
Article

Immunization with Epstein–Barr Virus Core Fusion Machinery
Envelope Proteins Elicit High Titers of Neutralizing Activities
and Protect Humanized Mice from Lethal Dose EBV Challenge
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Abstract: Epstein–Barr virus (EBV) is the primary cause of infectious mononucleosis and is strongly
implicated in the etiology of multiple lymphoid and epithelial cancers. EBV core fusion machinery
envelope proteins gH/gL and gB coordinately mediate EBV fusion and entry into its target cells, B
lymphocytes and epithelial cells, suggesting these proteins could induce antibodies that prevent EBV
infection. We previously reported that the immunization of rabbits with recombinant EBV gH/gL or
trimeric gB each induced markedly higher serum EBV-neutralizing titers for B lymphocytes than that
of the leading EBV vaccine candidate gp350. In this study, we demonstrated that immunization of
rabbits with EBV core fusion machinery proteins induced high titer EBV neutralizing antibodies for
both B lymphocytes and epithelial cells, and EBV gH/gL in combination with EBV trimeric gB elicited
strong synergistic EBV neutralizing activities. Furthermore, the immune sera from rabbits immunized
with EBV gH/gL or trimeric gB demonstrated strong passive immune protection of humanized mice
from lethal dose EBV challenge, partially or completely prevented death respectively, and markedly
decreased the EBV load in peripheral blood of humanized mice. These data strongly suggest the
combination of EBV core fusion machinery envelope proteins gH/gL and trimeric gB is a promising
EBV prophylactic vaccine.

Keywords: Epstein–Barr virus; infectious mononucleosis; EBV-associated lymphoma and epithe-
lial cancer; EBV vaccine development; core fusion machinery; envelope glycoprotein; gH/gL; gB;
neutralizing antibody

1. Introduction

Epstein–Barr virus (EBV) is a gamma human herpesvirus that primarily infects B cells
and epithelial cells. EBV is the primary cause of infectious mononucleosis [1,2]. There are
~125,000 new cases of infectious mononucleosis each year in the United States, and it is
the most common cause of lost time for new army recruits [3–5]. Infectious mononucleosis
could cause persistent fatigue for up to 6 months and cause severe neurologic, hematologic,
or liver complications [2,3,6,7]. EBV is also the first human tumor virus discovered, and it
has been strongly implicated in the etiology of multiple lymphoid and epithelial cancers,
such as Burkitt lymphoma, Hodgkin lymphoma, non-Hodgkin lymphoma, post-transplant
lymphoproliferative disorder, nasopharyngeal carcinoma, and gastric carcinoma [8–11].
Overall, EBV-associated cancers account for over 200,000 new cases of cancer and cause
150,000 deaths worldwide each year [3,8,10]. Patients undergoing solid organ or stem
cell transplantation are at risk of developing uncontrolled B cell proliferation due to EBV
reactivation, termed post-transplant lymphoproliferative disorder that can evolve into non-
Hodgkin lymphoma, and a similar phenomenon also occurs in patients with AIDS [3,12–14].
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A role for EBV has also been suggested in the pathogenesis of T and NK cell lymphomas,
aggressive NK cell leukemia, and lymphoepithelioma-like carcinoma of the lung, salivary
gland and thymus [15–17]. Many studies further suggest a possible role for EBV in the
pathogenesis of several autoimmune diseases, including multiple sclerosis, systemic lupus
erythematosus, rheumatoid arthritis and Sjogren’s syndrome [7,18].

Two distinct types of EBV are recognized: EBV-1 and EBV-2. The two types of EBV
exhibit 70–85% sequence homology, and the differences between EBV-1 and EBV-2 isolates
are largely confined to four latency proteins: EBNA-2, -3A, -3B, and -3C [19–21]. EBV is
typically transmitted via saliva and contracted during infancy in developing countries,
whereas in the developed world, it is typically contracted during adolescence [5,22]. The
target cells of EBV are B lymphocytes and epithelial cells, and the mechanism by which
EBV enters into host cells, is shared in many aspects by other members of the herpesvirus
family [23–27]. Infection of B cells with EBV is initiated by binding of the EBV envelope
protein gp350 to the complement receptor 2 (CR2)/CD21. Upon binding to B cell CR2,
EBV gp42 interacts with the host cell surface MHC-II, leading to its association with
the heterodimeric protein gH/gL. gH/gL then activates the EBV fusion protein gB, that
directly mediates viral–host cell endosomal membrane fusion [24–26]. EBV infection of
epithelial cells involves EBV BMRF2 binding to integrins, followed by gH/gL binding to
integrins and ephrin receptor A2, triggering the activation of gB and fusion of the viral
envelope to the plasma membrane of the epithelial cell [7,27–34]. Thus, EBV envelope
glycoproteins gH/gL, gB and gp350 play key roles in the EBV infection of target cells,
where gH/gL and gB constitute the “core fusion machinery” mediating fusion with the cell
membrane [23,24,27]. The native conformation of EBV gB is a trimer, and EBV gH and gL
naturally form a heterodimer [23,35]. EBV envelope proteins gH/gL and gB are essential
for EBV infection of both B cells and epithelial cells, whereas gp350 is important for the
efficient infection of B cells [23,24,27,32].

