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Background: Epstein—Barr virus (EBV) is a significant global public health
concern because of its association with various malignancies and autoimmune
diseases. Over 90% of the global population is chronically infected with EBV,
impacting numerous cancer-related cases annually. However, none of the
effective prophylactic vaccines against EBV is approved at present.

Methods: In this study, we developed a novel vaccine candidate based on
epitope peptides from the receptor-binding domain of EBV-encoded gp350
glycoprotein to prevent EBV infection. These epitope peptides detected a
binding capability with host cells were then fused by flexibility linkers and
expressed in Escherichia coli to reduce the unnecessary glycan modifications
to simulate their free-glycan status. The fused recombinant protein (L350) was
displayed on the surface of ferritin-based nanoparticle. The immunogenicity of
the L350—ferritin nanoparticle was evaluated in Balb/c mice, and the neutralizing
titers of sera from immunized mice were detected by means of an infection
blocking assay in an in vitro cell model.

Results: All the five epitope peptides could bind to AKATA cells, and their fused
recombinant protein (L350) was successfully presented on the surface of self-
assembled ferritin nanoparticles. Sera from the L350—ferritin nanoparticle-
immunized mice showed high titers of both L350 protein-specific and
gp350D;,3 protein-specific antibodies, and sera from gp350D;,3 protein-
immunized mice could also recognize L350 protein well. Most importantly, the
L350—ferritin nanoparticle induced efficient neutralizing antibodies to block
EBV-GFP infection in AKATA cells and also constructed a strong antigen-
specific B-cell memory in immunized mice. Moreover, histopathological
changes of main tissues from all vaccinated mice were not observed.
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Conclusion: These data indicate that the L350-ferritin nanoparticle vaccine
candidate has considerable potential application in preventing EBV infection
and provides a promising basis for developing prophylactic EBV vaccines.

Epstein-Barr virus (EBV), vaccine, epitope, ferritin, nanoparticle

Introduction

Epstein-Barr Virus (EBV), a member of the gamma herpesvirus
family, is the first virus identified as an oncogenic virus in human,
and more than 90% of the population is chronically infected
globally (1). Although primary EBV infection is usually
asymptomatic or manifests with mild symptoms, a subset may
develop into serious EBV-associated diseases, such as Hodgkin’s
lymphoma (HL), Burkitt’s lymphoma (BL), NK/T cell lymphoma,
post-transplant lymphoproliferative disease (2), and malignancies
like nasopharyngeal carcinoma (NPC) and gastric carcinoma (GC)
(3, 4). EBV-associated tumorigenesis is usually driven by EBV-
encoded proteins and its genome in latent infected cells, causing
complex dysregulations and epigenomic aberrations, such as DNA
hypermethylation, epigenomic rewiring, and enhancer
dysregulation, and finally leading to cancer progression (5, 6).
Every year, approximately 200,000 EBV-associated cancer cases
were reported globally (7, 8), causing serious threat to human life
and health. The most effective method to prevent EBV-associated
cancer is prophylactic vaccine, which blocks EBV infection at the
origin. However, none of the vaccines against EBV infection and
EBV-associated disease is approved at present.

The envelope glycoproteins of EBV were well identified,
providing significant foundation for the research and
development of prophylactic vaccines. The most abundant
glycoprotein of EBV is gp350 glycoprotein, a key target of
prophylactic vaccines with an ability to neutralize B-cell infection
(9, 10). Other glycoprotein fusion apparatuses including gH/gL, gH/
gL/gp42, and gB were also reported to reduce neutralizing
antibodies against EBV infection (11). To provide more complete
protection, vaccine-fused multiple and necessary glycoproteins is
indeed needed, and then the virus-like particles (VLPs) and
nanoparticle vaccines were applied. Recently, nanoparticle
vaccines displaying multiple immunogens were reported to
induce cross-reactive B-cell responses, providing an avidity
advantage over strain-specific B-cell receptor (BCR) interactions
that were incapable of facilitating bivalent binding (12). In addition,
nanoparticle vaccines displayed some significant advantages, such
as more efficient antigen presentation, higher specific antibody titer,
and stronger protection (13-16). These studies promoted the
development of nanoparticle vaccines, especially for displaying
multiple immunogens.
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The gp350 protein is extensively post-translationally modified by
both N- and O-linked glycosylation (17). The encapsulation by high-
density glycans not only avoids recognition by immune response (18)
but also provides difficulty for vaccine design. The glycan-free surface
of gp350 protein was identified as its receptor-binding domain (RBD)
(19-21), which was directly recognized and bonded by the monoclonal
antibody 72A1, a well-studied neutralizing antibody against EBV by
blocking the binding of gp350 protein to its receptor CR2 (22, 23).
Subsequently, studies aimed to investigate and simplify the effective
epitopes from gp350-RBD (24, 25), and these epitopes displayed the
ability to elicit antibodies blocking EBV infection (26, 27). These
epitope peptides act as critical functional domains for receptor
recognition and then mediate viral adhesion and invasion. Thus,
these epitope peptides could elicit neutralizing antibody to block
viral infection. Epitope peptide-based vaccines could provide more
neutralizing epitopes, compared with full-length or truncated protein
antigens under equal quality, thus inducing a stronger neutralizing
antibody response. However, epitope peptides showed lower
immunogenicity because of their low molecular weight. Fortunately,
nanoparticle-based polymerization helped to enhance their immune
responses and addresses this limitation effectively (28-31).

Ferritin is a highly conserved family of supramolecular
nanostructures encoded by various organisms and can self-
assemble into a hollow 24-mer spherical structure with a
diameter of approximately 12 nm (14). Because of its excellent
biocompatibility, ferritin is widely used in research applications
such as biological detection, imaging diagnosis, and drug delivery
(32). Here, we used Helicobacter pylori-derived ferritin as a fusion
apparatus to display antigen proteins on its surface to construct
nanoparticle vaccine. We designed four surface-exposed peptides
based on EBV gp350-RBD and a peptide with neutralizing ability
outside the region. These peptides were investigated to bind with
the AKATA cells, an EBV-negative BL originated cell line, and then
were fused as a recombinant protein and arranged according to
their spatial distribution on the gp350 protein. It was expressed in
Escherichia coli to reduce the post-translated glycan modifications
to simulate the free-glycan status of these epitopes. The fused
recombinant protein (L350) was assembled on the ferritin
nanoparticle by the irreversible binding of SPY tag on L350 and
CATCHER on ferritin. Through size-exclusion chromatography,
the L350-ferritin nanoparticles were purified and then immunized
in Balb/c mice to evaluate their immunogenicity and safety.
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Interestingly, the sera from L350-ferritin nanoparticle vaccine-
immunized mice elicited a high titer of gp350D;,; protein-specific
antibody, and sera from gp350D;,; protein could also recognize
L350 protein with high titer. More importantly, these sera samples
could block EBV infection in AKATA cells in vitro, demonstrating
their neutralization capacity. Moreover, the L350-ferritin
nanoparticle vaccine generated strong gp350D;,; protein-specific
B-cell memory in immunized mice and showed little
histopathological changes. Together with these data, the L350-
ferritin nanoparticle vaccine, a ferritin nanoparticle displaying
gp350 protein-originated epitope peptide-fused antigens, induced
potent neutralizing antibody response against EBV infection, and
the L350-ferritin nanoparticle vaccine candidate provides a
promising base for developing prophylactic EBV vaccines.

