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Abstract

The Epstein—Barr virus (EBV) establishes lifelong infections in >90% of the human population. Although contained as
asymptomatic infection by the immune system in most individuals, EBV is associated with the pathogenesis of approximately
1.5% of all cancers in humans. Some of these EBV-associated tumors have been successfully treated by the infusion of virus-
specific T-cell lines. Recent sequence analyses of a large number of viral isolates suggested that distinct EBV strains have
evolved in different parts of the world. Here, we assessed the impact of such sequence variations on EBV-specific T-cell
immunity. With the exceptions of EBNA2 and the EBNA3 family of proteins, an overall low protein sequence disparity of
about 1% was noted between Asian viral isolates, including the newly characterized M81 strain, and the prototypic EBV type
1 and type 2 strains. However, when T-cell epitopes including their flanking regions were compared, a substantial propor-
tion was found to be polymorphic in different EBV strains. Importantly, CD4+ and CD8+ T-cell clones specific for viral
epitopes from one strain often showed diminished recognition of the corresponding epitopes in other strains. In addition,
T-cell recognition of a conserved epitope was affected by amino acid exchanges within the epitope flanking region. Moreover,
the CD8+ T-cell response against polymorphic epitopes varied between donors and often ignored antigen variants. These
results demonstrate that viral strain heterogeneity may impair antiviral T-cell immunity and suggest that immunotherapeutic
approaches against EBV should preferably target broad sets of conserved epitopes including their flanking regions.
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Introduction

Epstein—Barr virus (EBV) is a ubiquitous y-herpesvirus
associated with the development of various lymphoid and
epithelial malignancies such as post-transplant lymphopro-
liferative disease (PTLD), Burkitt and Hodgkin lymphoma,
T cell and NK cell lymphoma, as well as nasopharyngeal
and gastric carcinoma [1, 2]. Despite the worldwide preva-
lence of the virus, incidence rates of some EBV-associated
tumor entities vary greatly among geographical regions
[3]. Besides local dietary, genetic, and environmental co-
factors, EBV subtypes with enhanced pathogenicity may
exist in locally restricted areas and contribute to this geo-
graphic predilection [4]. This notion is supported by the
recent characterization of M81, a viral strain isolated from
a Chinese nasopharyngeal carcinoma (NPC). Compared
to common EBYV strains, M81 shows enhanced epitheli-
otropism and lytic activity, and at least some of these phe-
notypic alterations have been ascribed to polymorphisms
in viral proteins [5, 6].

Historically, EBV strains have been classified into type
1 and type 2 according to their DNA sequence diver-
gence within the EBV nuclear antigen 2 (EBNA2) and the
linked variation in EBNA3 genes [2, 7]. However, recent
sequence information obtained from a large number of
viral isolates from different sample types and locations
worldwide identified geographic variations in EBV strains
independent of the type 1/type 2 classification [5, 7, 8].
Moreover, these studies revealed variability in known
immune epitopes and provided evidence for the selection
of viral protein sequences by the host immune system [8].

Immunity to EBV is mediated primarily by T cells
specific for epitopes derived from various latent and lytic
cycle antigens of the virus [9, 10]. Hence, patients with
T-cell dysfunction are at increased risk of developing life-
threatening EBV-associated lymphoproliferative diseases.
Moreover, reconstitution of EBV-specific immunity by the
adoptive transfer of virus-specific T-cell lines has been
shown to prevent and cure PTLD in transplant recipi-
ents as well as some other EBV-associated disorders in
immune competent individuals [11-13]. Originally, such
T-cell lines were generated by repeated stimulation of
peripheral blood T cells with EBV-transformed lympho-
blastoid B-cell lines (LCL) in vitro and were shown to rec-
ognize a broad set of latent and lytic cycle EBV antigens
[14-16]. Recently, more rapid protocols for the production
of virus-specific T-cell preparations have been developed
that mostly rely on the selection of EBV-specific T cells
with a limited set of antigens or peptide epitopes that are
almost exclusively derived from the prototypic laboratory
EBV strain B95.8 [17-19]. Given the recent findings on
sequence diversity among EBYV strains, it is still unknown
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whether immunotherapeutic and vaccine approaches that
are based on B95.8 will be sufficiently cross-protective
against EBV strains across the world.

Thus, the aim of our study was to (1) compare protein
sequences of three distantly related EBV strains; the newly
identified, NPC-derived strain M81 and the prototypic,
B-cell-derived EBV type 1 and type 2 strains B95.8 and
AGR876, respectively, (2) inspect all published EBV T-cell
epitopes for polymorphisms in these viruses, (3) investigate
recognition of polymorphic epitopes by virus-specific CD8+
and CD4+ T-cell clones and (4), assess T-cell immunity
against polymorphic epitopes ex vivo.