EBV vaccination holds great promise as an efficient way of prevention and manage-
ment of EBV infection and associated diseases, and would have a considerable public
health and economic impact [1–3,7]. Early research on EBV vaccine development was
focused on gp350. Studies in non-human primates using gp350-based vaccination strate-
gies have shown protection against EBV-induced lymphoma and EBV replication [36–43].
A phase II human clinical trial of a recombinant monomeric gp350 demonstrated 78%
efficacy in preventing infectious mononucleosis, but failed to prevent EBV infection [44,45].
This was most likely due to gp350 only mediating the attachment of EBV to B cells, but
with little role in the EBV infection of epithelial cells. Recently, additional EBV envelope
proteins have been studied as EBV vaccine candidates; specifically, EBV gH/gL, gB and
gp42 all were shown to induce EBV neutralizing antibodies [7,46]. Recombinant proteins
have a highly favorable safety record as vaccines for human use and induce long-lasting
memory responses. In combination with the new generation of lipid nanoparticle-based
adjuvants, recombinant protein vaccines have demonstrated higher efficacy compared to
live attenuated viral vaccine platforms [47,48]. We were the first to report that recombinant
EBV gH/gL and gB proteins elicited markedly higher titers of EBV neutralization antibod-
ies than gp350 after immunization in rabbits [46]. Compared to gp350, EBV gH/gL and
trimeric gB elicited >20- and 18-fold higher EBV neutralizing antibodies respectively [46].
It was later demonstrated that EBV gH, gL, gB and gp42 in nanoparticle or virus-like
particle forms also induced potent EBV neutralizing antibodies in mice and non-human
primates [49,50].

Since the cotton-top tamarin, an endangered species, was banned for use in EBV
research, humanized mice have been widely used for EBV studies and are currently
considered the best model for recapitulating EBV-induced human B cell disease [51–58].
NOD/Shi-scid/IL-2Rγnull (NOG) mice receive hematopoietic stem cell transplants from
human cord blood reconstitute human B, T, and NK cells, macrophages, and dendritic
cells. Inoculation of humanized NOG mice with ~1 × 103 TD50 (50% transforming dose,
high dose) of EBV causes B cell lymphoproliferation with histopathological findings and
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latent EBV gene expression similar to that observed in immunocompromised humans, and
mortality by 10 weeks post-infection, whereas inoculation with a low dose of virus (~1 ×
101 TD50) resulted in apparently asymptomatic persistent infection [54,56]. The humanized
NOG mouse is an excellent animal model for post-transplant lymphoproliferative disorder,
a model of EBV associated lymphoid cancer caused by high dose EBV infection, which is
also a powerful tool in the evaluation of EBV vaccine candidates in the prevention of EBV
infection and associated cancers.

In this study, we demonstrated that immunization of rabbits with EBV core fusion
machinery proteins induced potent EBV neutralizing activities for protection of both B
cells and epithelial cells, and showed that the EBV gH/gL and trimeric gB in combination
elicited markedly high titers of EBV neutralizing activities than that induced by individual
EBV proteins. Furthermore, the immune sera from rabbits immunized with EBV gH/gL
or trimeric gB demonstrated strong passive immune protection of humanized mice from
lethal dose EBV challenge, and markedly decreased the EBV load in peripheral blood of
humanized mice.

2. Materials and Methods
2.1. Cell Lines, EBV Strain, and Reagents

Raji and HeLa cell lines were purchased from American Type Culture Collection
(ATCC, Manassas, VA, USA), and cultured using RPMI-1640 or EMEM medium respec-
tively, supplemented with 10% fetal bovine serum. Plasmids p509 and p2670 expressing
EBV BZLF1 and BALF4, and 293/2089 cells that were used to produce B95-8 virus express-
ing GFP were from Drs. Jefferey Cohen and Henri-Jacques Delecluse (National Institutes
of Health, Maryland, USA and National Research Center for Environment and Health, Mu-
nich, Germany) [26,59,60]. Recombinant EBV gH/gL and trimeric gB were produced in our
laboratory [46]. Both EBV gH/gL and trimeric gB proteins were expressed using Chinese
hamster ovary cells (CHO), the recombinant EBV gH/gL protein comprising the full-length
gL linked to gH extracellular domain as a fusion protein, and the recombinant EBV trimeric
gB consisting of 3 homologous gB chains [46]. The polyclonal goat anti-rabbit IgG labeled
with alkaline phosphatase was purchased from Southern Biotechnology (Birmingham, AL,
USA), and alkaline phosphatase substrate, disodium p-nitrophenyl phosphate, was from
Sigma-Aldrich (St. Louis, MO, USA).