Materials and methods

Synthesis of peptides and construction
of plasmids

The peptides used in this study were synthesized by GL
Biochem Ltd. The sequences of recombinant protein were
optimized for codon usage and synthesized by RayBiotech, and
the L350 and ferritin were cloned into pET-28a plasmid for
expression in E. coli. The sequences of gp350D,,; glycoprotein
were optimized for codon usage and cloned with an IL-2 secreted
peptide at the N-terminus, and a 6xHis tag at the C-terminus into
the lentiviral vector pLVX-CMV-IRSE-GFP. The plasmid was
confirmed by sequencing.

Cell culture

AKATA lymphocytes and CNE2-EBV-GFP cells were kindly
gifted by Prof. Yixin Zeng at the Sun Yat-sen University Cancer
Center. These cells were cultured in 1640 medium (Gibco)
supplemented with 10% fetal bovine serum (FBS, Gibco).
HEK293F cells were obtained from the Cell Bank of the Chinese
Academy of Sciences and were cultured in specific cell culture
medium (OPM-AM412, OPM). All cells were maintained at 37°C
in a humidified incubator with 5% CO,.

Protein expression and purification

HEK293F cells were transfected with lentiviral plasmid for
gp350D,,; protein expression. Approximately 72 h post-
transfection, the cell supernatant was collected and filtered by a
0.45-um filter for purification. The recombinant ferritin protein and
L350 protein were expressed in E. coli BL21(DE3) cells.
Transformed bacteria were cultured in LB medium containing
kanamycin (50 pg/mL) at 37°C until the ODgpy nm reached 0.6-
0.8 and induced with 0.4 mM isopropyl-b-D-thiogalactopyranoside
(IPTG) at 16°C for 18 h and then were suspended with lysis buffer
(50 mM tris-HCI, pH 7.5, 500 mM NacCl, 5% glycerol, and 1 mM
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DTT) and incubated with lysozyme on ice for 30 min, and then
sonicated on ice. The lysate was filtered by a 0.45-um filter and
purified by Ni-NTA (GE healthcare) in an AKATA Protein
Purification System. The His-tag protein was eluted with elution
buffer (50 mM tris-HCI, pH 7.5, 500 mM NaCl, and 300 mM
imidazole) and further dialyzed in PBS overnight at 4°C. The
protein was further purified in a Superose 6 Increase 10/300 GL
gel filtration column (GE healthcare), and the protein concentration
was determined using the BCA protein assay kit (Solarbio).

SDS-PAGE and Western blotting

The cell samples and protein samples were boiled in loading
buffer. Samples were subjected and separated by SDS-PAGE
electrophoresis and transferred to PVDF membranes (Millipore).
PVDF membranes were blocked in 5% bovine serum albumin
(BSA) and incubated with the corresponding antibodies. The
whole SDS-PAGE gel could be stained by Coomassie blue buffer
for the analysis of protein purity.

Nanoparticle self-assembly and purification

The purified ferritin protein and recombinant L350 protein
were mixed in PBS at a molar ratio of 1:10 and incubated at 4°C
overnight. The assembled nanoparticle in the mixture was purified
using a Superose 6 Increase 10/300 GL gel filtration column (GE
Healthcare). The protein solution was then concentrated by an
ultrafiltration device (100-kDa cutoff). The concentration was
determined by the BCA protein assay kit (Solarbio).

The nanoparticle size was further analyzed by dynamic light
scattering (DLS). Briefly, the intensity of freshly synthesized
liposome and gp350D;,3;-conjugated liposome samples was
measured at a scattering angle of 90° using a Nanoparticle Size
Analyzer (Nano ZS90, Malvern, UK).

Transmission electron microscopy

The nanoparticles were analyzed by negative staining electron
microscopy. Briefly, samples were diluted to 0.5 mg/mL and applied
to 200-mesh carbon-coated copper grids for 5 min. The excessive
solution on the grids was removed, and the grids were washed three
times by double-distilled water. Then, the negative staining was
performed immediately with freshly filtered 2% phosphotungstic
acid (pH 6.4) for 30 s. Grids were imaged with a FEI Tecnai T12
TEM (FEI, USA) at an accelerating voltage of 120 kV and
photographed at a magnification of 25,000-fold.

Fluorescent labeling and purification of
peptides and proteins

The proteins and peptides were labeled with NHS-Biotin or
NHS-APC according to the instructions of labeling kits
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(Elabscience). Briefly, proteins or peptides (1 mg) were placed into
an appropriately sized ultrafiltration device, and the volume was
adjusted to 0.5 mL with Labeling buffer II, and then concentrated by
centrifugation at 12,000g for 10 min. The samples in the filter device
were recycled and Labeling buffer IT was added into the samples to a
final concentration of 2 mg/mL, and then 9.8 UL of NHS-Biotin/
NHS-APC (12.31 mM) was mixed into the sample and incubated at
37°C in the dark for 30 min. Subsequently, 1 M Tris-HCI (pH 8.7)
was added into the mixture, in 10 uL per 100 pg of proteins or
peptides, and incubated at room temperature for 10 min. PBS was
added into the samples to the total volume to 0.5 mL. The solution
was gently mixed and transferred to an appropriately sized
ultrafiltration device for ultrafiltration and centrifugation. The
labeled proteins and peptides were collected.

Peptide cell binding assay

The peptide cell binding assay was performed as precious
reported (24). Briefly, the Biotin-labeled peptides were diluted to
a final concentration of 1 uM with PBS. Approximately 10° AKATA
cells were mixed with the labeled peptides at concentration
gradients of 2.5, 5.0, 10, 20, and 50 nM and then incubated at 18°
C for 1 h. Then, cells were stained with FITC-conjugated
streptavidin for 30 min. The cells were isolated by centrifuging at
1,000¢ for 5 min and washed five times with PBS. The peptide cell
binding was detected by flow cytometry. The gating strategies are
described in figure legends.

Ethics statement and mouse
immunization assay

All experiments involving mice were approved by the
Institutional Animal Care and Use Committee at the Tsinghua
Shenzhen International Graduate School, and the animals were
cared for in accordance with the institutional guidelines. All the
mice were purchased from ZhuHai Bestest Biotechnology Co., Ltd.

Specific pathogen-free (SPF) female Balb/c mice (6 weeks) were
immunized by subcutaneous (s.c.) injection of six mice per group.
Approximately 15 ug of purified proteins in 100 UL of PBS was
injected. The primary injection was performed at week 0, and two
booster injections were given at 2-week intervals (weeks 2 and 4).
The serum samples of immunized mice were collected at weeks 0, 2,
4, 6, 8, 10, 12, 14, and 16 for testing IgG titers and neutralization
antibody titers. All serum samples were stored at —80°C prior to use.
Euthanasia was performed at week 16, and the major tissues
including heart, liver, spleen, lungs, and kidneys were collected
for histopathology analysis, and the spleen of each immunized mice
was collected for splenocyte isolation.