Materials and methods
Sequence analysis

DNA and protein sequences of different EBV strains were
obtained from NCBI: B95.8 (GenBank Nr. V01555.2),
M81 (GenBank Nr. KF373730.1), AG876 (GenBank Nr.
DQ279927.1), C666-1 (GenBank Nr. AM182486.1), and
HKNPCI1 (GenBank Nr. JQ009376). Sequence comparisons
were performed using MatLab and validated by Vector NTI
Advance (Version 11.5). Flanking regions were defined as
the five N- and C-terminal amino acids flanking published
epitopes.

Cell culture

LCL was established by incubating peripheral blood mono-
nuclear cells (PBMC) with virus supernatant, and LCL and
the EBV-negative Burkitt lymphoma cell line DG75 cultured
as described [16].

T-cell lines were generated by stimulating PBMC with
autologous, irradiated LCL (80 Gy) as antigen-presenting
cells (APC). EBV-specific T-cell clones were established
by limiting dilution of reactive lines [16]. The CD4+ T-cell
clone EBNA3C-SDD [20] was kindly provided by Dr. G.
Taylor (Birmingham).

Cytokine secretion by the T cells was measured by incu-
bating 5 x 10* target cells with 5x 10* T cells in a final vol-
ume of 200 ul LCL medium (RPMI-1640, 10% FCS, 2 mM
L-glutamine, 1% non-essential amino acids, 1 mM Na-pyru-
vate, 50 pg/ml gentamycin) for 18 h [21]. The supernatants
were analyzed for the presence of interferon-gamma (IFN-y)
by enzyme-linked immunosorbent assay (Mabtech).

ELISpot assays were performed using the T-Track®
human IFN-y ELISpot kit following the instructions of the
manufacturer (Lophius). Rested PBMC were either stimu-
lated with 5 uM of the different EBV peptides, phytohemag-
glutinine (PHA) (positive control), or were left unstimulated
(negative control). Plates were analyzed using the ELISpot
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reader ImmunoSpot® S6 and spots were counted using the
CTL ImmunoSpot 5.4 Professional DC Software.

Plasmid construction and transfection of cells

All expression constructs are derivatives of the pCMV/cyto
vector (Invitrogen). The open reading frames of EBNAI,
EBNA3C, latent membrane protein 2A (LMP2A), and
BZLF1 were amplified from cDNA of cell lines infected
with the B95.8, M81, or AG876 viral strains by PCR.
EBNAI genes were cloned without glycine—alanine (GA)
and adjacent repeats, hence consisting of amino acids 1-91
and 333-646. Gene variants were generated by PCR-based
site-directed mutagenesis. All viral gene constructs carried
a hexahistidine tag (His,) at the C-terminus. The restrict-
ing HLA molecules were cloned from cell lines positive
for these alleles by PCR. Identity of all genes was verified
by sequencing. Cells were transfected with plasmids cod-
ing for the antigen and the restricting HLA molecule by
electroporation [22]. Transfection efficiency was monitored
by co-transfection of a GFP expression plasmid. Peptides
were designed according to the B95.8, M81, and AG876
sequences and purchased from JPT Peptide Technologies
GmbH (>90% purity).

Western blot and FACS analysis

RIPA buffer containing Protease Inhibitor Cocktail (Roche)
was used to prepare whole cell extracts for Western blot
analysis. Samples were separated in SDS-PAA gels, blotted
onto PVDF membranes (GE-Healthcare) and incubated with
the following antibodies: anti-Hisg (clone 3D9, provided by
Dr. E. Kremmer; Helmholtz Zentrum Miinchen), anti-tubu-
lin (Abcam), anti-GAPDH (Millipore) and HRP-conjugated
secondary antibodies against mouse IgG (GE-Healthcare).
Bound antibodies were visualized by chemiluminescence
(ECL plus, GE Healthcare).

Statistical analysis

Statistical significance of the data was analyzed using
GraphPad Prism5. P values were calculated using unpaired
t test or two-sample ¢ test with Bonferroni correction. P
values were indicated as follows: P> 0.05 n.s.; *P <0.05;
**P<0.01; ***P <0.001.

