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ABSTRACT Glycoprotein B (gB) is an essential fusion protein for Epstein-Barr virus
(EBV) infection of both B cells and epithelial cells and is thus a promising target anti-
gen for a prophylactic vaccine to prevent or reduce EBV-associated disease. T cell
responses play key roles in the control of persistent EBV infection and the efficacy of
a vaccine. However, to date, T cell responses to gB have been characterized for only
a limited number of human leukocyte antigen (HLA) alleles. Here, we screened gB T
cell epitopes in 23 healthy EBV carriers and 10 patients with nasopharyngeal cancer
(NPC) using a peptide library spanning the entire gB sequence. We identified 12 novel
epitopes in the context of seven new HLA restrictions that are common in Asian popu-
lations. Two epitopes, gB214–223 and gB840–849, restricted by HLA-B*58:01 and -B*38:02,
respectively, elicited specific CD81 T cell responses to inhibit EBV-driven B cell transfor-
mation. Interestingly, gB-specific CD81 T cells were more frequent in healthy viral car-
riers with EBV reactivation than in those without EBV reactivation, indicating that EBV
reactivation in vivo stimulates both humoral (VCA-gp125-IgA) and cellular responses to
gB. We further found that most gB epitopes are conserved among different EBV strains.
Our study broadens the diversity and HLA restrictions of gB epitopes and suggests that
gB is a common target of T cell responses in healthy viral carriers with EBV reactivation.
In particular, the precisely mapped and conserved gB epitopes provide valuable infor-
mation for prophylactic vaccine development.

IMPORTANCE T cells are crucial for the control of persistent EBV infection and the de-
velopment of EBV-associated diseases. The EBV gB protein is essential for virus entry
into B cells and epithelial cells and is thus a target antigen for vaccine development.
Understanding T cell responses to gB is important for subunit vaccine design. Here,
we comprehensively characterized T cell responses to full-length gB. Our results
expand the available gB epitopes and HLA restrictions, particularly those common in
Asian populations. Furthermore, we showed that gB-specific CD81 T cells inhibit B
cell transformation ex vivo and that gB-specific CD81 T cell responses in vivo may be
associated with intermittent EBV reactivation in asymptomatic viral carriers. These gB
epitopes are highly conserved among geographically separated EBV strains. Precisely
mapped and conserved T cell epitopes may contribute to immune monitoring and
the development of a gB subunit vaccine.
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Epstein-Barr virus (EBV) is a gammaherpesvirus that targets both B cells and epithe-
lial cells and establishes persistent infection in over 90% of adults worldwide (1).

Although most individuals are asymptomatic after primary infection, EBV is a direct
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causative agent of life-threatening B-lymphoproliferative disorders in immunocompro-
mised or T cell-suppressed patients (2), indicating that T cell responses play a crucial
role in controlling EBV. Primary infection with EBV is the cause of infectious mononu-
cleosis (IM), and persistent infection is causally associated with a number of lympho-
mas and epithelial malignancies, including Burkitt lymphoma, Hodgkin lymphoma, NK/
T cell lymphoma, nasopharyngeal cancer (NPC), and a subset of gastric cancers,
accounting for approximately 200,000 new cancer cases each year. Thus, there is a
strong need for the development of a prophylactic vaccine to prevent or reduce EBV-
associated diseases (3).

Prior efforts to develop a vaccine to prevent EBV infection and/or EBV-associated
diseases have focused on the viral surface antigen gp350 (4, 5). However, gp350 is
required for viral entry into only B cells but not epithelial cells (6–8). Consistently, the
majority of serum neutralizing antibodies using gp350 as the sole immunogen are ca-
pable of preventing only infection of B cells but promote infection of epithelial cells
(9). A vaccine candidate that can protect both B and epithelial cells from infection
should be further evaluated. Among EBV envelope glycoproteins, glycoprotein B (gB)
is a fusogen responsible for the fusion of viral and host membranes and is required for
EBV infection of both B cells and epithelial cells (10). Furthermore, gB has shown its
potential in human cytomegalovirus (CMV) subunit vaccines, preventing ;50% of pri-
mary infections in postpartum healthy women (11). Similar protective effects have also
been observed for a guinea pig CMV gB subunit vaccine (12). Therefore, the gB protein
is a promising target antigen for vaccine development against EBV.

T cell responses play a key role in controlling the reactivation of herpesviruses,
including EBV. In addition to eliciting neutralizing antibodies, a vaccine that can induce
an effective T cell response to EBV-infected cells may have an advantage in providing
long-term prophylactic protection and/or reducing symptomatic diseases by restricting
viral reactivation. The only successful herpesvirus vaccine, Shingrix, appears to act by
this type of mechanism to prevent varicella-zoster virus (VZV)-induced zoster (13). The
key determinants of the success of this VZV vaccine are that the viral glycoprotein E
(gE) antigen, which contains immunodominant epitopes, strongly induces gE-specific
CD41 T cell responses and the adoption of an adjuvant that can boost the long-term T
cell response (13, 14). To date, gB epitopes have been characterized in only a limited
number of human leukocyte antigen (HLA) molecules in Caucasian populations
(15–18). As a vaccine candidate antigen, the EBV gB protein would be useful for a gB
subunit vaccine design upon the definition of critical T cell responses.

In this study, we aimed to determine T cell responses against EBV gB in healthy viral
carriers and patients with NPC using a peptide library spanning the entire gB sequence
and to characterize their target epitopes and HLA-restricting alleles. We further
revealed the inhibition of EBV-driven B cell transformation by gB-specific CD81 T cells
and compared the differences in gB-specific CD81 T cell responses in healthy viral car-
riers with or without EBV reactivation and patients with NPC. Our study broadens the
diversity and HLA restrictions of gB epitopes and suggests that gB is a common target
of T cell responses when EBV is reactivated in healthy donors.

RESULTS
Screening gB-specific T cell epitopes in healthy EBV carriers and patients with

NPC. To efficiently generate EBV-specific effector T cells enriched in gB specificity, lym-
phoblastoid cell lines (LCLs) established from 23 healthy EBV carriers and 10 patients
with NPC were treated with tetradecanoyl phorbol acetate (TPA) and sodium butyrate
(NaB) (TPA1NaB-LCLs) to trigger EBV lytic replication and to upregulate the expression
of lytic antigens, including gB. Flow cytometry analyses revealed increased expression
of late lytic proteins, gB and gp350, in LCLs induced by TPA1NaB (Fig. 1A). Analysis of
the CD81 T cell differentiation profile revealed that more than 90% of CD81 T cells
displayed an effector memory (TEM) phenotype (CCR72 CD45RA2) (Fig. 1B). These data
indicate that TPA1NaB-LCLs effectively stimulated the expansion of EBV-specific T
cells, which are likely to contain lytic antigen-specific T cells.
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FIG 1 Screening gB epitopes using a gB peptide library. (A) Flow cytometry for determining gB and gp350
expression on Ctrl-LCLs and TPA1NaB-LCLs. (B) Distribution of subsets of EBV-specific CD81 T cells, including
naive (CCR71 CD45RA1), central memory (TCM) (CCR7

