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Abstract

CD8+ T cell responses to Epstein-Barr virus (EBV) lytic cycle expressed antigens display a hierarchy of immunodominance, in
which responses to epitopes of immediate-early (IE) and some early (E) antigens are more frequently observed than
responses to epitopes of late (L) expressed antigens. It has been proposed that this hierarchy, which correlates with the
phase-specific efficiency of antigen presentation, may be due to the influence of viral immune-evasion genes. At least three
EBV-encoded genes, BNLF2a, BGLF5 and BILF1, have the potential to inhibit processing and presentation of CD8+ T cell
epitopes. Here we examined the relative contribution of these genes to modulation of CD8+ T cell recognition of EBV lytic
antigens expressed at different phases of the replication cycle in EBV-transformed B-cells (LCLs) which spontaneously
reactivate lytic cycle. Selective shRNA-mediated knockdown of BNLF2a expression led to more efficient recognition of
immediate-early (IE)- and early (E)-derived epitopes by CD8+ T cells, while knock down of BILF1 increased recognition of
epitopes from E and late (L)-expressed antigens. Contrary to what might have been predicted from previous ectopic
expression studies in EBV-negative model cell lines, the shRNA-mediated inhibition of BGLF5 expression in LCLs showed
only modest, if any, increase in recognition of epitopes expressed in any phase of lytic cycle. These data indicate that whilst
BNLF2a interferes with antigen presentation with diminishing efficiency as lytic cycle progresses (IE.E..L), interference by
BILF1 increases with progression through lytic cycle (IE,E,,L). Moreover, double-knockdown experiments showed that
BILF1 and BNLF2a co-operate to further inhibit antigen presentation of L epitopes. Together, these data firstly indicate
which potential immune-evasion functions are actually relevant in the context of lytic virus replication, and secondly
identify lytic-cycle phase-specific effects that provide mechanistic insight into the immunodominance pattern seen for CD8+

T cell responses to EBV lytic antigens.
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Introduction

Members of the human herpes family of viruses have co-evolved

with their hosts to persist as largely asymptomatic, latent

infections. However, under conditions of immune T cell impair-

ment as seen for example in immunosuppressed transplant

recipients, herpesviruses may reactivate, often with clinical

symptoms [1–4]. This reflects the vital role of T cell-mediated

immune responses in controlling, albeit not eliminating, persistent

herpesvirus infections [5–8]. The ability of these viruses to persist

and be transmitted by the immune host is achieved through two

strategies: firstly, the establishment of a latent infection with

minimal if any viral antigen expression in long lived cell types, and

secondly, the synthesis of viral proteins that interfere with antigen

processing pathways in the infected cell during the virus-

productive phase of replication. Multiple immune evasion proteins

have been identified within herpesviruses of the a and b families

(e.g., herpes simplex virus, HSV, and cytomegalovirus, CMV,

respectively) and these proteins have been shown to cooperate with

each other during lytic cycle replication of the individual viruses.

Whether the c-herpesvirus immune evasion mechanisms similarly

cooperate with each other is unknown.

The prototypic human c-herpesvirus, Epstein-Barr virus (EBV),

establishes latency in the memory B lymphocyte pool [9]. Studies

of infectious mononucleosis patients suggest that during primary

infection, EBV seeds this compartment as a reservoir of infected

cells by inducing a growth-transforming infection of B lympho-

cytes through the coordinated expression of 8 transformation-

associated proteins [9]. Upon establishment of virus persistence,

such growth-transformed cells are well controlled by latent

antigen-specific CD8+ T cells, and the virus is maintained in a

latent and immunologically silent state in resting B cells.

Periodically the virus reactivates into its lytic or virus productive

phase of replication to allow infection of new cells and

transmission to other hosts. Lytic replication is characterized by

the sequential expression of two immediate-early (IE) genes
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(BZLF1 and BRLF1), around 30 early (E) genes followed by

around 30 late (L) genes. This provides a potentially diverse

repertoire of antigens for immune targeting and strong responses

are made to epitopes drawn from the immediate early and some

early expressed antigens. A testament to the efficacy of the lytic

and latent epitope-specific CD8+ T cell responses is that although

90% of adults worldwide are infected with EBV, infection remains

largely asymptomatic [10]. However, high levels of viral particles

have been proposed to be synthesised and shed in such immune

hosts [11]. Additionally in vitro models show that in the absence of

immune effectors, B cells reactivating from latency in to lytic cycle

can remain viable and go on producing virus for several days [12].

In vivo therefore, T cell recognition within this extended window

of replication has the potential to limit virus production, and

evading recognition would clearly be of an advantage to the virus

in increasing its chances of transmission from the virus-carrying

host.

Following the observation that HLA-class I expression at the cell

surface of EBV-infected cells was decreased upon entry into lytic

cycle [13], it was also demonstrated that there was increasing

evasion of CD8+ T cell recognition by cells replicating EBV as

they progressed through lytic cycle [14]. Thus EBV-specific CD8+

T cells which targeted antigens expressed in the IE wave of

expression recognised their target epitopes relatively well, while

CD8+ T cells specific for E expressed proteins recognised their

target epitopes at an intermediate level, and L epitope-specific

effectors were relatively poor at recognising their targets.

Subsequently, three EBV lytic cycle genes were shown by

ectopic expression in EBV-negative cell models to encode proteins

that interfere with the HLA class I antigen processing pathway

[15–18]. These proteins are: BNLF2a, which associates with the

Transporter associated with Antigen Processing (TAP) to block

translocation of peptide fragments from the cytosol to the

endoplasmic reticulum, thus preventing their access to HLA class

I molecules [15,19–21]; BGLF5, which encodes an exonuclease

that degrades mRNA and thus reduces global levels of host cell

transcripts, including those for HLA and TAP [17,22,23]; and

BILF1, which binds to HLA class I/peptide complexes and both

interferes with their transport to the cell surface and increases the

turnover of pre-existing cell-surface HLA class I/peptide com-

plexes, targeting them for lysosomal degradation [16,24,25].

Although the individual EBV evasion genes have been well-

studied in model systems, little is known about their contributions

to evasion in the context of natural EBV lytic cycle. The limited

information available suggests that BNLF2a may only be effective

during the IE- and E-phases of lytic cycle [19], and yet cells in the

L-phase show greatest resistance to EBV-specific CD8+ T cells. To

better understand why L-phase viral antigens are less immuno-

genic, we have knocked-down BNLF2a, BGLF5 and BILF1

expression in spontaneously lytic LCLs and examined the

efficiency of recognition of these cells by IE, E and L antigen-

specific CD8+ T cell clones. The data show that of these three gene

products, BNLF2a and BILF1 are the major effectors of evasion

and they cooperate to provide immune protection across all three

phases of the lytic cycle.

Results

Generation of BNLF2a, BGLF5 and BILF1 knockdown-LCLs
A panel of EBV transformed B-cell lines (LCLs) from suitable

HLA-typed donors was first selected in which more than 1% of

cells expressed the lytic switch protein BZLF1 as detected by

intracellular staining and flow cytometry. These lines therefore

contained significant numbers of cells spontaneously entering into

lytic cycle, allowing them to be used as targets in T cell recognition

assays.