Results

Protein sequence disparities between viral strains

Sequence information from a large number of viral isolates
revealed a non-random distribution of non-synonymous

polymorphisms across the viral genome and a clear separa-
tion of Asian strains from type 1 and type 2 EBV [5, 6, 8,
23]. To investigate the impact of these polymorphisms on
viral immunogenicity, we compared the protein sequences
between three NPC-derived virus isolates (C666-1,
HKNPCI1, and M81) and the B-cell-derived type 1 and type
2 reference strains B95.8 and AG876, respectively. With
MSI set as reference sequence, the homologous protein
sequences of the different EBV strains were aligned and the
percentage of disparity calculated (Supplementary Fig. 1).
After subdividing viral proteins into functional groups, an
overall 6.6% disparity of the other strains to M81 was noted
in latency proteins (B95.8 3.7%; AG876 17.5%; C666-1
4.0%; HKNPC1 1.0%). Consistent with the classification
of M81 as type 1 strain [5], EBNA2 and EBNA3 protein
sequences from M81 and AG876 were highly dissimilar
(Supplementary Fig. 1a). By contrast, the overall sequence
disparity in lytic cycle proteins between the four strains and
M81 was only about 0.5% (Supplementary Fig. 1b—d). A
larger disparity of approximately 0.8% was noted for the
B-cell-derived viral strains B95.8 and AG876 than for the
NPC-derived viral isolates C666-1 (0.1%) and HKNPC1
(0.2%), suggesting that polymorphisms in lytic cycle pro-
teins rather correlate with the geographic region and/or the
cell type from which the virus was isolated than with the
EBV type. To investigate whether sequence variations in
lytic cycle proteins were randomly distributed or overrepre-
sented in particular gene products, lytic cycle proteins were
further subdivided into functional groups (Supplementary
Fig. 1b—f). Despite its enhanced epitheliotropism, M8§1
proteins involved in epithelial cell entry displayed an aver-
age degree of disparity from B cell-derived viral strains.
However, M81 proteins with reported immunoevasive func-
tion differed from their homologues in B95.8 and AG876
by 1.2%, suggesting that these sequence variations might
impact on immunogenicity (Supplementary Fig. le, f).

Many T-cell epitopes identified in B95.8 are
polymorphicin M81 and AG876

To investigate the role of the sequence disparities in immune
recognition, published EBV T-cell epitopes were analyzed
with respect to polymorphisms in B95.8, M81, and AG876.
In total, 183 T-cell epitopes were collected from the litera-
ture, of which 65 were recognized by CD4+ T cells and 118
by CD8+ T cells. Almost all T-cell epitopes were derived
from B95.8. Since amino acid sequences flanking the epitope
can affect antigen processing and binding to MHC molecules
[24, 25], five N-terminal and five C-terminal amino acids
immediately adjacent to the published epitope were defined
as “flanking region” and included in this analysis. A list of
the epitopes and flanking regions that are polymorphic in at
least one of the viral strains is provided in Supplementary
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table 1. Remarkably, about half of all CD4+ and one-third
of all CD8+ T-cell epitopes and/or flanking regions proved
to be polymorphic (Fig. 1). The highest disparity was noted
when the two type 1 strains B95.8 and M81 were compared
to the type 2 strain AG876. Nevertheless, even 48% of all
CD4+ epitopes and 27% of all CD8+ epitopes differed
between the two type 1 strains, indicating that sequence vari-
ations between viral strains of the same type might affect
immune recognition as well.

Polymorphisms in viral epitopes can impair
or enhance recognition by CD8+ T cells

Amino acid exchanges in T-cell epitopes can affect antigen
processing, binding to MHC molecules and recognition by
the T-cell receptor [26, 27]. To directly assess the effect
of the identified polymorphisms within epitopes on T-cell
recognition, five CD8+ T-cell clones recognizing different
latent and lytic cycle antigens from B95.8 were probed with
polymorphic epitopes from other viral strains (Table 1).
When titrated amounts of the three different EBNA1-HPV
peptide epitopes were pulsed onto HLA-B*3501-positive
target cells, the exchange of glutamic to aspartic acid (E>D)
at position 5 of the M81 epitope led to a strong reduction
in T-cell recognition. By contrast, the glycine to alanine

M81 versus B95.8
CD8+

CD4+

|‘ |

D4+
" 4

Fig.1 A high proportion of all T-cell epitopes identified in B95.8
is polymorphic in M81 and AG876. Amino acid sequences of pub-
lished CD4+ (n=65) and CD8+ (n=118) T-cell epitopes in B95.8
and their flanking regions were compared with the corresponding
sequences in M81 (left) and AG876 (right). A comparison of epitope
sequences between M81 and AG876 is shown underneath. Flanking

M81 versus AG876

8
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substitution at position 4 in the AG876 sequence had no
effect on the recognition by the HPV-specific T-cell clone
(Fig. 2a).

To assess whether these amino acid exchanges affected
T-cell recognition of endogenously expressed antigens,
His4-tagged versions of the three different EBNA1 genes
were cloned and expression plasmids transfected into EBV-
negative DG75 cells together with the restricting HLA-
B*3501 molecule. Consistent with the peptide titration
experiments, cells transfected with EBNA1 from B95.8 and
AG876 were readily recognized, whereas cells transfected
with the M81 protein were not. All three EBNA1 proteins
were expressed at similar levels, implying that the E>D
amino acid exchange abrogated T-cell recognition (Fig. 2a).