1 CD45RA2), effector memory (TEM) (CCR7
2 CD45RA2), and

terminally differentiated effector (TEMRA) (CCR7
2 CD45RA1) T cells. The means 6 standard errors of the means

(SEMs) are shown (n= 7). ***, P, 0.001 (by a two-tailed Mann-Whitney test). (C) TPA1NaB-LCL-reactivated EBV-
specific T cells (5� 104 cells/well) from donor 1 (D1) were stimulated with a gB peptide library pooled into 36
pools. Responses were measured by IFN-g ELISPOT assays. The black horizontal line indicates the threshold
level used to determine positive results (5 times the number of spot-forming cells [SFCs]/5� 104 unstimulated
EBV-specific T cells). (D) Confirmation of the two peptides 43 (gB211–225) and 168 (gB836–850) eliciting T cell
responses using single peptides by ELISPOT assays. (E) TPA1NaB-LCL-reactivated EBV-specific T cells (5� 104

cells/well) from patient 4 (P4) were stimulated with a gB peptide library pooled into 36 pools. Responses were
measured by IFN-g ELISPOT assays. The black horizontal line indicates the threshold level used to determine
positive results (5 times the number of SFCs/5� 104 unstimulated T cells). (F) Confirmation of the two peptides
28 (gB136–150) and 116 (gB576–590) eliciting T cell responses using single peptides by ELISPOT assays. (G) Dose-
dependent T cell responses to peptide 43 (gB211–225) (left) and peptide 168 (gB836–850) (right) at the indicated
concentrations as determined by ELISPOT assays. (H) Dose-dependent T cell responses stimulated against
peptide 28 (gB136–150) (left) and peptide 116 (gB576–590) (right) at the indicated concentrations as determined by
ELISPOT assays. In panels C to H, the means 6 standard deviations (SDs) are shown (n= 2 biological replicates).
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The gB-specific T cells within healthy donor- and patient-derived EBV-specific T cells
were screened based on interferon gamma (IFN-g) production in response to a gB pep-
tide pool that covered full-length gB by overlapping 15-residue peptides using
enzyme-linked immunospot (ELISPOT) assays. Figure 1C and D illustrates a screening
strategy for gB-specific responses from donor 1 (D1). First, EBV-specific T cells from D1
were screened against 36 peptide subpools representing all 857 residues of gB (B95.8
strain); positive responses were detected against peptides within pools 5, 14, 26, and
36 (Fig. 1C). Subsequent screening of individual 15-mer peptides from pools 5 and 14
or pools 26 and 36 identified two peptides, 43 (gB211–225) and 168 (gB836–850), that were
recognized by EBV-specific T cells (Fig. 1D). Similarly, another example of EBV-specific T
cells from a patient with NPC (patient 4 [P4]) in response to gB peptides is shown in
Fig. 1E and F. Two peptides, 28 (gB136–150) and 116 (gB576–590), were identified to have
the ability to stimulate the T cell response. Dose-dependent responses to peptides
detected by IFN-g ELISPOT assays further confirmed that the four peptides gB211–225,
gB136–150, gB576–590, and gB836–850 were able to stimulate EBV-specific T cell responses
(Fig. 1G and H). Altogether, using these methods, gB-specific T cell responses were
detected against 13 15-mer epitopes in EBV-specific T cell lines expanded by
TPA1NaB-treated autologous LCLs from a total of nine healthy viral carriers and one
patient with NPC (Tables 1 and 2).

Characterization of HLA restrictions and optimal CD8 epitopes. We next sought
to determine the HLA restrictions and optimal peptides of the newly identified gB
CD81 T cell epitopes. We first sequenced the HLA class I (HLA-I) alleles in each subject
and constructed a panel of COS7 cell lines that individually expressed each of these
host HLA-I alleles (19). These HLA-I-overexpressing COS7 cells were then used to pres-
ent the 15-mer peptides to gB peptide-specific CD81 T cells. HLA-B*38:02-overexpress-
ing COS7 cells preloaded with the peptide gB836–850 (RRRRYHDPETAAALL) activated
gB836–850-specific CD81 T cells, which displayed increased IFN-g secretion (Fig. 2A) and
upregulated expression of the T cell activation surface marker 4-1BB (Fig. 2B, top row).
We further determined that gB840–849 represents the optimal peptide recognized by
peptide-specific CD81 T cells (Fig. 2C and D, top row). The sequence of gB840–849

(YHDPETAAAL) is concordant with the canonical anchor residues of 10-mer HLA-
B*38:02 ligands, with histidine at P2 and leucine or phenylalanine at the C terminus
(20). Similarly, we identified the HLA-B*58:01 restriction for the peptide gB211–225

(MMAKSNSPFDFFVTT) (Fig. 2B, bottom row, and Fig. 2E). Peptide-specific CD81 T cells
recognized the optimal gB214–223 sequence (KSNSPFDFFV) (Fig. 2D, bottom row, and
Fig. 2F), which is consistent with the canonical anchor residues of 10-mer HLA-B*58:01
ligands with serine at P2 and tryptophan or phenylalanine at the C terminus (20).
Using the same strategy, four other HLA restrictions, A*24:02, B*13:01, B*55:02, and

TABLE 1 gB CD81 T cell epitopesa

Epitope Sequenceb HLA restriction Donor or patient Presence of VCA-IgA/EA-IgG
gB101–115 KIVTNILIYNGWYADc A*24:02 Donor 4 2/2
gB139–147 YQCYNAVKM B*13:01 Patient 4 1/1
gB214–223 KSNSPFDFFV B*58:01 Donor 1 1/1
gB221–231 FFVTTTGQTVE C*03:04 Donor 11 1/1
gB276–284 FLDKGTYTL A*02:01 Donor 23 1/1
gB511–525 GKAVAAKRLGDVISVc ND Donor 22 1/2
gB606–614 NDYHHFKTI ND Donor 16 1/1
gB786–796 INPISKTELQA B*55:02 Donor 8 1/1
gB840–849 YHDPETAAAL B*38:02 Donor 1 1/1
gB106–114 ILIYNGWYA A*02:01
gB190–198 APGWLIWTY B*35:08
gB544–552 VPGSETMCY B*35:01
gB827–835 AARDRFPGL B*07
aListed are the amino acid sequences of newly identified (in boldface type) and previously described gB epitopes. ND, not determined.
bEpitopes are also indicated by the first 3 amino acids (underlined) in the text.
cOptimal sequences have not been determined.

Chen et al. Journal of Virology

May 2021 Volume 95 Issue 10 e00081-21 jvi.asm.org 4

https://jvi.asm.org


C*03:04, were determined for the newly identified gB epitopes gB101–115, gB139–147,
gB786–796, and gB221–231, respectively (Table 1). In total, we characterized 9 CD81 T cell
epitopes of the 13 novel 15-mer peptide epitopes by IFN-g enzyme-linked immunosor-
bent assays (ELISAs) or ELISPOT assays (Table 1). Among these CD81 T cell epitopes,
eight were newly identified, while one epitope, FLDKGTYTL, has been previously
reported (15). Six HLA class I restrictions and the optimal sequences were determined
for six novel epitopes (Table 1).

