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Abstract

Objective In previous studies, we immunized mice with Ebola recombinant protein vaccine and gene
vector vaccine. Both stimulated high levels of humoral immunity. In this work, we constructed a
pseudovirus containing Ebola membrane proteins to verify whether the two immunization strategies can
induce neutralizing antibodies in mice.

Methods A pseudovirus containing an Ebola virus membrane protein based on the HIV-1 viral gene
sequence was constructed and evaluated using a known neutralizing antibody. The titer of the
neutralizing antibody in the sera of mice immunized with the recombinant protein and the gene vector
vaccine was examined using a neutralization test.

Results Ebola pseudovirus was successfully prepared and applied for neutralizing antibody detection.
Immunological experiments showed that recombinant protein GP-Fc and gene vaccine pVR-modGP-Fc
had good immunogenicity. The titer of the bound antibody in the serum after 8 weeks of immunization
in mice was more than 1:10°, and the recombinant protein induced greater humoral immunity. The
results of the neutralization test based on the Ebola pseudovirus system demonstrated that both
vaccines induced production of protective antibodies, while the gene vaccine induced a higher titer of
neutralizing antibodies.

Conclusion An Ebola pseudovirus detection system was successfully established and used to evaluate
two Ebola vaccines. Both produced good immunogenicity. The findings lay the foundation for the
development of new Ebola vaccines and screening for neutralizing monoclonal antibodies.

Key words: Ebola virus; Recombinant subunit vaccine; DNA vaccine; Neutralizing antibody

Biomed Environ Sci, 2018; 31(10): 721-728 doi: 10.3967/bes2018.097 ISSN: 0895-3988
www.besjournal.com (full text) CN: 11-2816/Q Copyright ©2018 by China CDC
INTRODUCTION ebolavirus (SUDV), Reston ebolavirus (RESTV),

TaiForest ebolavirus (TAFV), and Bundibugyo

bola virus disease is an acute hemorrhagic ebolavirus (BDBV). EBOV, SUDV, and BDBV can be
Einfection caused by Ebola virus™. Five transmitted from person-to-person. Since the Ebola
Ebola virus subtypes have been virus was discovered in 1976", there have been

identified”:  Zaire ebolavirus (EBOV), Sudan many outbreaks. According to the World Health
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Organization, as of the end of 2012, EBOV had
caused 1,388 confirmed infections with a mortality
rate of 79%, SUDV had caused 792 infections with a
mortality rate of 54%, and BDBV had caused 206
infections with a mortality rate of 32%P. In
December 2013, an outbreak occurred in Guinea
followed by the rapid spread to several West African
countries, including Sierra Leone and Liberia™. The
epidemic was caused by a new strain of EBOV. There
were 28,652 cases of suspected and confirmed
infections, and 11,325 deaths. Reports of sporadic
infections continue.

The development of an economical, easy-to-use
preventive vaccine is the most effective means to
control the spread of such an epidemic. Since 1980,
a number of international research teams have
begun to develop EBOV vaccines, including
inactivated virus vaccines'®, replication-deficient
virus  vaccines, adenoviral vector vaccines
cAd3-EBOV, herpetic stomatitis virus vector
vaccines rVSV-ZEBOV, and others®!,

EBOV has an envelope structure. A membrane
glycoprotein (GP) can mediate virus adsorption[u'm,
internalization, and membrane fusion. It has been
found that the GP can interact with cell surface
receptors without the aid of other viral proteins[”].
GP proteins can induce the host to produce
high titers of neutralizing antibodies that protect
the host from viral infection™. In our previous
studies, a recombinant  Zaire-type Ebola
membrane protein GP-Fc subunit vaccine and a DNA
vector vaccine containing the recombinant
membrane protein GP-Fc were prepared. The results
of mouse immunization showed that both vaccines
could stimulate higher levels of specific
antibodies™™”. However, whether neutralizing
antibodies were induced by the two vaccines was
not evaluated.

Neutralization trials using EBOV require a
biosafety level 4 laboratory (BSL-4), which limits
validation testing. The use of pseudoviruses to study
antiviral drugs or vaccines is a common method of
virological research™?. Therefore, this study used a
pseudovirus for neutralization antibody titer
detection. Based on the human immunodeficiency
virus-1 (HIV-1) virus gene sequence, the vector pNL
4-3.Luc.RE containing defective nef, env, and vpr was
constructed. The luciferase reporter gene was
inserted into the nef gene sequence. The EBOV
membrane GP protein expression plasmid was
co-transfected with pNL 4-3.Luc.RE, and a
pseudovirus containing the Ebola membrane protein

could be packaged to detect the neutralizing
antibody titer?.