To examine the relative contribution of BNLF2a, BGLF5 and

BILF1 to the inhibition of CD8+ T cell recognition of EBV

infected B cells during lytic cycle we devised a strategy to

knockdown the expression of these genes in LCLs using a

lentivirus-delivered shRNA. Sequences for these shRNAs were

identified by screening candidate siRNA sequences for their ability

to silence ectopic expression of BNLF2a, BGLF5 and BILF1 in

model systems (data not shown) and incorporating the selected

sequences into shRNA lentiviral expression vectors. Each lentivi-

rus expressed a puromycin resistance gene to enable antibiotic

enrichment of transduced cells, and a fluorescent tag to monitor

transduction efficiency (Table 1).

The efficiency of BNLF2a, BGLF5 and BILF1 knockdown in

LCLs using respective shRNA-lentiviruses was first examined by

measuring transcript levels by qRT-PCR and protein levels by

western blot where relevant antibodies were available. Figure 1a

shows a representative example of the relative level of BNLF2a

transcript knockdown in shBNLF2a-transduced LCLs compared

to non-target shRNA (shControl)-transduced LCLs. As lytic cycle

entry is spontaneous and the frequency of entry is unique to

individual LCL cultures, differences in the frequency of cells

spontaneously undergoing lytic cycle replication in the two LCL

lines were accounted for by relating BNLF2a transcript levels to

those of the IE lytic BZLF1 transcripts. In all shBNLF2a-

transduced LCLs used in this study, the median knockdown of

BNLF2a transcripts was 80% (range 70–85%). The knockdown of

BNLF2a transcripts (Figure 1A) corresponded to a reduction in

BNLF2a protein expression in these same transduced LCLs

(Figure 1B). Similar efficiencies of knockdown of BGLF5 tran-

scripts (Figure 1C; median knockdown = 75%, range = 70–85%)

and BILF1 transcripts (Figure 1E; median knockdown = 80%,

range = 75–90%) were observed in replicate experiments. The lack

of available antibodies to detect BILF1 precluded confirmation of

knockdown for this EBV protein, but antibodies to BGLF5

Author Summary

Epstein Barr Virus (EBV), an oncogenic herpesvirus, infects
and persists asymptomatically in the majority of humans.
In immunocompetent individuals, EBV co-exists with its
host as a lifelong infection in the face of strong anti-viral
CD8+ T-cell responses. Evasion of this immune-response is
presumed to be due in part to immune-modulating
mechanisms of certain EBV-encoded proteins expressed
during lytic cycle replication. Three such proteins (BNLF2a,
BGLF5 and BILF1) have been identified biochemically as
able to interfere with HLA-class I antigen presentation. In
this study we investigated these proteins in the context of
EBV-infected cells in lytic cycle, and their functional
recognition by EBV virus-specific CD8+ T-cells. A novel
feature of EBV biology was revealed; rather than demon-
strating simple redundancy, evasion proteins effect opti-
mum temporal protection at different phases of lytic cycle.
BNLF2a strongly inhibited CD8+ T-cell recognition imme-
diately after the EBV-infected cells entered lytic cycle, with
its influence waning upon progression to later phases of
lytic cycle. Conversely, BILF1 strongly inhibited recognition
predominantly at the late phase of lytic cycle. Unexpect-
edly, despite its well-characterised molecular functions,
BGLF5 had relatively little effect on recognition at any
stage of lytic cycle. Our results help to explain the
previously-identified unusual pattern of immunodomi-
nance of anti-EBV CD8+ T-cell responses.
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confirmed efficient knockdown of BGLF5 protein in LCLs

transduced with shBGLF5 (Figure 1D).

Effect of BNLF2a on CD8+ T cell recognition during the IE,
E, and L-phases of EBV lytic cycle

To investigate the effect of BNLF2a on epitope presentation

during the IE, E and L-phases of lytic cycle, pairs of LCLs

transduced with either the shControl- or shBNLF2a-lentiviruses

were established from a range of different donors with HLA allele

matches for HLA-A2 and/or HLA-B7. These LCLs were used as

targets for panels of effector CD8+ T cell clones restricted through

HLA-A2 or HLA-B7 and specific to epitopes generated during the

IE, E and L-phases of lytic cycle, as shown in Table 2.

T cell recognition was assayed by co-incubation of LCL targets

with effector T cells for 18 hours, then measuring by ELISA the

amount of IFN-c released into the supernatant by the T cells. To

account for differing levels of spontaneous lytic cycle in the LCLs

pairs, and potential indirect effects of knockdown of one lytic gene

on other lytic cycle genes, the measured level of T cell recognition

was adjusted according to the amount of each target antigen.

Levels of target antigen were assayed by measuring their transcript

levels, and not protein levels, as target peptides are predominantly

derived from defective ribosomal products (DRiPs) rather than

mature proteins. The raw T cell function and antigen expression

data corresponding to the normalised results in Figure 2 are

provided in Supplementary Information (Figures S2–S5). To

facilitate comparison between different target/effector T cell

combinations, T cell recognition of shBNLF2a LCLs was

expressed relative to the amount of recognition of shControl

(non-target, scrambled shRNA) after adjusting for differences in

target antigen expression. Thus, in Figure S2A, recognition of the

shBNLF2a LCL by BRLF1-specific T cells is about 18-fold better

than recognition of the control LCL, but as expression of BRLF1

is about 50% higher in the shBNLF2a LCL (Figure S2C), the

normalised increase in T cell recognition is reduced to 12.5-fold

(Figure S2C).

Figure 2 shows data from six representative experiments using

shBNLF2a-LCLs from 5 donors to examine the effect BNLF2a has

on HLA-A2 restricted (Figures 2A, 2B) and HLA-B7 restricted

(Figure 2C) epitope presentation during IE (hollow bars), E (gray

bars) and L stages (black bars) of lytic cycle. As shown in figure 2A

(upper graph), BNLF2a-knockdown in donor 3 LCLs (shBNLF2a-

LCLs) resulted in 13-fold better recognition of the YVL epitope

originating from the BRLF1 IE antigen compared to shControl-

LCLs. There was a lower but still substantial 9-fold increase in

recognition of the GLC epitope of the BMLF1 E antigen in

shBNLF2a-LCLs, and a marginal 2-fold increase in the recogni-

tion of the FLD epitope of the BALF4 L antigen. This panel of

effector T cells was assayed on donor 4 target LCLs (Figure 2A,

lower graph) with the same pattern of increased recognition of

IE.E..L epitopes being reproduced, albeit with different

magnitudes of increased recognition. Another panel of HLA-A2

restricted T cells, specific for IE (YVL epitope of BRLF1), E (TLD

epitope of BMRF1) and L (WQW epitope of BNRF1) antigens

gave a similar pattern of increased recognition of IE, E and L

derived epitopes in shBNLF2a-LCLs relative to shControl-LCLs

derived from different donors (Figure 2B).

Recognition experiments were also performed using a panel of

HLA-B7 restricted T cells recognising the DPY epitope derived

from the BZLF1 IE antigen, the RPG epitope of the BNLF2b E

antigen and the YPR epitope of the BNRF1 L antigen. As shown

Table 1. shRNA lentivirus vector constructs used.