2.2. Rabbit Immunizations

Groups of New Zealand white rabbits, 12–15 weeks old, five in each group, were
injected subcutaneously with 25 µg of EBV recombinant protein gH/gL, trimeric gB or the
combination of gH/gL and trimeric gB (25 µg each). The proteins were mixed with 13 µg
of aluminum hydroxide (alum) and 50 µg CpG-ODN that function as adjuvants [46,61].
Rabbits were injected with adjuvants only as a negative control. Immunization was
performed on day 1, and repeated on day 21 and day 42. Rabbit serum samples were taken
before initial immunization, 10 days following each immunization and on day 52 [46].
These studies were conducted in accordance with the Guide for Care and Use of Laboratory
Animals (Institute of Laboratory Animal Resources, NRC, WA, USA), and were approved
by the USUHS Institutional Animal Care and Use Committee.

2.3. Measurement of Serum Titers of EBV gH/gL- and gB-Specific IgG

Antigen-specific antibodies against EBV gH/gL and gB were determined by ELISA
as previously described [46,61–63]. Briefly, Immulon 4 ELISA plates were coated with
5 µg/mL of purified EBV recombinant protein gH/gL or trimeric gB in PBS overnight at
4 ◦C, followed by blocking with 1% bovine serum albumin (BSA) in PBS. Serum samples
were serially diluted in three-fold with 1% BSA-PBS, and were added in the EBV gH/gL
or trimeric gB protein coated ELISA plates and incubated overnight at 4 ◦C. The plates
were then incubated with a polyclonal goat anti-rabbit IgG labeled with alkaline phos-
phatase for 1 h at 37 ◦C, followed by addition of 1 mg/mL alkaline phosphatase substrate
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(p-nitrophenyl phosphate, disodium) in Tris-HCl magnesium-sulfate buffer. The plates
were washed with 0.1% Tween-20 in PBS between steps, and the absorbance at 450 nm was
read on an ELISA reader.

2.4. Determination of Serum EBV Neutralizing Titers Using the B Lymphocyte Cell Line RAJI

Determination of serum in vitro EBV-neutralizing titers using Raji cells (EBV-positive
human Burkitt lymphoma cell line) were performed as described [46,59]. Briefly, serial
dilutions of serum samples were mixed for 2 h with GFP-EBV (B95-8/F) in 96-well plates,
followed by the addition of Raji cells for 3 additional hours. The cells were then washed
and re-cultured in medium alone for 3 days, fixed in paraformaldehyde and analyzed by
flow cytometry for GFP+ Raji cells. The serum dilution that inhibits infectivity by 50%
(IC50), based on reduction of the number of GFP+ cells, were calculated by non-linear
regression analysis using Graph Pad Prizm 8. The EBV-neutralizing anti-gp350 mAb (72A1)
was used as a positive control. Pre-immune sera and sera from rabbits injected with alum +
CpG-ODN served as negative controls.

2.5. Determination of Serum EBV Neutralizing Titers Using the Epithelial Cell Line HeLa

Determination of serum in vitro EBV-neutralizing titers using HeLa cells (human
cervical cancer epithelial cells) was similar to that of using Raji cells with modifications.
Briefly, serial dilutions of serum samples were mixed with GFP-EBV in 96-well plates for
2 h, followed by adding the mixture to the HeLa cells for 3 additional hours. The cells
were washed with media and cultured for 3 days. Following trypsinization and washing
twice in PBS, the cells were fixed in paraformaldehyde and analyzed by flow cytometry for
GFP+ HeLa cells. The serum dilution that inhibits infectivity by 50% (IC50), based on the
reduction of the number of GFP+ cells, was calculated by non-linear regression analysis
using Graph Pad Prizm 8. Pre-immune sera and sera from rabbits injected with alum +
CpG-ODN served as negative controls.

2.6. Passive Immune Protection of Humanized Mice from Lethal Dose EBV Challenge

Humanized NOG mice that reconstitute with human B, T, NK cells, macrophages,
and dendritic cells, are susceptible to EBV infection [54]. Inoculation with a low dose
of virus (~1 × 101 TD50) causes apparently asymptomatic persistent infection in human-
ized NOG mice, whereas inoculation with a high dose (~1 × 103 TD50) of EBV causes
B cell lymphoproliferation, with histopathological findings similar to that observed in
immunocompromised humans, and results in mortality by 10 weeks post-infection [54].

