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The evolution of Epstein-Barr virus (EBV)-specific T cell responses that occurs during the acute and persistent
stages of infection remains poorly characterized despite its importance for developing immune interventions
for EBV-associated disorders. This study assessed T cell responses to 113 EBV-derived epitopes in 40 subjects
with acute or persistent EBV infection. Although no significant differences were seen in the breadth of CD8
and CD4 T cell responses, their magnitude differed significantly over time; acutely infected subjects generated
especially strong responses to lytic viral antigens. The cross-sectional shift in immunodominance was also
confirmed in subjects followed longitudinally from acute to persistent infection. In addition, human leukocyte
antigen—matched siblings with discordant histories of symptomatic EBV infection showed no significant dif-
ferences in their response patterns, suggesting that symptomatic EBV infection does not lead to unique per-
sistent-stage responses. These data provide an assessment of immunodominance patterns and guidance for

developing immunotherapeutic interventions for EBV-associated disorders.

Epstein-Barr virus (EBV) is an endemic and persistent
human pathogen that, if acquired during childhood,
typically results in a clinically asymptomatic infection
[1]. In contrast, infection in adulthood often causes a
symptomatic acute viral syndrome termed “acute in-
fectious mononucleosis” (AIM). The increased occur-
rence of EBV-associated disorders in immunocompro-
mised individuals [2] and the clinical improvements
observed after the adoptive transfer of EBV-specific T
cells strongly suggest that EBV-specific cellular im-
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munity is important for effective viral control [3, 4].
Previous studies have shown that healthy adults with
persistent EBV infection maintain strong EBV-specific
cytotoxic T lymphocyte (CTL) responses directed against
HLA class I-restricted viral epitopes for years after the
initial infection [2, 5]; these responses often target epi-
topes derived from latently expressed viral proteins or,
on occasion, lytic antigen—derived epitopes [6—8]. In
contrast, during the acute phase of EBV infection, CTL
responses have been found to frequently target lytic
gene products, and responses to latently expressed viral
proteins have often been reported to be weak or absent
[9-12]. In comparison to that on CTL responses, less
information is available on virus-specific CD4 T cell
responses [5, 13]. Nevertheless, a number of EBV-en-
coded proteins that induce CD4 T cell responses have
been identified, and, to date, ~30 HLA class II-re-
stricted epitopes have been described. However, data
on their restricting HLA alleles are often incomplete,
and their relative contribution to the total EBV-specific
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Table 1. Frequency of recognition of HLA class |-restricted Epstein-Barr virus (EBV)-derived epitopes.
No. of subjects
expressing restricting Subjects
HLA allele (no. with persistent Subjects
Restricting with persistent EBV EBV infection who  with AIM who
Protein Epitope ID Epitope sequence HLA allele infection, no. with AIM) responded, % responded, %  Reference
BMLF-1 A2-12 GLCTLVAML A2 25 (21, 4) 71 75 [16]
B18-1 DEVEFLGHY B18 4(3,1) 33 100 [16]
BMRF-1 Cw3-1 FRNLAYGRTCVLGK Cw3 8(7,1) 14 100 [2]
Cwe-2 YRSGIIAVV Cwé 11 (10, 1) 10 100 [16]
BRLF-1 A2-11 RALIKTLPRASYSSH A2 25 (21, 4) 10 25 [2]
A3-3 RVRAYTYSK A3 6 (5 1) 0 100 [2]
A11-6 ATIGTAMYK A1 3(2,1) 0 0 [2]
A24-3 DYCNVLNKEF A24 9(7,2) 0 0 [20]
B18-2 LVSDYCNVLNKEFT B18 4(3,1) 0 0 [2]
B61-1 QKEEAAICGQMDLS B40 6 (6, 0) 17 [2]
Cw4-1 ERPIFPHPSKPTFLP Cw4 6 (3, 3) 0 0 [2]
BZLF-1 B8-2 RAKFKQLL B8 8 (6, 2) 100 100 [16]
Cw6-1 RKCCRAKFKQLLQH Cwé 11 (10, 1) 50 100 [2]
gp350 A2-20 VLQWASLAV A2 25 (21, 4) 0 0 [2]
gp110 A2-19 ILIYNGWYA A2 25 (21, 4) 14 0 [2]
B354 VPGSETMCY B35 4(2,2) 100 0 [2]
B35-5 APGWLIWTY B35 4(2,2) 100 0 [2]
gp85 A2-16 TLFIGSHWV A2 25 (21, 4) 10 0 (2]
A2-17 LMIIPLINV A2 25 (21, 4) 5 0 (2]
A2-18 SLVIVTTFV A2 25 (21, 4) 0 0 (2]
EBNA-1 B7-1 RPQKRPSCI B7 109, 1) 0 0 [21]
B7-2 IPQCRLTPL B7 109, 1) 11 0 [21]
B35-2 HPVGEADYFEY B35 4(2,2) 100 0 (2]
B53-1 HPVGEADYF B53 1(1,0) 100 [21]
EBNA-2 A2/B51 DTPLIPLTIF A2/B51? 26 (22, 4) 5 25 [21]
EBNA-3a A2-5 SVRDRLARL A2 25 (21, 4) 0 0 [22]
A3-1 RLRAEAQVK A3 6 (5 1) 20 100 [23]
A24-1 RYSIFFDY A24 9(7,2) 29 50 [22]
A29-1 VFSDGRVAC A29 1(1,0) 0 [5]
A30-1 AYSSWMYSY A30 32,1 0 0 [2]
B7-3 RPPIFIRRL B7 109, 1) 67 100 [24]
B7-4 VPAPAGPIV B7 10(9, 1) 11 0 [5]
B8-3 FLRGRAYGL B8 8 (6, 2) 100 100 [25]
B8-1 QAKWRLQTL B8 8 (6, 2) 83 100 [22]
B35-1 YPLHEQHGM B35 4(2,2) 0 50 [22]
B46-1 VQPPQLTLQV B46 0 [26]
B62-1 LEKARGSTY B62 0 [5]
EBNA-3b A11-1 NPTQAPVIQLHAVY A1 3(2,1) 0 0 [25]
A11-2 AVFDRKSDAK A1 3(2,1) 100 0 [5]
A11-3 LPGPQVTAVLLHEES A1 3(2,1) 0 0 [25]
A11-4 DEPASTEPVHDQLL A1 3(2,1) 0 0 [25]
A11-7 IVTDFSVIK A1 32, 1) 100 100 [25]
A24-4 TYSAGIVQI A24 9(7,2) 14 0 [5]
B27-1 RRARSLSAERY B27 4 (4, 0) 0 [27]
B27-3 HRCQAIRK B27 4 (4,0 75 [5]
B35-3 AVLLHEESM B35 4(2,2) 0 0 [2]
B44-1 VEITPYKPTW B44 12 (11, 1) 36 0 [5]
B58-1 VSFIEFVGW B58 1(1,0) 100 [28]
B62-2 GQGGSPTAM B62 0 (5]

