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a b s t r a c t

Epstein-Barr virus (EBV) is the primary cause of infectious mononucleosis and has been strongly impli-
cated in the etiology of multiple epithelial and lymphoid cancers, such as nasopharyngeal carcinoma, gas-
tric carcinoma, Hodgkin lymphoma, Burkitt lymphoma, non-Hodgkin lymphoma and post-transplant
lymphoproliferative disorder. There is currently no licensed prophylactic vaccine for EBV. Most efforts
to develop prophylactic vaccines have focused on EBV gp350, which binds to CD21/CD35 to gain entry
into B cells, and is a major target of serum neutralizing antibody in EBV seropositive humans.
However, a recombinant monomeric gp350 protein failed to prevent EBV infection in a phase II clinical
trial. Thus, alternative or additional target antigens may be necessary for a successful prophylactic vac-
cine. EBV gH/gL and gB proteins coordinately mediate EBV fusion and entry into B cells and epithelial
cells, strongly suggesting that vaccination with these proteins might elicit antibodies that will prevent
EBV infection. We produced recombinant trimeric and monomeric EBV gH/gL heterodimeric proteins
and a trimeric EBV gB protein, in addition to tetrameric and monomeric gp3501–470 proteins, in
Chinese hamster ovary cells. We demonstrated that vaccination of rabbits with trimeric and monomeric
gH/gL, trimeric gB, and tetrameric gp3501–470 induced serum EBV-neutralizing titers, using cultured
human B cells, that were >100-fold, 20-fold, 18-fold, and 4-fold higher, respectively, than monomeric
gp3501–470. These data strongly suggest a role for testing EBV gH/gL and EBV gB in a future prophylactic
vaccine to prevent EBV infection of B cells, as well as epithelial cells.

! 2016 Published by Elsevier Ltd.

1. Introduction

Epstein-Bar virus (EBV) is a gammaherpesvirus that primarily
infects B cells and epithelial cells. EBV has been strongly implicated
as a co-factor in the development of Burkitt and other non-
Hodgkin lymphomas, nasopharyngeal carcinoma, gastric adenocar-
cinoma, Hodgkin lymphoma, and NK/T cell lymphoma, overall
accounting for over 200,000 cases of cancer world-wide each year
[1–6]. EBV is the direct etiologic agent of most cases of infectious
mononucleosis (IM) [7,8]. Patients developing IM exhibit a signifi-
cantly increased risk for the subsequent development of Hodgkin
disease [9,10] or multiple sclerosis [11,12]. EBV seropositive
patients undergoing solid organ or stem cell transplantation are
at risk of developing uncontrolled B cell proliferation due to EBV

reactivation, termed post-transplantation lymphoproliferative dis-
order (PTLD) that can evolve into non-Hodgkin lymphoma [13]. A
similar phenomenon also occurs in patients with AIDS.

Infection of B cells with EBV is initiated by binding of the EBV
envelope protein gp350 to either the complement receptor (CR)
1/CD35 or CR2/CD21 [14,15]. Upon binding to B cell CR, EBV
gp42 interacts with cell surface MHC-II, leading to its association
with the heterodimeric protein gH/gL. GH/gL then undergoes a
conformational change upon binding gp42, leading to activation
of the EBV fusion protein gB, that directly mediates viral-host cell
membrane fusion. Levels of expression of gB vary among different
EBV strains and this positively correlates with infectivity [16].

Memory B cells are the major source of latent EBV [17], whereas
EBV replication and transmission occurs predominantly within the
nasopharyngeal epithelium [18,19]. The mechanism of EBV infec-
tion of epithelial cells remains an active area of investigation.
EBV may infect epithelial cells directly by binding of EBV gH to
integrins (avb5, b6, and b8) expressed on the epithelial cell
surface [20–22]. Alternatively, direct transfer of EBV from B cells
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to epithelial cells has been demonstrated [23,24]. EBV is also able
to directly infect organotypic cultures of epithelial cells to establish
a predominantly productive infection in the suprabasal layers of
stratified epithelium [25]. Epithelial expression of CR is controver-
sial [26,27] and a role for gp350 in EBV infection of epithelial cells
has not been demonstrated. However, EBV gH/gL and gB are critical
for infection of epithelial cells, as well as for B cells.

There is currently no prophylactic EBV vaccine in clinical use.
Studies in non-human primates using gp350-based vaccination
strategies have shown protection against EBV-induced lymphoma
and EBV replication [28]. A phase II clinical trial conducted in
EBV-seronegative adults using a recombinant monomeric gp350
protein versus placebo suggested a partial protective effect of
gp350 vaccination on IM development [29,30]. However, the vac-
cine did not prevent asymptomatic EBV infection. A phase I trial
of recombinant monomeric gp350 protein given to children with
chronic kidney disease demonstrated only a minority of subjects
developing detectable neutralizing serum anti-gp350 titers [31].
Collectively, these data suggest that a vaccine incorporating
gH/gL and gB, in addition to gp350, may confer superior antibody-
mediated protection against EBV infection through additive or
synergistic blocking effects on B cells, as well as epithelial cells.