Humanized NOG mice were made by intravenous injection of human CD34(+) HSCs
isolated from cord blood (~1 × 104–1.2 × 105 cells/female mouse at 6–10-week-old). After
the human hemato-immune system was reconstituted, 3 groups (n = 6) of humanized
NOG mice were injected intraperitoneally with 300 µL of the day 52 pooled sera from
rabbits immunized with EBV gH/gL, trimeric gB or adjuvant alone (alum + CpG-ODN)
respectively. Two hours following intraperitoneal injection of rabbit sera, humanized NOG
mice were infected intravenously with ~1 × 103 TD50 of EBV (strain AKATA), a dose that
induces B cell lymphoproliferation and fatality by 10 weeks. Peripheral blood was obtained
every week following EBV infection, and EBV DNA in blood was quantified by real-time
quantitative PCR [64].

2.7. Statistics

All the experiments were done at least three times for reproducibility. The serum titers
of antigen specific IgG and the copy numbers of EBV DNA were expressed as geometric
means +/− standard error of the mean. The serum titers of EBV neutralizing activity were
expressed as geometric means +/− standard deviation of the mean. Statistical analyses
were performed with GraphPad Prism 8, p values were determined by two-tailed Students
t-test, and p < 0.05 was considered significant.
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3. Results
3.1. Immunization of Rabbits with EBV gH/gL in Combination with Trimeric gB Led to Induction
of High Serum Titers of gH/gL- and gB-Specific IgG with no Cross-Antigen Interference

Groups of 5 adult rabbits each were immunized subcutaneously with 25 µg of EBV
recombinant protein gH/gL, trimeric gB or the combination of EBV gH/gL and trimeric gB,
using alum + CpG-ODN as the adjuvant. Rabbits were then boosted in a similar fashion
on days 21 and 42 post-immunization. As illustrated in Figure 1, similar to our previous
report, EBV trimeric gB induced markedly augmented serum IgG response following
the first booster immunization, whereas EBV gH/gL induced markedly increased serum
IgG titers following the second booster immunization [46]. Rabbits immunized with
EBV gH/gL or trimeric gB individually induced high serum IgG titers (~1:100,000) of
antigen-specific antibodies after 3 immunizations. The serum titers of anti-gH/gL IgG
induced by the immunization with the combination of EBV gH/gL and trimeric gB were
not significantly different from the IgG titers induced by immunization with EBV gH/gL
alone (Figure 1A). Similarly, the serum titers of anti-gB IgG induced by immunization with
EBV trimeric gB in combination with gH/gL were not significantly different from the IgG
titers induced by immunization with EBV trimeric gB alone (Figure 1B). These data indicate
that the combined use of EBV gH/gL and trimeric gB for immunization does not result in
cross-antigen interference for antibody production.

3.2. In Vitro Mixture of the EBV gH/gL Rabbit Immune Sera with EBV gB Rabbit Immune Sera
Showed Synergistic EBV Neutralizing Activity for the B Lymphoma Cell Line Raji and the
Epithelial Cell Line HeLa

The EBV neutralizing activities of the sera from rabbits immunized with EBV gH/gL
or EBV trimeric gB alone were directly compared to that of the gH/gL immune sera and
trimeric gB immune sera mixed together in equal volume. Immune sera from rabbits im-
munized with EBV gH/gL or EBV trimeric gB alone showed high titers of EBV neutralizing
activity analyzed using Raji cells (IC50 88 and 107 respectively). The mixing of EBV gH/gL
immune sera with EBV trimeric gB immune sera significantly increased EBV neutralization
activity (IC50 586, Figure 2A,B). The mixture of EBV gH/gL immune sera and EBV trimeric
gB immune sera showed 5-fold and 6-fold increased EBV neutralizing activity respectively
compared to the immune sera from rabbits immunized with EBV gH/gL or trimeric gB
alone. Compared to the sum of the neutralization activities of EBV gH/gL immune sera and
EBV trimeric gB immune sera, the mixture of EBV gH/gL immune sera and EBV trimeric
gB immune sera showed 3~fold increased EBV neutralizing activity, clearly demonstrated
synergistic effects in EBV neutralization activity (Figure 2A,B).
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Figure 1. Immunization of rabbits with Epstein–Barr virus (EBV) gH/gL or trimeric gB recombinant
protein induced high serum titers of antigen-specific IgG, without interference when EBV gH/gL
and trimeric gB were used in combination. Groups of 12–15-week-old rabbits (n = 5), were subcuta-
neously immunized with 25 µg of recombinant EBV gH/gL, EBV trimeric gB or the combination of
EBV gH/gL and trimeric gB (25 µg each) adjuvanted with alum + CpG-ODN, then boosted on days
21 and 42. Serum samples were obtained 10 days following each immunization, and on day 52 for
measurement of serum titers of antigen-specific IgG by ELISA. (A) Serum titers of gH/gL-specific
IgG. (B) Serum titers of gB-specific IgG.

