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The Epstein-Barr virus (EBV)-encoded immune evasion protein BNLF2a inhibits the transporter associated with antigen pro-
cessing (TAP), thereby downregulating HLA class I expression at the cell surface. As a consequence, recognition of EBV-infected
cells by cytotoxic T cells is impaired. Here, we show that sequence polymorphism of the BNLF2a protein is observed with natural
EBV isolates, with evidence for positive selection. Despite these mutations, the BNLF2a variants efficiently reduce cell surface
HLA class I levels. This conservation of BNLF2a function during evolution of EBV implies an important role for the viral TAP
inhibitor in preventing T cell recognition during viral infection.

Epstein-Barr virus (EBV) is a gamma-1 herpesvirus carried by
over 90% of the adult human population worldwide. Whereas

primary EBV infection of young children usually occurs unno-
ticed, primary infection of adolescents results in the development
of infectious mononucleosis in at least 25% of the cases (25). In
either scenario, primary infection is controlled by EBV-specific
immunity. Despite this immunity, the virus persists for life in the
infected host. Specific viral immune evasion strategies, eluding
both innate and adaptive immunity, are thought to contribute to
this persistence (24, 26).

Cytotoxic T lymphocytes (CTLs) play an important role in
controlling EBV infection. Virus-infected cells are recognized by
CTLs through the detection of virus-derived peptides presented at
the cell surface in the context of HLA class I (HLA I) molecules.
These peptides, generated by proteasomal degradation of viral
proteins in the cytosol, are transported into the endoplasmic re-
ticulum (ER) via the transporter associated with antigen process-
ing (TAP) and subsequently are loaded onto newly synthesized
HLA I molecules. To evade CTL recognition, the EBV lytic-phase
protein BNLF2a inhibits TAP by interfering with the binding of
both ATP and peptide to the TAP transporter (14, 16). As a result
of diminished TAP-mediated peptide transport into the ER, pep-
tide loading onto HLA I molecules is impaired and surface display
of HLA I/peptide complexes is reduced (14, 16).

In humans, two EBV types (1 and 2) are distinguished based on
sequence variation in the EBV latent proteins EBNA2, -3A, -3B,
and -3C (10, 27). Additionally, considerable polymorphism is
found among different strains belonging to the same type (7).
Such mutations have been found to profoundly affect the T cell
immunogenicity of EBV-encoded proteins. For instance, muta-
tions in the HLA-A11-restricted immunodominant EBNA3B
epitope allow escape from T cell recognition (11, 12). These mu-
tant epitopes are more abundant in regions where HLA-A11 is
highly prevalent than in regions where HLA-A11 is found at low
frequencies, suggesting that these variants are selected by immu-
nological pressure (11, 12). Similarly, polymorphisms in CTL
epitopes of EBNA1 (3) and EBNA3A (1) affect T cell recognition.
Sequence polymorphism has not been detected within the
BNLF2a gene of the three EBV strains that have been fully se-

quenced, which are the type 1 strains B95.8 (infectious mononu-
cleosis) and GD1 (Chinese nasopharyngeal carcinoma), and the
type 2 strain AG876 (African Burkitt’s lymphoma) (2, 13, 34).

In this study, we investigated the extent to which variation
occurs for the immune evasion protein BNLF2a. The functional
consequences of this variation were evaluated by measuring HLA
I downregulation resulting from BNLF2a-mediated TAP inhibi-
tion.

Sequence variation among BNLF2a proteins of EBV isolates.
To investigate the frequency of genotypic variation within the
EBV-encoded TAP inhibitor, the BNLF2a gene from EBV isolates
from Australian Caucasians (3), Africans (4), and inhabitants of
the Papua New Guinea highlands and lowlands (5) was se-
quenced. These viruses were isolated from lymphoblastoid cell
lines raised “spontaneously” (without exogenous EBV addition).
Furthermore, nasopharyngeal carcinoma (NPC) biopsy speci-
mens from Hong Kong (4) were sequenced for the BNLF2a gene.
These studies have been reviewed and approved by an appropriate
institutional review committee, and the research has complied
with all relevant federal guidelines and institutional policies.