Splenocyte isolation and cell staining

The isolation of splenocytes was performed as described
previously (13). Briefly, the spleen was collected and washed five
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times with sterilized PBS and then homogenized through a 70-um
pore size cell strainer. The cells were suspended and incubated in
ACK lysis buffer to remove red blood cells (RBCs). To stain the
surface markers of B cells, splenocytes were stained with APC-
labeling gp350D,,; protein and fluorescence-conjugated
monoclonal antibodies (B220-PE, CD38-FITC, Elabscience) for
30 min in PBS (containing 0.5% BSA) on ice. The cells were
isolated by centrifuging at 1,000¢ for 5 min and washed five times
with PBS and then analyzed by flow cytometry (Beckman). The
gating strategies for splenocytes were described in figure legends.

Indirect enzyme-linked
immunosorbent assay

Purified gp350D,,; protein was coated on 96-well microplates
(Jet Bio) (200 ng/100 uL/well) in CBS buffer (0.015 M Na,CO; and
0.035M NaHCO3, pH 9.6) at 4°C overnight. The plates were washed
three times and then blocked with blocking buffer (0.02 M PBS, pH
7.4, containing 0.05% Tween20 and 1% BSA) for 1 h at 37°C. The
plates were washed three times and then 10-fold serial diluted sera
samples were added and incubated for 1 h at 37°C. The plates were
washed three times and 100 pL of horseradish peroxidase (HRP)-
conjugated goat anti-mouse IgG was added (Solarbio) (1:4,000
dilution) to incubate for 1 h at 37°C. Signals were developed in
buffer (0.0243 M citric acid, 0.0514 M Na,HPOy,, 0.045% H,O,, and
0.0037 Mo-phenylenediamine) for 10-20 min. The reaction was
stopped by 2 mol/L H,SO4. The absorbance was measured at 492
nm within 5 min by using a microplate reader (Molecular Devices).
The cutoff value was set according to the value of negative samples
(blocking buffer and pre-immune sera).

Induction and purification of EBV-
GFP virus

The CNE2-EBV-GFP cells were cultured in 10-cm dishes with an
additional final concentration of 100 pug/mL G418. After
approximately three passages, the viral production was performed
as previously reported (33). Approximately 12 h after cell passage,
CNE2-EBV-GFP cells were treated with 20 ng/mL 12-o-
tetradecanoylphorbol 13-acetate (TPA) and 2.5 mM sodium
butyrate for 24 h to activate EBV genome from the latent phase
into the lIytic cycle. After culturing in fresh medium for 72 h, the
supernatant was collected and centrifuged at 3,000¢ for 10 min and
then filtered by a 0.8-um filter. The filtered supernatant was
concentrated and purified by ultracentrifugation at 50,000g for 2.5
h at 4°C. The white pellet, containing viral particles, was collected and
gently resuspended in 1640 medium to store at —80°C for later use.

To infect AKATA cells (EBV negative), the EBV-GFP was
diluted with 1640 medium and then added to 10* AKATA cells
per well in 96-well plates for 2 h at 37°C. The cells were washed with
PBS and incubated for a further 36 h in fresh medium. The EBV-
GFP infection rate was detected by calculating the percentage of
GFP-expressing cells (GFP+) with flow cytometry and the results
were analyzed by FlowJo software.
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Infection blocking assay

The EBV-GFP infection assay was performed as previously
reported (34). Serum samples collected from immunized Balb/c
mice were serially diluted (starting from 1/2 to 1/512), and mixed
with 50 uL of virus (in RPM1640) to incubate for 2 h at 37°C.
Subsequently, these incubated samples were added to 10> AKATA
cells (EBV negative) at 37°C for 3 h. After incubation, the cells were
pelleted by centrifugation and washed once using PBS before being
cultured in RPM1640 with 10% FBS in 24-well plates for 48 h. The
cells were then collected and washed three times with PBS. The EBV
infection rate was determined by measuring the production of GFP
+ cells by flow cytometry. In this assay, uninfected cells were used as
negative controls and AKATA-negative cells incubated with EBV in
the absence of antibodies were used as positive controls.

Histopathology analysis

Vaccine-immunized Balb/c mice were euthanized, and their
major tissues including heart, liver, spleen, lungs, and kidneys were
collected to fix in 4% paraformaldehyde and then treated by
embedding with paraffin. Tissues were cut into longitudinal
sections (3-4 um) and then were stained with hematoxylin and

10.3389/fimmu.2024.1530364

eosin (H&E). Images were captured with Pannoramic MIDI
(3DHISTECH Ltd).

Statistics

The details of statistical analysis are described in each figure
+ SD. The statistical
significance between different groups was calculated by two-tailed

legend. These data are shown as the mean

unpaired Student f-test. p-value < 0.05 was significant. Data are
analyzed with the GraphPad Prism 8.3 software.

Results

Immunogen design based on gp350 RBD-
originated epitope peptides

Structural studies have resolved the co-crystal structure of
gp350 glycoprotein with its cell surface receptor CD21/CR2. In
this study, we used PyMOL software to display the structure of the
gp350 glycoprotein sequence PDB 2h60, and the binding domain
with the CD21/CR2 receptor was highlighted (Figure 1A). We
selected four peptides in the RBD and a peptide in another

s U EHRERE

e | HEPYL EI O
roses JLAEIDIEC IEDEI

o | HIMISHDLI0S

Voo J 1wl LB ] v RIFIORT]

FIGURE 1

EBV-encoded gp350 glycoprotein-originated epitope peptides recognized and bound with host cells. (A) The structure of EBV-encoded gp350
glycoprotein (PDB: 2h60) was visualized using PyMOL software, and regions interacting with the CD21/CR2 receptor were circled out as receptor
binding domain (RBD). (B, C) The binding of epitope peptides to AKATA cells was detected by flow cytometry. Gating strategy for FITC-peptide
binding cells (B). All five candidate peptides were labeled by NHS-Biotin and incubated with AKATA cells and then stained with FITC-conjugated
streptavidin, and a peptide derived from an intracellular protein was set as the negative control (C). (D) Conservancy analysis of 50-amino-acid
sequences of EBV-encoded gp350 glycoprotein-originated peptides was performed using the MEGA11.0.13 software (50 sequences per peptide),

and the results were displayed using WeblLogo.
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domain of gp350 protein with minimal glycan coverage as
candidate peptides. We firstly investigated the binding of peptides
to AKATA cells. These Biotin-labeled peptides were purified to
incubate with AKATA cells and stained by FITC-conjugated
streptavidin. The percentage of FITC-positive cells were detected
by flow cytometry (Figure 1B). As shown in Figure 1C, these five
candidate peptides could bind to the cells, and peptide 2 and peptide
5 showed higher binding rates, compared with a control peptide
derived from an intracellular protein. Finally, to analyze the
conservation of these five peptides in different EBV strains, we
downloaded 50 amino-acid sequences of gp350 glycoprotein from
NCBI and analyzed them using the MEGA11.0.13 software, and the
results showed high conservation among these strains (Figure 1D).
These data indicated that the five peptides possessed the ability to
mediate the binding of EBV virions to AKATA lymphocytes and
conservation in EBV strains.