Similar experiments were performed for BZLF1 which
carries two polymorphic T-cell epitopes, VQT and RAK,
against which CD8+ T-cell clones were available (Table 1).
In case of the BZLF1-VQT epitope, HLA-B*1501 posi-
tive target cells pulsed with the B95.8, but not the M81 and
AGR876 peptide epitopes, were recognized by VQT-specific
CD8+ T-cell clones, indicating that threonine (T) at posi-
tion 3, that is exchanged for proline (P) in M81 and AG876,
is essential for CD8+ T-cell recognition. Since this T>P
substitution completely abrogated T-cell recognition, it
remained unknown whether the phenylalanine to leucine
(F>L) exchange at position 9 of the epitope in M81 would

AG876 versus B95.8
CD8+

CD4+

12

|:| polymorphism only within epitope

- polymorphic epitope and polymorphic flanking region
E] conserved epitope and polymorphic flanking region
- no similarity found

- conserved epitope and conserved flanking region

regions were defined as five amino acids immediately before and after
the published T-cell epitopes. Numbers in pie charts represent the
number of epitopes that fall into each of the color-coded categories.
Epitopes located in protein regions that are not present in the homo-
logues of other viruses are denoted as “no similarity found”
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Table 1 Polymorphic published CD8+ T-cell epitopes and flanking regions analyzed in vitro
EBNAI1-HPV BZLF1-VvQT BZLF1-RAK LMP2A-IED LMP2A-CLG
HLA HLA-B*3501 HLA-B*1501 HLA-B*0801 HLA-B*4001 HLA-A*0201
Epitope coordinates AA 407-417 AA 121-129 AA 190-197 AA 200-208 AA 426-434
(B95.8)
B95.8 RRPFF GDNST ASRKC CLTWR GPVFM
HPVGEADYFEY VQTAAAVVF RAKFKQLL IEDPPFNSL CLGGLLTMV
HQEGG ACPGA QHYRE LFALL AFAVW
M3l RRPFF GDNST ASRKC CLTWR GPVFM
HPVGDADYFEY VQPAAAVVL RAKFKHLL IEDPPFNSI SLGGLLTMV
LQEGG ACPGA QHYRE LFALL AGAVW
AG876 RRPFF GDNST # * *
HPVAEADYFEY VQPAAAVVF
HQEGG ACPGA

AA amino acids
*Same as B95.8 sequence

#Same as M81 sequence

also affect T-cell recognition. Interestingly, the exchange of
glutamine for histidine (Q>H) in the RAK epitope of M81
and AG876 enhanced CD8+ T-cell recognition in peptide
titration experiments (Fig. 2b). Similar results were obtained
when endogenous processing and presentation of the BZLF1
epitopes were assessed in transfection experiments. While
VQT-specific T cells recognized target cells transfected with
BZLF1 from B95.8 only, RAK-specific T cells recognized
target cells transfected with BZLF1 from M81 and AG876
more efficiently than from B95.8. Notably, the level of rec-
ognition was inverted when the RAK epitopes in BZLF1
from B95.8 and M81 were swapped (Supplementary Fig. 2),
indicating that these differences in recognition were indeed
due to the single amino acid exchange in the epitope and not
caused by differences in immunogenicity of the full-length
BZLF1 proteins.

Similar experiments were performed with two polymor-
phic epitopes of LMP2A, IED and CLG, against which
CD8+ T-cell clones were available (Fig. 2¢). Compared to
B95.8, a leucine to isoleucine exchange (L>I) at position 9
of the IED epitope in M81 resulted in a diminished recogni-
tion by IED-specific T cells after exogenous peptide load-
ing as well as after endogenous protein expression. Interest-
ingly, the cysteine to serine (C>S) exchange at position 1
of the CLG epitope in M81 enhanced T-cell recognition in
peptide titration experiments, while recognition of antigen
from endogenous sources was diminished. The latter was not
due to reduced M81 antigen expression as demonstrated by
Western blot analyses, which revealed a much higher protein
expression level for LMP2A from M81 than from B95.8.
To assess whether LMP2A from M81 was less efficiently
processed or had stronger immune evasive functions than
LMP2A from B95.8 [28], we analyzed presentation of the
conserved LLW epitope after transfection of APC with the

different LMP2A expression plasmids. The enhanced recog-
nition of the LLW epitope from LMP2A of M81 indicated
that both proteins efficiently accessed endogenous presen-
tation pathways and that the lower recognition of the CLG
epitope from M81 was due to a less efficient generation of
this epitope. Collectively, these findings indicated that poly-
morphisms within T-cell epitopes can affect both antigen
processing and recognition by CD8+ T cells.