At the DNA level, multiple mutations were found; of these, two
nucleotide substitutions found in the EBV isolates were silent,
whereas all other mutations resulted in amino acid changes (see
Fig. S1 in the supplemental material). The nucleotide polymor-
phisms observed for these 53 isolates resulted in nine different
BNLF2a protein sequences (Table 1). In more than half of the EBV
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isolates, the BNLF2a amino acid sequence corresponded to that of
the B95.8 reference strain (wild type [wt]). More than a quarter of
the isolates encoded the same two amino acid substitutions,
namely, an alanine-to-threonine replacement at position 8 com-
bined with an arginine-to-lysine mutation at position 40. Other
mutations were found only once or twice (Table 1).

Positive selection of the EBV BNLF2a protein during viral
evolution. The BNLF2a alignment was analyzed to identify indi-
vidual residue positions likely to be under positive selection and
also overall ratios of the rates of nonsynonymous to synonymous
substitution (omega) using the codeml module of PAML 4.2b
software (33). Of the 10 mutated positions in the DNA alignment,
only two are synonymous. Positions 3, 8, and 39 in the alignment
are identified as being under positive selection at a significance
level (P value) of �0.05 (Table 2). At the other variable sites,
statistical significance is not achieved.

Conservation of BNLF2a function in different EBV isolates.
To examine whether the immune-evasive properties of BNLF2a
are affected by the mutations as found in the EBV isolates, we
transiently transfected Mel JuSo (MJS) cells (human melanoma
cell line) (31) to express (mutant) BNLF2a using an Amaxa
Nucleofector II. Two days after transfection, cells were analyzed
by flow cytometry. The different BNLF2a variants of the EBV iso-
lates from Australian Caucasians were cloned into the pLV-CMV-
IRES-eGFP vector (32). This vector contains an internal ribo-

somal entry site (IRES) immediately downstream of BNLF2a,
resulting in coexpression of enhanced green fluorescent protein
(eGFP) together with the viral protein. Indeed, intracellular stain-
ing using a BNLF2a-specific antibody confirmed that expression
levels of the BNLF2a protein correlated with GFP intensities (Fig.
1A). Therefore, in the experiments that follow, GFP levels are used
as an indicator of the amounts of BNLF2a expressed.

Surface expression of HLA I molecules was downregulated
upon transfection of wild-type BNLF2a in a dose-dependent fash-
ion, i.e., correlating with GFP expression (Fig. 1B, second panel on
the left). This effect was specific, since surface HLA I display was
not affected upon transfection of the control protein GFP (empty
vector) (Fig. 1B, top left panel) and cellular HLA II levels remained
unaltered in the presence of BNLF2a (Fig. 1B, second panel on the
right). Expression of the BNLF2a mutants did not cause major
alterations in HLA I surface expression compared to results for
wild-type BNLF2a, indicating that they retained their ability to
reduce the cell surface display of HLA I molecules (Fig. 1B, com-
pare left panels).

To allow statistical analysis, the dot plot data were divided into
small regions with comparable GFP expression levels. For each of
these regions, the mean fluorescence intensity of HLA class I stain-
ing is depicted in Fig. 1C and D. This analysis revealed subtle
differences between wild-type BNLF2a and the mutants. Cell sur-
face HLA I expression is lower in BNLF2a-A8T/R40K-expressing
cells than in wild-type BNLF2a-expressing cells; this difference is
small but statistically significant (Fig. 1C). Also, the other mutant
proteins were more efficient in downregulating HLA I expression
than wild-type BNLF2a (Fig. 1D). No differences in the efficiency
of reducing HLA I cell surface expression were observed among
the various mutants (Fig. 1D).