(continued)
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Table 1. (Continued.)
No. of subjects
expressing restricting Subjects
HLA allele (no. with persistent Subjects
Restricting with persistent EBV EBV infection who  with AIM who

Protein Epitope ID Epitope sequence HLA allele infection, no. with AIM) responded, % responded, %  Reference

EBNA-3c A2-1 LLDFVRFMGV A2 25 (21, 4) 24 0 [29]
B7-5 QPRAPIRPI B7 109, 1) 11 0 [24]
B27-2 RRIYDLIEL B27 4 (4, 0) 50 [30]
B27-4 FRKAQIQGL B27 4 (4, 0) 25 [5]
B27-5 RKIYDLIEL B27 4 (4, 0) 25 [31]
B27-6 RRIFDLIEL B27 4 (4, 0) 75 [31]
B27-7 LRGKWQRRYR B27 4 (4, 0) 0 [30]
B37-1 LDFVRFMGV B37 0 [2]
B39-1 HHIWQNLL B39 2(2,0) 50 [5]
B44-2 KEHVIQNAF B44 12 (11, 1) 0 0 [8]
B44-3 EENLLDFVRF B44 12 (11, 1) 45 0 [32]
B44-4 EGGVGWRHW B44 12 (11, 1) 27 100 [33]
B62-3 QNGALAINTF B62 0 [29]

LMP-1 A2-6 YLQQONWWTL A2 25 (21, 4) 10 0 [34]
A2-7 YLLEMLWRL A2 25 (21, 4) 10 0 [34]
A2-8 LLVDLLWLL A2 25 (21, 4) 0 0 [34]
A2-9 TLLVDLLWL A2 25 (21, 4) 0 0 [34]
A2-10 LLLIALWNL A2 25 (21, 4) 5 0 [34]

