EBNA1-expressing cells by

LQT-specific CTL (Fig. 3b).

Evaluation of the effect of the Gly-Ala repeat domain
on LQT-mediated lysis

The EBNA1 contains a GAr domain that inhibits

proteasomal degradation.19 Removal of GAr increases

Figure 2. (a) FLQ-specific cytotoxic T lymphocyte (CTL) cultures

obtained from three different donors. CTL cultures were obtained

after three consecutive stimulations and were then tested in triplicate

against untreated or FLQ-pulsed autologous phytohaemagglutinin

(PHA) -blasts. Results are expressed as the per cent specific lysis

obtained at the indicated effector : target ratio. One representative

experiment out of three is shown. (b) FLQ-specific CTL clones,

obtained from a polyclonal CTL culture from donor 19, were

obtained by limiting dilution. Clones were tested against untreated

or FLQ-pulsed autologous PHA-blasts. The cytotoxic activity of the

indicated clones is expressed as the per cent specific lysis obtained at

the indicated effector : target ratio. One representative experiment

out of three is shown. (c) Peptide titration. FLQ-specific CTL clones

were tested against autologous PHA-blasts after preincubation with

the indicated concentration of synthetic peptides from the Epstein–

Barr virus nuclear antigen 1 (EBNA1) region 565–574. The minimal

epitope was defined as the 9-mer LQTHIFAEV (EBNA1 566–574).

Results are expressed as the per cent specific lysis obtained at an

effector : target ratio of 3 : 1. Means ± SD of three independent

experiments performed in triplicate are reported.
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proteasome-dependent processing, leading to better pre-

sentation of EBNA1-derived CTL epitopes.14,34 To assess

whether the GAr is responsible for the poor presentation

of the LQT epitope, stable transfected sublines of BJAB

that express either EBNA1 or a GAr-deleted EBNA1

(E1DGA) were used as target cells in a standard
51Cr-release assay. As control, the presentation of the

EBNA1 HPV epitope restricted through HLA-B35 was

tested in parallel. BJAB-E1DGA was efficiently recognized

by HPV-specific CTL, which confirmed the inhibitory

effect of the GAr on antigen processing (Fig. 4). However,

LQT-specific CTL were still unable to recognize the

endogenously expressed epitope.

LQT-induced IFN-c release

Interferon-c production assays have been mainly used in

studies documenting the presentation of EBNA1-derived

MHC-I-presented epitopes.14–16 We tested therefore

whether recognition of the LQT epitope could be revealed

by monitoring IFN-c release in ELISPOT. To this end,

LQT-specific CTL and HLA-A2-matched LCL were seeded

at an effector : target ratio of 3 : 1, and the number of

LQT-specific IFN-c-producing cells was evaluated after

24 hr. As shown in Fig. 5(a), the release of IFN-c was spe-

cifically induced by the autologous and HLA-A2 single-

matched LCL. To re-evaluate the effect of the GAr domain

Figure 3. (a) Presentation of the LQT epitope in Epstein–Barr virus (EBV) nuclear antigen 1 (EBNA1) -expressing cells. Left-hand chart: LQT-

specific cytotoxic T-lymphocyte (CTL) clones were tested against autologous, human leucocyte antigen (HLA) -A2-positive single-matched and

mismatched untreated or LQT-pulsed lymphocyte cell lines. Results are expressed as the per cent specific lysis obtained at an effector : target

ratio of 3 : 1. One representative experiment out of three is shown. Central chart: LQT-specific CTL clones were tested against HLA-A2+, EBV+,

HLA-A2+ EBV– and HLA-A2– EBV+ untreated or LQT-pulsed Burkitt’s lymphoma (BL) cell lines. Results are expressed as the per cent specific

lysis obtained at an effector : target ratio of 3 : 1. One representative experiment out of three is shown. The upper panel depicts expression of

the EBNA1 antigen, as detected by Western blot analysis. b-Actin was used as loading control. Right-hand chart: LQT-specific CTL clones were

tested against a panel of BJAB cells including untreated or LQT-pulsed HLA-A2+ EBV– BJAB, HLA-A2+, EBV+ BJAB B95.8 and HLA-A2+