Vector Gene target DNA sequence 59-39

pLKO.1-puro-CMV-TagCFP BNLF2a CACAGAGTACCACCAGGAG

pLKO.1-puro-CMV-TagFP635 BGLF5 GTGGATTGATGAAGATGTT

pLKO.1-puro-CMV-TagYFP BILF1 CGAGAACTCCTGAATCATT

pLKO.1-puro-CMV-TagCFP None TCCTAAGGTTAAGTCGCCCTC

doi:10.1371/journal.ppat.1004322.t001

Figure 1. Knockdown of BNL2a, BILF1 and BGLF5 in transduced
LCLs. A) qRT-PCR was performed to measure the relative knockdown of
BNLF2a transcript levels in shControl- and shBNLF2a-LCLs. BNLF2a-
mRNA expression was normalized against BZLF1 and shown as relative
BNLF2a expression. (B) BNLF2a protein knockdown was assessed using
western blot analysis. Protein levels of BNLF2a and BZLF1 was measured
in shControl- and shBNLF2a- LCLs. C) qRT-PCR assay of BGLF5
expression normalized against BZLF1 transcript level. Data are shown
as BGLF5 expression relative to shControl LCLs. D) BGLF5 knockdown
was confirmed at the protein level using western blot analysis. The
expression of BGLF5 and BZLF1 protein was measured in shControl-
LCLs and shBGLF5-LCLs. E) qRT-PCR assay of BILF1 expression
normalized against BZLF1 transcript. Data are shown as BILF1
expression relative to that in shControl-LCLs.
doi:10.1371/journal.ppat.1004322.g001
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in Figure 2C, the pattern of recognition paralleled what was

observed with HLA-A2 restricted epitopes; i.e. the reduction of

BNLF2a expression led to a pattern of increased recognition of

IE.E..L antigens.

These experiments were repeated and extended into other

donors, a summary of which is provided in Table 3. It should be

noted the data in this table include some experiments in which it

was not possible to determine recognition of the LCLs by a

complete panel of IE, E and L specific T cells in parallel assays and

so only one or two such T cell specificities were used. Together,

these data are consistent with the interpretation that inhibition of

TAP-mediated peptide transport into the ER by BNLF2a is more

dominant during the IE and E phases of lytic cycle, and that

BNLF2a appears to have a much weaker effect at the L stage of

lytic cycle.

BGLF5 plays a minimal role in interfering with CD8+ T cell
recognition during lytic cycle

The role of BGLF5 in interfering with epitope presentation

during lytic cycle was then similarly investigated using BGLF5

knockdown LCLs as targets for T cells specific to IE, E and L lytic

epitopes. As shown in Figures 3A–C, the knockdown of BGLF5

resulted in a modest, if any, increase in recognition of the IE-YVL

and -DPY epitopes that was never more than three times above

Table 2. Target specificity of T cells used in recognition assays.

Phase of antigen expression EBV target antigen Peptide epitope HLA restriction No. of clones

Immediate early BRLF1 YVLDHLIVV A2 3

Immediate early BZLF1 DPYQVPFVQAF B7 1

Early BMLF1 GLCTLVAML A2 3

Early BMRF1 TLDYKPLSV A2 2

Early BNLF2b RPGRPLAGFYA B7 1

Late BALF4 FLDKGTYTL A2 2

Late BNRF1 WQWEHIPPA A2 2

Late BNRF1 YPRNPTWQGNI B7 1

doi:10.1371/journal.ppat.1004322.t002

Figure 2. LCLs lacking in BNLF2a expression show increased presentation of epitopes derived from immediate early and early lytic
antigens. A) Donor 3 and 4 shBNLF2a-LCLs were used as targets for HLA-A2 restricted effector T cells specific to the YVL epitope of the IE gene
BRLF1, the GLC epitope derived from an E gene BMLF1 and the FLD epitope which originates from the L expressed gene BALF4. Recognition was
measured by ELISA for IFN- c released by effector T cells. B) Donor 5 and 6 shBNLF2a-LCLs were used as targets for HLA-A2 restricted effector T cells
specific to the YVL epitope of the IE gene BRLF1, the TLD epitope derived from an E gene BRLF1 and the WQW epitope which originates from the L
expressed gene BNRF1. C) Donor 3 and 8 shBNLF2a-LCLs were used as targets for HLA-B7 restricted effector T cells specific to the DPY epitope of the
IE gene BZLF1, the RPG epitope derived from an E gene BNLF2b and the YPR epitope which originates from the L expressed gene BNRF1. All
representative data are shown as fold increase in recognition of shBNLF2a-LCLs compared to shControl transduced LCL counterparts, following
normalisation of T cell recognition (IFN-c release) against the expression levels of the antigen from which each epitope is derived.
doi:10.1371/journal.ppat.1004322.g002
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shControl. Similarly, the increase in recognition of E epitopes in

the absence of BGLF5 was not more than 2-fold. Although there is

a hint that the knockdown of BGLF5 increased recognition of the

L-WQW epitope, this was not reproducible for all L-epitopes and

donors in replicate experiments. A summary of all experiments

performed is provided in Table 4. Overall, these data suggest that

relative to BNLF2a, BGLF5 plays a rather minimal role in

interfering with antigen presentation during lytic cycle, contrib-

uting only a small effect across all stages of lytic cycle.

BILF1 plays a more dominant role in interfering with
CD8+ T cell recognition at the late stage of EBV lytic cycle

We next examined the effect that BILF1 expression had on

CD8+ T cell recognition of IE, E and L lytic epitopes using similar

experimental approaches as described above. To this end,

shBILF1-LCLs were generated and used as targets for T cells

specific for epitopes drawn from the IE, E and L-phases of lytic

cycle.

As shown in Figure 4A (upper graph), in marked contrast to the

results observed for BNLF2a-depleted LCLs, donor 2 LCLs with

reduced expression of BILF1 resulted in a 25-fold increase in

recognition of the L antigen (FLD epitope of BALF4) compared to

recognition of shControl-LCLs. There was a substantial, though

smaller 8-fold increase in recognition of the E antigen (GLC

epitope of BMLF1), and no increase in recognition of the IE

antigen (YVL epitope of BRLF1). This same panel of T cells when

used as effectors against Donor 3 LCLs (Figure 4A, lower graph)

gave the same pattern of results, albeit a marginal 2-fold increase

was observed for recognition of the IE antigen (YVL epitope of

BRLF1).

A second panel of HLA-A2 restricted T cells, which included

specificities towards the TLD epitope of the BMRF1 E antigen

and the WQW epitope from the BNRF1 L antigen, again

revealed a similar pattern of enhanced recognition of L and E

epitopes (Figure 4B). Furthermore, the pattern was consistent

when using our panel of HLA-B7 restricted T cells (Figure 4C).

The experiments shown in Figure 4 were repeated and extended

to include other donor LCLs, and summarised in Table 5. Taken

together, these data show that BILF1 plays a more dominant role

in interfering with antigen presentation during L stage lytic cycle

Table 3. Summary of fold increase in CD8+ T cell recognition of EBV-antigens presented by shBNLF2a-LCLs compared to
shControl-LCLs.

Fold increase

Expression phase of
target antigen Target antigen Epitope HLA restriction

Number of
experiments* Range Median

IE BRLF1 YVL A2 11 6.5–30.7 17

IE BZLF1 DPY B7 4 7–14 8.3

E BMLF1 GLC A2 10 7–24 11.5

E BMRF1 TLD A2 5 7.5–12 9

E BNLF2b RPG B7 4 4.1–7 5.5

L BALF4 FLD A2 11 2–5 2.3

L BNRF1 WQW A2 4 2.3–3 2.5

L BNRF1 YPR B7 4 2–3.5 2.5

* more than one effector clone specific for each epitope was used where possible. In total, seven different donor LCLs were used.
doi:10.1371/journal.ppat.1004322.t003

Figure 3. BGLF5 knockdown results in minimal increases in epitope recognition. A) Relative recognition of donor 5 shBGLF5-LCLs,
compared to shControl-LCLs, by a panel of HLA-A2 restricted CD8+ T cells specific for IE-YVL (BRLF1), E-GLC (BMLF1) and L-FLD (BALF4) epitopes. (B)
Relative recognition of donor 6 shBGLF5-LCLs, compared to shControl-LCLs, by a panel of HLA-A2 restricted CD8+ T cells specific for IE-YVL (BRLF1), E-
GLC (BMLF1) and L-WQW (BNRF1) epitopes. (C) Relative recognition of donor 3 HLA-B7 positive shBGLF5-LCLs, compared to Control LCLs, by HLA-B7
restricted T cells specific for the IE-DPY (BZLF1), E- RPG (BNLF2b) and L-YPR (BNRF1) epitopes. All representative data are shown as fold increase in
recognition of shBGLF5-LCLs compared to shControl transduced LCL counterparts, following normalisation of T cell recognition (IFN-c release)
against the expression levels of the antigen from which each epitope is derived.
doi:10.1371/journal.ppat.1004322.g003
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(IE,,E,L) at a time when the effects of BNLF2a are

diminished.