Monomeric proteins are relatively weak immunogens relative
to proteins that are expressed in a multimeric manner or that are
aggregated [32–37]. We previously constructed and expressed tet-
rameric and monomeric gp350 proteins in Chinese hamster ovary
(CHO) cells [38], and demonstrated that immunization of mice
with tetrameric gp350 elicited higher gp350-specific IgG and neu-
tralizing serum antibody responses, relative to its monomeric
counterpart [38]. In the current study, we produced recombinant
trimeric and monomeric EBV gH/gL and trimeric EBV gB proteins
in CHO cells. We immunized rabbits with these proteins in addi-
tion to tetrameric and monomeric gp350 to determine the relative
EBV-neutralizing activity of the induced serum antibody in co-
cultures of cell-free GFP-labeled EBV and B cells.

2. Methods

2.1. Design of DNA constructs and expression of monomeric and
trimeric EBV gH/gL

The coding sequences for EBV gH and gL were downloaded from
NCBI, reference sequence # NC_009334.1. The gL sequence coding
23-137 amino acids was used, and the signal peptide 1-22 was
replaced with an IgGj leader sequence. The gH sequence coding
19-678 amino acids was linked to the 30 end of gL, separated by a
15 amino acid linker (Gly4Ser1)3 sequence. The foldon trimerization
domain coding sequence derived from T4 phage fibritin was linked
to the 30 end of gH, followed by a His6 coding sequence. DNA coding
for the trimeric gH/gLwas synthesizedbyBlueHeronBiotechnology,
Inc., cloned into pOptiVEV (Invitrogen), and verified by sequencing.
Themonomeric EBVgH/gL constructwasmadebyPCRamplification
of EBV gH/gL with the foldon coding sequence deleted, cloned into
pOptiVEV, and verified by sequencing. Chinese hamster ovary
(CHO) cells (strain DG44, Invitrogen) were transfected with
pOptiVEC-gH/gL constructs and selected with gradually increased
concentration of methotrexate (MTX) up to 4 lM. CHO cells were
then loaded into ‘‘Fibercell” cartridges (FiberCell Systems, Frederick,
MD) for protein production. Supernatants were concentrated and
purified using cobalt affinity purification (Thermo Fisher Scientific).

2.2. Design of DNA construct and expression of EBV trimeric gB protein

The coding sequence for EBV gB was downloaded from NCBI,
reference sequence # NC_009334.1. The sequence coding 23-732

amino acids was used. The signal peptide (1-22 amino acids) was
replaced with an IgG j leader sequence, and the coding sequence
of the furin cleavage site (RRRRD) between amino acids 427 (L)
and 434 (A) was replaced with a 15 amino acid (Gly4Ser)3 linker
sequence. A His6 sequence was linked to the 30 end for protein
purification. All the following steps were as described for EBV
gH/gL.

2.3. Western blot analysis

Western blot analysis under reducing and non-reducing condi-
tions was performed as previously described [38]. For Western blot
analysis under modified non-reducing conditions, protein samples
were mixed with LDS loading buffer without DTT, and resolved on
3–8% Polyacrylamide gels in Tris–Glycine native running buffer
(Invitrogen). After PAGE, the gels were blotted on 0.45 lm nitrocel-
lulose membrane, incubated with either HRP-labeled mouse IgG
anti-His mAb (Thermo Fisher Scientific, Waltham, MA), or mouse
IgG anti-EBV gH/gL mAb (clone E1D1, kind gift from Dr. L.M.
Hutt-Fletcher, Louisiana State University Health Sciences Center,
Shreveport, LA) or mouse IgG anti-EBV gB mAb (Virusys
Corporation, Taneytown, MD) followed by polyclonal HRP-goat
anti-mouse IgG (Thermo Fisher Scientific). Membranes were then
incubated with SuperSignal West Pico chemiluminescent
substrate, and signal captured on X-ray film.