LMP-2 A2-2 LLSAWILTA A2 25 (21, 4) 0 0 [28]
A2-3 SLREWLLRI A2 25 (21, 4) 0 0 [28]
A2-4 FLYALALLL A2 25 (21, 4) 43 25 [35]
A2-13 LLWTLVVLL A2 25 (21, 4) 19 0 [361]
A2-14 CLGGLLTMV A2 25 (21, 4) 52 0 [37]
A2-15 LTAGFLIFL A2 25 (21, 4) 19 0 [36]
A11-5 SSCSSCPLSKI A1 3(2,1) 50 0 [36]
A23-1 PYLFWLAAI A23 0 [38]
A24-2 TYGPVFMCL A24 9(7,2) 29 0 [36]
A25-1 VMSNTLLSAW A25 0 [5]
B27-8 RRRWRRLTV B27 4 (4, 0) 25 [30]
B40-1 IEDPPFNSL B40 5 (5, 0) 60 [36]
B63-1 WTLVVLLI B63 31,2 0 0 [2]

NOTE. AIM, acute infectious mononucleosis; EBNA, Epstein-Barr nuclear antigen; LMR latent membrane protein.

@ The epitope has been shown to be presented on both alleles.

immunity at different stages of infection has not been deter-
mined [14, 15].

EBV-specific T cell responses have been reported to differ
considerably in breadth, magnitude, and immunodominance
when assessed during either the acute or the persistent phase
of infection [9-11, 13, 16-18]. However, published studies have
often assessed only a limited number of epitopes at a time and
have not investigated T cell responses to HLA class I- and HLA
class II-restricted epitopes simultaneously. Therefore, to better
understand the evolution of T cell responses that occurs during
the acute and persistent stages of EBV infection and to extend
the results of previous studies to a broader representation of
HLA alleles, the present study assessed EBV-specific T cell re-
sponses in 40 individuals at different stages of infection by use
of a panel of 113 previously described EBV-derived CD8 T cell-
and CD4 T cell-specific epitopes. Longitudinal as well as cross-

sectional analyses show significant shifts in the immunodom-
inance of both the CD8 and the CD4 T cell responses over
time and suggest that responses during the persistent stage of
infection are comparable in individuals who acquired EBV
symptomatically or asymptomatically.

SUBJECTS, MATERIALS, AND METHODS

Study subjects. A total of 32 healthy subjects with persistent
EBV infection and 8 subjects with acute, symptomatic EBV
infection (recruited within 14 days after the onset of symptoms)
were enrolled from hospitals in the Boston area. For 3 of the
8 subjects with acute infection, hospitalization was required at
the time of diagnosis. Of the 32 subjects with persistent infec-
tion, 5 reported a history of symptomatic acute infection 3—12
years before enrollment in the study. Persistent EBV infection
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was confirmed serologically, and the clinical diagnosis of AIM
was confirmed by the Quidel Quickview" infectious mononu-
cleosis test. Intermediate- to high-resolution HLA class I typing
was performed as described elsewhere [19]. HLA diversity in
the 32 subjects with persistent EBV infection (39 different HLA
class 1 alleles were present) was comparable to that in the 8
subjects with AIM (28 different HLA class I alleles were present,
with 24 alleles common to both groups).

EBV-derived T cell-specific epitopes and enzyme-linked im-
munospot (ELISPOT) assays. A set of 113 EBV-derived T
cell-specific epitopes (80 HLA class I-restricted and 33 HLA
class II-restricted epitopes) was used to screen peripheral blood
mononuclear cells (PBMCs) by ELISPOT assay. Epitope se-
quences and their reported restricting HLA alleles are included
in tables 1 and 2. For ELISPOT assays, individual epitopes were
added at a final concentration of 10 ug/mL, and no epitope
was added to 5 negative control wells. After overnight incu-
bation at 37°C in 5% CO,, plates were developed as described
elsewhere [39], and spots were counted using the AID EliSpot
Reader System (Autoimmun Diagnostika). The threshold for
positive responses was a minimum of 5 sfc/well or a response
that exceeded the mean number of spot-forming cells per well
in negative wells plus 3 SDs, whichever gave the higher value.
For 2 subjects, an insufficient number of PBMCs was available,
and those samples were therefore tested against the HLA class
I-restricted epitopes only.