Direct comparison of the effects of BNLF2a, BGLF5 and
BILF1 on recognition of lytic epitopes

The data presented in Figures 2–4 and Tables 3–5 were derived

from experiments where the effects of knocking down BNLF2a,

BGLF5 and BILF1 on epitope recognition were assayed separate-

ly. However, in a small number of experiments, it was possible to

examine in parallel the effect of knocking down expression of each

of these three genes on CD8+ T cell recognition of IE, E and L

derived epitopes. Figure 5 shows one such representative example

of two replicate experiments.

The results are consistent with the general conclusions drawn

from Figures 2–4 and Tables 3–5, which are: (i) that during the IE

stage of lytic cycle BNLF2a plays a dominant role in interfering

with antigen presentation while BILF1 contributes a small effect,

(ii) at E stage lytic cycle both BILF1 and BNLF2a impair

presentation, (iii) at L stage lytic cycle, BILF1 seemingly plays a

dominant role, with BNLF2a contributing a small effect, and (iv)

BGLF5 appears to only minimally impact on presentation

throughout lytic cycle.

We considered the possibility that the lack of effect of BGLF5

might possibly be due to insufficient knockdown of this gene. We

therefore employed a complementary experimental approach in

which we used as targets a panel of LCLs generated with rEBV in

which BNLF2a, BGLF5 or BILF1 genes were knocked out. Whilst

this approach was hampered by the fact that only a few LCLs

demonstrated sufficient spontaneous lytic gene expression, we

were able to generate sufficient data for direct comparison with the

knockdown data in Figure 5. As shown in Figure 6 (and Figures

S6–S8) these recombinant EBV LCLs, which completely lacked

expression of BNLF2a, BGLF5 or BILF1, revealed the same

pattern of results as was obtained with shRNA-mediated

knockdown LCLs.

The expression kinetics of EBV immune evasion genes
partially explains their relative contribution to evasion of
CD8+ T cell recognition

One factor that might contribute to the differential effects of

BNLF2a, BGLF5 and BILF1 on CD8+T cell recognition of IE, E,

and L antigens is the initial kinetics of their expression during lytic

cycle. To address this possibility, we analysed the expression

kinetics of these genes the using the EBV infected-Akata Burkitt

lymphoma cell line, in which synchronous initiation of the lytic

cycle of the resident virus can be induced by ligation of the B-cell

receptor.

Following induction of lytic cycle, aliquots of cells were taken at

sequential time points and qRT-PCR analysis of lytic gene

expression was performed. As shown in Figure 7A, BNLF2a

expression is first detectable 2 h post-induction, almost coincident

with the BZLF1 IE gene, and before expression of the

representative E gene, BMRF1. BNLF2a expression then steadily

increases and peaks 8–24 h before steadily decreasing thereafter.

Thus, although BNLF2a is considered an E expressed lytic gene by

virtue of its transcript being sensitive to new protein synthesis and

independent of viral DNA replication, it is temporally more akin to

an IE gene. Notably, the expression of BNLF2a transcript remains

high, at around 73% of maximum at 24 h post-induction when

maximal levels of the representative L antigen, BALF4, transcripts

are expressed. However, it is known that BNLF2a protein

expression is markedly diminished from 12 h post induction [19]

despite the maintenance of this relatively high level of transcripts.

The kinetics of expression therefore offers an explanation for why

BNLF2a is most effective at interfering with antigen presentation

during IE and E phase lytic cycle.

BGLF5 transcripts can be detected at the same time as BILF1,

(4 h post induction), after which its expression level increases more

slowly, peaking at 24 h during L-phase lytic cycle (Figure 7B). The

initial expression of BILF1 is detected at around 4 h post-

induction (Figure 7C), coincident with expression of BMRF1

transcripts. Having reached peak levels at 8 h, BILF1 transcripts

decline slightly but are maintained at near maximal levels well into

the L-phase of lytic cycle, at 24 h and beyond. This may explain

why BILF1 has a subtle effect on the presentation of IE lytic

epitopes and a stronger effect on L-lytic epitope presentation.

Taken together these kinetics data suggest that the roles that

BNLF2a and BILF1 play in interfering with antigen presentation

are at least in part a consequence of timing of their expression.

BILF1 and BNLF2a co-operate to minimise recognition of
EBV infected cells by CD8 T cells

One question arising from the preceding observations is

whether there is any redundancy or co-operation between BILF1

and BNLF2a during the IE phase when individually BNLF2a is

Table 4. Summary of fold increase in CD8 T cell recognition of EBV-antigens presented by shBGLF5-LCLs compared to shControl-
LCLs.

Fold increase

Expression phase of
target antigen Target antigen Epitope HLA restriction

Number of
experiments* Range Median

IE BRLF1 YVL A2 10 ,1–2.5 1.3

IE BZLF1 DPY B7 2 1.1–1.4 1.2

E BMLF1 GLC A2 8 ,1–4 1.6

E BMRF1 TLD A2 3 1.4–1.7 1.5

E BNLF2b RPG B7 2 1.9–2.2 2

L BALF4 FLD A2 4 1.5–3 1.8

L BNRF1 WQW A2 3 1.9–4.3 2.6

L BNRF1 YPR B7 3 1.5–1.9 1.9

* more than one effector clone specific for each epitope was used where possible. In total, six different donor LCLs were used.
doi:10.1371/journal.ppat.1004322.t004
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more dominant and at the L stage, when BILF1 has the strongest

effect. To address this question, LCLs were transduced with

both shRNA-BILF1 and shRNA-BNLF2a vectors to generate

double-knockdown target LCLs. The recognition of IE (YVL from

BRLF1) and L (FLD from BALF4) epitopes presented by these

cells was then assessed, alongside the recognition of their single

knockdown and shControl-LCL counterparts. A representative

example of two repeat experiments is shown in Figure 8A, the

knockdown of both BNLF2a and BILF1 expression in target cell

lines increased the recognition of the IE YVL epitope 15-fold

versus 9-fold for BNLF2a knockdown and 10-fold versus 5-fold for

BNLF2a knockdown in two different donor LCLs. In both cases

there was a minimal effect from the knockdown of BILF1

expression only. The increase in recognition using dual knock-

down however suggests a level of synergy or cooperation between

these two immune evasion proteins at the IE stage of lytic cycle.

Representative results obtained using L-FLD antigen specific

effector CD8 T cells on the same two donor LCLs (Figure 8B),

showed a clear increase in L-FLD recognition of dual knockdown

LCLs compared to BILF1 only knockdown LCLs (12.5-fold versus

Table 5. Summary of fold increase in CD8 T cell recognition of EBV-antigens presented by shBILF1-LCLs compared to shControl-
LCLs.