Identification of gB CD4 epitopes. In parallel with the CD81 T cell epitopes, 4 HLA
class II-restricted epitopes were confirmed out of the 13 IFN-g ELISPOT-positive pep-
tides. The peptide-specific CD4-enriched T cell population from D1 secreted IFN-g after
pulsation with the peptide gB211–225 (Fig. 3A). Upregulation of 4-1BB also confirmed
that the CD41 T cells from D1 recognized the peptide gB211–225 (Fig. 3B). The peptide-specific
CD4-enriched T cell population from P4 recognized the peptide gB576–590 (Fig. 3C). Using
these assays, we identified two other new CD41 T cell epitopes, gB191–205 and gB231–245, from
D10 and D23, respectively (Table 2). The epitope gB576–590 (NEIFLTKKMTEVCQA) identified
from two individuals with HLA-DRB1*08:03 almost coincided with the known CD41 T cell
epitope gB575–589 (DNEIFLTKKMTEVCQ) restricted by HLA-DRB1*08:01 (18, 21). Another novel
CD41 T cell epitope, gB191–205 (PGWLIWTYRTRTTVN), partially overlapped the previously
described CD81 T cell epitope gB190–198 (APGWLIWTY). We did not identify HLA class II restric-
tion of the remaining three 15-mer epitopes due to the limited number of CD4-enriched
T cells.

gB-specific CD8+ T cells restricted EBV-driven B cell transformation. To further
characterize cytokine production, gB peptide-specific T cells were stimulated with eight
novel single CD81 T cell epitopes identified in the present study, and the frequencies of
IFN-g- and/or tumor necrosis factor alpha (TNF-a)-producing and granzyme-B-producing
CD31 CD81 T cells were determined by intracellular cytokine staining (ICS) (Fig. 4A). Three
epitopes, gB214–223, gB221–231, and gB840–849, stimulated more than 5% of the CD81 T cells
simultaneously to secrete both IFN-g and TNF-a (Fig. 4B and C). To a lesser extent, two
other epitopes, gB606–614 and gB786–796, stimulated approximately 1% of the CD81 T cells to
secrete both IFN-g and TNF-a. Only IFN-g or TNF-a single-producing CD81 T cells were
detected for peptide gB101–115 (Fig. 4C). Additionally, CD81 T cells from D1 showed a high
level of granzyme B expression in response to two epitopes, gB214–223 and gB840–849,

TABLE 2 gB CD41 T cell epitopesa

aListed are the amino acid sequences of newly identified (in boldface type) and previously described gB
epitopes. nd, not determined. *Epitopes are also indicated by the first 3 amino acids (underlined) in the text.
#One variation in epitope gB231–245 is marked in red. The amino acid sequence of this epitope in the B95.8,
Akata, GD1, AG876, and Mutu EBV strains is EMSPFYDGKNKETFH; that in the YCCLE1 and SNU-719 strains is
EMSPFYDGKNEETFH; and that in the M81 and C666 strains is EMSPFYDGKNTETFH.
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FIG 2 Identification of HLA restrictions and optimal peptides from donor 1. (A) IFN-g production by gB836–850-specific CD81 T cells was evaluated by
ELISAs after coculture with COS7 cells overexpressing the indicated HLA-I alleles pulsed with the peptide gB836–850. (B) The expression of 4-1BB on

(Continued on next page)
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indicating that these two peptide-specific CD81 T cells may be able to directly lyse gB-
expressed target cells (Fig. 4D). Granzyme B-producing CD31 CD81 T cells were not
detected in response to the other six epitopes.

To test whether the two epitopes gB214–223 and gB840–849 could be endogenously
processed, target cells (COS7 cells) overexpressing the corresponding epitope-encod-
ing minigenes and HLA molecules were exposed to gB214–223 or gB840–849 epitope-spe-
cific T cells. COS7 cells expressing the minigene gB214–223 and HLA-B*58:01 stimulated
gB214–223-specific CD81 T cells to secrete IFN-g (Fig. 5A). Similarly, COS7 cells expressing
both HLA-B*38:02 and the minigene gB840–849 were recognized by gB840–849-specific
CD81 T cells (Fig. 5B). Additionally, LCLs were exposed to gB214–223 or gB840–849 peptide-
specific T cells for 4 h, and specific lysis was examined by lactate dehydrogenase (LDH)
cytotoxicity assays. Only autologous LCLs overexpressing the full-length gB protein or
preloaded with target peptides were specifically recognized and lysed by these two
types of peptide-specific T cells, whereas specific lysis could not be observed for auto-
logous LCLs (Fig. 5C). EBV establishes a latency III program in LCLs that express a lim-
ited number of latent antigens, and only a small population of LCLs, ,5%, are positive

FIG 2 Legend (Continued)
gB836–850- andgB211–225-specific CD81 T cells was evaluated by flow cytometry after coculture with COS7 cells overexpressing the indicated HLA-I
alleles pulsed with peptides gB836–850 and gB211–225, respectively. (C) IFN-g ELISPOT assays of the 9-mer and 10-mer candidate peptides within the
15-mer peptide gB836–850 identified gB840–849 as the optimal epitope. (D) The expression of 4-1BB on gB836–850-specific CD81 T cells in response to
gB840–848 and gB840–849 or on gB211–225-specific CD81 T cells in response to gB214–222 and gB214–223 was measured by flow cytometry. (E) IFN-g
production by gB211–225-specific CD81 T cells was evaluated by ELISAs after coculture with COS7 cells overexpressing the indicated HLA-I alleles
pulsed with the peptide gB211–225. (F) Truncation analysis of the peptide gB211–225 identified gB214–223 as the optimal epitope as determined by IFN-g
ELISPOT assays. In panels A and E, the means 6 SEMs are shown (n= 3 technical replicates). In panels C and F, the means 6 SEMs are shown
(n= 2 biological replicates).

FIG 3 Identification of CD41 T cell epitopes from donor 1 and patient 4. (A and B) Peptide-specific CD4-
enriched cells from D1 were stimulated with the indicated peptides. The secretion of IFN-g was measured by
an IFN-g ELISA (A), and the expression of 4-1BB on peptide-specific CD41 T cells was assessed by flow
cytometry (B). (C) Peptide-specific CD4-enriched cells from P4 were stimulated with the peptide gB576–590. The
secretion of IFN-g was measured by an IFN-g ELISA. In panels A and C, the means 6 SEMs are shown (n= 3
technical replicates).
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FIG 4 Cytokine secretion of CD81 T cells in response to gB epitopes. (A) Gating strategy for the flow cytometric analysis of cytokine
production in peptide-specific CD81 T cells. CD81 T cells were gated as CD81 CD31 CD14– CD19– live single lymphocytes. FSC, forward scatter;

(Continued on next page)
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for gB expression (15). The low frequency of gB-positive LCLs may explain why no spe-
cific lysis of autologous LCLs by gB214–223- and gB840–849-specific T cells was observed af-
ter 4 h of coculture in the LDH cytotoxicity assays. We then cocultured gB214–223- and
gB840–849-specific CD81 T cells with LCLs derived from HLA-matched individuals for a
prolonged time overnight and detected markedly elevated secretion of IFN-g in the su-
pernatant (Fig. 5D), indicating that gB214–223- and gB840–849-specific CD81 T cells in fact
recognized HLA-matched LCLs.