Statistical analysis. Statistical analyses included the Stu-
dent’s ¢ test (2-tailed) for comparison of breadth and magnitude
and Pearson’s correlation (2-tailed) for correlations.

RESULTS

Wide recognition of EBV-derived CD8 T cell- and CD4 T cell-
specific epitopes in subjects with AIM and persistent EBV
infection. Although EBV-specific immunity has been assessed
in an extensive number of studies, these analyses have often
been restricted to a few selected epitopes and HLA alleles, which
makes it unclear whether the conclusions drawn from these
studies are fully applicable to a genetically heterogeneous pop-
ulation [2, 5]. Additionally, only limited information exists re-
garding CD4 T cell responses at either stage of infection, their
evolution over time, and their relations to EBV-specific CD8
cells. Thus, the present study tested a total of 32 subjects with
persistent EBV infection and 8 subjects with AIM against a
panel of 113 EBV-derived epitopes, which included 80 previ-
ously described HLA class I-restricted epitopes derived from
both lytic and latent EBV antigens and 33 previously described
HLA class II-restricted epitopes derived predominantly from
latent EBV antigens (tables 1 and 2). Because freshly isolated
cells were used for this study and, in general, the HLA types
were not known at the time of the assay, all samples were tested
with the panel of 113 epitopes, irrespective of the subjects’ in-

dividual HLA types. Although some epitope-specific responses
were detected in subjects not expressing the restricting HLA allele,
the data analysis included only positive responses found in sub-
jects expressing the originally described restricting HLA allele.

When all 40 samples were tested against the panel of epitopes,
54 (70%) of 77 HLA class I-restricted epitopes were recognized
by samples from at least 1 subject expressing the appropriate
restricting HLA class I allele (table 1). Of the HLA class II-
restricted epitopes, 31 (94%) of 33 were recognized at least once.
The detailed description of HLA class I restriction for the test-
ed CD8 T cell-specific epitopes allowed for a cohort-wide im-
munodominance analysis (table 1). These data revealed a wide
range of frequencies at which each epitope was recognized in
subjects expressing the restricting HLA class I allele: for in-
stance, 100% of the subjects expressing HLA-B8 recognized 2
EBNA-derived epitopes (EBNA-3a-B8-1 and EBNA-3a-B8-3),
and 87% recognized a third epitope (BZLF1-B8-2). However,
none of the responses restricted by the most common HLA
class I allele in this cohort, HLA-A2, reached >67% frequency
of recognition, and all but 3 HLA-A2-restricted epitopes were
recognized by <20% of the subjects expressing HLA-A2. How-
ever, it is possible that some responses were missed, because
they may have been under the detection limit of the ELISPOT
assay used in this study, and, thus, the epitope’s true cohort-
wide immunodominance may have been underestimated. More
importantly, however, the data clearly show that a number of
Iytic antigen— and latent antigen—derived epitopes can be fre-
quently recognized in subjects with AIM and subjects with
persistent EBV infection, indicating that responses to lytic an-
tigen—derived epitopes can be maintained during persistent
EBYV infection and that responses to latent antigen—derived epi-
topes can be detected during AIM.

Similar breadth but not magnitude of CD8 and CD4 T cell
responses during AIM and persistent EBV infection. Previous
studies have described sometimes dramatic shifts in epitope-
specific CD8 T cell responses, from those toward lytic antigens
during AIM to those toward latent antigens during persistent
EBV infection [2, 5]. To confirm these findings in a genetically
diverse cohort and on the basis of multiple epitopes, we assessed
the breadth and magnitude of lytic antigen— and latent antigen—
specific CD8 T cell responses in the 2 groups. The analyses
showed a similar number of targeted HLA class I-restricted
epitopes (breadth of response) in subjects with AIM and sub-
jects with persistent EBV infection (figure 1A). There was also
no significant difference in the breadth of responses to EBV
Iytic antigen—derived or latent antigen—derived epitopes in sub-
jects with persistent EBV infection and subjects with AIM (fig-
ure 1B), confirming the previous observation that responses to
latent antigens can be detected during early EBV infection and
that responses to lytic antigens can be maintained during per-
sistent EBV infection. The data obtained with the HLA class
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Table 2.
specific epitopes.