Fold increase

Expression phase of
target antigen Target antigen Epitope HLA restriction

Number of
experiments* Range Median

IE BRLF1 YVL A2 10 ,1–2.5 1.9

IE BZLF1 DPY B7 4 1.2–1.8 1.7

E BMLF1 GLC A2 8 7–11 9.1

E BMRF1 TLD A2 5 3.2–10 6

E BNLF2b RPG B7 4 4.5–7 6

L BALF4 FLD A2 8 10–25 13.5

L BNRF1 WQW A2 4 5.7–16 12.2

L BNRF1 YPR B7 4 9–23 11.3

* more than one effector clone specific for each epitope was used where possible. In total, six different donor LCLs were used.
doi:10.1371/journal.ppat.1004322.t005

Figure 4. BILF1 predominantly interferes with peptide presentation to CD8+ T cells during late stage lytic cycle. A) Donor 2 and 3
shBILF1-LCLs were used as targets for HLA-A2 restricted effector T cells specific to the YVL epitope of the IE gene BRLF1, the GLC epitope derived
from an E gene BMLF1 and the FLD epitope which originates from the L expressed gene BALF4. B) Donor 5 and 6 shBILF1-LCLs were used as targets
for HLA-A2 restricted effector T cells specific to the YVL epitope of the IE gene BRLF1, the TLD epitope derived from an E gene BMRF1 or the E-GLC
epitope of BMLF1 and the WQW epitope which originates from the L expressed gene BNRF1. C) Donor 3 and 8 shBILF1-LCLs were used as targets for
HLA-B7 restricted effector T cells specific to the DPY epitope of the IE gene BZLF1, the RPG epitope derived from an E gene BNLF2b and the YPR
epitope which originates from the L expressed gene BNRF1. All representative data are shown as fold increase in recognition of shBILF1-LCLs
compared to shControl transduced LCL counterparts, following normalisation of T cell recognition (IFN-c release) against the expression levels of the
antigen from which each epitope is derived.
doi:10.1371/journal.ppat.1004322.g004
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7.5-fold, and 16-fold versus 10.5-fold). This reproducible increase

in recognition suggests that BILF1 and BNLF2a cooperate with

each other at L-phase as well as at IE-phase of lytic cycle.

Discussion

These experiments reveal that the relative contribution of

BNLF2a, BGLF5 and BILF1 towards interference with antigen

presentation differs during the three different phases of lytic cycle.

BNLF2a has a more dominant role during the IE- and E-phases

of lytic cycle, with its effect decreasing as lytic cycle progresses

(IE.E..L). Conversely, BILF1 becomes more dominant as

lytic cycle progresses (IE,E,,L), coincident with declining

effects of BNLF2a. Unexpectedly, our experiments revealed that

the effect of BGLF5 on antigen presentation is weak throughout

lytic cycle, despite its expression and host shut-off function during

the E and especially L stages. Experiments using recombinant

EBV deleted for the BGLF5 gene also demonstrated compara-

tively little effect on CD8+ T cell recognition (Figure 6), ruling

out the theoretical possibility that the results in Fig. 3 and

Table 4 were due to insufficient knockdown of BGLF5 by the

shRNA approach.

The minimal effect of BGLF5 on epitope presentation is

surprising, given that the ectopic expression of BGLF5 can

result in a decrease in MHC class I surface expression and to

significant impairment of EBV epitope recognition [17,23]. A

possible explanation for this observation is that removal of

BGLF5 might cause a counteracting upregulation of other

immune evasion genes. This seems not to be the case in respect

of BNLF2a or BILF1 (Figure S9) although we cannot rule out

the possibility that another as yet unidentified immune evasion

gene is so affected. On the available evidence, we are drawn to

conclude that the global down regulation of host mRNAs by

BGLF5 confers little protection from CD8+ T cell recognition in

the context of EBV infection of normal B lymphocytes. Since as

few as 10 MHC/peptide molecules on the cell surface may be

sufficient for recognition by CD8+ T cells [11], LCLs would

appear to express a huge excess of MHC class I molecules. A

BGLF5-mediated partial reduction in the availability of newly

synthesised HLA class I molecules might therefore be inconse-

quential in comparison to the effects of BNLF2a and BILF1 on

the available MHC class I/peptide complexes at the cell surface.

The main function of BGLF5, therefore, most likely involves the

generation and processing of linear viral genomes [26] rather

than to protect virus-producing cells from CD8+ immune T

cells.

The minimal immune evasion effect of BGLF5 contrasts

notably with HSV, where silencing of the virion host shut-off

(vhs) gene results in an increase in recognition by virus specific

CD8+ T cells [27]. Why EBV (a c-herpesvirus) and HSV (an a-

herpesvirus) differ in this respect is unclear, but could be

influenced by the different host cell tropism, differences in

duration of lytic cycle, and differences in the molecular

mechanisms of host-shut off. With regards to this final point, it

will be of interest to know whether the host shut-off protein of the

only other human c-herpesvirus, Kaposi sarcoma-associated

herpesvirus (KSHV), impacts on antigen presentation in the

context of KSHV lytic cycle. The molecular mechanism of the

KSHV SOX protein is more similar to EBV BGLF5 than to HSV

vhs [18,22,28]. It should be noted that b-herpesviruses (such as

HCMV) do not contain a host shut-off gene, so this function is

clearly not a conserved and essential mechanism for herpesvirus

modulation of the MHC class I antigen processing pathway.

Whilst the different kinetics of initiation of BNLF2a and BILF1

expression (Figure 7) and the subsequent posttranslational down-

regulation of BNLF2a protein [19] may account for their phase-

specific immune-evasion functions, they might also be predicted to

limit the possibilities for co-operation at the IE and L-phases of

lytic cycle. Nevertheless, we did observe such cooperation. This

may be because there is a window of about 6–24 h after lytic cycle

entry when BNLF2a and BILF1 are co-expressed along with IE, E

and L-phase antigens. Another factor to consider is that whilst

both BNLF2a and BILF1 respectively can impair the generation of

MHC/peptide complexes and their transport to the cell surface,

BILF1 can also target pre-existing surface MHC-I/peptide

complexes for degradation [16,24]. Consequently, those MHC/

peptide complexes (be they IE, E, or L antigen-derived) that

survive initial evasion mechanisms to reach the cell surface, will

continue to be targeted by BILF1 even after the reduction of

BNLF2a protein.