N-terminal amino acid residues influence immune-evasive
properties of BNLF2a. Since the N-terminal domain of BNLF2a is
required for its immune evasion properties (15), we focused on
the N-terminal mutations that were found in the EBV isolates,
especially the A8T mutation which is present at a high frequency
in the EBV isolates (Table 1). However, the A8T mutation occurs
in conjugation with other substitutions only, so its contribution to
BNLF2a function cannot be inferred from these naturally occur-
ring variants. Therefore, an A8T-only recombinant has been con-

TABLE 1 BNLF2a protein sequences of EBV type 1 isolatesa

a Freq. mutation, frequency of mutation; C, Caucasian (Australia) (spontaneous LCLs); H, Papua New Guinea highlands (spontaneous LCLs); L, Papua New Guinea lowlands
(spontaneous LCLs); A, Africa (spontaneous LCLs); HK, Hong Kong (NPC biopsies).

TABLE 2 Positive selection analysisa

Residue Pr(omega � 1)
Mean � SE
for omega

H3 0.980* 7.314 � 2.423
A8 0.983* 7.337 � 2.399
A16 0.804 6.003 � 3.329
S39 0.979* 7.302 � 2.436
R40 0.869 6.514 � 3.096
L44 0.832 6.228 � 3.239
V46 0.839 6.282 � 3.214
a Pr(omega � 1), the probability that the ratio of nonsynonymous to synonymous
substitutions (omega) is greater than 1 at that site, indicative of positive selection. The
mean and standard error for omega are given for each site. Amino acids refer to the
B95.8 EBV sequence. Positively selected sites (*, P � 95%); SE, standard error of
the mean.
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FIG 1 EBV isolates retain BNLF2a-mediated HLA I downregulation. (A) MJS cells were transiently transfected to express the control protein GFP or to coexpress
wild-type BNLF2a and GFP. After 48 h, cells were stained for intracellular expression of BNLF2a (monoclonal antibody [MAb] 8E2). Subsequently, the cells were
analyzed by flow cytometry using CellQuest Pro software (BD Biosciences). (B) MJS cells were transiently transfected to express the control protein GFP,
wild-type BNLF2a (wt), or one of the following BNLF2a mutants: A8T/R40K, H3Q/A8T/R40K, A8T/S39R/R40K, A8T/V46A, or V46A. After 48 h, cells were
stained for cell surface expression of HLA I (MAb B9.12.1) and HLA II (MAb L243) and analyzed by flow cytometry using CellQuest Pro software (BD
Biosciences). (C) Quantification of flow cytometry data. Cell surface expression levels of HLA I were correlated with GFP expression for cells transfected to
express the control protein GFP, wild-type (wt) BNLF2a, or the A8T/R40K BNLF2a mutant. To this end, values were corrected for cell surface expression of HLA
I in GFP-negative cells. The standard deviations are represented by the error bars. �, P � 0.01 as determined by a t test. (D) Graphical display of the results shown
in panel B. The mean fluorescence index of HLA I expression is plotted against the mean fluorescence index of GFP expression. The results of one representative
experiment out of at least three independent experiments are shown. For panel A, the experiment was performed in duplicate.
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structed and tested for TAP inhibition. Furthermore, we deter-
mined the effect of a double H3Q/A8T mutation in BNLF2a.

The BNLF2a-A8T and BNLF2a-H3Q/A8T mutants were
slightly more efficient than wild-type BNLF2a in downregulating

cell surface HLA I expression (Fig. 2A to C). No apparent differ-
ences were found between the two mutants (Fig. 2B and C), indi-
cating that the alanine-to-threonine substitution at position 8
alone is sufficient to improve the HLA I-downregulating proper-