EBNA1+ BJAB E1 cells. Results are expressed as the per cent specific lysis obtained at an effector : target ratio of 3 : 1. One representative experi-

ment out of three is shown. In the upper panel, expression of the EBNA1 antigen, as detected by Western blot analysis, is shown. b-Actin was

used as loading control. (b) Effects of the proteasome and TPPII inhibitors on the LQT generation. CTL LQT clones were tested against a panel

of lymphocyte cell lines (LCL) treated or not with specific proteasome and TPPII inhibitors. LCL HLA-A2 mismatched was used as a control. As

a positive control the LQT peptide was added at the concentration of 10)5
m. One experiment out of three is shown. Inhibition of proteases was

confirmed by in vitro assay (data not shown).
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on the LQT presentation, the assay was repeated using

BJAB, BJAB-E1 and BJAB-E1DGA as stimulators. As shown

in Fig. 5(b), the LQT epitope was presented by both BJAB-

E1 and BJAB-E1DGA, as assessed by IFN-c release and pre-

sentation, was enhanced by deletion of the GAr.

Induction of LQT-specific lysis by a Trojan antigen
construct

The presentation of MHC class I-restricted epitopes is

influenced by the amount of peptide available for binding

to the presenting allele as well as by the affinity of bind-

ing and stability of the complex. To assess whether the

poor presentation of LQT may be ascribed to inefficient

production or poor binding to the presenting allele, chi-

meric molecules, known as ‘Trojan antigens’ (TA),20,21,35

were designed to deliver the LQT epitope into target cells.

The TA contains the LQT epitope at the N terminus and

the membrane-translocating region of HIV-Tat protein at

the C terminus. The two domains are linked by a furin-

sensitive (SL) or furin-resistant (RL) linker.36 The mem-

brane-translocating region carries the construct into the

cytoplasm,37,38 where it is free to enter the ER, in a TAP-

independent manner. Here the construct is trimmed by

the furin protease, which releases the epitope that

becomes available for association with the presenting class

I allele. Delivery of the LQT peptide to the ER using this

strategy resulted in efficient recognition of the autologous

LCL and BJAB cells incubated overnight with the

TA-LQT SL construct (Fig. 6) while mismatched cells and

cells incubated with the construct containing the furin-

resistant linker (TA-LQT RL) were not recognized. Lysis

was not observed after incubation for 90 min, a time

sufficient for binding of the LQT 9-mer but not for

entry, confiming that presentation is dependent on ER

Figure 4. Role of Gly-Ala repeat (GAr) on the presentation of the

LQT epitope. LQT-specific cytotoxic T-lymphocyte (CTL) clones

were tested against untreated or LQT-pulsed BJAB cells or BJAB cells

stably expressing Epstein–Barr virus nuclear antigen 1 (EBNA1; E1)

(central chart) or the GAr-deleted form (E1DGA) (lower chart).

Results are expressed as the per cent specific lysis obtained at an

effector : target ratio of 3 : 1. One representative experiment out of

three is shown. In the upper panel, expression of EBNA1 (E1) and

GAr-deleted EBNA1 (E1DGA) in transfected BJAB cells, as detected

by Western blot analysis, is shown.

Figure 5. Presentation of the LQT epitope in Epstein–Barr virus

nuclear antigen 1 (EBNA1) -expressing cells, as detected by enzyme-

linked immunosorbent spot-forming cell assay (ELISPOT). (a) Autolo-

gous, HLA-A2+ single-matched and mismatched lymphocyte cell lines

(LCL) were co-cultured for 24 hr with LQT-specific clones at an effec-

tor : target ratio of 3 : 1. Interferon-c (IFN-c) release was detected by

ELISPOT. Results are expressed as net spot number/106 cells. One rep-

resentative experiment out of three is shown. (b) BJAB and BJAB cells

stably expressing EBNA1 (E1) or the Gly-Ala repeat (GAr) -deleted

form (E1DGA) BJAB were cultured for 24 hr together with LQT-

specific clones at an effector : target ratio of 3 : 1. IFN-c release was

detected by ELISPOT assay and results are expressed as net spot num-

ber/106 cells. One representative experiment out of three is shown.
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processing of the precursor rather than on direct binding

of the TA to surface HLA-A2 molecules.