That multiple viral evasion genes should demonstrate cooper-

ation is not unexpected; indeed such cooperation is well-

Figure 5. Direct comparison of the relative effects of BNLF2a,
BGLF5 and BILF1 on T cell recognition of IE-YVL (BRLF1), E-GLC
(BMLF1) and L-FLD (BALF4) epitopes. Recognition of epitopes
presented by each knockdown and control LCL was measured
simultaneously. T cell recognition (IFN-c release) was then normalised
on the expression of each appropriate target mRNA transcript. Data are
shown as recognition of knockdown LCLs relative to recognition of
shControl LCLs. * For one target (IE-YVL in shBGLF5) expression of
target transcripts was insufficient to assay, and no T cell recognition was
observed, as indicated by ND.
doi:10.1371/journal.ppat.1004322.g005

Figure 6. Direct comparison of the relative effects of BNLF2a,
BGLF5 and BILF1 on T cell recognition of IE, E and L lytic
epitopes using B-cells transformed with DBNLF2a, DBGLF5 and
DBILF1 viruses. T cell recognition of epitopes presented by each LCL
was measured simultaneously. Recognition (IFN-c release) was normal-
ised on the expression of each respective target mRNA transcript. Data
is shown as recognition of knockout LCLs relative to recognition of WT-
2089-LCLs and is the mean of two experiments using a total of two
different IE-YVL (BRLF1) T cells, one E-GLC (BMLF1) and one E-TLD
(BMRF1) T cell and two different L-FLD (BALF4) T cells. The complete set
of individual results is presented in the Supplementary Information,
Figures S6–S8.
doi:10.1371/journal.ppat.1004322.g006
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documented for the b-herpesvirus, CMV [7,15,29]. Cooperation

between multiple evasion genes provides an evolutionary advan-

tage to the virus. In addition to a generally greater efficiency of

evasion, it also allows the virus to cope with peptides presented by

different MHC class I allotypes. For example, EBV BILF1 only

marginally affects presentation through HLA-C alleles [25],

whereas BNLF2a will target all TAP-dependent peptides. This

parallels the resistance of HLA-C to US2 and US11 of HCMV

[30] and the targeting of TAP by HCMV US6 [31–33]. However,

our present study highlights an additional feature of cooperation,

which is to maximally impair presentation through different

phases of lytic cycle. This may be particularly important for c-

herpesviruses, such as EBV, which have a relatively prolonged

lytic cycle, and less important for a-herpesviruses, such as HSV,

where lytic virus replication is more rapid.

Our data beg the question as to why EBV would downregulate

the expression of BNLF2a at the L-phase of lytic cycle, when it is

clearly such a potent immune evasion mechanism? One possibility

is that excessive immune-evasion mechanisms contributing to the

down regulation MHC class I levels could leave cells too

vulnerable to NK cell destruction [34,35]. In this scenario, it is

envisaged that controlled expression of BNLF2a and BILF1 is

perhaps an eloquent trait of EBV, in order to maximise protection

from CD8+ T cell recognition, while minimising NK cell induced

Figure 7. Expression kinetics of EBV lytic cycle. EBV infected cells (Akata-BL) were synchronously induced into lytic cycle by ligation of the BCR.
RNA was harvested at the indicated time points and cDNA was then synthesised followed by qRT-PCR analysis to detect the expression of IE-BZLF1, E-
BMRF1 and L-BALF4 (A–C). The expression of these genes is compared to expression of BNLF2a (A), BGLF5 (B) and BILF1 (C). Samples were tested in
duplicate and normalised to cellular GAPDH. Data are expressed as the relative number of transcripts as percentage of the maximum for each gene.
doi:10.1371/journal.ppat.1004322.g007
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destruction. In this context it may be relevant that BILF1

preferentially targets HLA-A and HLA-B MHC class I molecules,

while it does not down regulate the surface expression of HLA-C

molecules which would act as NK inhibitory ligands [25]. It should

also be noted that many immune-modulating viral genes have

other functions relevant to the efficient replication of virus. In the

case of EBV, BILF1 is a G-protein-coupled receptor whose

signalling functions are dispensable for evasion from CD8+ T cell

recognition [18,24,36,37]. To date, no function for BNLF2a other

than its inhibition of TAP has been defined, but the possibility

remains that it has a second function in lytic replication for which

prolonged high expression during late lytic cycle might be

detrimental to the virus.

Previous studies have shown that the immune response to EBV is

unique amongst the herpesviruses in that EBV-specific CD8+ T cell

responses directed towards lytic antigens show a different pattern of

immunodominance [14]. These EBV-specific T cell responses are

more frequently skewed towards IE-phase and some E-phase lytic

antigens than L-phase antigens [14]. This is likely to be due in part

to the role that EBV infected B lymphocytes play in the stimulation

of EBV-specific T cells. Although EBV lytic cycle can occur in both

epithelial cells and in B lymphocytes [9], it appears from

observations on X-linked lymphoproliferative disease (XLP) patients

or heterozygous carriers of this disease that infected B cells drive

stimulation of CD8+ T cell responses to EBV lytic cycle antigens

[38–40]. Importantly, IE and E specific T cell responses are less able

to recognise and lyse EBV infected cells that are at the L phase of

lytic cycle, i.e. expressing VCA, despite continued expression of the

IE and E target antigens (Pudney et al, [14]; and Figure S10). It is

therefore likely that CD8+ T cells in vivo will be very inefficient at

preventing the spread of EBV virus from infected cells that have

already entered late lytic cycle. Extrapolating from the kinetics of

lytic cycle induction in the Akata cell model (Figure 7) there would

be a rather small window of perhaps 4–6 hours during E lytic cycle

in which lytic EBV infected cells can be recognised and lysed in

order to prevent the subsequent release of virus particles.

Thereafter, the cells may produce virus for several days [12]

unthreatened by immune T cell responses.

Understanding that endogenous antigen presentation in lytically

infected B cells is the predominant source of stimulation for CD8+

T cell responses to lytic cycle antigens, as opposed to cross-

presentation via dendritic cells as is common for other herpesvi-

ruses such CMV [41–43], places greater importance on the role of

the phase-specific interference of antigen presentation identified in

the present work. In this context our new data implicate a

significant contribution of BILF1 to the pattern of immunodomi-

nance that is seen for EBV. However, whilst our data demonstrate

that BILF1 and BNLF2a cooperate to afford evasion across all

Figure 8. Relative recognition by IE- and L- specific, HLA-A2 restricted CD8+ T cell clones of LCLs lacking both BNLF2a and BILF1
expression. A) Recognition of IE-YVL presented by donors 7 and 8 LCLs was measured simultaneously. T cell recognition (IFN-c release) was
normalised on the expression of BRLF1 mRNA transcript. Data are shown as recognition of single and double knockdown LCLs relative to shControl
LCLs. (B) Recognition of L-FLD presented by each donor 7 and 8 LCLs was measured simultaneously. T cell recognition (IFN-c release) was then
normalised on the expression of BRLF1 mRNA transcript. Data are shown as recognition of single and double knockdown LCLs relative to recognition
of shControl LCLs.
doi:10.1371/journal.ppat.1004322.g008
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three phases of lytic cycle, they do not obviously suggest that

BILF1 is substantially more potent at the L-phase than is BNLF2a

at the IE-phase. Although such differences in potency could be

masked by the experimental design of our experiments, we

consider it likely that there is yet to be identified one (or more)

additional immune evasion gene that preferentially modulates

recognition by CD8+ T cells specific for L-stage antigens. From the

data presented in this study, a model is proposed (Figure 9).

In conclusion, the present study identifies lytic cycle phase-

specific effects of viral immune evasion genes targeting the MHC

class I antigen processing pathway which provides mechanistic

insight into the pattern of immunodominance of EBV lytic antigen

specific CD8+ T cell responses that sets EBV apart from other

herpesvirus infections.

Materials and Methods

Ethics statement
Written, informed consent was given by all donors for the

collection and use of blood samples, and all experiments were

approved by the West Midlands (Black Country) Research Ethics

Committee (07/Q2702/24).

Production of shRNA-lentivirus
For the generation of replication-defective lentivirus, the packag-

ing cell line FT293 (Invitrogen) was co-transfected, using lipofecta-

mine 2000 (Invitrogen), with lentiviral vector plasmids (shBILF1-

YFP, shBNLF2a-CFP or shBGLF5-FP635), (Sigma-Aldrich; Ta-

ble 1), the envelope plasmid-pMD2G and the packaging plasmid-

psPAx2 (Invitrogen). Supernatants containing virus were harvested

72 hours after transfection, filtered through a 0.22 mm pore and

subsequently concentrated by centrifugation prior to infection of

target EBV-transformed lymphoblastoid cell lines (LCLs).