Construction of L350—ferritin
nanoparticles based on epitope peptides
from EBV-gp350 glycoprotein

In this study, the five peptides were concatenated in the order of
their distribution from the N-terminus to the C-terminus on the
gp350 glycoprotein and connected by a flexible linker (GGGGS) to
conduct a fused recombinant protein, named L350 (Figure 2A).

10.3389/fimmu.2024.1530364

A SPY tag and a 6xHis tag were cloned at the C-terminus of the
L350 protein (L350-ST), and a Catcher tag and 6xHis tag were cloned
at the N-terminus of the ferritin protein (SC-ferritin) (Figure 2B). The
Catcher protein could specifically recognize the SPY tag and form
irreversible binding under mild conditions, thereby anchoring the
L350-ST recombinant protein to the ferritin nanoparticle surface. The
L350 protein and ferritin protein were cloned into pET-28a plasmids
and expressed in E. coli to reduce post-translational glycan
modifications. Subsequently, the L350-ST protein and SC-ferritin
protein were incubated at 4°C overnight, and the fully assembled
L350—ferritin nanoparticles were further separated and purified by
size-exclusion chromatography and concentrated by an ultrafiltration
device with a 100-kDa cutoff (Figure 2C). The L350-ferritin
nanoparticles purified by size-exclusion chromatography showed a
larger size with a retention volume at 10.2 mL, compared with ferritin
nanoparticles at 13.5 mL. Then, the assembly of ferritin and L350-
ferritin nanoparticles was further detected by a native-PAGE with
Coomassie blue staining. As shown in Figure 2D, the mobility of
these ferritin and L350-ferritin nanoparticles was apparently
retarded, indicating the assembly of ferritin nanoparticle and the
formation of an L350-ferritin complex. In addition, these purified
L350-ferritin nanoparticles were detected by Western blot and the
results showed that the L350ferritin was composed of ferritin and
L350 protein, with an average integrated density (IntDen) of the two
protein level of 1:2.93 (Figure 2E). These data demonstrated the
sufficient assembly of L350 protein to ferritin nanoparticles.

A Peptide 1 B
(01) MEAAL LVCQYTIQSLIHLTGEDPGFFNVEIPEF--Linker--W (4 0) G2s
Peptide 2
(4 1) CHHAEMQNPVYLIPETVPYIKWDNCN--Linker--MLGNEID (8 0)
Peptide 3 Peptide 4 G2S
®1) IECIMEDGEISQY—-LInker--ILWFYSGNGPKASGGDYCIQ (120) ( )
Peptide 5
(121) S--Linker--PSTSSKLRPRWTFTSPPVTT (143)
C D E
& &
. (8 «\\‘ «\\\\ & & “\\\o ((06'\&‘
AN @ <<0 NG & <@ S
SIS & &
IntDen
SC-Ferritin O ?.g 200
~ 140
?.%‘5 110
L350-ST@ 75
55
42 @ — |10
Purified from SP/SC Irreversible  Separation with  Concentration 30 b |
Escherichia coli Conjugation Size-exclusion
chromatography \ 23
15| - -— 293
Native-PAGE WB (anti-His)

FIGURE 2

Schematic diagram of the rational design and peptide combination vaccine candidates. (A) The five peptides were concatenated according to their
distribution in EBV-encoded gp350 glycoprotein with a flexible linker (GGGGS) to conduct a fused recombinant protein L350. (B) The SPY tag and
6xHis tag were cloned at the C-terminus of the fused L350 protein (L350-ST), and a Catcher tag and a 6xHis tag were cloned at the N-terminus of
the ferritin protein (SC-Ferritin). (C) The schematic diagram of the rational design of L350—ferritin nanoparticles. The L350-ST and SC-Ferritin protein
were expressed in Escherichia coli and purified, and these purified proteins were incubated to self-assemble, and the assembled L350~ferritin
nanoparticles were purified using a size-exclusion chromatography column (Superose 6 Increase 10/300 GL), and then concentrated using a 100-
kDa cutoff ultrafiltration device. (D) The native-PAGE assay detecting the assembly of nanoparticles. (E) Western blot detection of the composed
purified L350—ferritin nanoparticles, and the protein level was quantified by using the ImageJ software.
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FIGURE 3

Characterization of self-assembly of the fusion antigens into ferritin nanoparticles. (A) Dynamic light scattering (DLS) analyzing the particle size of the
purified ferritin nanoparticles and L350~-ferritin nanoparticles. The curves of the particle size were drawn by GraphPad Prism 8.3 software. Ferritin
nanoparticles (Blue), L350—ferritin nanoparticles (red). n = 3 independent repeats. Data are mean + SD. (B) Transmission electron microscopy (TEM)
analyzing the shape of the purified ferritin nanoparticles and L350—ferritin nanoparticles. Scale bars represent 100 nm (upper) and 20 nm (lower).

Further analysis of the purified L350-ferritin nanoparticles by
DLS revealed their particle size. The results showed that both the
ferritin nanoparticles and L350-ferritin nanoparticles exhibited a
single peak in particle size, with diameters of 23.4 £ 2.1 nm and 41.2
+ 3.2 nm, respectively (Figure 3A). The particle size of the L350
ferritin nanoparticles showed a substantial increase, indicating the
conjugation of L350 protein into the ferritin nanoparticle.
Furthermore, transmission electron microscopy (TEM) was used
to characterize the shape of the nanoparticles. Compared with the
ferritin nanoparticle, L350-ferritin nanoparticles had a larger
particle size, consistent with the results of DLS measurements. In
addition, in contrast to the smooth surface of ferritin nanoparticles,
the L350-ferritin nanoparticles exhibited a relatively rough surface,
indicating successful assembly of L350 protein on their surface
(Figure 3B). These results indicated the successful preparation of
the L350-ferritin nanoparticle vaccine.
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The L350—ferritin nanoparticle vaccine
induced potent humoral immune
responses in Balb/c mice