Discussion

As a result of its ubiquitous expression in EBV-associated

malignancies, EBNA1 has long been considered an ideal

target for immunotherapeutic approaches.39 The present

study was aimed at exploring new potential epitopes pre-

sented by HLA-A2 and HLA-A24 molecules. An epitope

prediction algorithm was used to identify four potential

epitopes that were then tested for their capacity to reacti-

vate T-cell responses in PBL from healthy EBV-positive

donors. The LQT peptide corresponding to amino acids

566–574 of EBNA1 induced HLA-A2-restricted CTL

responses in three out of 14 HLA-A2-positive donors

tested. It should be noted that the minimal epitope was

not the one predicted by the algorithm although the latter

contains the correct anchor residues for binding to HLA-

A2 molecules.40 This is in line with the observation that

some CTL epitopes do not contain conventional anchor

residues and binding to the presenting allele is instead

dependent on secondary anchors. LQT-specific CTL

responses were recently reported in one HLA-A206-posi-

tive donor.41 The three HLA-A2 donors included in our

study were found to be HLA-A201-positive (data not

shown), which suggests that the LQT epitope is likely to

be presented by different HLA-A2 subtypes.

The reactivation of LQT-specific CTL in only three out

of 14 of the donors tested suggests that this epitope may

only account for a minor component of the EBV-specific

CTL response. Indeed, in contrast to the low frequency of

EBNA1-specific CTL responses, the majority of the sub-

jects analysed in this study responded to one or more of

the epitopes derived from other latent antigens. Responses

to HLA-A2-restricted epitopes derived from EBNA3A

(SVR) and/or LMP2 (CLG and LLW) were detected in

virtually all donors and approximately half of the donors

tested responded to EBNA1 epitopes restricted thorugh

different class I alleles suggesting that LQT is a particu-

larly weak epitope.

We have deliberately chosen to monitor T-cell responses

based on the induction of cytolytic activity. The in vitro

stimulation protocol used to reactivate memory T cells is

critical for the functional outcome and in some cases

results in the activation of low avidity T cells that lyse only

peptide-pulsed target cells. In the case of EBNA1-specific

T-cell responses, failure to lyse EBNA1-expressing target

cells was frequently observed,13,34 although low levels of

lysis were reported in some studies.15,16 Specific recogni-

tion of EBNA1-derived epitopes was in many cases

revealed by the induction of IFN-c release, suggesting that

triggering of cytokine production may require the engage-

ment of lower numbers of MHC–peptide complexes. This

possibility is supported by the observation that removal of

the GAr domain, which was shown to hamper the process-

ing of EBNA1 by the proteasome, enhances the presenta-

tion of the LQT and HPV epitopes and, in the case of

HPV, results in detectable cytotoxicity against EBNA1-

expressing cells. It is noteworthy, however, that IFN-c
release may be sufficient to control EBV-induced B-cell

growth even in the absence of lysis.14,42

The possibility that inefficient processing may be the

main cause for the poor immunogenicity of the LQT epi-

tope is further substantiated by the observation that deliv-

ery of the epitope to the ER results in efficient

presentation that can be detected by both cytokine

production and direct cytotoxicity of the target cells.

Poor delivery to the ER may be the result of inefficient

Figure 6. Presentation of the LQT epitope by Trojan antigen (TA)

delivery. The LQT epitope was linked to the HIV Tat protein trans-

duction domain (RKKRRQRRR) via a furin-sensitive (SL) or furin-

resistant (RL) linker, and delivered to autologous lymphocyte cell

lines (LCL), BJAB cells or mismatched LCL. Cells were incubated for

the indicated time period (overnight or 90 min), and then used as a

target of LQT-specific cytotoxic T-lymphocyte (CTL) clones in a

standard chromium release assay. LQT-pulsed target cells were also

used as control. Results are expressed as per cent specific lysis

obtained at an effector : target ratio of 3 : 1. One representative

experiment out of three is shown.
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production of the epitope, excessive trimming of the pre-

cursor peptide by cytosolic or ER peptidases or inefficient

transport as the result of poor binding to TAP. Inefficient

transport seems unlikely because LQT matches the char-

acteristics of TAP substrates43,44 and we have been unable

to enhance presentation by inhibiting cytosolic peptidases

such as TPPII that were shown to destroy MHC class I

epitopes.

It was recently reported that EBNA1-specific CTL

responses are significantly less frequent in subjects with

EBV-associated nasopharyngeal carcinoma than in healthy

controls, suggesting that defects in the EBNA1-specific

CTL response may contribute to nasopharyngeal carci-

noma pathogenesis.41 The results presented in our study

suggest that strategies for enhancing the presention of

weak epitopes such as LQT, for example by proteasome

modulation or targeted delivery, may find useful applica-

tions in the development of immunotherapy for EBNA1-

positive malignancies.
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