Delivered as EBV virion components, gB and other antigens are presented by
recently infected B cells, and these de novo-infected B cells can be the targets of CD81

T cells during the initial phase of infection (15, 22). Therefore, we next investigated
whether gB-specific CD81 T cells could inhibit B cell transformation after EBV infection.
Primary B cells were sorted from donors whose HLA matched the HLA restrictions of
gB214–223- and gB840–849-specific CD81 T cells (HLA-B*58:01 and -B*38:02, respectively)
and were infected by the B95.8 virus. A gradient number of starting B cells was cocul-
tured with or without a fixed number of gB peptide-specific CD81 T cells. B cell trans-
formation by EBV was evaluated by flow cytometry. B cells sorted from three donors,
D1, D26, and D27, were cocultured with gB214–223-specific CD81 T cells, and five times
the number of starting B cells was required for the successful transformation of B cells
(Fig. 5E, left). In the presence of gB840–849-specific CD81 T cells, we observed a 4- to 10-
fold increase in the number of starting B cells from donors D1, D28, and D29 for suc-
cessful EBV-driven transformation (Fig. 5E, right). These results indicate that gB-specific
CD81 T cells efficiently inhibited the EBV transformation of B cells.

gB-specific T cell responses in healthy EBV carriers and patients with NPC. To
understand the correlation between gB-specific T cell responses and the EBV infection
status, we used VCA-gp125-IgA and EA-IgG to differentiate donors with EBV reactiva-
tion from latent viral carriers (see Materials and Methods for details). Except for two
control EBV-seronegative donors, D24 and D25, all the healthy donors included in this
study were positive for EBNA-1–IgG and VCA-IgG but negative for VCA-IgM, indicating
that they were EBV carriers and excluding acute EBV infection. In contrast to most
healthy EBV carriers who are VCA-gp125-IgA and EA-IgG negative, donors with EBV
reactivation are expected to be positive for VCA-gp125-IgA and EA-IgG (23–25). Out of
the 10 individuals whose EBV-specific T cell lines displayed a positive reaction to gB
epitopes, 7 displayed asymptomatic EBV reactivation with positivity for VCA-gp125-IgA
and EA-IgG (Tables 1 and 2). Interestingly, the EBV-specific T cell lines expanded from 7
of 10 donors with EBV reactivation (70%) displayed a positive reaction to the gB pep-
tide, whereas the EBV-specific T cell lines from only 15% of donors without EBV reacti-
vation (2 of 13) and 10% of patients with NPC (1 of 10) responded to the gB peptides
(Fig. 6A). Taken together, these results indicate that gB-specific T cells are more likely
to be present in individuals with EBV reactivation than in those without EBV reactiva-
tion and patients with NPC.

To further explore the frequency of gB-specific T cells in healthy EBV carriers with
different EBV infection stages and patients with NPC, we examined gB-specific CD81 T
cell responses in peripheral blood mononuclear cells (PBMCs) from 16 donors with or
without EBV reactivation and 8 patients with NPC directly ex vivo. CD81 T cell
responses after gB peptide stimulation were evaluated by IFN-g ELISPOT assays and
ICS, and the upregulation of the T cell activation marker 4-1BB on the CD81 T cell sur-
face was measured by flow cytometry. Compared to EBV-seronegative healthy donors
(D24 and D25), six of eight donors with EBV reactivation (75%) exhibited at least a 2-

FIG 4 Legend (Continued)
SSC, side scatter; AF700, Alexa Fluor 700. (B) Flow cytometric analysis of the proportions of IFN-g-producing (IFN-g1) and/or TNF-a-producing
CD81 gB214–223- or gB840–849-specific T cells after coculture with the corresponding peptides for 6 h. (C) Bar chart showing the percentages of
IFN-g1 and/or TNF-a1 peptide-specific CD81 T cells in response to eight gB epitopes. Peptide-specific CD81 T cells stimulated with DMSO were
used as negative controls, and the means of the proportions of IFN-g1 and/or TNF-a1 CD81 T cells in the control groups are shown. (D) The
percentages of granzyme B-producing gB214–223- or gB840–849-specific CD81 T cells in response to the corresponding epitopes for 6 h were
examined by flow cytometry.
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FIG 5 gB peptide-specific CD81 T cells recognized the endogenously processed epitopes gB214–223

and gB840–849 and limited B cell transformation after EBV infection. (A and B) The secretion of IFN-g by
peptide-specific CD81 T cells was measured by an IFN-g ELISA after coculture with COS7 cells
coexpressing the HLA-I alleles indicated and minigenes expressing gB214–223 (MG1-gB214–223) (A) or
gB840–849 (MG2-gB840–849) (B) and the control minigene (control MG). The means 6 SEMs are shown
(n= 3 technical replicates). (C) Specific lysis of LCLs after coculture with gB214–223- or gB840–849-specific
CD81 T cells was evaluated by the LDH release assay. Autologous LCLs (Auto. LCLs) or HLA-
mismatched LCLs (Cont. LCLs) were infected with retrovirus expressing gB (pCDH-BALF4) or an empty
vector and cocultured with gB214–223- or gB840–849-specific T cells at different effector-to-target cell
ratios. Autologous LCLs pulsed with the corresponding peptides were used as the positive control.
The means 6 SDs are shown (n= 2 biological replicates). * and ** indicate significant differences
observed between the groups (Auto. LCL and pCDH-BALF4) and other groups. *, P, 0.05; **,
P, 0.005; ns, no significance (by one-way analysis of variance [ANOVA]). (D) The LCLs established
from HLA-matched donors D1, D26, and D27 (HLA-A*58:01) and donors D1, D28, and D29 (HLA-
A*38:02) were cocultured with gB214–223 (left)- and gB840–849 (right)-specific CD81 T cells overnight,
and the secretion of IFN-g in the supernatant was measured by an IFN-g ELISA. (E) gB214–223 (left)- and
gB840–849 (right)-specific CD81 T cells inhibited primary B cell transformation after EBV infection. The
log10-transformed numbers of starting B cells required for transformation by EBV are indicated.
Primary B cells enriched from the same HLA-matched donors as the ones described above for panel

(Continued on next page)
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fold upregulation of IFN-g secretion, and four of them also showed increased cell sur-
face expression of 4-1BB in response to gB peptide stimulation (Fig. 6B and C). In com-
parison, three of eight donors without EBV reactivation (37.5%) and only two of eight
patients with NPC (25%) responded to the gB peptides (Fig. 6B and C). Although not
significant at the level of a P value of ,0.05, these P values indicate the trend in the
higher frequency of gB-specific CD81 T cells observed among the individuals with EBV
reactivation than in those without reactivation and patients with NPC (Fig. 6D).
Consistent with the results of the gB-specific reactivity in EBV-specific T cells expanded
by autologous LCLs (Fig. 6A), these data further confirmed that gB-specific CD81 T cells
were more common in the peripheral blood from healthy donors with EBV reactivation
than in individuals without EBV reactivation and patients with NPC.