Balb/c mice were immunized with the L350-ferritin nanoparticle
vaccine to assess its immunogenicity, and the mice injected with PBS,
ferritin nanoparticles, L350 protein, and gp350D,,; protein,
expressed and purified from 293F cells (Supplementary Figure S1),
served as controls. All these groups were immunized with proteins in
an equimolar mass manner. These mice were initially vaccinated at
week 0, and two booster injection were given at 2-week intervals
(weeks 2 and 4). The serum samples of immunized mice were
collected at weeks 0, 2, 4, 6, 8, 10, 12, 14, and 16 for serological
testing (Figure 4A). The gp350D;,; protein-specific and L350
protein-specific IgG titers of these sera samples were measured by
enzyme-linked immunosorbent assay (ELISA) (Figures 4B-E). As
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Immunogenicity of the nanoparticle vaccines in Balb/c mice. (A) Schematic of Balb/c mice vaccination. Six mice from each group were vaccinated
with different vaccines at week 0 (prime), week 2 (boost 1) and week 4 (boost 2). Serum samples were collected every 2 weeks. All mice were
euthanized at week 16 and the major tissues including heart, liver, spleen, lungs, and kidneys were collected for histopathology analysis, and the
spleen of each immunized mice was collected for splenocyte isolation. (B, C) The gp350D;,3 protein-specific 1gG titers (B) and recombinant L350
protein-specific IgG titers (C) of immunized Balb/c mice at each time point were detected by ELISA. IgG antibody titers of these serum samples
were determined by serial dilution. (D, E) The gp350D,3 protein-specific IgG titers (D) and recombinant L350 protein-specific 1gG titers (E) of
immunized Balb/c mice at week 10 were displayed. n = 6 biological replicates. Data are mean + SD. Two-tailed unpaired Student’s t-test was used
for statistical analysis. *p < 0.05, **p < 0.01, ****p < 0.0001 and n.s., not significant.

shown in Figures 4B, C, after two rounds of booster immunizations,
the L350 protein-specific and gp350D;,;-specific antibody titers
reached their peak at week 10 in all immunized groups.
Interestingly, the L350—ferritin nanoparticle and L350 protein could
induce high titer of the gp350D;,;-specific antibody (Figure 4B),
indicating that these epitopes in the fused recombinant L350 protein
were fully exposed in vivo. Furthermore, the gp350D;,5-protein also
induced high titers of L350 protein-specific antibody (Figure 4C),
indicating that these epitopes in gp350 protein were indeed accessible
in vivo. The gp350D;,; protein-specific and L350 protein-specific
antibody titers of week 10 in Figures 4D, E showed that the L350
ferritin nanoparticle elicited higher antigen-specific antibodies than
L350 protein. These data indicated that the L350-ferritin
nanoparticle vaccine could successfully induce potent antibodies to
recognize EBV-encoded gp350 protein.
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The L350—ferritin nanoparticle vaccine
elicited potent production of
neutralizing antibodies

After confirming that the vaccine generated high levels of
functional antibodies, we further assessed the neutralizing ability of
these sera samples from immunized mice. Firstly, the EBV-GFP
reporter virus, carrying the GFP gene in genome, was produced from
CNE2-EBV-GFP cells and purified by ultracentrifugation. AKATA
cells were infected with the purified EBV-GFP virus, and these cells
showed strong GFP fluorescence at 48 h post-infection (Figure 5A),
confirming the capability of EBV-GFP virus in infecting AKATA cells.
Flow cytometry analysis of GFP-positive cells determined an
approximate infection rate of 17.5% of the EBV-GFP reporter virus
solution (Figure 5B). Subsequently, the sera samples from immunized
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****p < 0.0001 and n.s., not significant.

mice at week 10 were serially diluted to detect the blocking efficiency of
EBV-GEFP viral infection in AKATA cells. As shown in Figure 5C, sera
samples from L350-ferritin nanoparticle vaccine-immunized mice
showed stronger neutralizing efficiency compared to other
immunized mice, and these sera samples from L350 protein-
immunized mice showed lower neutralizing efficiency compared to
gp350D,,; protein-immunized mice. The IDs, values of the sera
samples of L350 protein, gp350D;,; protein, and L350-ferritin
nanoparticle vaccine at week 10 were 4.53, 10.03, and 16.98,
respectively. The IDs, values of these sera samples at week 8, week
10, and week 12 were calculated, and the L350-ferritin nanoparticle
vaccine was significantly stronger than others at week 10 and week 12
(Figure 5D). These data indicated that the L350—ferritin nanoparticle
vaccine could induce potent neutralizing antibody titers in
immunized mice.

The L350—ferritin nanoparticle vaccine
induced strong antigen-specific B-
cell memory

To investigate the antigen-specific memory B-cell response in
immunized mice induced by the L350-ferritin nanoparticles
vaccine, the splenocytes of mice were collected at week 16. The
gp350D,,5 protein and L350 protein were labeled with APC
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fluorescence, and incubated with splenocytes. The memory B cells
(MBCs) in splenocytes were classified and marked by anti-B220 and
anti-CD38 antibodies. As shown in Figure 6, the L350-ferritin
nanoparticle vaccine generated more gp350D,,; protein-specific
MBCs (gp350D,,3+/B220+/CD38+) and L350 protein-specific
MBCs (APC+/B220+/CD38+) than L350 protein monomers.
However, in gp350D;,; protein-immunized mice, the gp350D;,;
protein-specific MBCs (gp350D;,3+/B220+/CD38+) were higher
than other groups, which could be involved in the multiple
epitopes on the surface of the gp350 protein. Interestingly, the
L350-ferritin nanoparticle vaccine-induced MBCs could effectively
recognize the gp350D;,; protein and L350 protein, which was
consistent with the results showing that the L350-ferritin
nanoparticle vaccine induced high titers of gp350D,,; protein-
specific and L350 protein-specific antibody. Based on these
findings, we concluded that the L350-ferritin nanoparticles
vaccine could provide persistent protective humoral responses.

The L350—ferritin nanoparticle vaccine
demonstrates favorable safety in Balb/
C mice

At the conclusion of the study, the histopathological analysis of
tissues including lungs, heart, liver, spleen, and kidneys from
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Immunological B-cell memory in vaccinated mice. (A—D) The gp350D;,3 protein (A) and recombinant L350 protein (C) were labeled with NHS-APC
and purified to incubate with the splenocytes of vaccinated mice, and the fluorescence-conjugated monoclonal antibodies (B220-PE, CD38-FITC)
were co-incubated with them to stain memory B cell (B220+/CD38+), and then the APC+/B220+/CD38+ B cells were detected by flow cytometry.
The percentage of the gp350D;,3 protein-specific memory B cells (B) and recombinant L350 protein-specific memory B cells (D) were calculated.
n = 3 biological replicates. Data are mean + SD. Two-tailed unpaired Student’s t-test was used for statistical analysis. **p < 0.01, ***p < 0.001,

*xkxp < 0.0001.

vaccinated mice was performed (Figure 7). The histological sectioning
and H&E staining showed no significant histopathological changes in
these tissues, and none of the inter-group differences were observed,
indicating that the L350-ferritin nanoparticle vaccine exhibited
favorable safety.

Discussion

Vaccines have been demonstrated as one of the safest and most
effective methods for preventing infectious diseases and pathogens.
EBV is a significant oncogenic virus with high associations with
various malignancies; however, no vaccines specifically targeting
EBV have been approved to date. Subunit vaccines based on gp350
glycoprotein were widely studied, and they were reported to
effectively elicit specific binding and neutralizing antibodies (34,
35). In this study, we selected five linear neutralizing epitopes of
EBV-encoded gp350 glycoprotein to design a fused recombinant
antigen (L350) and then bound them on the surface of H. pylori-
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derived ferritin nanoparticle to develop a nanoparticle vaccine. This
vaccine induced robust gp350 protein-specific and L350 protein-
specific antibodies and elicited significantly higher titers of
neutralizing antibodies in immunized Balb/c mice, compared with
other controls. Additionally, the L350—ferritin nanoparticle vaccine
induced higher gp350D;,; protein-specific and L350 protein-
specific memory B cells, suggesting its capability to establish
longer-lasting immune memory and humoral immunity to
counter potential EBV infections over the course of life.