Frequency of recognition of HLA class ll-restricted Epstein-Barr virus (EBV)—derived CD4 T cell-

Subjects
with persistent Subjects
EBV infection with AIM who

Protein Epitope ID Epitope sequence who responded, no.  responded, no.  Reference
BHRF-1 DR2-1 AGLTLSLLVICSYLFISRG 0 0 [5]
EBNA-1 101 NPKFENIAEGLRALL 10 0 [15]
102 LRALLARSHVERTTD 7 0 [15]
103 TSLYNLRRGTALAI 11 1 [15]
104 PQCRLTPLSRLPFGM 2 0 [15]
105 KTSLYNLRRGIALAIPQCRL 12 3 [15]
106 PTCNIKATVCSFDDGVDLPP 5 1 [15]
107 RRPQKRPSCIGCKGT 3 0 [15]
108 RPFFHPVGEADYFEY 4 0 [15]
109 VPPGAIEQGPADDPGEGPST 2 0 [15]
110 DGGRRKKGGWFGRHR 1 0 [15]
111 VYGGSKTSLYNLRRGTALAI 6 1 [15]
112 NLRRGTALAIPQCRL 3 0 [15]
113 APGPGPQPGPLRESIVCYFM 4 0 [15]
114 LRESIVCYFMVFLQTHIFAE 0 0 [15]
115 MVFLQTHIFAEVLKD 1 0 [15]
116 VLKDAIKDLYMTKPAPTCNI 2 0 [15]
117 RVTVCSFDDGVDLPPWFPPM 0 0 [15]
118 DGEPDMPPGAIEQGPADDPG 3 0 [15]
EBNA-2 DQ2-1 TVFYNIPPMPL 2 3 (5]
EBNA-3c 3C-1 SDDELPYIDPNMEPV 3 0 [15]
3C-2 PSMPFASDYSQGAFT 4 0 [15]
3C-3 AQEILSDNSEISVFPK 4 0 [15]
3C-4 ILCFVYMAARQRLQDI 1 3 [15]
3C-5 QQRPVMFVSRVPAKK 5 2 [15]
3C-6 QKRAAPPTVSPSDTG 1 1 [15]
3C-7 PPVWRMFMRERQLPQ 3 2 [15]
3C-8 PQCFWEMRAGREITQ 3 0 [15]
3C-9 PPAAGPPAAGPRILA 0 0 [15]
LMP1 1-1 LWRLGATIWQLLAFF 1 0 [15]
1-2 TDGGGGHSHDSGHGG 1 0 [15]
1-3 SGHESDSNSNEGRHH 6 0 [15]
LMP2 2-1 STEFIPNLFCMLLL 0 0 [15]

NOTE. AIM, acute infectious mononucleosis; EBNA, Epstein-Barr nuclear antigen; LMPF latent membrane protein.

II-restricted epitopes revealed a similar breadth in the CD4 T
cell responses in subjects with persistent EBV infection and
subjects with AIM (figure 1A) and indicate that latent antigen—
specific CD4 T cell responses are induced during early infection,
because subjects with AIM were frequently found to mount
such responses.

Although no significant differences in the breadth of re-
sponses were observed, the magnitude of CD8 T cell responses
differed significantly between subjects with AIM and subjects
with persistent EBV infection (P = .04) (figure 1C). Stratifi-
cation of these responses into lytic antigen—derived and latent
antigen—derived HLA class I-restricted epitopes revealed that
the increased overall magnitude in subjects with AIM was due
to significantly stronger responses to lytic antigen—derived epi-
topes (P = .006) but not to latent antigen—derived epitopes