2.4. Size exclusion chromatography and multi-angle light scattering
(SEC-MALS) analysis

For SEC-MALS analysis (performed by John Van Druff,
FinaBioSolutions LLC, Rockville, Maryland), an Agilent 1100 series,
Wyatt HELEOS 8, Wyatt Optilab T-rEX, a Waters 2497 series UV
detector and a TSKGel G4000 PWxl column in series with a TSKGel
G5000 PWxl column were used. Briefly, purified EBV monomeric
gHgL, trimeric gHgL, and trimeric gB samples were spun through
0.45 micron centrifugal filters for 5 min in a tabletop centrifuge.
50 lL of each sample was injected. The column flow rate was
0.5 mL/min. Wyatt ASTRA software was used for data collection
& analysis, and the Debye formalismwas used to determine molec-
ular weight.

2.5. Rabbit immunizations

Groups of 5 male New Zealand white rabbits, 12–15 weeks old
were immunized subcutaneously with 25 lg of antigen adsorbed
to aluminum hydroxide (alum; 0.25 lg alum/lg protein) and
mixed with 50 lg of a 12-mer phosphorothioate-modified
CpG-ODN (tcataacgttcc) optimized for rabbits (68). Rabbits were
immunized on day 0, day 21, and day 42 and serum samples were
taken before initial immunization, and 10 days following each
immunization.

2.6. Determination of serum antigen-specific IgG titers

Serum titers of EBV gp350-, gH/gL-, and gB-specific IgG were
determined by ELISA (69). Briefly, 96-well ELISA plates were coated
with antigen in PBS (50 lL [containing 5 lg/ml] per well), blocked
with bovine serum albumin, then serial dilutions of rabbit sera
were added. Alkaline phosphatase-conjugated polyclonal goat
anti-rabbit IgG antibodies (Southern Biotechnology Associates,
Inc.) were then added followed by incubation with phosphatase
substrate (Sigma). OD was measured at 405 nm.
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2.7. Preparation of peripheral blood naïve human B cells

Peripheral blood mononuclear cells (PBMC) were isolated from
human healthy donor’s buffy coats using Ficoll-paque plus (GE
Healthcare, Sweden) density gradient centrifugation. Ack Lysis buf-
fer (5 min at RT) was used to lyse erythrocytes in PBMC. Naïve B
cells were subsequently isolated from PBMC by negative selection
using a magnetic bead sorting kit (EasySepTM Human Naïve B cell
enrichment kit). The purity of the naïve B cell preparation was
between 90% and 95%.

2.8. Determination of serum EBV neutralization titers

Determination of serum in vitro EBV-neutralizing titers, using
Raji cells (EBV-positive human Burkitt lymphoma cell line), were
performed as described (66). Serial serum dilutions were mixed
for 2 h with GFP-EBV (B95-8/F) in 96-well plates, followed by addi-
tion of Raji cells for 1 additional hour. Cells were then washed and
recultured in medium alone for 3 days, fixed in paraformaldehyde
and analyzed by flow cytometry for GFP+ Raji cells. The serum dilu-
tion that inhibited infectivity by 50% (EDI50), based on reduction of
the number of GFP+ cells, was calculated by non-linear regression
analysis using Graph Pad Prizm 6. The EBV-neutralizing anti-gp350
mAb (72A1) was used as a positive control. Pre-immune sera and
sera from rabbits immunized with alum + CpG-ODN alone served
as negative controls. For determination of serum neutralizing titers
using peripheral blood naïve human B cells, naïve human B cells
were incubated with GFP-EBV and cultured in RPMI 1640 medium
containing 100 ng/ml IL-4 (BioLegend, San Diego, CA) and 1 lg/ml
CD40 antibody (R&D Systems, Minneapolis, MN).

3. Results

3.1. Production of EBV monomeric and trimeric gH/gL proteins

We previously designed DNA constructs to produce recombi-
nant monomeric and tetrameric EBV gp350 proteins in CHO cells
[38] (Fig. 1A). We now took a similar approach to design DNA con-
structs that encode for either a monomeric or trimeric EBV gH/gL
heterodimeric protein (Fig. 1B). A 50 Igj leader sequence was intro-
duced to promote protein secretion, followed by sequences encod-
ing EBV gL and gH with a (Gly4Ser1)3 linker in between to allow for
proper folding of both proteins. To effect self-association of gH/gL
into a stable trimeric form, a T4 bacteriophage fibritin trimeriza-
tion domain (foldon) [39] was inserted 30 to gH of the construct

encoding trimeric gH/gL, followed by a His6 tag to allow for effi-
cient purification. A DNA construct encoding a monomeric gH/gL
was also made, by excluding the foldon domain.