The human SVKCR2 cell line has been used to determine EBV neutralizing activities
protecting epithelial cells [50]. Since SVKCR2 cells express human complement receptor
2 (CR2), there has been concern that the EBV neutralizing titers for protection of epithelial
cells determined using SVKCR2 cells may not show the actual neutralizing activities, as
epithelial cells do not express CR2. EBV strains expressing high level gp110 could infect
epithelial cells such as HeLa cells and gastric epithelial cells, and these cell lines might
be better target cells for analyzing the EBV neutralizing activities protecting epithelial
cells [26,60]. In this study, we used HeLa cells to determine the EBV neutralizing activities
protecting epithelial cells. The EBV neutralizing activities analyzed using HeLa cells were
higher than that of Raji cells, EBV gH/gL and EBV trimeric gB induced EBV neutraliz-
ing activities of IC50 321 and 533 respectively (Figure 2A,C). The mixture of EBV gH/gL
immune sera with EBV trimeric gB immune sera showed significantly increased EBV neu-
tralization activity (IC50 2878), which was 9-fold and 5-fold higher respectively compared
to the immune sera from rabbits immunized with EBV gH/gL or EBV trimeric gB alone
(Figure 2A,C). Compared to the sum of the neutralization activities of EBV gH/gL immune
sera and EBV trimeric gB immune sera, the mixture of EBV gH/gL and EBV trimeric gB
immune sera showed a 3.5-fold increase of EBV neutralizing activity analyzed using HeLa
cells, demonstrating synergistic effects in EBV neutralization activity for epithelial cells
(Figure 3A,C).
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Figure 2. Mixing of the sera from rabbits immunized with EBV gH/gL and the sera from rabbits
immunized with EBV trimeric gB in vitro showed synergistic neutralizing activity preventing EBV
infection of the B lymphoma cell line Raji and the epithelial cell line HeLa. Day 52 immune sera from
rabbits (n = 5) subcutaneously immunized three times with 25 µg of recombinant EBV gH/gL or
EBV trimeric gB adjuvanted with alum + CpG-ODN were heat-inactivated. EBV gH/gL immune
sera were mixed with EBV trimeric gB immune sera in equal volume. (A) Serum IC50 neutralizing
titers were determined using Raji/HeLa cells and the EBV strain B95-8 GFP as indicated. Significance
*, # p < 0.05 compared to the EBV neutralizing activities of the sera from rabbits immunized with
individual envelope proteins. (B) Calculation of IC50 by non-linear regression analysis using Raji
cells and EBV strain B95-8 GFP. (C) Calculation of IC50 by non-linear regression analysis using HeLa
cells and EBV strain B95-8 GFP.
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Figure 3. Immunization of rabbits with the combination of EBV gH/gL and trimeric gB demonstrated
strong synergistic neutralizing activity preventing EBV infection of Raji cells and HeLa cells. Day 52
immune sera from rabbits (n = 5) subcutaneously immunized three times with 25 µg of recombinant
EBV gH/gL, EBV trimeric gB or the combination of EBV gH/gL and trimeric gB (25 µg each)
adjuvanted with alum + CpG-ODN were heat-inactivated. (A) Serum IC50 neutralizing titers were
determined using Raji/HeLa cells and EBV strain B95-8 GFP as indicated. Significance *, # p < 0.05
compared to the EBV neutralizing activities of the sera from rabbits immunized with individual
envelope proteins. (B) Calculation of IC50 by non-linear regression analysis using Raji cells and EBV
strain B95-8 GFP. (C) Calculation of IC50 by non-linear regression analysis using HeLa cells and EBV
strain B95-8 GFP.
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3.3. Immunization with the Combination of EBV gH/gL and Trimeric gB Elicited Strong
Synergistic EBV Neutralizing Activity for the B Lymphoma Cell Line Raji and the Epithelial Cell
Line HeLa

As the mixture of EBV gH/gL rabbit immune sera with EBV trimeric gB immune
sera demonstrated synergistic neutralizing activity against EBV, we determined the EBV
neutralizing activity induced by immunization with the combination of EBV gH/gL and
trimeric gB, components of the EBV core fusion machinery. As shown in Figure 3A,B,
immunization with the combination of EBV gH/gL and EBV trimeric gB elicited markedly
higher EBV neutralizing activity analyzed using Raji cells (IC50 1432), which was ~13-fold
and ~16-fold higher than that induced by EBV gH/gL (IC50 107) or EBV trimeric gB (IC50 88)
alone respectively.

EBV neutralizing activity of the sera from rabbits immunized with EBV gH/gL, EBV
trimeric gB or the combination of EBV gH/gL and EBV trimeric gB were also analyzed
using HeLa cells. Similar to analysis with Raji cells, immunization with the combination
of EBV gH/gL and EBV trimeric gB markedly increased the EBV neutralizing activity for
epithelial cells (IC50 11194) compared to that of the immunization with EBV gH/gL or EBV
trimeric gB alone, analyzed using HeLa cells (Figure 3A,C). Relative to the sera from rabbits
immunized with EBV gH/gL alone (IC50 321), the immune sera from rabbits immunized
with the combination of EBV gH/gL and EBV trimeric gB showed ~35-fold increased EBV
neutralizing activity for epithelial cells (Figure 3A,C). Similarly, the immune sera from
rabbits immunized with the combination of EBV gH/gL and EBV trimeric gB demonstrated
~21-fold increased EBV neutralizing activity for epithelial cells compared to that of the sera
from rabbits immunized with EBV trimeric gB alone (IC50 533) (Figure 3A,C).