Most gB epitopes are conserved in different EBV strains. In this study, the gB
peptide library was designed according to EBV strain B95.8. Since different EBV strains
have been shown to have distinct geographical and population distributions (26, 27),
we compared the amino acid sequences of 19 gB epitopes identified thus far among
nine different EBV strains. All CD81 T cell epitopes were fully conserved. One variation
was present in a CD41 T cell epitope (Fig. 7 and Table 2). T cell epitopes were distrib-
uted in the ectodomain, specifically domains I, III, and IV, as well as in the intracellular
domain of gB, whereas we failed to identify any T cell epitopes in domain II (Fig. 7).
These data indicate that full-length gB contains the most abundant T cell epitopes.

DISCUSSION

The characterization of T cell responses during natural human infections with VZV,
HIV, and influenza virus has defined critical epitopes on target antigens and advanced
the development of subunit vaccines (28–30). In this study, we comprehensively
explored T cell responses to gB in healthy EBV carriers with and without viral reactiva-
tion and in patients with NPC using an overlapping peptide library covering the entire
gB sequence. In addition to a previously identified FLD epitope, we identified 12 novel
T cell epitopes in the context of seven new HLA restrictions that are common in Asian
populations. Interestingly, we found that the gB-specific CD81 T cells in healthy donors
with EBV reactivation are more frequent than those in healthy donors without EBV
reactivation and patients with NPC, suggesting that gB is a common target of CD81 T
cells in healthy donors with EBV reactivation. Our data have broadened the availability
of gB T cell epitopes and HLA restrictions. In addition, because 18 of the 19 gB epitopes
identified thus far are conserved among different EBV strains, they can be used to track
and evaluate T cell responses to the gB subunit vaccine.

Of the five previously defined gB CD81 T cell epitopes (Table 1), restriction was lim-
ited to four HLA alleles, including both HLA-A and HLA-B alleles but not HLA-C alleles.
In the present study, we identified an additional eight gB CD81 T cell epitopes re-
stricted by HLA-A and HLA-B as well as HLA-C alleles (Table 1). Six of the eight new
CD81 T cell epitopes were restricted by common Asian HLA class I alleles, including
HLA-A*24:02, HLA-B*13:01, HLA-B*38:02, HLA-B*55:02, HLA-B*58:01, and HLA-C*03:04.
These HLA alleles cover approximately one-third of the population in South China and
Southeast Asia (http://www.allelefrequencies.net/default.asp), significantly increasing
the population coverage of the HLA restrictions of gB epitopes. Our study revealed
that the defined epitopes were mainly restricted by HLA-B alleles, in accordance with a
previous study (31). Of particular interest, among the newly identified HLA class I al-
leles, HLA-B*13:01 and HLA-B*55:02 are protective alleles, while HLA-B*38:02 and HLA-
B*58:01 are susceptible alleles for the development of NPC, a disease endemic in South

FIG 5 Legend (Continued)
D were infected with the B95.8 virus and cocultured with or without a constant number of peptide-
specific CD81 T cells (10,000 T cells/well) at different effector-to-target cell ratios of between 1,000:1
and 1:3. LCL outgrowth was monitored by microscopy, and the B cell identity of the outgrowing
cells was confirmed by flow cytometry. The data are shown as the means 6 SDs (n= 3 biological
replicates). *, P, 0.05, **, P, 0.005 (by a paired t test).
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China and Southeast Asia and potentially linked to impaired T cell surveillance (32).
Our study suggests that the gB epitopes can elicit a CD81 T cell response restricted by
common susceptible and protective HLA alleles for NPC, adding more value to the de-
velopment of a gB subunit vaccine to prevent EBV infection or reactivation in popula-
tions in South China and Southeast Asia where NPC is endemic. In addition to CD81 T
cell epitopes, four CD41 T cell epitopes were identified, although the precise HLA-II
restrictions of the four CD41 T cell epitopes require further investigation. Knowledge

FIG 6 gB-specific T cell responses in healthy viral carriers with and without EBV reactivation and patients with
NPC. (A) Summary of the gB-specific T cell responses from the 33 EBV-specific T cell lines expanded by
autologous LCLs. Two of 13 T cell lines expanded from healthy donors without EBV reactivation (15.4%), 7 of 10
from healthy donors with EBV reactivation (70%), and 1 of 10 from patients with NPC (10%) displayed positive
T cell responses to gB peptides. *, P, 0.05 (by Fisher’s exact test). (B) The frequency of gB-specific CD81 T cell
responses in PBMCs from eight healthy viral carriers without EBV reactivation, eight donors with EBV
reactivation, and eight patients with NPC was directly evaluated by the IFN-g ELISPOT assay. The black
horizontal line indicates the threshold level used to determine positive results (2 times the number of SFCs/
1� 106 unstimulated CD4-depleted PBMCs). The means 6 SEMs are shown (n= 2 biological replicates). SFU,
spot-forming units. (C) The frequencies of IFN-g1 or 4-1BB1 CD81 T cells in response to gB epitopes from eight
healthy viral carriers without EBV reactivation, eight donors with EBV reactivation, and eight patients with NPC
were measured by ICS and flow cytometry. IFN-g ICS assays were not performed in six healthy donors and three
patients due to the limited numbers of PBMCs. More than 2-fold increases in IFN-g1 or 4-1BB1 cells compared
with the DMSO background group are indicated in red in panels B and C. ELISPOT and flow cytometry assays
were performed with CD4-depleted PBMCs stimulated with the gB CD8 epitope mixture or DMSO for 16 h. (D)
Summary of the positive gB-specific CD81 T cell responses detected from healthy viral carriers with and
without EBV reactivation and patients with NPC directly ex vivo as shown in panels B and C. The CD81 T cells
from three of the eight donors without EBV reactivation (37.5%), six of the eight donors with EBV reactivation
(75%), and two of the eight patients with NPC (25%) responded to the gB peptides. P values were yielded by
Fisher’s exact test.
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of gB T cell epitopes and their HLA restrictions will facilitate the generation of key
reagents, for example, peptide-specific tetramers, to evaluate the T cell response to gB.

Except for one CD41 T cell epitope, gB231–245, all of the other gB T cell epitopes were
conserved among different geographically separated EBV strains (Fig. 7). We also found
that T cell responses were highly enriched in one region from residues 190 to 245. The
epitope-enriched region, located at ectodomain domain I of gB, is not only able to
elicit both CD41 and CD81 T cell responses in Asian and Caucasian populations but
also critical for gB-mediated membrane fusion with the two fusion loops located in do-
main I (10). In addition to epitope-enriched domain I, the C-terminal domain (CTD) also
harbors CD81 T cell epitopes in the context of several common HLA restrictions, including
HLA-B*07, HLA-B*38:02, and HLA-B*55:02. Therefore, gB subunit vaccines containing an
ectodomain and a CTD may elicit more T cell responses.