Western blot analysis of trimeric gH/gL protein using an anti-
EBV gH/gL mAb under reducing conditions which disrupts native
oligomers demonstrated a MW band of !80 KDa, consistent with
monomeric gH/gL (Fig. 2A). Under non-reducing conditions, a
MW band of !240 KDa, consistent with trimeric gH/gL was
observed. To obtain a more accurate measurement of absolute
molecular weight, we utilized SEC-MALS which does not rely on
relative MW standards and yields absolute MW estimates from
the angular dependence of scattered light intensity as a function
of concentration [40]. SEC-MALS analysis of monomeric EBV gH/
gL protein yielded a single band of MW 102 kDa consistent with
the predicted MW of monomeric EBV gH/gL (Fig. 3A). Analysis of
trimeric EBV gH/gL yielded two predominant bands of MW 321
and 1080 kDa consistent with the predicted MW of a trimeric
EBV gH/gL (321 kDa), as well as indicating that a proportion of
the total protein self-aggregated into a trimer of trimeric EBV
gH/gL (Fig. 3B).

3.2. Production of EBV trimeric gB protein

The pre-fusion crystal structure of an EBV gB variant expressed
in insect cells is a trimer [41]. The furin cleavage site within EBV gB
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Fig. 1. DNA constructs encoding tetrameric EBV gp350, trimeric EBV gH/gL, and trimeric EBV gB. Constructs were stably transfected into CHO cells for protein expression.
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EBV gB proteins under reducing and non-reducing conditions. Blots were
developed with anti-EBV gH/gL and anti-EBV gB mAbs, respectively.
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may be critical for the natural folding of EBV gB protein into its ter-
minal trimeric form (63), but inclusion of this site leads to low
yields of recombinant non-trimeric human cytomegalovirus
(HCMV) gB [19]. We reasoned that a recombinant trimeric EBV
gB could be produced by insertion of a flexible (Gly4Ser)3 linker
in place of the furin cleavage site to allow for terminal protein fold-
ing and efficient expression (Fig. 1C).

Western blot analysis under fully reducing conditions using an
anti-gB mAb demonstrated the EBV gB protein to be the predicted
size of the monomeric form (!80 KDa) (Fig. 2B). Under modified
native conditions, that allows for detection of the native form of
EBV gB protein, we observed a uniform band with the predicted
size of a trimeric EBV gB (!240 KDa). SEC-MALS analysis of tri-
meric gB yielded two predominant bands of MW 241 kDa and
420 kDa, consistent with the predicted MW of trimeric EBV gB,
as well as indicating that a proportion of the total protein self-
aggregated to form a dimer of trimeric gB (Fig. 3C).

3.3. All EBV proteins induced high total serum titers of antigen-specific
IgG

We directly compared monomeric and trimeric EBV gH/gL, tri-
meric EBV gB, and monomeric and tetrameric EBV gp350 for elici-
tation of total serum titers of antigen-specific IgG. Groups of 5
adult rabbits each were immunized s.c. with 25 lg of protein in
alum + CpG-ODN, then boosted in a similar fashion on days 21
and 42 post-immunization. The CpG-ODN sequence was optimized
for use in rabbits (68). As illustrated in Fig. 4, each of the 5 EBV pro-
teins induced augmented serum IgG responses following the first
booster immunization, and with monomeric gp3501–470 and mono-
meric gH/gL, further significant augmentation in serum IgG titers
following the second booster immunization. Tetrameric EBV
gp3501–470 induced >20-fold serum gp350-specific IgG titers
relative to monomeric EBV gp3501–470 following the first and sec-
ond booster immunizations (Fig. 4). Trimeric EBV gH/gL induced
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Fig. 3. SEC-MALS analysis of monomeric and trimeric EBV gH/gL and trimeric EBV gB proteins.

Fig. 4. Serum titers of antigen-specific IgG following immunization with monomeric and multimeric EBV proteins. Groups of rabbits, 12–15 weeks old (n = 5) were
immunized s.c. with 25 mg of either monomeric or tetrameric EBV gp350, monomeric or trimeric EBV gH/gL, or trimeric EBV gB in alum + CpG-ODN adjuvant, and boosted on
day 21 and day 42. Sera were obtained 10 days following each immunization for measurement of serum titers of antigen-specific IgG by ELISA. Significance *p.
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>30-fold and >90-fold enhancements in serum gH/gL-specific IgG
titers following the primary immunization and the first booster
immunization, respectively with the titers equalizing by the sec-
ond booster immunization (Fig. 4). These data confirm our previ-
ous study in mice using tetrameric and monomeric gp3501–470

[38], that multimerization of proteins induce marked increases in
immunogenicity.