3.4. Immune Sera from Rabbits Immunized with EBV gH/gL or EBV Trimeric gB Protected
Humanized Mice from Death Caused by High Dose EBV Challenge

Humanized NOG mice reconstitute with human B, T cells, macrophages, and den-
dritic cells, and can recapitulate key aspects of EBV infection in humans [54]. Intravenous
injection of humanized NOG mice with ~1 × 103 TD50 (50% transforming dose) of EBV
causes B cell lymphoproliferation with histopathological findings and latent EBV gene
expression similar to that observed in immunocompromised humans, and result in mortal-
ity by 10 weeks post-infection [54]. To determine whether the antibodies induced by EBV
core fusion machinery proteins gH/gL or gB could confer passive protection against EBV,
humanized NOG mice were injected intraperitoneally with 300 µL of pooled sera from
rabbits immunized with EBV gH/gL or EBV trimeric gB, followed by intravenous infection
with 1 × 103 TD50 EBV (high dose). Humanized NOG mice injected intraperitoneally with
300 µL of pooled sera from rabbits injected with adjuvant alum + CpG-ODN only served
as a negative control.

Seventy-five days after the intravenous infection with high dose EBV, all the human-
ized NOG mice receiving the pooled sera from rabbits injected with adjuvant only were
dead. In contrast, half (3/6) of the humanized NOG mice receiving pooled EBV gH/gL
rabbit immune sera survived, and all (6/6) of the humanized NOG mice receiving pooled
EBV trimeric gB rabbit immune sera survived 132 days after high dose EBV infection
(Figure 4A). Quantitative PCR analysis of the EBV DNA in peripheral blood 35 days after
high dose EBV infection showed high copy number of EBV DNA in the humanized NOG
mice receiving the pooled sera from rabbits injected with adjuvant only (~57,000/mL
blood), whereas in the humanized NOG mice receiving pooled EBV gH/gL rabbit immune
sera the EBV DNA in peripheral blood decreased 87%, and in the humanized NOG mice
receiving pooled EBV trimeric gB rabbit immune sera the EBV DNA in peripheral blood
decreased 98% (Figure 4B).
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Figure 4. Immune sera from rabbits immunized with EBV gH/gL or EBV trimeric gB protected
humanized NOG mice from death caused by high dose EBV infection, and markedly decreased the
EBV load in peripheral blood. Humanized NOG mice were made by intravenous injection of human
CD34+ HSCs isolated from cord blood. After the human hemato-immune system was reconstituted,
3 groups (n = 6) of humanized NOG mice were injected intraperitoneally with 300 µL of the day 52
pooled sera from rabbits immunized with EBV gH/gL, EBV trimeric gB or adjuvant alone (alum +
CpG-ODN) respectively. Two hours following intraperitoneal injection of rabbit sera, humanized
mice were infected intravenously with ~1 × 103 TD50 of EBV (AKATA), a dose that induces B cell
lymphoproliferation and fatality by 10 weeks (67). (A) Survival curve 132 days post-EBV infection.
(B) Copy number of EBV DNA in peripheral blood of humanized mice 35 days after high dose EBV
infection. Significance *, # p < 0.05 compared to the humanized mice receiving the sera from rabbits
injected with adjuvant alone.

4. Discussion

EBV is the first human tumor virus identified. EBV not only causes infectious mononu-
cleosis, it is also strongly associated with epithelial cell cancers such as nasopharyngeal
cancer (NPC), gastric cancer as well as lymphoid cancers such as Burkitt lymphoma,
Hodgkin lymphoma and post transplantation lymphoproliferative disorder (PTLD) [8–14].
NPC is endemic in southeast Asia, and the vast majority are the nonkeratinized type,
accounting for 80,000 new cases each year worldwide [10,65,66]. Nonkeratinized NPC
display a lymphoepithelial-like (LEL) appearance with a marked lymphocytic infiltration,
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which is 100% EBV positive [66]. About 10% of gastric cancers are associated with EBV
infection, have a similar LEL pathological change and are 100% EBV positive, accounting
for about 83,000 new cases each year [66–68]. Essentially, all Burkitt lymphoma in equa-
torial Africa and in Papua New Guinea, are EBV genome-positive, accounting for 7000
new cases each year [69–71]. Hodgkin lymphoma is also strongly associated with EBV,
especially the mixed cellularity subtype, of which 80–90% are EBV positive [72–75]. PTLD
is another example that EBV plays a critical role in cancer pathogenesis, all the cases of
PTLD are EBV positive, and adoptive transfer of EBV specific T cells could prevent or cure
the disease [76–80]. The role of EBV in cancer pathogenesis has also been confirmed in
animal models, as the inoculation of cotton top tamarins or humanized mice with high
titers of EBV results in the development of B-cell lymphomas and lymphoproliferative
disease that are seen in humans [36–43,54,58].