In this study, the expression plasmid
pCAGGS-EBOV GP containing the full-length
Zaire-type EBOV membrane protein gene was
constructed and used to co-transfect human
embryonic kidney 293 (HEK293) cells with pNL
4-3.Luc.RE plasmid. Collection of the cell supernatant
and ultracentrifugation steps were used to prepare
the pseudovirus pEBOV containing the GP protein.
EBOV neutralizing antibody MIL 77 and control
antibody confirmed that pEBOV can be used for the
evaluation of neutralizing antibodies. Finally, EBOV
neutralizing antibody detection was performed on
the sera of the two vaccine-immunized mice by
pEBOV.

MATERIALS AND METHODS

Immunized Mouse Models with Recombinant
Vaccine and DNA Vaccine

Female BALB/C mice were selected at 6-8 weeks
for immunological experiments and were divided
into recombinant protein group, DNA vaccine group,
and control group, with five mice in each group. The
protein group was immunized at 0, 3, and 6 weeks at
a dose of 20 pg each time by mixing 20 pug
recombinant protein in 50 puL PBS with an equal
volume of QuickAntibody adjuvant (Boaolong
Immunotechnology Co., Ltd.) followed by
intramuscular injection of a leg. The pVR-GP-Fc DNA
vaccine group was immunized at 0, 3, and 6 weeks at
a dose of 100 pg each time. The immunization
method used 100 uL of 1 mg/mL vaccine plasmid
solution using the TERESA live gene importer
(Shanghai Tarissa Biotechnology) delivered to leg
muscle cells of the inoculated mice. The control
group was injected with PBS or pVR empty vector.
One to eight weeks after immunization of the mice,
serum was collected by eyelid blood collection every
week for indirect ELISA detection of binding titers.
The sera collected at week 8 were mixed and used
for neutralization test of pseudovirus (Figure 1).

Establishment of the Pseudotyped EBOV Assay
System

Construction and Expression of Ebola Virus GP
Expression Plasmid Zaire EBOV GP gene
sequence (GenBank accession no. U23187) was
selected, and an A (adenosine deoxynucleotide) site
was added to the 1,021 nucleic acid site in the
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U23187 sequence, so that the gene sequence could
be read and translated to 676 amino acids. The EcoRl
and Sam | restriction sites were added to the 5' and
3' ends of the full-length GP protein sequence. The
synthesis of the sequence was performed by
Sino-Thai Biotech Co., Ltd. The synthesized sequence
was double-digested with EcoRI and Sam | into the
pCAGGS vector, while the expression plasmid
pCAGGS-EBOV GP was formed (Figure 2).

The EBOV GP protein expression plasmid
pCAGGS-EBOVGP was transfected into HEK293T (Life
Technologies, USA) cells, and the EBOV neutralizing
antibody MIL-77 was used as the primary antibody
for immunofluorescence detection to determine

Immunization

whether the expression plasmid was correctly
expressed in the cells. HEK293T cells were seeded in
6-well plates at 8 x 10° cells/mL with 2 mL. After
culture for 18-24 h, 3 pg of pCAGGS-EBOVGP plasmid
and 9 uL of 1 mg/mL PEI (25 kD linear PEl,
Polysciences, USA) were diluted in 50 pL of
Opti-MEM medium. The DNA and PEI solution were
mixed and kept at room temperature for 20 min,
The plasmid transfection mixture was added
dropwise to a 6-well plate of HEK293T cells, and
cultured in a 5% CO, incubator at 37 °C for 48 h.