(figure 1D). In contrast, the total magnitude of responses to
CD4 T cell targets did not differ between subjects with persis-
tent EBV infection and subjects with AIM (figure 1C), likely
because primarily latent antigen—derived epitopes were tested
(table 2). Notably, the number of epitopes recognized and the
total magnitude of the response in a given subject were directly
related (P<.0001 for both CD8 and CD4 T cell responses; data
not shown), indicating that broader responses did not diminish
the average strength of these responses. However, when the
breadth or the magnitude of the CD8 and CD4 T cell responses
were compared, no significant association emerged (data not
shown). Together, these data indicate that broad CD8 and CD4
T cell responses can be detected during early EBV infection
and show that, although strong responses to latent and lytic
antigens can be observed in both stages of infection, the re-
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Figure 1. Responses to Epstein-Barr virus (EBV) lytic antigen—derived epitopes in subjects with acute infectious mononucleosis (AIM) and persistent
EBV infection. A, Breadth of the ex vivo T cell responses. Responses to CD8 T cell- and CD4 T cell-specific epitopes were compared in subjects
with AIM and subjects with persistent EBV infection. B, CD8 T cell responses to HLA class |-restricted epitopes. Responses were further stratified
into those against Iytic antigens and those against latent antigens and were compared between subjects with AIM and subjects with persistent EBV
infection. C and D, Magnitude of response (spot-forming cells [sfc]/1 X 10° peripheral blood mononuclear cells [PBMCs]). Medians are indicated by

horizontal lines.

sponses to lytic antigens are significantly stronger during AIM
than during persistent EBV infection.

Dominant responses during AIM and persistent EBV in-
fection. The above data were further analyzed to determine
whether particular EBV-derived epitopes were predominantly
recognized during AIM or persistent EBV infection. Indeed,
the individual immunodominant responses of subjects with AIM
were more frequently directed against lytic antigen—derived epi-
topes, and only 2 subjects with AIM had an immunodominant
response to a latent antigen—derived epitope (figure 2A). In con-
trast, latent antigens were more frequently targeted by the im-
munodominant response in subjects with persistent EBV infec-
tion than in subjects with AIM. These data are in accordance
with previously published data, which were based on fewer se-
lected epitopes and subjects with a narrower distribution of HLA
alleles [2, 5]. For HLA class II-restricted epitopes, most subjects
with persistent EBV infection mounted their dominant CD4 T
cell response to any of the EBNA-1-derived epitopes. In contrast,
the majority of subjects with AIM mounted their immunodom-
inant response to EBNA-3c—derived epitopes (figure 2B).

These data are consistent with a gradual shift from targeting
lytic antigen—derived epitopes during AIM to targeting latent
antigen—derived epitopes during persistent EBV infection and a
shift in the CD4 T cell response from EBNA-3c to EBNA-1 during
the duration of the infection. These shifts was further supported
by the data from 2 subjects tested during both AIM and persistent
EBV infection: subject K48 responded to 5 CD8 T cell-specific
epitopes (1 lytic antigen—derived and 4 latent antigen—derived
epitopes) during AIM, with the immunodominant response di-
rected against a BZLF-1—derived epitope (figure 3A). Five months
later, 7 responses, mostly directed against latent antigens, were
detected. In addition, 5 new CD4 T cell responses, all directed
against EBNA-1—derived epitopes, became detectable. Similarly,
subject K50 showed 2 CD8 T cell responses during AIM, and,
7 months later, a total of 5 responses, mostly to latent antigen—
derived epitopes, were detected (figure 3B), whereas no CD4 T
cell responses were detected at either time point. Similarly, 2
subjects with persistent EBV infection, who were initially tested
6 and 15 months after AIM, respectively, were tested again 24
months later. In both subjects, 1-3 new latent antigen—specific
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Figure 3.  Epstein-Barr virus—specific T cell responses during acute

infectious mononucleosis (AIM) and 5 or 7 months later. A, Responses
to CD8 T cell- and CD4 T cell-specific epitopes during AIM (black bars)
and 5 months later (white bars) for subject K48. B, Responses to CD8 T
cell—and CD4 T cell-specific epitopes during AIM (black bars)and 7 months
later (white bars) for subject K50. Results are expressed as spot-forming
cells (sfc) per 1 X 10° peripheral blood mononuclear cells (PBMCs). Epitope
sequences are shown in table 1. EBNA, Epstein-Barr nuclear antigen; LMP,
latent membrane protein.

CD8 T cell responses were detected at the later time point (data
not shown). In addition, both subjects developed strong CD4 T
cell responses over time, with 1 subject showing 5 new CD4 T
cell responses—4 of which were directed against EBNA-1—and
1 subject showing 3 new CD4 T cell responses—2 of which were
directed against EBNA-1—derived epitopes (data not shown). To-
gether, the longitudinal analyses confirmed the trends observed
in the cross-sectional cohort, with lytic antigen—specific CD8 T
cell responses of significant magnitude detectable in subjects with
AIM and increasing numbers of latent antigen—specific CD8 T
cell responses emerging over time and with a strong focus on
EBNA-1-specific CD4 T cell responses in subjects with persistent
EBV infection.