Generation of shRNA transduced target cell lines
LCLs were generated by transforming B-lymphocytes from

donors of known HLA type with the B95.8 strain of EBV as

previously described [19]. B95.8 transformed LCL cultures were

selected on the basis of containing at least 1% of cells expressing

BZLF1 protein detected by intracellular staining and flow

cytometry. All LCLs were maintained in standard media

(RPMI-1640 with 10% FCS). Replicate cultures of LCLs were

transduced in parallel with the appropriate knockdown and

control shRNA-lentiviruses (Table 1). Transduced cultures were

maintained and expanded in standard media plus 1 mg/ml

puromycin where necessary. For target cell lines that were more

than 70% transduced after expansion, cells were used immediately

in T cell recognition assays. For transduced lines in which less than

70% were transduced, enrichment was achieved by sorting on the

expression of CFP, YFP or FP635 using Cytomation MoFlo

fluorescence activated cell sorting. Cells were then re-cultured and

maintained in standard media, until numbers were sufficient for

use in T cell recognition assays.

Generation of recombinant EBV gene knockout
transformed LCLs

Wild-type recombinant EBV based on the B95.8 genome, 2089,

and null recombinants for BNLF2a, BGLF5, or BILF1, or BZLF1

have been described elsewhere [19,26,44,45]. The 2089, DBGLF5,

DBILF1 and DBZLF1 recombinant viruses were kindly provided by

Henri Jacques Delecluse and Regina Feederle, Heidelberg. LCLs

carrying these recombinant EBVs were generated by transforming

B lymphocytes from donors of known HLA type with the B95.8

strain of EBV as previously described [19].

CD8 T cell recognition assays
CD8+ T cell clones were generated as previously described

[14,46] using limiting dilution or IFN-c capture T cell cloning. All

novel HLA-B7 restricted T cell clones were generated using

limiting dilution cloning while HLA-A2 restricted effector clones

were from IFN-c capture and limiting dilution T cell cloning. The

clones used in this study are shown in Table 2. CD8+ T cell

recognition of lytic epitopes presented by shRNA-transduced

LCLs was measured using a standard IFN-c ELISA assay as

previously described [47]. Briefly, triplicate aliquots of 105 target

LCLs were incubated with 104 effector T cells for 18 h in standard

media. To measure T cell recognition of the target cells, 50 ml of

the supernatant from each well was assayed for IFN-c.

Quantitative real-time reverse transcription PCR (qRT-
PCR)

Total RNA was extracted from 0.56106 to 106 cells using

RNeasy kit (Nugen) followed by Turbo DNA-free (Applied

biosystems) treatment to remove any contaminating DNA. A

500 ng sample of RNA was reverse transcribed into cDNA using

qScript cDNA supermix, as per manufacturer’s protocol (Quanta

biosciences). Quantitative-PCR was then performed using specific

EBV lytic gene primers (Alta Bioscience) and probes (Eurogentec)

(Table S1). Expression normalised to GAPDH expression and the

data displayed as relative to expression in shNon-target LCLs, or

relative to the maximal level of transcript for each gene.

Method of normalisation of CD8+ T cell recognition
experiments

T cell recognition assays relied upon target LCLs spontaneously

entering lytic cycle replication, the efficiency of which varies

between lines and within lines over time. Since this directly impacts

the level of antigen available for presentation, and therefore CD8+

T cell recognition, it was important to measure the level of target

antigen expression in each cell line in every experiment. As peptides

for presentation to T cells are generally considered to originate

predominantly from the products of defective translation (DRiPs)

Figure 9. The relative roles of BNLF2a, BILF1 and BGLF5 in
interfering with antigen presentation as lytic cycle progresses.
Diagram showing the strength of each immune evasion gene function
at all stages of lytic cycle. BNLF2a is more potent at the IE time point
and its effect diminishes as lytic cycle progresses. The potency of BILF1
increases as lytic cycle progresses. BGLF5 plays a minimal role
throughout.
doi:10.1371/journal.ppat.1004322.g009
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rather than through degradation of mature protein [48–50], we

measured the level of mRNA transcript of each antigen to which our

T cells were specific. This allowed us to normalise the amount of

IFN-c release (T cell recognition) against target antigen expression.

For example, for a CD8+ T cell which recognises the YVL epitope,

derived from the lytic antigen BRLF1, if the mRNA level of BRLF1

in the reference target line (shControl LCLs) was y, and in T cell

recognition (IFN-c release) was x, then the amount of IFN-c
released by YVL specific T cells incubated with the reference line

was adjusted (normalised) by dividing x by y. This was performed on

all lines which enabled us to express the recognition data as fold

increase in epitope recognition of knockdown LCLs as a ratio of

recognition of shControl LCLs. The validity of this experimental

approach was demonstrated by the direct correlation between the

level of target antigen-mRNA and CD8+ T cell recognition, as

shown in Figure S1. Thus, by measuring the mRNA-expression

level of specific target antigens we can accurately account for

differences in the amount of lytic cycle in individual LCL target cell

lines on the day of assay. Examples of raw T cell recognition and

mRNA expression data alongside the subsequent normalised data

are shown in Figures S2–S5.

Western blot analysis
Western blotting was performed as described previously [51].

Briefly, total cell lysates were prepared in reducing sample buffer

(2% sodium dodecyl sulphate (SDS), 72.5 mM Tris-HCl pH 6.8,

10% glycerol, 02.M sodium 2-mercaptoethanesulfonate, 0.002%

bromophenol blue), sonicated and heated to 100uC for 5 min.

Solubilised proteins equivalent to 26105 cells/20 ml sample were

separated by SDS-polyacrylamide gel electrophoresis on 4–12%

Bis-Tris NuPage mini-gels with morpholinepropanesulfonic acid

running buffer (Invitrogen), then transferred to polyvinylidene

difluoride membranes. Specific proteins were detected by

incubating membranes with primary antibodies at 4uC overnight.

Rabbit anti-BGLF5 serum [52] was diluted 1/6,000, clone 5B9

rat anti-BNLF2a [19] culture supernatant was used at a dilution of

1/100, clone BZ1 purified mouse anti-BZLF1 [53] and goat anti-

calregulin (sc6467; Santa Cruz Biotechnology) were used at 1 mg/

ml. Primary antibody binding was detected by incubation with

appropriate alkaline phosphatase conjugated secondary antibody

and subsequently developed using CDP-star detection kit (Applied

Biosystems).

Synchronous induction of lytic cycle in the Akata-BL line
The reactivation of Akata-BL cells into lytic cycle was

performed by cross-linking surface IgG molecules as previously

described [54]. Cells were then harvested at the indicated time

points for qRT-PCR analysis.

Supporting Information

Figure S1 Correlation between mRNA antigen expres-
sion and CD8+ T cell recognition. A B95.8-LCL line was

selected in which 5% of the cells were expressing the lytic switch

protein BZLF1 (detected via intracellular staining with BZ.1

monoclonal antibody). These lytic cells were then serially diluted

with tightly-latent DBZLF1-LCLs, so that the proportion of lytic

cell line ranged from 100% to 0%. These cell mixes were then

used as targets for a GLC-specific CD8+ T cell clone in a T cell

recognition assay. Recognition is shown as percentage IFN-c
release, where 100% release is that seen in undiluted lytic B95.8

LCLs (5% BZLF1 positive). An aliquot of these cell mixes was also

taken to extract RNA and carry out qRT-PCR analysis to detect

the level of BMLF1 mRNA. This is shown as % of BMLF1, where

100% is taken as the level of BMLF1 in the lytic B95.8-LCLs

before dilution with DBZLF1-LCLs cells.