FIG 2 N-terminal amino acids of BNLF2a affect its immune evasion function. (A) MJS cells were transiently transfected to express the control protein GFP,
wild-type BNLF2a (wt), BNLF2a-A8T (A8T), BNLF2a-H3Q/A8T (H3Q/A8T), or BNLF2a-H3P (H3P). After 48 h, cells were stained for cell surface expression
of HLA I (MAb B9.12.1) and HLA II (MAb L243) and analyzed by flow cytometry using CellQuest Pro software (BD Biosciences). (B and D) Graphical display
of flow cytometry data. The mean fluorescence index of HLA I expression is plotted against the mean fluorescence index of GFP expression. (C and E)
Quantification of flow cytometry data. Cell surface expression levels of HLA I were correlated with GFP expression. To this end, values were corrected for cell
surface expression of HLA I in GFP-negative cells. The standard deviations are represented by the error bars. �, P � 0.01 as determined by a t test. The results of
one representative experiment out of three independent experiments are shown.
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ties of BNLF2a, whereas the histidine-to-glutamine substitution at
position 3 has no additional effect. Furthermore, our data confirm
the important role of the N-terminal domain of BNLF2a in inhib-
iting TAP-mediated peptide transport.

H3P mutation negatively affects BNLF2a-mediated HLA I
downregulation. Previously, we have demonstrated that BNLF2a
prevents peptide binding to TAP (14). This might be achieved by
binding of the cytosolic N terminus of BNLF2a, which is required
for TAP inhibition (15), to the peptide-binding site of TAP,
thereby directly competing with binding of peptides. For 7- to
11-mer peptide epitopes, a proline at position 1, 2, or 3 hampers
interaction with TAP (20, 21, 28, 30). We hypothesized that the N
terminus of BNLF2a associates with the peptide-binding domain
of TAP; therefore, a histidine-to-proline substitution at position 3
of the BNLF2a protein might interfere with its ability to inhibit
TAP and, consequently, to downregulate cell surface HLA I dis-
play.

Compared to wild-type BNLF2a, BNLF2a-H3P is impaired in
its ability to reduce HLA I cell surface levels (Fig. 2A, D, and E).
This observation indicates that the amino acid residue at position
3 contributes to BNLF2a function, possibly through perturbing
the interaction between the N terminus of BNLF2a and the
peptide-binding domain of TAP. However, other mechanisms by
which the H3 residue influences BNLF2a function cannot be ex-
cluded.

In conclusion, the data presented in this study indicate that,
whereas a single mutation within BNLF2a can impair its ability to
reduce cell surface HLA I expression, the BNLF2a variants as iden-
tified in the natural isolates from Australian Caucasians retained
their HLA I-downregulating properties despite the presence of
multiple mutations in most cases. Furthermore, there is evidence
for positive selection of the H3, A8, and S39 residues. One might
expect the less-efficient BNLF2a variants to succumb during viral
evolution. However, considering the polymorphism that is ob-
served for TAP (6, 8, 22, 23, 29), it is not surprising to find variants
of the TAP inhibitor BNLF2a as well. Whether these BNLF2a mu-
tants have different efficiencies for inhibiting the various TAP al-
leles remains to be determined. Overall, these results suggest that
BNLF2a has an important role in preventing antigen presentation
to CTLs. In accordance, B cell lines transformed with a BNLF2a-
deletion mutant of EBV display increased susceptibility toward
CTLs targeting (immediate) early EBV antigens, compared to re-
sults for wild-type EBV-transformed cells (9).

Genetic variation, as is seen for BNLF2a, is also observed for
other EBV lytic proteins that influence host-pathogen interac-
tions. Sequencing of EBV isolates revealed mutations within the
viral IL-10 protein (18), a cytokine that has immunomodulating
properties (17). Similarly, amino acid sequence variation was ob-
served for the antiapoptotic BHRF1 protein. These BHRF1 vari-
ants still confer protection against apoptosis, indicating conserva-
tion of the function of this viral protein (19).

Taken together, our present results demonstrate that the func-
tion of the TAP inhibitor BNLF2a is conserved during evolution of
EBV, pointing toward an important contribution of immune eva-
sion during the viral life cycle. By interfering with T cell recogni-
tion during productive EBV infection, BNLF2a is anticipated to
create a window for the generation of viral progeny in the face of
memory T cell immunity.

Nucleotide sequence accession numbers. GenBank accession
numbers for the BNLF2a sequences are JN703669 to JN703677,
JN711406 to JN711425, and JN803886 to JN803909.
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