The gp350 glycoprotein was reported to be covered by high-
density glycans (18), providing difficulty for vaccine design. The
epitopes without glycan on gp350 glycoprotein mediated its binding
with the receptor CD21/CR2 protein (19-21). Therefore, vaccines
composed of these epitopes might be more efficient than the full-
length gp350 glycoprotein. However, in most cases, a single linear
peptide is insufficient to induce a robust antibody response to
prevent viral invasion. Peptide antigens do not elicit antibodies
against conformation-dependent epitopes, making linear peptides
less immunogenic than larger protein antigens, a potential inherent
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limitation. These epitope-based vaccines were limited by their low
molecular weight to induce lower immunogenicity. In this study, we
fused these epitope peptides with flexible linkers and displayed the
recombinant antigens on the surface of ferritin self-assembled
nanoparticles, which increased the molecular weight of antigens.
The antigen-specific antibody and neutralizing antibody induced by
nanoparticle vaccine in this study showed a significant increase in
immunized mice, compared with monomeric antigen, indicating
that the ferritin nanoparticle promoted the immunogenicity of the
epitope-based antigens.

The ferritin nanoparticle is well-studied in vaccine research (14,
15, 36). The 24-mer ferritin core could induce ferritin-specific
antibody, but prior studies have shown that the titers of virus-
specific antibodies were not significantly affected, such as antibodies
against SARS-CoV-2 and influenza (37, 38). Ferritin from H. pylori
and its corresponding antibodies demonstrated low toxicity in vivo,
and several ferritin-based influenza nanoparticle vaccines have been
completed or are undergoing clinical evaluation (NCT03186781
and NCT03814720), without reports of serious adverse effects,
indicating the promising application of ferritin nanoparticle in
vaccine development.

Safe and effective vaccines that address EBV infections or latent
infections are in urgent demand. Here, we reported a nanoparticle
vaccine based on epitope peptides from the EBV-encoded gp350
protein. This vaccine showed remarkable immunogenicity, strong
neutralizing antibody responses and memory B cells, and also
potential safety. The EBV-encoded gp350 protein has consistently
been the primary immunogen for vaccine development, though
antibodies against it mainly prevent B-cell infection. EBV also encodes
dozens of envelope glycoproteins, and all of them can be tested as
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antigens in vaccines. These nanoparticles, such as ferritin polymers,
chimeric VLPs (27), and porous dodecahedral i301 (39), provided
platforms for multiple envelope glycoproteins displaying. In future
studies, high-quality epitopes of other envelope glycoproteins, such as
gL, gH, gp42, and gB proteins, should be investigated to determine the
combination of multiple antigens in nanoparticle vaccines that will
provide promising prophylactic vaccines for EBV prevention.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material. Further inquiries can be
directed to the corresponding authors.

Ethics statement

The animal study was approved by Institutional Animal Care
and Use Committee at the Tsinghua Shenzhen International
Graduate School. The study was conducted in accordance with
the local legislation and institutional requirements.

Author contributions

PL: Conceptualization, Data curation, Formal analysis, Funding
acquisition, Investigation, Methodology, Project administration,
Software, Supervision, Visualization, Writing - original draft,
Writing - review & editing. ZJ: Data curation, Formal analysis,

frontiersin.org


https://doi.org/10.3389/fimmu.2024.1530364
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Li et al.

Resources, Software, Writing — original draft. JS: Conceptualization,
Data curation, Methodology, Software, Writing — review & editing.
HS: Investigation, Methodology, Software. ZY: Investigation,
Methodology, Writing — review & editing. YZ: Funding acquisition,
Writing — original draft. SH: Conceptualization, Funding acquisition,
Writing - review & editing. LM: Conceptualization, Funding
acquisition, Writing — review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This work is
supported by the National Key R&D Program of China
(2020YFA0908900 to LM); the State Key Laboratory of Chemical
Oncogenomics and Institute of Biomedical Health Technology and
Engineering, Shenzhen Bay Laboratory to LM; the Universities
Stable Funding Key Projects (WDZC20200821104802001 to SH);
and the National Natural Science Foundation of China (NSFC
Grant nos. 32300125 (to PL) and 32401179 (to YZ)).

Acknowledgments

We are grateful to Prof. Y. Zeng (Sun Yat-sen University Cancer
Center) for sharing the human CNE2-EBV-GFP cell line to produce
the EBV-GFP reporter virus and to the assistants in the laboratory
for sharing the culturing experience.

References

1. Wu TC, Mann RB, Charache P, Hayward SD, Staal S, Lambe BC, et al. Detection
of ebv gene-expression in reed-sternberg cells of hodgkins-disease. Int ] Cancer. (1990)
46:801-4. doi: 10.1002/ijc.2910460509

2. Brauninger A, Schmitz R, Bechtel D, Renné C, Hausmann ML, Kiippers R.
Molecular biology of Hodgkin’s and Reed/Sternberg cells in Hodgkin’s lymphoma. Int |
Cancer. (2006) 118:1853-61.doi: 10.1002/ijc.21716

3. Young LS, Yap LF, Murray PG. Epstein-Barr virus: more than 50 years old and
still providing surprises. Nat Rev Cancer. (2016) 16:789-802. doi: 10.1038/nrc.2016.92

4. Cohen JI, Mocarski ES, Raab-Traub N, Corey L, Nabel GJ. The need and
challenges for development of an Epstein-Barr virus vaccine. Vaccine. (2013) 31
Suppl 2:B194-6. doi: 10.1016/j.vaccine.2012.09.041

5. Ka-Yue Chow L, Lai-Shun Chung D, Tao L, Chan KF, Tung SY, Cheong Ngan
RK, et al. Epigenomic landscape study reveals molecular subtypes and EBV-associated
regulatory epigenome reprogramming in nasopharyngeal carcinoma. EBioMedicine.
(2022) 86:104357. doi: 10.1016/j.ebiom.2022.104357

6. Mizokami H, Okabe A, Choudhary R, Mima M, Saeda K, Fukuyo M, et al.
Enhancer infestation drives tumorigenic activation of inactive B compartment in
Epstein-Barr virus-positive nasopharyngeal carcinoma. EBioMedicine. (2024)
102:105057. doi: 10.1016/j.ebiom.2024.105057

7. Cohen JI, Fauci AS, Varmus H, Nabel GJ. Epstein-barr virus: an important
vaccine target for cancer prevention. Sci Trans Med. (2011) 3:107fs7. doi: 10.1126/
scitranslmed.3002878