Polymorphisms within epitopes and flanking
regions impact on CD4+ T-cell recognition

Analogous experiments were performed with CD4+ T-cell
clones recognizing four different polymorphic epitopes in
EBNA1 and EBNA3C (Table 2). When titrated amounts of
the various polymorphic peptide epitopes were pulsed onto
target cells and then probed with the T cells, recognition by
CD4+ T cells was affected in all cases (Fig. 3a—d). T-cell
responses against the IAE and AIP epitopes of EBNAI1
as well as the EBNA3C-ENP epitope were significantly
increased when peptide epitopes from M81 and AG876
were used (Fig. 3a, b, d), while T-cell reactivity against the
EBNA1-KTS epitope from M81 was reduced in comparison
to AG876 and B95.8 (Fig. 3c).

Since the flanking regions had not been included in
the tested peptide epitopes but also carried amino acid
exchanges (Table 2), it remained unknown whether they
affected T-cell recognition as well. Using EBNA3C as exam-
ple, full-length proteins of the three viruses were recom-
binantly expressed, increasing amounts loaded onto target
cells and T-cell recognition assessed (Fig. 3e). For adjusting
protein concentrations, a second EBNA3C-specific CD4+
T-cell clone was used, which recognized a non-polymorphic
epitope (SDD) embedded in conserved flanking regions in
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Fig.2 Polymorphisms in CD8+
T-cell epitopes affect T-cell
recognition. Five CD8+ T-cell
clones specific for different
polymorphic EBV epitopes
were tested for recognition of
the corresponding epitopes in
B95.8, M81, and AG876. a
Antigen-presenting cells were
loaded with titrated amounts

of the EBNA1-HPV epitope
peptides and then probed with
the T cells (left graph). Presen-
tation of endogenous antigen
was assessed by transfecting
EBV-negative DG75 cells with
expression constructs for HLA-
B*3501 and glycine—alanine
(GA) repeat-deleted EBNA1
versions of the three viruses,
and co-culturing transfected
cells with HPV-specific T

cells (right graph). Target

cells transfected with the HLA
molecule alone (APC) served
as negative control, and APC
pulsed with the peptide epitope
from B95.8 as positive control
(APC+ Peptide). Expression
levels of recombinant EBNA1
was analyzed by Western blot
(bottom) using an antibody
directed against the Hisq-tag
present in all transfected
antigens. GAPDH (in a, b)

and tubulin (in ¢) served as gel
loading controls. Recognition
of exogenously loaded peptide
epitopes BZLF-VQT and -RAK
(b), and LMP2A-IED and
-CLG (c¢), and of endogenously
expressed full-length protein
was analyzed in the same way
using T-cell clones specific for
these epitopes derived from
B95.8 virus. T cells specific for
the non-polymorphic epitope
LMP2A-LLW were used as
internal control. Statistical
significance was evaluated
using unpaired ¢ test. In dose—
response curves, two-sample ¢
test with Bonferroni correction
was used. Data are shown as
mean+ SD of n=3 and are from
single experiments representa-
tive of at least three independent
experiments
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Table 2 Polymorphic published CD4+ T-cell epitopes and flanking regions analyzed in vitro
EBNAI-IAE EBNAI-AIP EBNAI1-KTS EBNA3C-ENP

HLA DQB1*0402 DRB1*¥1301 DRB1#1101 DRB1*#0801

Epitope coordi- AA 481-500 AA 527-541 AA 514-528 AA 325-339

nates (B95.8)

B95.8 PKFEN RGTAL VYGGS NAPPN
IAEGLRALLARSHVE ATIPQCRLTPLSRLPF KTSLYNLRRGTALAI ENPYHARRGIKEHVI
RTTDE GMAPG PQCRL QNAFR

MS81 PKFEN RGIAL VYGGS NAPPN
IAEGLRYLLARSHVE AVPQCRITPLSRLPF KTSLYNLRRGIALAV ENPYHARRGIKDHVI
RTTEE GMAPG PQCRI QNAFR

AG876 QKFEN * VYGGS NAPPN
TIAEGLRLLLARCHVE KTSLYNLRRGIGLAI ENPYHARRGIKEQVI
RTTED PQCRL QKAFL

*Same as B95.8 sequence

AA amino acids

all three viral strains (Fig. 3f, g). Despite a better recogni-
tion of the EBNA3C-ENP epitope from AG876 in peptide
titration experiments (Fig. 3d), significantly reduced T-cell
activation levels were achieved with exogenous (Fig. 3e), or
endogenously expressed (Fig. 3g) EBNA3C from AG876
than from B95.8 and especially from M81 (Fig. 3e—g). Since
EBNA3C from AG876 and M81 were expressed at similar
and consistently higher levels than the B95.8 homologue,
variations in transfection efficiency or expression level were
unlikely to account for these results (Fig. 3h). To further
address the role of flanking regions in antigen presentation,
the C-terminal flanking region of EBNA3C from B95.8 was
exchanged for the corresponding, polymorphic sequence
from AGS876, and the resulting B95.8/AG876 chimera
included in this analysis. After expression in DG75 cells,
recognition of the chimeric antigen by ENP-specific T cells
was significantly diminished in comparison to the original
B95.8 version, demonstrating that in addition to polymor-
phisms in epitopes, sequence variations in flanking regions
can also affect CD4+ T-cell recognition.