Largely overlapping response patterns in HLA-matched sub-
jects, regardless of history of AIM. To investigate whether re-
sponse patterns during persistent EBV infection were affected by
clinical manifestations at the time of EBV infection, partly or
fully HLA-matched subjects with a discordant history of AIM
were identified and tested with the panel of epitopes. This group
included 2 siblings (K67 and K68) who had the same 3 HLA
class I alleles, only 1 of whom (K67) had a history of symptomatic
EBV infection (12 years before enrollment). Samples from both
siblings had remarkably similar responses to the same 5 HLA
class I-restricted epitopes after testing all 77 HLA class I-re-
stricted epitopes, and only 1 additional response was observed
in sibling K67, who had an unmatched HLA class I allele (HLA-
A2) targeting a subdominant epitope among the 23 potential
HLA-A2-restricted epitopes (figure 4A). In addition, 2 of these
epitopes have not been described as being restricted by the al-
leles expressed by these subjects, so they likely are promiscuous-
ly binding epitopes. Such promiscuous antigen presentation has
been described for at least 2 EBV-encoded CD8 T cell-specific
epitopes, shared by HLA-A2 and HLA-B51 and by HLA-A23
and HLA-A24, respectively [40, 41]. Of note, by testing all CD8
T cell-specific epitopes against samples from all subjects en-
rolled in this study, responses in subjects without the originally
described restricting allele were observed in >72% of all tested
subjects. However, the in vivo relevance of these responses is
unclear, and the data analysis therefore focused on responses
in subjects expressing the correct HLA restricting alleles.

In addition to the above 2 siblings, 4 siblings (K18, K42, K43,
and K44) with identical HLA class I alleles were identified, and
only 1 sibling (K43) had a history of severe symptomatic EBV
infection (11 years before enrollment). The siblings recognized
between 6 and 10 CD8 T cell-specific epitopes, and all siblings
responded to the same 4 epitopes (figure 4B). An additional 4
responses were shared between 2 or 3 siblings. Overall, there was
no difference in the breadth or magnitude of responses in the
sibling with a history of AIM, compared with that in the siblings
who acquired EBV asymptomatically. This indicates that symp-
tomatic EBV infection likely does not lead to a distinct response
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Epstein-Barr virus (EBV}-specific immune responses in genetically related subjects. A, CD8 T cell responses in 2 siblings, K67 and K68. The

siblings have A3, B35, and C4 alleles in common, and only K67 reported a history of acute infectious mononucleosis (AIM). Epitopes marked with an
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pattern during persistent EBV infection, compared with that seen
in subjects infected asymptomatically.

DISCUSSION

A number of studies have investigated the specificity, magni-
tude, cytolytic activity, and phenotypic characteristics of EBV-
specific T cells [5, 6, 9-11, 17]. However, these studies have
often focused on a limited number of viral epitopes and HLA
alleles and did not assess the association between virus-specif-
ic CD8 and CD4 T cell responses. The present study was de-
signed to overcome these limitations by using a large set of
EBV-derived HLA class I- and HLA class II-restricted epitopes
and testing a genetically diverse cohort consisting of subjects
with AIM and subjects with persistent EBV infection. Overall,
no statistically significant differences were found in the total
breadth of EBV-specific CD8 and CD4 T cell responses between
subjects with AIM and subjects with persistent EBV infection
(figures 1A and 1B). This finding contrasts with those from
other studies that found few or absent responses to latent an-
tigen—derived epitopes during AIM and decreased responses to
Iytic antigen—derived epitopes during persistent EBV infection
[9, 10, 17], and this difference in findings may be because the
present study was based on a larger number of tested epitopes
and a more genetically heterogeneous population. The detec-
tion of responses to latent antigen—derived epitopes during AIM
and responses to lytic antigen—derived epitopes during persis-
tent EBV infection suggests that sporadic, asymptomatic EBV
reactivation may support long-term maintenance of responses
to lytic antigen—derived epitopes during persistent EBV infec-
tion [42, 43] and that the presence of latently infected cells
with a type III gene expression profile (EBNA-3 and latent mem-
brane proteins 1 and 2) during AIM may induce early responses
to latent antigen—derived epitopes [44, 45]. In addition, spo-
radic exposure to infectious virus may further contribute to
the maintenance of responses to lytic antigen—derived epitopes
during persistent EBV infection. Together, the data thus dem-
onstrate that the induction of strong responses to lytic antigen—
derived epitopes during AIM does not preclude the generation
of responses to latent antigen—derived epitopes, although the
latter may not reach immunodominance until later in the course
of infection. Importantly, responses to lytic antigen—derived
epitopes were found to dominate during AIM, even though
some studies have suggested that the T cells that mount these
responses may be subject to rapid cell death in vitro and thus
may be underestimated in the assays used in the present study
[9-11, 46, 47]. However, an analysis of ELISPOT assays in
which shorter incubation times (<4 h) were used demonstrated
that no additional responses were detected, compared with the
number detected in overnight incubations, suggesting that, even
if the T cells were dying in vitro, all responses were still detected
with the traditional ELISPOT approach (data not shown).