EBV establishes persistent infection through its latency in B cells, from which it
intermittently reactivates the lytic cycle and shuttles between B cells and epithelial
cells to produce progeny virus particles for transmission. In healthy carriers, the detec-
tion of virus in throat wash samples and the simultaneous appearance of VCA-gp125-
IgA, EA-IgG, and EBNA-1–IgG clearly indicate EBV reactivation, in contrast to donors
without reactivation, who are negative for VCA-gp125-IgA and EA-IgG (23–25). We
found that healthy virus carriers with EBV reactivation showed a significantly higher
rate of T cell response to the gB peptides than donors without EBV reactivation and
patients with NPC. These results indicated that intermittent EBV reactivation may elicit
gB-specific T cell responses in vivo. In addition to the specific lysis of gB-overexpressing
LCLs, we showed that gB peptide-specific CD81 T cells expanded from donors with
EBV reactivation were also able to inhibit EBV-driven B cell transformation. Our study
suggests that EBV reactivation elicits gB-specific T cell responses, which may in turn
play a role in the control of EBV lytic activation.

In this study, we made a very interesting observation about the relatively low levels
of gB-specific T cell responses in patients with NPC. Unlike healthy individuals with
intermittent EBV reactivation, which elicits both gB-specific antibody (VCA-gp125-IgA)
and T cell immune responses, despite an aberrantly strong IgA response to EBV anti-
gens, T cell responses to gB in patients with NPC are less common than those in
healthy donors with EBV reactivation. Currently, the mechanisms underlying this incon-
sistency remain unclear and may indicate that the form or origin of EBV reactivation

FIG 7 Schematic of gB CD8 and CD4 epitopes. The newly identified gB CD8 and CD4 epitopes are shown as
orange and blue vertical bars, respectively, and are indicated by the first 3 amino acids of each peptide. The
gray bars highlight previously identified T cell epitopes. The red vertical lines represent gB amino acid
variations among nine EBV strains. The CD8 epitopes for which the optimal sequences have not been defined
are shown in italics. Details of all of the gB CD8 and CD4 epitopes are shown in Tables 1 and 2.
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involved in NPC tumorigenesis differs from that governing the EBV-positive serological
response in healthy individuals. Elevated serum EBV IgA antibody levels can be
detected 3 to 5 years before the onset of NPC, and the association between IgA anti-
body titers and NPC risk is strong, indicating that EBV reactivation plays a role in the
early or premalignant stages of NPC (33). However, whether EBV reactivation occurs in
submucosal lymphoid cells or sporadic malignant epithelial cells remains unclear since
a cellular niche of lytic producer cells has not been identified so far in NPC tumors via
histochemical staining (34). Furthermore, we failed to detect the gB protein using an
immunohistochemistry (IHC) assay (data not shown) despite the abundant BALF4 (gB)
mRNA levels in NPC tumors (35).

In agreement with the relatively low frequency of gB-specific T cell responses,
most studies have reported only normal or suppressed T cell responses to EBV-
encoded antigens in patients with NPC (36, 37), which differs from the highly ele-
vated humoral immune responses observed for NPC. In contrast, in healthy seroposi-
tive individuals, the expression of a variety of EBV antigens during lytic viral replica-
tion gives rise to significant CD4 and CD8 T cell responses (38). We hypothesize that
the loss of EBV-specific T cell immunity may contribute to the development of NPC.
With a limited number of antigens being expressed, only latent or abortive lytic EBV
infection, rather than full lytic infection, has been observed in NPC (34). This is prob-
ably a key mechanism underlying the immune escape of EBV-infected tumor cells. In
addition to reduced antigen expression, multiple viral gene products, the expression
of which has been observed in NPC tumors (39), including BNLF2a, BGLF5, and BILF1,
inhibit the antigen processing machinery and major histocompatibility complex (MHC)
molecule expression of infected cells (40–42). A viral interleukin-10 (vIL-10) homolog
encoded by the BCRF1 gene also interferes with the immune recognition of infected cells
by effector T cells (43, 44). Moreover, in NPC tumors, an immunosuppressive tumor micro-
environment caused by persistent exposure to EBV antigens and the recruitment of immu-
nosuppressive cells, such as myeloid-derived suppressor cells (MDSCs) and regulatory T
cells (Tregs), leads to the functional impairment or exhaustion of effector T cells (36, 45).
Altogether, these studies suggest that EBV has evolved various strategies to evade
immune recognition and T cell surveillance in NPC.

In summary, we report the screening of gB epitopes from healthy EBV carriers and
patients with NPC and show that gB-specific T cells potently restrict EBV-driven B cell
transformation. The frequent detection of gB-specific T cell responses in EBV IgA serol-
ogy-positive healthy individuals suggests that gB is a common target of T cells in vivo
when EBV is reactivated. This study increases the understanding of the T cell immune
responses to gB and suggests that a gB subunit vaccine may elicit T cell responses in
the context of broad HLA restrictions. Precisely mapped gB T cell epitopes could con-
tribute to immune monitoring and the development of a gB subunit vaccine.

MATERIALS ANDMETHODS
Ethics statement. This study was approved by the institutional ethical review boards of the Sun Yat-

sen University Cancer Center, and written informed consent was obtained from all participants.
Establishment of lymphoblastoid cell lines. Heparinized peripheral blood (20 to 40ml) was col-

lected from 35 EBV-seropositive healthy donors, 2 EBV-seronegative control donors, and 15 patients
with NPC. Human PBMCs were isolated by Ficoll density gradient centrifugation. A total of 2� 106

PBMCs were used to establish EBV-infected LCLs using the B95.8 EBV strain (46). Briefly, PBMCs were
incubated with the virus-containing supernatant and cultured in RF10 medium (RPMI 1640 with 10% fe-
tal bovine serum [FBS], 1mM minimal essential medium [MEM] sodium pyruvate, 2mM L-glutamine,
5mM HEPES buffer solution, 55mM 2-mercaptoethanol, 100mM MEM nonessential amino acids, 100 U/
ml penicillin, and 100mg/ml streptomycin; purchased from Gibco [Thermo Fisher Scientific]) that con-
tained 0.4mg/ml cyclosporine. After approximately 5 or 6 weeks, the LCLs were stable and could be
used for subsequent experiments.