3.4. EBV monomeric gHgL, trimeric gHgL and trimeric gB induced
significantly higher serum neutralization titers compared to
monomeric and tetrameric gp3501–470

Flow cytometric analysis of GFP-labeled EBV entry into Raji Bur-
kitt lymphoma B cells has been demonstrated to be an accurate
and efficient way to measure serum EBV neutralizing titers [42].
We utilized this method to determine the effective dilution of
serum antibody, from rabbits immunized 3" with monomeric ver-
sus tetrameric EBV gp3501–470, monomeric versus trimeric EBV gH/
gL, and trimeric EBV gB, that inhibits infectivity of 50% of Raji B
cells (EDI50). As illustrated in Fig. 5, tetrameric EBV gp3501–470

induced significantly higher EDI50 titers than monomeric EBV
gp3501–470 (EDI50 22 versus <5, respectively). Of note, trimeric
gH/gL induced significantly higher EDI50 titers than monomeric
gH/gL (EDI50 506 versus 107, respectively), that was markedly
and significantly higher than that induced by tetrameric
gp3501–470. Similarly, EBV gB induced significantly higher EDI50

titers (EDI50 89) than tetrameric gp3501–470, that was comparable
to that elicited by monomeric gH/gL. Compared to monomeric
gp3501–470, trimeric gHgL, monomeric gHgL, trimeric gB, and tetra-
meric gp350 elicited >100-, 20-, 18-, and 4-fold higher EDI50 titers
respectively. Similar EBV neutralization titers were obtained from
sera that were pooled from each of the groups in Fig. 5, utilizing
GFP-EBV and naïve peripheral blood human B cells from healthy
donors (Fig. 6), except that monomeric and tetrameric gp3501–470

showed slightly higher EDI50 titers compared to those calculated
using Raji cells (Fig. 5).

4. Discussion

Wemake the novel observation that EBV gH/gL and EBV gB pro-
teins elicit antibodies in rabbits that block EBV entry into Raji Bur-
kitt lymphoma and naïve peripheral human B cells, and appear to
be significantly more potent on a per weight basis than EBV gp350.
Specifically, trimeric and monomeric EBV gH/gL and trimeric EBV
gB induced serum neutralization titers >100-fold, 20-fold, and
18-fold higher, respectively than monomeric gp3501–470. Further,
tetrameric, relative to monomeric gp3501–470 induced >4-fold
higher serum neutralization titers than its monomeric counterpart.
The truncated gp3501–470 contains all of the reported neutralizing
epitopes of the full-length molecule [43–45].

To our knowledge, we are the first to report production of a fully
trimeric recombinant EBV gB protein. EBV, HCMV, and HSV-1 gB
proteins have all been reported to be naturally expressed as a
trimer, and thus this form may represent the ideal gB vaccine pro-
tein [41]. A recombinant non-trimeric HCMV gB protein, that was
modified to remove the furin cleavage site, has been tested in a
phase II clinical trial for prevention of HCMV infection in HCMV-
seronegative women. Women were immunized i.m. with HCMV
gB + MF59 adjuvant (squaline in water emulsion) at 0, 1, and
6 months (n = 234) or placebo [sodium chloride solution]
(n = 230) [46]. Following a 42-month observation period a total
of 18 infections were documented in the vaccine group and 31 in
the placebo group (P = 0.02) for a vaccine efficacy of 50%. In
another phase II study, patients awaiting solid organ transplanta-
tion who were HCMV seronegative, and thus at high risk for HCMV
infection (donor+recipient#) were vaccinated with gB/MF59 [47].
The vaccine was effective in preventing viremia in 5 out of 11 sub-
jects, compared to 0 out of 5 subjects in the placebo group.

Our data thus provide a strong rationale for further testing of
EBV gB, as well as EBV gH/gL proteins in humans for inclusion in
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Fig. 5. Measurement of serum neutralization titers in response to monomeric and multimeric EBV proteins using Raji Burkitt lymphoma cells. Sera obtained 52 days
post-immunization (10 days following the second boost) as described in Fig. 4 were used to determine EDI50 EBV neutralization titers of individual serum samples by flow
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a prophylactic EBV vaccine. Such a vaccine could potentially reduce
the incidence of not only infectious mononucleosis [7,8], but the
development of EBV-related B cell and epithelial malignancies
[1–6], and possibly a number of autoimmune diseases, such as
multiple sclerosis [11,12]. In contrast to EBV gp350, EBV gH/gL
and EBV gB also have the potential to induce antibodies that will
block EBV entry into epithelial cells [20–22], although it remains
to be determined whether such antibodies would block B cell to
epithelial cell transfer [23,24]. Since epithelial cells are the major
cellular site of EBV replication they may play an important role
in both establishing and amplifying initial infection in the orophar-
ynx as well as providing a means for transmission [18]. Whether
EBV gp350, gH/gL, and gB proteins can act additively or synergisti-
cally to induce antibodies that block EBV infection remains to be
determined, but has important relevance for future EBV vaccine
development.