(TIF)

Figure S2 Recognition of donor 3 shBNLF2a-LCLs. (A)

Recognition of donor 3 LCLs by a IE-YVL, E-GLC and L-FLD

specific CD8+ T cell clones. Recognition is shown as IFN-c (pg/

ml) release by T cells. Maximal experimental recognition is

indicated by recognition of peptide-sensitised DBZLF1 LCLS. (B)

Levels of IE-BRLF1, E-BMLF1 and L-BALF4 mRNA transcripts

in the target LCLs used in A. (C) Recognition of donor 3

shBNLF2a-LCLs relative to donor 3 shControl-LCLs, after

normalisation of IFN-c release against transcript level.

(TIF)

Figure S3 Recognition of donor 4 shBNLF2a-LCLs. (A)

Recognition of donor 4 LCLs by IE-YVL, E-GLC and L-FLD

specific CD8+ T cell clones. Recognition is shown as IFN-c (pg/

ml) release. Maximal experimental recognition is indicated by

recognition of peptide-sensitised DBZLF1 LCLS. (B) Levels of IE-

BRLF1, E-BMLF1and L-BALF4 mRNA transcripts in the target

LCLs used in A. (C) Recognition of donor 4 shBNLF2a-LCLs

relative to donor 4 shControl-LCLs, after normalisation of IFN-c
release against target transcript levels.

(TIF)

Figure S4 Recognition of donor 5 shBNLF2a-LCLs. (A)

Recognition of donor 5 LCLs by IE-YVL, E-TLD and L-WQW

specific CD8+ T cell clones. Recognition is shown as IFN-c (pg/

ml) release. Maximal experimental recognition is indicated by

recognition of peptide-sensitised DBZLF1 LCLS. (B) Level s of IE-

BRLF1, E-BMRF1 and L-BNRF1 mRNA transcripts in the target

LCLs used in A. (C) Recognition of donor 5 shBNLF2a-LCLs

relative to donor 5 shControl-LCLs, after normalisation of IFN-c
release against target transcript levels.

(TIF)

Figure S5 Recognition of donor 6 shBNLF2a-LCLs. A)

Recognition of donor 6 LCLs by IE-YVL, E-TLD and L-WQW

specific CD8+ T cell clones. Recognition is shown as IFN-c (pg/

ml) release. Maximal experimental recognition is indicated by

recognition of peptide-sensitised DBZLF1 LCLS. (B) Levels of IE-

BRLF1, E-BMRF1and L-BNRF1 mRNA transcripts in the target

LCLs used in A. (C) Recognition of donor 6 shBNLF2a-LCLs

relative to donor 6 shControl-LCLs, after normalisation of IFN-c
release against target transcript levels.

(TIF)

Figure S6 Recognition of donor 7 LCLs by IE-YVL
specific CD8+ T cell clones. A) Recognition of KO-LCLs by

two YVL-specific clones is shown as IFN-c (pg/ml) release. Maximal

recognition is indicated by recognition of peptide-sensitised

DBZLF1-LCLs. B) mRNA levels of BRLF1 in target LCLs. C)

Recognition of LCLs relative to WT2089-LCLs, after normalisation

of IFN-c release against transcript levels.

(JPG)

Figure S7 Recognition of donor 7 KO-LCLs by E-GLC
and -TLD specific CD8+ T cell clones. A) Recognition of

KO-LCLs shown as IFN-c (pg/ml) release. Maximal recognition is

indicated by recognition of peptide-sensitised DBZLF1-LCLs. B)

mRNA levels of corresponding BMLF1 and BMRF1 in target

LCLs. C) Recognition of LCLs relative to WT2089-LCLs, after

normalisation of IFN-c release against transcript levels.

(JPG)

Figure S8 Recognition of donor 7 KO-LCLs by two L-
FLD specific CD8+ T cell clones. A) Recognition of KO-
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LCLs shown as IFN-c (pg/ml) release. Maximal recognition is

indicated by recognition of peptide-sensitised DBZLF1-LCLs. B)

mRNA levels of BALF4 in target LCLs. C) Recognition of LCLs

relative to WT2089-LCLs, after normalisation of IFN- c release

against transcript levels.

(JPG)

Figure S9 The effect of BGLF5 knockout on lytic gene
and protein expression. WT2089- and counterpart DBGLF5

knockout-LCLs were transduced with either a pRTS-CD2-control

or pRTS-CD2-BZLF1 vector. This vector carries a bidirectional

doxycycline (Dox) regulatable promoter, BI-Tet, which drives the

expression of BZLF1, which is able to induce lytic cycle, together

with a non-functional neuronal growth factor receptor (NGFR) and

green fluorescent protein (GFP) as a markers of Dox induced

expression. WT2089- and DBGLF5-LCLs transfected with pRTS-

CD2-BZLF1 or pRTS-CD2-control vector were treated for 12 hrs

with Dox before selecting for induced plasmid containing cells using

MACSelect LNGFR MicroBeads. (A) In one experiment, RNA was

extracted from the selected cells and used to generate cDNA in

order to analyse the expression of a panel of lytic cycle genes using

qRT-PCR. This panel included 2 IE genes, 7 E-genes which

included the immune evasion genes BNLF2a, BGLF5 and BILF1

and 3 L genes. Plotting the expression levels of each of these genes in

lytically induced WT2089-LCLs (WT2089+BZLF1) alongside

lytically induced DBGLF5-LCLs (DBGLF5+BZLF1) allows us to

directly compare the impact of BGLF5 knockout on the expression

of lytic genes. Variation in BZLF1 expression, and lytic cycle

induction, between WT2089+BZLF1 and DBGLF5+BZLF1 LCLs

were compensated by displaying of all genes relative to the

expression of BRLF1 in that cell. (B) In a separate experiment,

selected WT2089-control and 2BZLF1 (lane 1 and 2 respectively)

and DBGLF5-control and 2BZLF1 (lane 3 and 4) transfected LCLs

were also analysed by SDS-PAGE and immunoblotting with

antibodies specific for the lytic cycle proteins BZLF1, BNLF2a,

BHRF1, BMLF1, and BALF2, with calregulin as a loading control.

(JPG)

Figure S10 VCA+ lytically infected cells are resistant to
E-antigen specific effector T cells. HLA A2 positive LCLs

containing around 2% cells spontaneously in lytic cycle were co-

cultured with or without GLC T cells (A2 restricted and BMLF1

specific cytotoxic CD8+ effector clone) at a ratio of 1:1 for 16 hr.

The total cell population was then harvested and stained with anti-

CD19 to identify the LCL B cells, then fixed and permeabilized,

and lytic LCLs were identified through intracellular for BZLF1

and VCA. The percentage of BZLF1+ B cells in the culture

without GLC T cells was set as 100%, and the number of BZLF1+

or VCA+ lytic LCLs remaining following incubation with GLC-

specific T cells is shown relative to this. The data show a 60%

reduction in the number of BZLF1+ B cells following co-culture

with GLC T cells, but no significant depletion of VCA+ B cells.

(TIF)

Table S1 EBV lytic gene primers and probes used for
qRT-PCR.

(DOCX)
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