8. de Martel C, Ferlay J, Franceschi S, Vignat ], Bray F, Forman D, et al. Global
burden of cancers attributable to infections in 2008: a review and synthetic analysis.
Lancet Oncol. (2012) 13(6):607-15. doi: 10.1016/S1470-2045(12)70137-7

9. Xu JW, Ahmad A, Blagdon M, D’Addario M, Jones JF, Dolcetti R, et al. The Epstein-
Barr virus (EBV) major envelope glycoprotein gp350/220-specific antibody reactivities in the
sera of patients with different EBV-associated diseases. Int | Cancer. (1998) 79:481-6.
doi: 10.1002/(SICI)1097-0215(19981023)79:5<481:AID-1JC6>3.0.CO;2-X

10. Sashihara J, Burbelo PD, Savoldo B, Pierson TC, Cohen JI. Human antibody
titers to Epstein-Barr Virus (EBV) gp350 correlate with neutralization of infectivity

Frontiers in Immunology

12

10.3389/fimmu.2024.1530364

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Generative AI was used in the
creation of this manuscript.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2024.
1530364/full#supplementary-material

better than antibody titers to EBV gp42 using a rapid flow cytometry-based EBV
neutralization assay. Virology. (2009) 391:249-56. doi: 10.1016/j.virol.2009.06.013

11. Bu W, Joyce MG, Nguyen H, Banh DV, Aguilar F, Tariq Z, et al. Inmunization
with components of the viral fusion apparatus elicits antibodies that neutralize epstein-
barr virus in B cells and epithelial cells. Immunity. (2019) 50:1305-1316 e6.
doi: 10.1016/j.immuni.2019.03.010

12. Kanekiyo M, Joyce MG, Gillespie RA, Gallagher JR, Andrews SF, Yassine HM,
et al. Mosaic nanoparticle display of diverse influenza virus hemagglutinins elicits
broad B cell responses. Nat Immunol. (2019) 20:362-72. doi: 10.1038/s41590-018-
0305-x

13. Ma X, ZouF, YuF, Li R, Yuan Y, Zhang Y, et al. Nanoparticle vaccines based on
the receptor binding domain (RBD) and heptad repeat (HR) of SARS-CoV-2 elicit
robust protective immune responses. Immunity. (2020) 53:1315-1330.€9. doi: 10.1016/
j.immuni.2020.11.015

14. Kanekiyo M, Wei CJ, Yassine HM, McTamney PM, Boyington JC, Whittle JR,
et al. Self-assembling influenza nanoparticle vaccines elicit broadly neutralizing HIN1
antibodies. Nature. (2013) 499:102-6. doi: 10.1038/nature12202

15. Kang YF, Sun C, Zhuang Z, Yuan RY, Zheng Q, Li JP, et al. Rapid development
of SARS-CoV-2 spike protein receptor-binding domain self-assembled nanoparticle
vaccine candidates. ACS Nano. (2021) 15:2738-52. doi: 10.1021/acsnano.0c08379

16. 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. doi: 10.1016/j.cell.2015.07.043

17. Serafini-Cessi F, Malagolini N, Nanni M, Dall'Olio F, Campadelli-Fiume G,
Tanner J, et al. Characterization of N- and O-linked oligosaccharides of glycoprotein 350
from Epstein-Barr virus. Virology. (1989) 170:1-10. doi: 10.1016/0042-6822(89)90345-0

18. Machiels B, Lete C, Guillaume A, Mast J, Stevenson PG, Vanderplasschen A,
et al. Antibody evasion by a gammaherpesvirus O-glycan shield. PloS Pathog. (2011) 7:
€1002387. doi: 10.1371/journal.ppat.1002387

19. Hoffman GJ, Lazarowitz SG, Hayward SD. Monoclonal-antibody against a
250,000-dalton glycoprotein of epstein-barr virus identifies a membrane antigen and

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2024.1530364/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1530364/full#supplementary-material
https://doi.org/10.1002/ijc.2910460509
https://doi.org/10.1002/ijc.21716
https://doi.org/10.1038/nrc.2016.92
https://doi.org/10.1016/j.vaccine.2012.09.041
https://doi.org/10.1016/j.ebiom.2022.104357
https://doi.org/10.1016/j.ebiom.2024.105057
https://doi.org/10.1126/scitranslmed.3002878
https://doi.org/10.1126/scitranslmed.3002878
https://doi.org/10.1016/S1470-2045(12)70137-7
https://doi.org/10.1002/(SICI)1097-0215(19981023)79:5%3C481::AID-IJC6%3E3.0.CO;2-X
https://doi.org/10.1016/j.virol.2009.06.013
https://doi.org/10.1016/j.immuni.2019.03.010
https://doi.org/10.1038/s41590-018-0305-x
https://doi.org/10.1038/s41590-018-0305-x
https://doi.org/10.1016/j.immuni.2020.11.015
https://doi.org/10.1016/j.immuni.2020.11.015
https://doi.org/10.1038/nature12202
https://doi.org/10.1021/acsnano.0c08379
https://doi.org/10.1016/j.cell.2015.07.043
https://doi.org/10.1016/0042-6822(89)90345-0
https://doi.org/10.1371/journal.ppat.1002387
https://doi.org/10.3389/fimmu.2024.1530364
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Li et al.

a neutralizing antigen. Proc Natl Acad Sci United States America-Biological Sci. (1980)
77:2979-83. doi: 10.1073/pnas.77.5.2979

20. Tanner J, Whang Y, Sample J, Sears A, Kieff E. Soluble gp350/220 and deletion
mutant glycoproteins block epstein-barr virus adsorption to lymphocytes. J Virol.
(1988) 62:4452-64. doi: 10.1128/jvi.62.12.4452-4464.1988

21. Nemerow GR, Willy P, Wickham T, Cannon M, Stura E. Structure-function
analysis of the major envelope glycoprotein, gp350/220, of epstein-barr-virus (ebv).
FASEB J. (1992) 6:A1901-1.

22. Haque T, Johannessen I, Dombagoda D, Sengupta C, Burns DM, Bird P, et al. A
mouse monoclonal antibody against Epstein-Barr virus envelope glycoprotein 350
prevents infection both in vitro and in vivo. ] Infect Dis. (2006) 194:584-7. doi: 10.1086/
jid.2006.194.issue-5

23. Tanner JE, Hu J, Alfieri C. Construction and characterization of a humanized
anti-epstein-barr virus gp350 antibody with neutralizing activity in cell culture. Cancers
(Basel). (2018) 10(4):112. doi: 10.3390/cancers10040112

24. Urquiza M, Lopez R, Patino H, Rosas JE, Patarroyo ME. Identification of three
gp350/220 regions involved in Epstein-Barr virus invasion of host cells. J Biol Chem.
(2005) 280:35598-605. doi: 10.1074/jbc.M504544200

25. 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 lymphocyte-b ebv receptor (cr-2). Cell. (1989) 56:369-77. doi: 10.1016/0092-
8674(89)90240-7