CD8+ T-cell responses in healthy virus carriers rarely
cover all antigen variants

The virus-specific T-cell response is known to encompass
numerous T-cell specificities that are directed against the
same epitope. Thus, some of these T-cell specificities might
be able to recognize antigen variants and thereby afford
protection against infection with different viral strains. To
address this possibility, the CD8+ T-cell response against
polymorphic peptide epitopes was quantified in periph-
eral blood of healthy virus carriers ex vivo (Fig. 4). The
magnitude of the CD8+ T-cell responses against the differ-
ent HPV (Fig. 4a) and RAK peptide epitopes (Fig. 4b) in
donors #235 and #151, respectively, was almost identical

to the cytokine secretion patterns observed with the T-cell
clones that had been isolated from these donors (Fig. 2a,
b). Thus, the CD8+ T cell responses in these donors either
were dominated by T cells with a similar recognition pattern
as the investigated T-cell clones, or included T cells spe-
cific for all antigen variants but with different frequencies.
Interestingly, donor #209 only showed responses against the
RAK epitope from B95.8, suggesting that different donors
can mount responses against all or individual variants. In
the case of the VQT epitope, donors #211 and also #32
(from whom T-cell clones had been isolated) responded to
the B95.8 variant only, whereas donor #177 had mounted
an immune response against all three variants. To further
substantiate these findings, the HLA-B*0801-restricted FLR
epitope derived from EBNA3A, which varies in all three
viral strains, was included in this analysis (Fig. 4d). Both
tested donors showed responses against the epitopes from
B95.8 and M81 but not from AG876. These results suggest
that the CD8+ T-cell response in healthy virus carriers is
mostly directed against individual polymorphic epitopes and
may ignore antigen variants.

Discussion

Although sequence heterogeneity among EBV isolates
from different parts of the world is well-established, the
implications of strain variation on the efficacy of vaccine
and immunotherapeutic approaches that are predominantly
based on antigens derived from the laboratory EBV strain
B95.8, have remained elusive. Here, we compared protein
sequences in B95.8, AG876, and M81, three distantly related
EBYV strains, and assessed the impact of sequence disparity
on T-cell immunity.

@ Springer



Cancer Immunology, Immunotherapy (2018) 67:663-674

670
a
EBNA1-IAE
2000
Il AEB95.8 ]i
*
I B AEme1 J* [
T
1500 [ IAE AG876
£
>
£.1000
=
P
[
500
0 - L] L]
256 64 16 4 1 025 0
c Peptide [nM]
2000 EBNA1-KTS
Il KTSB95.8 ]1
1500 Bl KTS M81 ]i
— T
£ [ KTS AG876
>
£:1000 -
>~
=
[
500
0 | |
256 64 16 4 1 025 0
e Peptide [nM]
3000 — EBNA3C-ENP
< 2000
N
(o2
=3
>
P
LC 1000 -@- EBNA3C B95.8 ] $ .
-l EBNA3C M81 ]i ¥
—A— EBNA3C AG876 J *
0 1 T T T 1 T T 1 T 1
RN
@,@} —<|
o°Q protein concentration [x2]
g
1000 —
900 - [ EBNA3C-ENP
800 X% El EBNA3C-SDD
< 700+ XX
E” L *e XX -
< 4001
f KK
& 300 kXX
200
100 - |_|
0 |
T T T T T T
D N A0 Ao O D N A0 A0 e
6P @ A° A° LY & 6% A A° LY &
O ®v°%\v@ vr& P @Y(;‘b P &
(,;g’ (’XQ % (/xQ
) S
R R

@ Springer

b
EBNA1-AIP
1000 —
Il APB95.8 ]i
800 Bl Apmsl J*
£ 6004
D
=2
S 400
L
200
04
256 64 16 4 1 025 0
d Peptide [nM]
EBNA3C-ENP
3000
i B ENPB9SS
Bl ENP M81 ] 5 $
= 2000 i I ENPAGS76 ] *
£
jo2]
k=2
>
P4
L 1000
1024 256 64 16 4 1 0
f Peptide [nM]
2000 . EBNA3C-SDD
1500
£
SN
D
£1000 -
=
P4
= -@- EBNA3C B95.8
500 -8 EBNA3C M81
—A— EBNA3C AG876
0 T 1 I 1 I T T T T 1 T
&
\0&\ —<]
(\o‘-‘> protein concentration [x2]
h
a-His, s % L
° _g_mu__._, e | 150kDa
o-GAPDH [ P G D & 35 D,
® N © () C
& W \»&« & <«
\§
D
%)