ELISA of EBV VCA-IgM, VCA-IgG, VCA-IgA, EA-IgG, and EBNA-1–IgG. The titers of serum antibod-
ies against EBV antigens were measured by an enzyme-linked immunosorbent assay (ELISA) using com-
mercial kits from Euroimmun (Germany) for VCA-IgM and VCA-IgG and from IBL (Hamburg, Germany) for
VCA-IgA, EA-IgG, and EBNA-1–IgG according to the manufacturers’ instructions. Briefly, the levels of sero-
markers were standardized by calculating the ratio of the optical density (OD) of the sample to that of a
reference control (rOD). The positive cutoff values for the rOD were indicated by the manufacturer’s
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instructions. Reactivated EBV infection is expected to be negative for VCA-IgM but positive for VCA-IgG,
VCA-IgA, EA-IgG, and EBNA-1–IgG. A viral carrier without EBV reactivation is expected to be positive for
VCA-IgG and EBNA-1–IgG but negative for VCA-IgM and EA-IgG. The positive serological marker for
acute EBV infection is VCA-IgM.

Induction of EBV lytic production in LCLs. LCLs were seeded in RF10 medium (5� 105 cells/ml)
and treated with 20 ng/ml 12-O-tetradecanoyl-phorbol-1-acetate (TPA; Sigma) and 5mmol/liter sodium
butyrate (NaB; Sigma) for 8 h. After treatment, LCLs were washed twice and cultured in fresh RF10 me-
dium for an additional 72 h (TPA1NaB-LCLs). LCLs without any stimulation were used as controls (Ctrl-
LCLs). After incubation, cells were collected for flow cytometric analysis.

Generation of EBV-specific T cell lines. Donor- and patient-derived EBV-specific T cells were gener-
ated from cryopreserved PBMCs using autologous LCLs treated with TPA1NaB (TPA1NaB-LCLs) as anti-
gen-presenting cells (APCs), as described previously (47). Briefly, PBMCs (2� 106 cells/2-ml 24-well plate)
were stimulated with irradiated (40Gy) autologous TPA1NaB-LCLs at an effector-to-APC ratio of 40:1 in
50/50 medium (RF10 medium mixed 1:1 with X-Vivo-15 medium). Cultures were supplemented with
recombinant human IL-2 (Sigma) (10 U/ml) on day 4, and 50% of the culture medium was changed every
2 days thereafter. After 10 to 12 days, viable cells were restimulated with irradiated (40Gy) autologous
TPA1NaB-LCLs at an effector-to-APC ratio of 4:1 in 50/50 medium. The IL-2 concentration in the culture
was successively increased to 100 U/ml. Cells were analyzed by ELISPOT assays on days 21 to 25. For
CD81 T cell differentiation profile analysis, cells were monitored by flow cytometry on day 21.

Expansion of peptide-specific T cells. T cells specific for the newly identified peptide epitopes
were established using cryopreserved PBMCs (;1� 107), as previously described (48). Briefly, one-third
of the PBMCs were preloaded with a single peptide (10mg/ml) in X-Vivo-15 medium (Lonza) for 2 h at
37°C, washed twice, and mixed with the remaining autologous PBMCs in 50/50 medium. After 3 days,
cultures with IL-2 (10 U/ml) were added, and half of the medium was replaced every 2 days thereafter.
Cells were restimulated on day 7 with irradiated (50Gy) autologous PBMCs preloaded with peptide.
After 10 to 12 days, peptide-specific CD81 T cells were purified by magnetic beads (Miltenyi Biotec) for
HLA restriction analysis. In cytotoxicity assays, peptide-specific CD81 T cells were used as effectors.

Cell sorting. Peptide-specific CD81 T cells and peptide-specific CD8-deleted (CD4-encriched) cells
were isolated from peptide-specific T cells using microbeads (Miltenyi Biotec) according to the manufac-
turer’s instructions. The purity of CD81 T cells was above 95%.

Peptides. A total of 163 overlapping peptides (15-mers overlapping by 10 amino acids [aa]) covering
the complete sequence of BALF4 (B95.8 strain; UniProtKB accession number P03188) and truncated pep-
tides within 15-mer peptides were purchased from Sangon Biotech (Shanghai, China), with a purity of
.95%. Seven peptides in the gB peptide library failed to be synthesized: peptides 2, 20, 118, 124, 126,
147, and 148. Synthetic peptides were dissolved in dimethyl sulfoxide (DMSO) at 20mg/ml. As described
previously, 15-mer overlapping peptides were pooled in 36 pools such that each peptide was repre-
sented in 2 pools (47). All peptides were represented by the position of their inclusive amino acids from
the N terminus (e.g., gBxx–yy), and epitopes were also identified by the first 3 amino acids of the gB
sequence. Consecutive 15-mer peptides were designated by their position starting from the N-terminal
15-mers [e.g., gB1–15(1) is peptide 1, and gB6–20(2) is peptide 2, etc.]. Aliquots of peptides were stored at
280°C.

IFN-cELISPOT assays. IFN-g ELISPOT assays were performed according to the manufacturer’s instruc-
tions (human IFN-g ELISPOT set, BD ELISPOT). Briefly, ELISPOT plates were precoated overnight with an
anti-IFN-gmonoclonal antibody (mAb). A total of 5� 104 EBV-specific T cells were plated and stimulated
with gB peptide pools (1mg/ml each peptide) or individual peptides (0.01 to 10,000 ng/ml, as indicated).
Equivalent volumes of DMSO and 1mg/ml phytohemagglutinin (PHA) were used as negative and posi-
tive controls, respectively. After incubation for 16 to 20 h at 37°C in 5% CO2, the secondary biotinylated
anti-IFN-g antibody was added to the plates. Following incubation with streptavidin-horseradish peroxi-
dase (HRP), the reactions were developed with the 3-amino-9-ethylcarbazole (AEC) substrate (AEC sub-
strate set, BD ELISPOT). Spots were quantified on the plates using Immunospot (Cellular Technology
Ltd., Shaker Heights, OH). The results are shown as spots per well and were considered positive if the
magnitude of the response exceeded 2 or 5 times the background level of the negative control, as noted
in the figure legends, and if more than 5 spots per well were observed. Two EBV-specific T cell lines from
EBV-seronegative (VCA-IgM/G/A-negative) healthy donors were used as negative controls. In some
experiments, cells were collected for flow cytometric analysis.

Retroviral infection of the COS7 tumor cell line and LCLs. Briefly, 293T cells (8� 106) were plated
in a 100-mm plate overnight at 37°C. Ten micrograms of cloned pCDH-EF1a-puro containing individual
HLA-I alleles or BALF4 (B95.8 strain) and packaging plasmids (6mg psPAX2 and 4mg pMD2.G) were trans-
fected using 30ml of polyethyleneimine (PEI) (Polysciences). Empty vectors were used as negative con-
trols. Forty-eight hours later, lentiviruses were harvested and concentrated. COS7 cells (5� 105) were
plated in 6-well plates in RF10 medium overnight at 37°C, and lentiviruses encoding HLA-I alleles were
added to the plates. LCLs (5� 106) were mixed with lentiviruses encoding gB, and centrifugation was
performed at 800 � g for 1 h at 37°C with 8mg/ml Polybrene (Sigma). Next, LCLs were plated in 6-well
plates. After incubation for 6 to 8 h at 37°C in 5% CO2, the medium was replaced. Transfectants were
maintained by puromycin selection and confirmed to express HLA-I alleles or gB by staining with a pan-
HLA-I antibody (clone W6/32; eBioscience) or anti-EBV gB mouse mAb (5B2; Santa Cruz Biotechnology).