The paucity of described lytic antigen—derived, HLA class
II-restricted T cell-specific epitopes prevented a comparison
of CD4 T cell responses to lytic antigen—derived epitopes and
latent antigen—derived epitopes during AIM and persistent EBV
infection. Despite this limitation, the data revealed a striking
shift in CD4 T cell responses, from those directed toward EBNA-
3¢ during AIM to those directed toward EBNA-1 during per-
sistent EBV infection. This late induction of EBNA-1-specific
CD4 T cells is in accordance with the findings of other studies
that have shown that EBNA-1-specific CD4 T cells were present
during persistent EBV infection [14, 15] and is supported by
the predominate type I gene expression profile (EBNA-1) dur-
ing persistent EBV infection [2]. The late emergence of EBNA-
1-specific CD4 T cell responses is also in accordance with the
late development of an EBNA-1-specific antibody response rel-
ative to other specific responses [48]. Whether, and how, the
delayed induction of CD4 T cellular and humoral responses to
EBNA-1 are linked is unclear, but specific antigen availabili-
ty during the later, but not the early, stages of infection could
potentially explain this observation.

Although they provide an extensive immunodominance analy-
sis of EBV-derived epitope—specific responses, the present
analyses failed to reveal a direct correlation between either the
breadth or the magnitude of EBV-specific CD8 and CD4 T cell
responses. However, it is important to note that, despite testing
a relatively large number of epitopes, the present analyses are
by no means comprehensive. Although CD8 T cell responses
to other viruses, such as HIV and hepatitis C virus, can be
determined by use of panels of epitopes that span the entire
viral genome [49, 50], for EBV and other herpesviruses, their
large genome prohibits such an approach. Expanding studies
beyond the 10 viral proteins for which CD8 T cell- and CD4
T cell-specific epitopes have been described would be very val-
uable and may reveal novel responses and/or possibly an as-
sociation between CD8 and CD4 T cell activity. Similarly, iden-
tifying more subjects with AIM and testing them against such
extended panels of epitopes will be needed to confirm the ob-
servations made in the present study and may reveal a closer
interdependence of virus-specific CD8 and CD4 T cell activity.

Finally, events surrounding AIM, especially the manifestation
of clinical symptoms, have been proposed to influence long-term
EBV immunity and the risk of developing EBV-associated neo-
plasms [51, 52]. Longitudinal analyses of 2 subjects during and
after AIM showed that they had a response pattern that was not
different from that in subjects with persistent EBV infection who
did not have a history of AIM (data not shown). In addition,
data from largely HLA-matched or HLA-identical siblings with
a discordant history of AIM showed no differences in the breadth
or magnitude of the responses during persistent EBV infection.
Although we cannot rule out the possibility that some functional
differences in the respective CD8 T cell populations between the
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siblings may have been retained during persistent EBV infection,
it appears, at least in these healthy adults, that EBV-specific re-
sponses were not significantly impacted by having a symptomatic
or an asymptomatic initial infection. These findings and the
identification of dominant responses to lytic antigen—derived epi-
topes and latent antigen—derived epitopes during AIM and per-
sistent EBV infection may have significant implications for EBV
vaccine development and immune-based treatment strategies for
EBV-associated disorders.
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