Cancer Immunology, Immunotherapy (2018) 67:663-674

671

«Fig.3 Recognition by CD4+ T cells is affected by polymorphisms
within the epitope and the flanking region. Target cells were pulsed
with titrated amounts of peptide epitopes from B95.8, MS81, or
AG876 and then probed with CD44 T-cell clones specific for the
epitopes EBNA1-AIP (a), EBNAI-IAE (b), EBNA1-KTS (c), and
EBNA3C-ENP (d). Target cells were incubated with increasing
amounts (twofold increments) of recombinant and purified EBNA3C
protein of the indicated viruses and then probed with the EBNA3C-
specific CD4+ T cells recognizing the polymorphic ENP epitope
(e) or the conserved SDD epitope (f). Recognition of endogenously
expressed antigen was assessed by transfecting DG75 cells with
expression constructs for HLA-DRB1*0801 and -DQB1*0501, and
His¢-tagged EBNA3C proteins from the three viruses as well as a
B95.8-derived EBNA3C mutant in which the C-terminal flanking
region was exchanged for the corresponding AG876 sequence (B95.8/
AG876). Transfected cells were co-cultured with ENP- and SDD-
specific CD4+ T cells (g). Target cells transfected with the HLA
molecules alone (APC) served as negative controls, APC pulsed with
the cognate peptide epitope as positive controls. EBNA3C expression
levels were analyzed by Western blot (h). GAPDH served as gel load-
ing control. Statistical significance was evaluated using unpaired ¢
test. In dose—response curves, two-sample ¢ test with Bonferroni cor-
rection was used. Data are shown as mean +SD of n=3 and are rep-
resentative of at least three independent experiments

Consistent with previous reports [5, 23], the proteomes
of M81 and other NPC-derived viral strains differed from
that of B95.8 by approximately 1.2%. With 3.2%, the over-
all sequence disparity between M81 and the type 2 strain
AG876 was markedly higher due to the well-documented
divergence in EBNA2 and EBNA3 family of proteins.

When published T-cell epitopes were compared between
B95.8 and M81, more than 50% of all CD4+ T-cell epitopes
and almost 40% of all CD8+ T-cell epitopes were found to
be polymorphic either in the published epitope sequence
itself and/or in the epitope flanking regions. The percent-
age of polymorphic epitopes was even higher when the
type 1 strains B95.8 and M81 were compared to the type 2
strain AG876; more than 70% of all CD4+ and more than
40% of all CD8+ T-cell epitopes and their flanking regions
were found to be polymorphic. However, one has to keep
in mind that many of the published CD4+ T-cell epitopes
were defined using overlapping peptide libraries of 15 or
20 amino acids in length (Supplementary table 1). Yet, the
core sequence of CD4+ T-cell epitopes usually encompasses
only 9 amino acids [29]. Consequently, some of the identi-
fied polymorphisms may reside outside the core epitope or
its flanking regions and the total number of polymorphisms
in CD4+ T-cell core epitopes and/or flanking regions may
have been over-estimated.

Amino acid exchanges within or in close proximity to
T-cell epitopes can affect T-cell recognition by altering
antigen processing, presentation, and binding to MHC
and the T-cell receptor (TCR) [30-34]. To account for this
multitude of possible effects, peptide titration experiments
were complemented with studies on full-length proteins
either exogenously loaded onto, or endogenously expressed

in APCs. These experiments demonstrated that polymor-
phisms within or next to EBV epitopes can affect T-cell rec-
ognition in different and unpredictable ways. Some amino
acid exchanges enhanced (e.g., BZLF1-RAK, B95.8 versus
MS1), retained (e.g., EBNA1-HPV, B95.8 versus AG876),
impaired (EBNA1-HPV, B95.8 versus M81), or abrogated
T-cell recognition (BZLF1-VQT, B95.8 versus M81 and
AGR876). In many cases, more than one order of magnitude
higher concentrations of the variant peptides were required
for T-cell activation, which may compromise or even abol-
ish recognition of target cells infected with the variant viral
strain.

Amino acid exchanges occurred in regions known to
interact with the TCR as well as in anchor residues [32].
In most cases, the impact of these amino acid exchanges on
T-cell activation cannot be predicted and needs to be veri-
fied immunologically. Furthermore, the contrasting results
obtained in T-cell assays with “CLG” peptide-pulsed versus
LMP2A-transfected target cells implied that single amino
acid exchanges can impact on antigen processing and pres-
entation that is not recapitulated by exogenous loading of
peptide epitopes.