HLA restriction analysis and definition of optimal epitopes. COS7 cells overexpressing specific
HLA-I alleles (2.5� 104 cells) were plated in flat-bottom 96-well plates in RF10 medium and incubated
overnight at 37°C. The following day, candidate peptides (10mg/ml) were added and pulsed for 4 h, and
the cells were washed three times with 50/50 medium. Peptide-specific CD81 T cells (50,000 to 150,000
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cells/well) were added to the wells and cocultured overnight at 37°C. Peptide-specific CD4-enriched T
cell populations (100,000 to 500,000 cells/well) were plated and stimulated with the candidate peptides
overnight at 37°C. After incubation, the supernatant was collected for the detection of IFN-g
(BioLegend), and cells were collected for flow cytometric analysis. The Immune Epitope Database and
Analysis Resource (IEDB) (http://www.iedb.org) and SYFPEITHI (http://www.syfpeithi.de) algorithms were
used to predict the optimal peptides used in the validation assays.

Flow cytometry. Single-cell suspensions were prepared and incubated with anti-human FcR block
(BioLegend) before incubation for 30min at 4°C with fluorochrome-conjugated antibodies. Subsets of
EBV-specific CD81 T cells were detected using LiveDead-NIR (Thermo Fisher), CD3-BV650 (clone UCHT1;
BD Biosciences), CD8-Alexa Fluor 647 (SK1; BioLegend), CD19-allophycocyanin (APC)-Cy7 (HIB19;
BioLegend), CCR7-phycoerythrin (PE) (3D12; Thermo Fisher), and CD45RA-fluorescein isothiocyanate
(FITC) (HI100; Thermo Fisher); gB peptide-specific CD8 T cells were assessed using LiveDead-NIR (Thermo
Fisher), CD3-Brilliant Violet 650 (UCHT1; BD Biosciences), CD4-PE-Cy7 (RPA-T4; BioLegend), CD14-APC-
Cy7 (63D3; BioLegend), CD19-APC-Cy7 (HIB19; BioLegend), CD137-PE (4B4-1; BioLegend), CD8-Alexa
Fluor 647 (SK1; BioLegend), or CD8-Alexa Fluor 700 (RPA-T8; BioLegend). gB and gp350 on LCLs were
stained with gB (5B2; Santa Cruz) and gp350 (72A1), respectively, and the Alexa Fluor 647 secondary
antibody (Invitrogen) was then added at a 1:500 dilution. All antibodies were diluted at 1:100 unless oth-
erwise noted. For intracellular molecule staining, peptide-specific T cells were plated in 96-well round-
bottom plates and stimulated with individual peptides (10mg per well) for 6 h in the presence of 5mg/
ml brefeldin A (BioLegend) and 2mM monensin (BioLegend). Cells with no stimulation were used as a
negative control, while cells stimulated with phorbol myristate acetate (PMA)-ionomycin (Sigma) were
used as a positive control. Following incubation, the cells were subsequently surface stained, fixed and
permeabilized with 1� fixation buffer/permeabilization wash buffer (BioLegend), and stained with the
following antibodies at a 1:50 dilution: IFN-g–PE (4S.B3; BioLegend), TNF-a–PerCP-Cy5.5 (MAb11;
BioLegend), and granzyme B-FITC (GB11; BioLegend). Cells were acquired on a CytoFLEX S instrument
(Beckman Coulter), and the data were analyzed using FlowJo software X 10.0.7 (TreeStar).

In vitro cytotoxicity assays. The cytotoxicity of gB214–223- and gB840–849-specific T cells was analyzed
using the Pierce LDH cytotoxicity assay kit (Thermo Scientific) according to the manufacturer’s instruc-
tions. Briefly, 1� 104 target cells/well were incubated with effector cells (peptide-specific CD81 T cells)
in a 96-well round-bottom plate for 4 h at different effector-to-target cell ratios. After incubation, 50 ml
of the sample medium was transferred to a new 96-well flat-bottom plate, and 50 ml of the reaction mix-
ture was added. Following incubation at room temperature for 30min, 50ml of stop solution was added
to the plate, and the absorbance was measured at 490 nm and 680 nm using a plate reader (MD
SpectraMax Plus 384).

Minigene design. Minigenes inducing gB peptide-specific CD81 T cell responses were designed to
encode candidate T cell epitopes (49). The NetChop 3.1 cleavage prediction tool was used to analyze
whether the epitopes could be endogenously cleaved (50). Linker sequences K were included in the
minigene gB214–223 to allow cleavage. Minigenes, including the Kozak sequence and stop codon, were
codon optimized and synthesized by General Biosystems (Anhui, China). The minigenes were then
cloned into the pCDH-EF1a-puro vector and yielded the following peptide products: MK KSNSPFDFFV for
minigene gB214–223, M YHDPETAAAL for minigene gB840–849, and M FFVTTTGQTVE for minigene gB221–231 (con-
trol minigene).

gB epitope conservation analysis. The full-length gB amino acid sequences of the nine EBV strains,
including B95.8 (GenBank accession number V01555.2; NCBI protein accession number CAA24806.1),
Akata (GenBank accession number KC207813.1; protein accession number AFY97902.1), GD1 (GenBank
accession number AY961628.3; protein accession number AAY41155.1), M81 (GenBank accession num-
ber KF373730; protein accession number AGZ95225.1), C666 (GenBank accession number MK540243.1;
protein accession number QCF47661.1), AG876 (GenBank accession number DQ279927.1; protein acces-
sion number ABB89287.1), Mutu (GenBank accession number KC207814.1; protein accession number
AFY97983.1), YCCLE1 (GenBank accession number AP015016.1; protein accession number BAU51603.1),
and SNU-719 (GenBank accession number AP015015; protein accession number ASU89799.1), were
downloaded from the National Center for Biotechnology Information database. The sequences were
aligned and analyzed using ClustalX 2.0 (51) and Jalview 2 (52).

CD8+ T cell inhibition of B cell outgrowth. Primary B cells enriched from PBMCs were infected with
wild-type EBV (B95.8) at a multiplicity of infection of 1. After 2 h of incubation at 37°C, primary B cells
were seeded in 96-well round-bottom plates in RF10 medium containing 50 IU/ml IL-2 and cocultured
with or without a constant number of gB-specific CD81 T cells (10,000 T cells/well) at different effector-
to-target cell ratios of between 1,000:1 and 1:3 in three replicates. Half of the medium in these cocul-
tures was replaced once a week with fresh RF10 medium without cytokine supplementation. After 4
weeks of incubation, outgrowth was monitored by microscopy, and the B cell identity of the outgrowing
cells was confirmed by flow cytometry.

Statistical analysis. All statistical analyses were performed with GraphPad Prism 8.0 software and
are indicated in the figure legends. The sample numbers (n) and replicates in each experiment are indi-
cated in the figure legends. All statistical tests were two sided, and P values of ,0.05 were considered
statistically significant.
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