26. Tanner JE, Coincon M, Leblond V, Hu J, Fang JM, Sygusch J, et al. Peptides
designed to spatially depict the Epstein-Barr virus major virion glycoprotein gp350
neutralization epitope elicit antibodies that block virus-neutralizing antibody 72A1
interaction with the native gp350 molecule. ] Virol. (2015) 89:4932-41. doi: 10.1128/
JV1.03269-14

27. Zhang X, Zhao B, Ding M, Song S, Kang Y, Yu Y, et al. A novel vaccine candidate
based on chimeric virus-like particle displaying multiple conserved epitope peptides
induced neutralizing antibodies against EBV infection. Theranostics. (2020) 10:5704-
18. doi: 10.7150/thno.42494

28. Ortega-Rivera OA, Shukla S, Shin MD, Chen A, Beiss V, Moreno-Gonzalez MA,
et al. Cowpea mosaic virus nanoparticle vaccine candidates displaying peptide epitopes
can neutralize the severe acute respiratory syndrome coronavirus. ACS Infect Dis.
(2021) 7(11):3096-110. doi: 10.1021/acsinfecdis.1c00410

Frontiers in Immunology

13

10.3389/fimmu.2024.1530364

29. Wang W, Liu Z, Zhou X, Guo Z, Zhang ], Zhu P, et al. Ferritin nanoparticle-
based SpyTag/SpyCatcher-enabled click vaccine for tumor immunotherapy.
Nanomedicine. (2019) 16:69-78. doi: 10.1016/j.nano.2018.11.009

30. Hefe C,Kollenda S, Rotan O, Pastille E, Adamczyk A, Wenzek C, et al. A tumor-peptide-
based nanoparticle vaccine elicits efficient tumor growth control in antitumor immunotherapy.
Mol Cancer Ther. (2019) 18(6):1069-80. doi: 10.1158/1535-7163.MCT-18-0764

31. Qi M, Zhang XE, Sun X, Zhang X, Yao Y, Liu §, et al. Intranasal nanovaccine
confers homo- and hetero-subtypic influenza protection. Small. (2018) 14(13):
€1703207. doi: 10.1002/smll.201703207

32. Song N, Zhang ], Zhai J, Hong J, Yuan C, Liang M. Ferritin: A multifunctional
nanoplatform for biological detection, imaging diagnosis, and drug delivery. Acc Chem
Res. (2021) 54:3313-25. doi: 10.1021/acs.accounts.1c00267

33. Zhang HJ, Tian J, Qi XK, Xiang T, He GP, Zhang H, et al. Epstein-Barr virus
activates F-box protein FBXO?2 to limit viral infectivity by targeting glycoprotein B for
degradation. PloS Pathog. (2018) 14:¢1007208. doi: 10.1371/journal.ppat.1007208

34. Wang M, Jiang S, Han Z, Zhao B, Wang L, Zhou Z, et al. Expression and
immunogenic characterization of recombinant gp350 for developing a subunit vaccine
against Epstein-Barr virus. Appl Microbiol Biotechnol. (2016) 100(3):1221-30.
doi: 10.1007/s00253-015-7027-x

35. Zhao B, Zhang X, Krummenacher C, Song S, Gao L, Zhang H, et al.
Immunization with fc-based recombinant epstein-barr virus gp350 elicits potent
neutralizing humoral immune response in a BALB/c mice model. Front Immunol.
(2018) 9. doi: 10.3389/fimmu.2018.00932

36. Joyce MG, Chen WH, Sankhala RS, Hajduczki A, Thomas PV, Choe M, et al.
SARS-CoV-2 ferritin nanoparticle vaccines elicit broad SARS coronavirus
immunogenicity. Cell Rep. (2021) 37:110143. doi: 10.1016/j.celrep.2021.110143

37. Chen R, Zhang X, Yuan Y, Deng X, Wu B, Xi Z, et al. Development of receptor
binding domain (RBD)-conjugated nanoparticle vaccines with broad neutralization
against SARS-CoV-2 delta and other variants. Advanced Sci. (2022) 9(11):e2105378.
doi: 10.1002/advs.202105378

38. Sun C, Yuan R-Y, Xie C, Sun J-F, Fang X-Y, Hu Y-S, et al. Induction of broadly
cross-reactive antibody responses to SARS-CoV-2 variants by S1 nanoparticle vaccines.
J Virol. (2022) 96. doi: 10.1128/jvi.00383-22

39. Bruun TUJ, Andersson AC, Draper SJ, Howarth M. Engineering a rugged
nanoscaffold to enhance plug-and-display vaccination. ACS Nano. (2018) 12:8855—
66. doi: 10.1021/acsnano.8b02805

frontiersin.org


https://doi.org/10.1073/pnas.77.5.2979
https://doi.org/10.1128/jvi.62.12.4452-4464.1988
https://doi.org/10.1086/jid.2006.194.issue-5
https://doi.org/10.1086/jid.2006.194.issue-5
https://doi.org/10.3390/cancers10040112
https://doi.org/10.1074/jbc.M504544200
https://doi.org/10.1016/0092-8674(89)90240-7
https://doi.org/10.1016/0092-8674(89)90240-7
https://doi.org/10.1128/JVI.03269-14
https://doi.org/10.1128/JVI.03269-14
https://doi.org/10.7150/thno.42494
https://doi.org/10.1021/acsinfecdis.1c00410
https://doi.org/10.1016/j.nano.2018.11.009
https://doi.org/10.1158/1535-7163.MCT-18-0764
https://doi.org/10.1002/smll.201703207
https://doi.org/10.1021/acs.accounts.1c00267
https://doi.org/10.1371/journal.ppat.1007208
https://doi.org/10.1007/s00253-015-7027-x
https://doi.org/10.3389/fimmu.2018.00932
https://doi.org/10.1016/j.celrep.2021.110143
https://doi.org/10.1002/advs.202105378
https://doi.org/10.1128/jvi.00383-22
https://doi.org/10.1021/acsnano.8b02805
https://doi.org/10.3389/fimmu.2024.1530364
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	A self-assembled nanoparticle vaccine elicits effective neutralizing antibody response against EBV infection
	Introduction
	Materials and methods
	Synthesis of peptides and construction of plasmids
	Cell culture
	Protein expression and purification
	SDS-PAGE and Western blotting
	Nanoparticle self-assembly and purification
	Transmission electron microscopy
	Fluorescent labeling and purification of peptides and proteins
	Peptide cell binding assay
	Ethics statement and mouse immunization assay
	Splenocyte isolation and cell staining
	Indirect enzyme-linked immunosorbent assay
	Induction and purification of EBV-GFP virus
	Infection blocking assay
	Histopathology analysis
	Statistics

	Results
	Immunogen design based on gp350 RBD-originated epitope peptides
	Construction of L350–ferritin nanoparticles based on epitope peptides from EBV-gp350 glycoprotein
	The L350–ferritin nanoparticle vaccine induced potent humoral immune responses in Balb/c mice
	The L350–ferritin nanoparticle vaccine elicited potent production of neutralizing antibodies
	The L350–ferritin nanoparticle vaccine induced strong antigen-specific B-cell memory
	The L350–ferritin nanoparticle vaccine demonstrates favorable safety in Balb/c mice

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