Although the majority of serum neutralizing activity following
natural EBV infection has been reported to be specific for EBV
gp350 [48], the extent to which natural EBV infection induces
gH/gL- and gB-specific neutralizing antibodies remains to be deter-
mined. This has clinical relevance since these latter two EBV pro-
teins could also be considered for active boosting of immunity in
EBV seropositive individuals for therapeutic purposes, such as prior
to undergoing transplantation to prevent PTLD [13], Further, in
light of the potential role for active EBV replication in the progres-
sion of established undifferentiated nasopharyngeal carcinoma [1],
an epithelial malignancy, it remains an intriguing possibility that
inducing neutralizing gH/gL- and/or gB-specific antibodies in such
patients might slow tumor growth.

References

[1] Tsang CM, Tsao SW. The role of Epstein-Barr virus infection in the pathogenesis
of nasopharyngeal carcinoma. Virol Sin 2015;30:107–21.

[2] Cohen JI, Fauci AS, Varmus H, Nabel GJ. Epstein-Barr virus: an important
vaccine target for cancer prevention. Sci Transl Med 2011;3:107fs7.

[3] Dolcetti R. Cross-talk between Epstein-Barr virus and microenvironment in the
pathogenesis of lymphomas. Semin Cancer Biol 2015;34:58–69.

[4] Price AM, Luftig MA. To be or not IIb: a multi-step process for Epstein-Barr
virus latency establishment and consequences for B cell tumorigenesis. PLoS
Pathog 2015;11:e1004656.

[5] Grywalska E, Rolinski J. Epstein-Barr virus-associated lymphomas. Semin
Oncol 2015;42:291–303.

[6] Iizasa H, Nanbo A, Nishikawa J, Jinushi M, Yoshiyama H. Epstein-Barr virus
(EBV)-associated gastric carcinoma. Viruses 2012;4:3420–39.

[7] Vetsika EK, Callan M. Infectious mononucleosis and Epstein-Barr virus. Expert
Rev Mol Med 2004;6:1–16.

[8] Taylor GS, Long HM, Brooks JM, Rickinson AB, Hislop AD. The immunology of
Epstein-Barr virus-induced disease. Annu Rev Immunol 2015;33:787–821.

[9] Hjalgrim H, Askling J, Sorensen P, Madsen M, Rosdahl N, Storm HH, et al. Risk of
Hodgkin’s disease and other cancers after infectious mononucleosis. J Natl
Cancer Inst 2000;92:1522–8.

[10] Hjalgrim H, Askling J, Rostgaard K, Hamilton-Dutoit S, Frisch M, Zhang JS, et al.
Characteristics of Hodgkin’s lymphoma after infectious mononucleosis. N Engl
J Med 2003;349:1324–32.

[11] Yadav SK, Mindur JE, Ito K, Dhib-Jalbut S. Advances in the
immunopathogenesis of multiple sclerosis. Curr Opin Neurol 2015;28:206–19.

[12] Hutchinson M. Epstein-Barr virus is a necessary causative agent in the
pathogenesis of multiple sclerosis: commentary. Mult Scler 2013;19:1694–5.

[13] LaCasce AS. Post-transplant lymphoproliferative disorders. Oncologist
2006;11:674–80.

[14] Hutt-Fletcher LM. Epstein-Barr virus entry. J Virol 2007;81:7825–32.
[15] Shannon-Lowe C, Rowe M. Epstein Barr virus entry; kissing and conjugation.

Curr Opin Virol 2014;4:78–84.
[16] Neuhierl B, Feederle R, Hammerschmidt W, Delecluse HJ. Glycoprotein gp110

of Epstein-Barr virus determines viral tropism and efficiency of infection. Proc
Natl Acad Sci USA 2002;99:15036–41.

[17] Babcock GJ, Decker LL, Volk M, Thorley-Lawson DA. EBV persistence in
memory B cells in vivo. Immunity 1998;9:395–404.

[18] Hutt-Fletcher LM. Epstein-Barr virus replicating in epithelial cells. Proc Natl
Acad Sci USA 2014;111:16242–3.

[19] Tsao SW, Tsang CM, Pang PS, Zhang G, Chen H, Lo KW. The biology of EBV
infection in human epithelial cells. Semin Cancer Biol 2012;22:137–43.

[20] Birkenbach M, Tong X, Bradbury LE, Tedder TF, Kieff E. Characterization of an
Epstein-Barr virus receptor on human epithelial cells. J Exp Med
1992;176:1405–14.

[21] Maruo S, Yang L, Takada K. Roles of Epstein-Barr virus glycoproteins gp350 and
gp25 in the infection of human epithelial cells. J Gen Virol 2001;82:2373–83.