In the case of CD4+ T cells, divergent results were
obtained when EBNA3C “ENP” epitope-specific CD4+
T cells were probed with target cells that had been pulsed
with epitope peptides versus incubated with exogenous full-
length EBNA3C protein or probed with target cells endog-
enously expressing EBNA3C, suggesting that amino acid
exchanges can also affect antigen processing and presenta-
tion on MHC II. Here, this effect was mediated by epitope
flanking regions, either by altering protein processing, e.g.,
by destroying or creating protease cleavage sites, or by
modulating TCR binding when located at the C-terminus
[31, 34].

Unexpectedly, the EBNA1-IAE epitope variants from
AG876 and M81 were much better recognized than the
B95.8-derived peptide. This T-cell clone had been estab-
lished from PBMC of a healthy European virus carrier
by repeated stimulation with recombinant EBNA1 protein
from B95.8, which is thought to predominate in carriers
of the Western world [22]. In light of the newly described
EBYV strain heterogeneity and the demonstrated effects of
polymorphisms on T-cell recognition, we sought to char-
acterize the viral strain carried by this donor, established
spontaneous LCL from peripheral blood and sequenced the
EBNAL gene. Surprisingly, the “IAE” epitope sequence
in this strain (QKFEN-JAEGLRTLLARCHVE-RTT
DE) differed from all three strains examined, and tar-
get cells pulsed with this TAE peptide were recognized
by the autologous T cells with highest affinity (data not
shown). Whether such strain differences also accounted
for the increased T-cell recognition of some epitopes
derived from M81 or AG876 (e.g., BZLF1-RAK) and if
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Fig.4 The CD8+ T-cell response against polymorphic peptide
epitopes varies between donors and is often strain-specific. PBMCs
from EBV-seropositive donors (identified by numbers) with appro-
priate HLA class I types were screened ex vivo for T-cell responses
against the polymorphic EBNA1-HPV (a), BZLF1-RAK (b), BZLF1-
VQT (c), and EBNA3A-FLR (d) peptide epitopes in IFNy ELISpot

so, whether T cells isolated from a donor infected with a
B95.8-homologous strain would still show better recogni-
tion of the corresponding epitopes from M81 and AG876,
remains to be established.

Furthermore, the CD8+ T-cell response against poly-
morphic epitopes appears to vary between donors and to
be focused on strain-specific epitope variants. Whether
these donor-specific differences in the natural CD8+ T-cell
response against EBV were due to the infection with differ-
ent viral strains and/or genetic differences between donors
(e.g., HLA type), is currently not known. Given the large
number of polymorphic T-cell epitopes and different viral
strains around the world [8], and the potential implications
of this antigen variety on immunity against infection with
strain variants, this issue warrants further investigation.
Additional studies are also needed to assess whether poly-
morphisms in T-cell epitopes are immune-driven escape
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mutants and whether antigenicity and pathogenicity of a
viral strain correlate.

These findings have implications for immune monitoring,
vaccine design, as well as immunotherapy of EBV-associ-
ated disorders. In immunosuppressed transplant recipients
and cancer patients, virus-specific T-cell responses are
often monitored using overlapping peptide libraries cover-
ing mostly latent cycle proteins e.g. EBNA3 [35, 36]. These
peptide libraries are based on B95.8 sequences and may
incompletely measure virus-specific T-cell responses if the
patient is infected with a different viral strain. Likewise,
current approaches for the design of therapeutic EBV vac-
cines, which aim at increasing and sustaining the number of
virus-specific T cells in persistently infected individuals, are
mostly based on latency proteins from B95.8 virus [37-39].
Such vaccines may fail to boost relevant T-cell responses
in vaccinees infected with strain variants. Furthermore,
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EBV-specific T-cell preparations for the treatment of PTLD
in hematopoietic stem cell transplant recipients are generally
derived from the graft donor or, when virus-naive, from par-
tially HLA-matched third party donors [11, 38, 40]. In most
cases, B95-8 sequence-derived peptide mixes are used as
source of antigen for the generation of virus-specific T-cell
lines [17, 18, 40-43]. However, T-cell donor and recipient
may be infected with different viral strains, which may result
in diminished clinical efficacy of the infused T cells. Con-
sequently, peptide-selected T-cell preparations for clinical
use should preferably focus on conserved T-cell epitopes or
target a broad set of viral antigens. The future incorporation
of sequence information from all published virus isolates
into our epitope registry is expected to identify viral epitopes
that are conserved in all strains or at least in subgroups, such
as those prevalent in certain geographical regions. Alterna-
tively, diagnostic methods for rapid virus typing in B cells
from T-cell donor and recipient and/or in tumor tissue may
be developed to facilitate the identification of customized
sets of antigens for individualized T-cell therapy.
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