The cells transfected with the expression
plasmid were removed by washing with PBS, and
cold acetone was added to fix the cytospin slides (empty
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Figure 1. Strategy of immunization of mice with recombinant protein vaccine and DNA vaccine.
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Figure 2. Plasmid map of pCAGGS-EBOV GP.
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vector transfected cells as a control). PBS containing
10% fetal bovine serum (FBS) was used to block cells
at 37 °C for 30 min. The cells were washed five times
with PBS. The final suspension was added dropwise
to PBS containing 50 pg/mL of MIL-77 and 10% FBS,
and that suspension was dispensed dropwise on the
cell surface for 1 h at 37 °C. After washing the cells
with PBS five times, fluorescein isothiocyanate-
labeled goat anti-human IgG antibody (Zhongsu
Jingiao Company, Beijing) was diluted 1:50 in PBS
containing 10% FBS and 0.01% Evans blue, and
incubated on the cell surface at 37 °C for 1 h. The
cells were then washed five times with PBS.
Fluorescence was observed under an inverted
fluorescence microscope using a 50% glycerol seal.
Packaging and Purification of Pseudotyped Ebola
Virus pEBOV HEK293T cells in logarithmic
growth phase were suspended in Dulbecco’s
modified Eagle’s medium (DMEM) lacking
penicillin-streptomycin (PS) and 10 mL of the cell
suspension (9 x 10° cells/mL) was added to a
100 mm cell culture dish and cultured for 18-24 h.
The cells were grown under surface growth was
approximately 80% confluent. The micrograms of
pNL 4-3.Luc.RE backbone plasmid and 8 pg of
pCAGGS-EBOV GP membrane protein expression
plasmid were diluted in 500 pL of Opti-MEM
medium. Thirty-five microliters of 1 mg/mL PEIl was
diluted in the same manner and allowed to stand at
room temperature for 3 min. Then the plasmid
dilution and PEIl were prepared. The dilutions were
mixed and allowed to stand at room temperature for
20 min to form a transfection complex, which was
pipetted into the culture dish with a micropipette,
gently mixed, and placed in a thermostat. After 6 h
of transfection, the cells were washed with PBS, and
the medium was changed to DMEM containing 1%
PS. Incubate in a 5% CO, atmosphere at 37 °C. Forty
eight hours after transfection, the cell culture
supernatant was collected, centrifuged at 3,000 xg
for 20 min to remove cell debris, filtered through a
0.45-um filter, and ultracentrifuged (Beckman,
Germany) to concentrate the pseudovirus.
Two-hundred microliters of concentrated
pseudovirus per tube was stored at -80 o,
Identification of Pseudotyped Ebola Virus pEBOV
System The successfully packaged pseudovirus
pEBOV envelope contains a GP protein trimer and
the virus particle contains a luciferase expression
gene. After infecting sensitive cells, luciferase
activity can be measured to determine the infection
ability of the pseudovirus. The neutralizing antibody

binds to the GP protein on the pseudovirus, which
can block the pseudovirus infection. Using the
neutralizing antibody MIL-77 as a positive control, a
Mers-NP monoclonal antibody that does not bind to
the Ebola GP protein was used as a negative control.
After mixing with the pEBOV pseudovirus, Lenti-X
293T (ClonTech) cells were infected. Whether the
pPEBOV packaged successfully was determined by
measuring the luciferase activity. The neutralizing
antibody and the negative control antibody were
diluted in DMEM-D medium (DMEM + 10% FBS + 25
mmol/L HEPES + 1% PS + 15 pg/mL DEAE-Dextran),
and 25 plL per well was added to the 96-well plate at
the same dilution. Three duplicate wells were used
for each sample. The concentrated pEBOV was
diluted 100 times in DMEM-D, then 25 pL was added
to each sample well as a virus control. The mixture
was placed in a 37 °C incubator, incubated for 1.5 h,
and Lenti-X293T (ClonTech, USA) in good growth was
digested. The cells were suspended in DMEM-D to a
concentration of 6 x 10° cells/mL. Fifty microliters of
the cell suspension was added to the incubated
mixture, mixed, and placed in a 5% CO, atmosphere
at 37 °C for 48 h. The cultured cells were
supplemented with 50 uL of LBright-Glo fluorescein
reagent in each well, and allowed to stand for 3 min
in the dark. One hundred microliters of the contents
were aspirated from the 96-well plate to a
fluorescence-detecting 96-well plate. A
biocemimeter was used to determine the relative
light unit (RLU) values.