An EBV prophylactic vaccine holds great promise for prevention of cancers caused
by EBV infection, as has been the case for prophylactic vaccines against human papilloma
virus and hepatitis B virus that cause ~600,000 and ~400,000 cases of new cancers each year
respectively [10,81]. Early efforts in EBV vaccine development were focused on gp350. EBV
gp350 is the most abundant EBV envelope protein, and about half of the EBV neutralizing
activity in EBV seropositive human sera is against gp350 [7,50]. Immunization with
purified or recombinant gp350 was shown to protect cotton top tamarins from lymphoma
caused by EBV infection, and similar results were reported with adenovirus or vaccinia
virus expressing gp350 [36–43]. Phase I and II clinical studies of a recombinant gp350
produced in Chinese hamster ovary cells showed that the recombinant gp350 induced
neutralizing antibodies in humans in 70% of the subjects, and reduced the rate of infectious
mononucleosis by 78% in the vaccinated subjects but did not prevent EBV infection [44,45].
This is most likely because gp350 is not strictly essential for EBV virus infection of B
cells but only important for efficient infection, as well as the inability of gp350 induced
antibodies to protect against EBV infection of epithelial cells [23,24,27,32,82].

The target cells of EBV are mainly B cells and epithelial cells, and EBV requires
multiple envelope proteins for cell entry. EBV infection of B cells requires envelope proteins
gp350, gH, gL, gB and gp42, whereas EBV infection of epithelial cells requires envelope
proteins BMFR2, gH, gL and gB [7,24–26,32]. Our group was the first to report in 2016
that recombinant EBV gH/gL and gB proteins induce markedly higher EBV neutralizing
antibodies compared to gp350 [46]. This was confirmed by the recently published study
by Bu et al. that EBV gH/gL or gH/gL/gp42 nanoparticles induced potent neutralizing
antibody responses in mice and non-human primates, which blocked EBV-target cell fusion
and prevented EBV infection of B cells and epithelial cells [50]. Though these nanoparticle
EBV vaccine candidates induced 10- to 1000-fold higher titers of neutralizing antibodies
compared to that of soluble proteins, as the gH, gL and/or gp42 proteins were highly
packed into the nanoparticles, the expression of native conformational epitopes of these
EBV envelope proteins could be prevented [50]. It was reported that virus like particles and
nanoparticles could induce quantitatively high antibody responses whereas recombinant
proteins expressing native epitopes could elicit antibody responses that are high both
quantitatively and qualitatively [83–86]. This has been confirmed with the herpes virus
recombinant envelope protein vaccine candidates produced in our laboratory including
EBV gH/gL and EBV trimeric gB [46,61,87]. EBV gp350 and BMRF2 are required for
EBV attachment to B cells and epithelial cells respectively, whereas EBV gH/gL and gB
constitute the core fusion machinery, which play the critical roles for EBV fusion and entry
into all target cells, thus making EBV gH/gL and gB more promising as prophylactic
EBV vaccine candidates [23,24,27]. As EBV gH/gL and gB could both elicit neutralizing
antibodies, the presence of gH/gL neutralizing antibodies and gB neutralizing antibodies
simultaneously would most likely exhibit synergistic effects [7,23,32]. As in this study,
mixing EBV gH/gL anti-sera with gB anti-sera showed synergistic neutralizing activity as
gH/gL and gB antibodies block different steps in EBV infection of target cells including
both B cells and epithelial cells.
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In this study, immunization with the combination of EBV gH/gL and trimeric gB
induced high titers of antigen-specific antibodies against EBV gH/gL and gB that were no
different compared to that of immunization with EBV gH/gL or EBV trimeric gB alone.
This is consistent with our previous study as well as studies by other investigators that
immunization with combinations of herpes virus envelope proteins induced high titers
of antigen-specific antibodies without interference in the induction of individual protein-
specific antibodies [61,88,89]. Immunization with the combination of EBV gH/gL and
EBV trimeric gB elicited markedly higher EBV neutralizing activities for both B cells and
epithelial cells as compared to that induced by immunization with EBV gH/gL or EBV
trimeric gB alone, demonstrating strong synergistic effects of EBV core fusion envelope
proteins in elicitation of neutralizing antibodies. The strong synergistic effects are most
likely due to the sequential coordination of these envelope proteins in mediating EBV entry
and infection of target cells. These data suggest that the combination of EBV core fusion
machinery envelope proteins gH/gL and trimeric gB could be an ideal EBV prophylactic
vaccine.