[22] Fingeroth JD, Diamond ME, Sage DR, Hayman J, Yates JL. CD21-dependent
infection of an epithelial cell line, 293, by Epstein-Barr virus. J Virol
1999;73:2115–25.

[23] Imai S, Nishikawa J, Takada K. Cell-to-cell contact as an efficient mode of
Epstein-Barr virus infection of diverse human epithelial cells. J Virol
1998;72:4371–8.

[24] Shannon-Lowe C, Rowe M. Epstein-Barr virus infection of polarized epithelial
cells via the basolateral surface by memory B cell-mediated transfer infection.
PLoS Pathog 2011;7:e1001338.

[25] Temple RM, Zhu J, Budgeon L, Christensen ND, Meyers C, Sample CE. Efficient
replication of Epstein-Barr virus in stratified epithelium in vitro. Proc Natl
Acad Sci USA 2014;111:16544–9.

[26] Li QX, Young LS, Niedobitek G, Dawson CW, Birkenbach M, Wang F, et al.
Epstein-Barr virus infection and replication in a human epithelial cell system.
Nature 1992;356:347–50.

[27] Jiang R, Gu X, Nathan CO, Hutt-Fletcher L. Laser-capture microdissection of
oropharyngeal epithelium indicates restriction of Epstein-Barr virus receptor/
CD21 mRNA to tonsil epithelial cells. J Oral Pathol Med 2008;37:626–33.

[28] Cohen JI. Epstein-barr virus vaccines. Clin Trans Immunol 2015;4:e32.
[29] Sokal EM, Hoppenbrouwers K, Vandermeulen C, Moutschen M, Leonard P,

Moreels A, et al. Recombinant gp350 vaccine for infectious mononucleosis: a
phase 2, randomized, double-blind, placebo-controlled trial to evaluate the
safety, immunogenicity, and efficacy of an Epstein-Barr virus vaccine in
healthy young adults. J Infect Dis 2007;196:1749–53.

[30] Moutschen M, Leonard P, Sokal EM, Smets F, Haumont M, Mazzu P, et al. Phase
I/II studies to evaluate safety and immunogenicity of a recombinant gp350
Epstein-Barr virus vaccine in healthy adults. Vaccine 2007;25:4697–705.

[31] Rees L, Tizard EJ, Morgan AJ, Cubitt WD, Finerty S, Oyewole-Eletu TA, et al. A
phase I trial of Epstein-Barr virus gp350 vaccine for children with chronic
kidney disease awaiting transplantation. Transplantation 2009;88:1025–9.

[32] Liu W, Chen YH. High epitope density in a single protein molecule significantly
enhances antigenicity as well as immunogenicity: a novel strategy for modern
vaccine development and a preliminary investigation about B cell
discrimination of monomeric proteins. Eur J Immunol 2005;35:505–14.

[33] Ilyinskii PO, Thoidis G, Sherman MY, Shneider A. Adjuvant potential of
aggregate-forming polyglutamine domains. Vaccine 2008;26:3223–6.

[34] van Beers MM, Jiskoot W, Schellekens H. On the role of aggregates in the
immunogenicity of recombinant human interferon beta in patients with
multiple sclerosis. J Interferon Cytokine Res 2010;30:767–75.

[35] Jegerlehner A, Storni T, Lipowsky G, Schmid M, Pumpens P, Bachmann MF.
Regulation of IgG antibody responses by epitope density and CD21-mediated
costimulation. Eur J Immunol 2002;32:3305–14.

[36] Rosenberg AS. Effects of protein aggregates: an immunologic perspective.
AAPS J 2006;8:E501–7.

[37] Lees A, Finkelman F, Inman JK, Witherspoon K, Johnson P, Kennedy J, et al.
Enhanced immunogenicity of protein-dextran conjugates: I. Rapid stimulation
of enhanced antibody responses to poorly immunogenic molecules. Vaccine
1994;12:1160–6.

[38] Cui X, Cao Z, Sen G, Chattopadhyay G, Fuller DH, Fuller JT, et al. A novel
tetrameric gp350 1–470 as a potential Epstein-Barr virus vaccine. Vaccine
2013;31:3039–45.

[39] Guthe S, Kapinos L, Moglich A, Meier S, Grzesiek S, Kiefhaber T. Very fast
folding and association of a trimerization domain from bacteriophage T4
fibritin. J Mol Biol 2004;337:905–15.

[40] Oliva A, Llabres M, Farina JB. Applications of multi-angle laser light-scattering
detection in the analysis of peptides and proteins. Curr Drug Discov Technol
2004;1:229–42.

[41] Backovic M, Longnecker R, Jardetzky TS. Structure of a trimeric variant of the
Epstein-Barr virus glycoprotein B. Proc Natl Acad Sci USA 2009;106:2880–5.