Evaluation of Protection Induced by Recombinant
Protein GP-Fc and Gene Vaccine pVR-modGP-Fc
Vaccine Five days after the last immunization,
blood samples were collected from the mice. Sera
were separated and mixed within the same group at
an equal ratio. The sera were inactivated at 56 °C for
30 min. The neutralizing antibody titers were
detected by a micro-neutralization assay with the
pseudotyped virus system. The titers of neutralizing
antibodies were measured with the maximum
dilution that achieving the median neutralization (NDsp)
determined.

RESULTS

Immunization by Recombinant Vaccine and DNA
Vaccine

Both the purified recombinant protein GP-Fc
and the gene vaccine pVR-GP-Fc containing the
recombinant protein sequence induced antibodies



Evaluation of ebola vaccine induced neutralizing antibodies using pseudoviruses 725

against GP protein in mice. For the recombinant
adjuvant, the recombinant protein induced the
production of binding antibodies faster than the
genetic vaccine, and the titer was higher. In the first
week after immunization of the two vaccines, the
endpoint of antibody titration in serum exceeded 10°,
and both vaccines rapidly induced specific immune
production. There was no significant difference in
antibody titer induced by the two vaccines 2 weeks
after priming. After the third week of boosting, the
recombinant protein induced IgG production was
faster and stronger, and the serum dilution was
8.8 x 10 after two boosts. Specific antibodies could
still be detected afterwards. The ability of the gene
vaccine to induce antibody production was slightly
worse than that of the recombinant protein.
Moreover, at week 8 (i.e., two boosts) the antibody
titer reached 3 x 10°. Consistent with related studies,
the results indicate that genetic vaccines induce
humoral immune responses that are weaker than
direct antigen immunity, both in strength and speed,
compared to recombinant subunits (Figure 3).

Identification of Ebola virus GP Protein in Plasmid
Cells

The immunofluorescence assay was carried out
using the EBOV neutralizing antibody MIL-77 as the
primary antibody. The cell surface of the transfected
GP expression plasmid pCAGGS-EBOV GP showed
obvious fluorescence signals, while the cells
transfected with the empty vector did not produce
any green signal (Figure 4). The constructed
expression plasmid pCAGGS-EBOVGP can express
EBOV GP protein in HEK293 cells with correct protein
localization and molecular structure, and could
stably bind to neutralizing antibodies. This plasmid
could be used as a pseudovirus envelope plasmid.

Identification and Evaluation of Pseudotyped Ebola
Virus Assay System pEBOV

The micro-neutralization test of the prepared

pseudovirus pEBOV and neutralizing antibody
showed that it could be blocked by the EBOV
neutralizing antibody MIL-77, while the Mers-NP
monoclonal antibody could not block the virus
infection (Table 1). RLU values were analyzed using
GraphPad Prism software, t-test, with significant
differences (t = 2.55, P = 0.0286 < 0.05).

The neutralization percentage regression
equation y = 11.501 In(x) + 47.038 was used to
calculate the corresponding ND50 of the MIL-77
neutralizing antibody. The calculated ND50 was 1.29
pg/mL (Figure 5). The pEBOV prepared by this
method could be used in the EBOV neutralization
test.
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Figure 3. Titer curves of binding valence each
week after immunization.
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Figure 4. EBOV GP verification of the

immunofluorescence result (x100); (A)
HEK293 cells transfected with
pCAGGS-EBOVGP; (B) HEK293 cells
transfected with empty vector.

Table 1. pEBOV Neutralize Verification Test

MIL-77
Concentration

Neutralizing Antibody

Mers-NP Monoclonal Antibody
Control Antibody

(ng/mL)

Neutralization

Neutralization

RLU RLU
percentage (%) percentage (%)
20.00 3976.0 81.1 18039.0 14.3
5.00 7182.3 65.9 19116.3 9.2
1.25 10640.7 49.5 17941.0 14.8
0.31 13839.7 343 20025.7 49
0.08 17387.7 17.4 18523.7 12.0
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Evaluation of the Protection Induced by
Recombinant Protein GP-Fc and Gene Vaccine
pVR-modGP-Fc