To determine whether the EBV neutralizing antibodies induced by EBV core fusion
machinery envelope proteins gH/gL and trimeric gB are protective against EBV infection
in vivo, we performed passive immune protection studies using humanized mice. Con-
sistent with previous studies, all the humanized mice injected with the pooled sera from
rabbits injected with adjuvants alone died 75 days after high dose EBV challenge [54].
In contrast, the pooled sera from rabbits immunized with EBV trimeric gB completely
protected humanized mice from death caused by lethal dose EBV infection, whereas the
pooled sera from rabbits immunized with EBV gH/gL showed partial protection. Com-
pared to the pooled sera from rabbits injected with adjuvants alone, the pooled immune
sera from rabbits immunized with EBV gH/gL or EBV trimeric gB markedly decreased
EBV load in peripheral blood of humanized mice 35 days after EBV challenge. EBV gB
directly mediates virus fusion with the host cell membrane, which is the last and most
important step of EBV entry into host cells, whereas EBV gH/gL mediates virus binding
to the host cells [7,23,32]. This may explain why EBV trimeric gB immune sera demon-
strated significantly better protection of the humanized mice than the EBV gH/gL immune
sera. A similar result was also obtained with another human herpesvirus, human cy-
tomegalovirus (HCMV), where HCMV gB proved to be the most effective among several
vaccine candidates in eliciting immune response for host protection [85,86,90]. As im-
munization with the combination of EBV gH/gL and EBV trimeric gB induced strong
synergistic EBV neutralizing activities, the sera from rabbits immunized with the combina-
tion of EBV gH/gL and EBV trimeric gB would demonstrate significantly better passive
immune protection than that of the sera from rabbits immunized with EBV trimeric gB
alone. This will be conducted in our future studies, together with an active vaccination
study with the combination of EBV gH/gL and EBV trimeric gB using humanized DRAGA
mice (HLA-A2.HLA-DR4.Rag1KO.IL2RγcKO.NOD), which most likely would provide
sterilizing immunization [91–93].

5. Conclusions

EBV is the first human tumor virus discovered, and it has been strongly implicated
in the etiology of multiple lymphoid and epithelial cancers, such as Burkitt lymphoma,
Hodgkin lymphoma, non-Hodgkin lymphoma, post-transplant lymphoproliferative disor-
der, nasopharyngeal carcinoma, and gastric carcinoma. EBV associated cancers account for
over 200,000 new cases of cancer and cause 150,000 deaths world-wide each year. EBV is
also the primary cause of infectious mononucleosis, and is associated with the pathogenesis
of autoimmune diseases, including multiple sclerosis, systemic lupus erythematosus and
rheumatoid arthritis. Thus, EBV vaccination holds great promise as an efficient way of
prevention and management of EBV infection and associated diseases, and would have a
considerable public health and economic impact.
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The target cells of EBV are B lymphocytes and epithelial cells, and EBV requires
multiple envelope proteins for cell entry where gH/gL and gB constitute the “core fusion
machinery” mediating fusion with the cell membrane. EBV gH/gL and gB proteins have
been shown to induce markedly higher EBV neutralizing antibodies compared to the
leading EBV vaccine candidate gp350, block EBV-target cell fusion, and prevent EBV
infection of both B lymphocytes and epithelial cells. In this study, we further demonstrated
that the immune sera from rabbits immunized with EBV gH/gL or trimeric gB conferred
strong passive immune protection of humanized mice from lethal dose EBV challenge,
partially or completely prevented death respectively, and markedly decreased the EBV
load in peripheral blood of humanized mice.

Similar to other members of the herpesvirus family such as human cytomegalovirus
and human simplex virus, EBV gH/gL and gB are essential for the virus infection of its
target cells. As EBV gH/gL and gB could both elicit neutralizing antibodies, the presence of
gH/gL neutralizing antibodies and gB neutralizing antibodies simultaneously would block
the sequential coordination of these envelope proteins in mediating EBV entry and infection
of target cells. As shown in this study, immunization with the combination of EBV gH/gL
and trimeric gB elicited markedly higher EBV neutralizing activities for both B cells and
epithelial cells as compared to that induced by immunization with EBV gH/gL or trimeric
gB alone, demonstrating strong synergistic effects of EBV core fusion envelope proteins in
elicitation of neutralizing antibodies. Recombinant proteins have a highly favorable safety
record as vaccines and induce long-lasting memory responses. In combination with the
new generation of lipid nanoparticle based adjuvants, recombinant protein vaccines have
demonstrated higher efficacy compared to live attenuated viral vaccine platforms. These
data suggest that the combination of recombinant EBV core fusion machinery envelope
proteins gH/gL and trimeric gB could be an ideal EBV prophylactic vaccine, where native
epitopes could elicit high titer antibody responses both quantitatively and qualitatively.
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