[42] Sashihara J, Burbelo PD, Savoldo B, Pierson TC, Cohen JI. Human antibody titers
to Epstein-Barr Virus (EBV) gp350 correlate with neutralization of infectivity
better than antibody titers to EBV gp42 using a rapid flow cytometry-based
EBV neutralization assay. Virology 2009;391:249–56.

[43] Nemerow GR, Houghten RA, Moore MD, Cooper NR. Identification of an
epitope in the major envelope protein of Epstein-Barr virus that mediates viral
binding to the B lymphocyte EBV receptor (CR2). Cell 1989;56:369–77.

[44] Nemerow GR, Cooper NR. Early events in the infection of human B
lymphocytes by Epstein-Barr virus: the internalization process. Virology
1984;132:186–98.

[45] Kanekiyo M, Bu W, Joyce MG, Meng G, Whittle JR, Baxa U, et al. Rational design
of an Epstein-Barr virus vaccine targeting the receptor-binding site. Cell
2015;162:1090–100.

[46] Pass RF, Zhang C, Evans A, Simpson T, Andrews W, Huang ML, et al. Vaccine
prevention of maternal cytomegalovirus infection. N Engl J Med
2009;360:1191–9.

[47] Griffiths PD, Stanton A, McCarrell E, Smith C, Osman M, Harber M, et al.
Cytomegalovirus glycoprotein-B vaccine with MF59 adjuvant in transplant
recipients: a phase 2 randomised placebo-controlled trial. Lancet
2011;377:1256–63.

[48] Thorley-Lawson DA, Poodry CA. Identification and isolation of the main
component (gp350-gp220) of Epstein-Barr virus responsible for generating
neutralizing antibodies in vivo. J Virol 1982;43:730–6.

6 X. Cui et al. / Vaccine xxx (2016) xxx–xxx

Please cite this article in press as: Cui X et al. Rabbits immunized with Epstein-Barr virus gH/gL or gB recombinant proteins elicit higher serum virus neu-
tralizing activity than gp350. Vaccine (2016), http://dx.doi.org/10.1016/j.vaccine.2016.06.021

http://refhub.elsevier.com/S0264-410X(16)30434-0/h0005
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0005
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0010
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0010
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0015
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0015
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0020
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0020
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0020
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0025
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0025
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0030
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0030
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0035
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0035
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0040
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0040
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0045
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0045
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0045
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0050
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0050
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0050
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0055
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0055
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0060
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0060
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0065
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0065
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0070
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0075
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0075
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0080
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0080
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0080
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0085
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0085
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0090
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0090
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0095
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0095
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0100
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0100
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0100
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0105
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0105
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0110
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0110
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0110
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0115
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0115
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0115
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0120
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0120
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0120
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0125
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0125
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0125
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0130
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0130
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0130
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0135
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0135
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0135
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0140
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0145
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0145
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0145
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0145
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0145
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0150
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0150
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0150
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0155
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0155
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0155
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0160
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0160
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0160
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0160
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0165
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0165
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0170
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0170
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0170
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0175
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0175
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0175
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0180
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0180
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0185
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0185
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0185
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0185
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0190
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0190
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0190
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0195
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0195
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0195
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0200
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0200
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0200
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0205
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0205
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0210
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0210
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0210
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0210
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0215
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0215
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0215
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0220
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0220
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0220
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0225
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0225
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0225
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0230
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0230
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0230
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0235
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0235
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0235
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0235
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0240
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0240
http://refhub.elsevier.com/S0264-410X(16)30434-0/h0240
http://dx.doi.org/10.1016/j.vaccine.2016.06.021

	Rabbits immunized with Epstein-Barr virus gH/gL or gB recombinant proteins elicit higher serum virus neutralizing activity than gp350
	1 Introduction
	2 Methods
	2.1 Design of DNA constructs and expression of monomeric and trimeric EBV gH/gL
	2.2 Design of DNA construct and expression of EBV trimeric gB protein
	2.3 Western blot analysis
	2.4 Size exclusion chromatography and multi-angle light scattering (SEC-MALS) analysis
	2.5 Rabbit immunizations
	2.6 Determination of serum antigen-specific IgG titers
	2.7 Preparation of peripheral blood naïve human B cells
	2.8 Determination of serum EBV neutralization titers

	3 Results
	3.1 Production of EBV monomeric and trimeric gH/gL proteins
	3.2 Production of EBV trimeric gB protein
	3.3 All EBV proteins induced high total serum titers of antigen-specific IgG
	3.4 EBV monomeric gHgL, trimeric gHgL and trimeric gB induced significantly higher serum neutralization titers compared to monomeric and tetrameric gp3501–470

	4 Discussion
	References