The identified Ebola pseudovirus pEBOV
detection system was used to evaluate whether the
recombinant protein GP-Fc and the genetic vaccine
pVR-modGP-Fc could induce protective antibodies
by a serum micro-neutralization test. The results of
micro-neutralization experiments showed that both
the recombinant protein GP-Fc and the gene vaccine
pVR-modGP-Fc induced neutralizing antibodies in
BALB/c mice. One-way ANOVA test analysis using
GraphPad Prism software revealed a significant
difference between the post-immune serum and the
negative serum control (F = 13.29, P < 0.01). Both
vaccine-induced neutralizing antibody half-inhibitor
amounts (ND50) exceeded 1:80, and the percent
neutralization at this dilution for the recombinant
protein  GP-Fc  and the genetic vaccine
pVR-modGP-Fc was 52.6% and 60.6%, respectively.
Although the recombinant protein induced a better
binding titer than the genetic vaccine, the
neutralization test showed that the genetic vaccine
pVR-modGP-Fc induced higher neutralizing titers
in BALB/c mice. The test results are presented in
Table 2, and the trend of the percentage of
neutralization is shown in Figure 6.

DISCUSSION

After the discovery of the EBOV, teams in the
United States and Canada began to develop vaccines.
In 1980, the U.S. team developed an inactivated
virus vaccine that successfully passed the guinea pig
challenge test, but subsequent experiments found
that the protection of non-human primates was
poor[G]. In 2005, the replication-defect EBOV was
prepared by researchers of the University of
Wisconsin. They replaced the VP30 gene of the virus
and showed that the virus lost its ability to replicate.

It could only proliferate in the cell line expressing

VP30. Other features of the virus and wild strain
were same'®’. In the animal infection immunization
test, the replication-deficient virus was very safe and
did not cause disease in mice with natural
immunodeficiency. It also had good immunogenicity,
and the protection conferred by induction was also
good. The preparation passed the animal challenge
test. However, due to the inherent inability to
replicate in the body, protection requires a long time
and repeat immunizations, and there is a risk of
reorganization with wild plants in the high-incidence
area, which may be has some security issues.
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Table 2. Neutralization Test of Vaccinate Mice Serum

GP-Fc Recombination Protein

pVR-modGP-Fc DNA Vaccine

Negative Serum Control

Dilution
Ratio RLU Neutralization RLU Neutralization RLU Neutralization
percentage (%) percentage (%) percentage (%)
1:40 12953.0 59.5 10358.3 67.6 24736.7 22.6
1:80 15159.3 52.6 12597.3 60.6 27080.7 15.3
1:160 20677.7 353 16828.3 47.4 27977.7 125
1:320 20472.3 36.0 21543.7 32.6 37679.7 0.0
1:640 22451.0 29.8 21886.0 31.5 33855.0 0.0
1:1,280 22784.3 28.7 22885.0 28.4 33328.7 0.0




Evaluation of ebola vaccine induced neutralizing antibodies using pseudoviruses 727

cAd3-EBOV was developed by the Institute of
Allergy and Infectious Diseases of the National
Institutes of Health?”. The researchers integrated
the Ebola GP protein sequence into the chimpanzee
type 3 adenovirus vector, and used this vaccine to
single-immunize 10" viral particles of recombinant
adenovirus. After 5 weeks, non-human primates
were fully protectedm. To improve the persistence
of protection, the team introduced a prime-boost
immunization strategy. After 8 weeks of cAd3-EBOV
immunization, MVA (an Ebola vaccine based on the
vaccinia virus) was obtained, which conferred good
long-term protectionlzs]. The vaccine entered Phase
Il clinical trials in 2015.

The National Microbiology Laboratory of the
Public Health Agency of Canada developed the
recombinant herpes stomatitis virus rVSV-ZEBOV
vaccine in 2004™. The researchers replaced the G
protein of VSV with the GP protein of EBOV.
Compared with the adenovirus vector, the
rVSV-ZEBOV surface molecule contains GP protein,
which produces infectivity that is similar to the EBOV
itself and can directly induce antibodies. The vaccine
could simultaneously induce significant humoral and
cellular immune responses and passed the animal
challenge test”?’), Further research has found that
it can also be used for emergency prevention and
treatment after exposure to the virus. Rhesus
monkeys were vaccinated within 30 min after
contact with Zaire-type EBOV, with a protection rate
of 50%”*%°\. The immunization dose required for
rVSV-ZEBOV is not high, and 10° viral particles can
achieve complete protection. The vaccine was put
into emergency use in 2015 without a clinical Phase
Il trial. The follow-up survey data released in 2016
showed that rVSV-ZEBOV was safe and effective, and
the protective effect was good. Among the 5,837
people who received the vaccine, 10 days or more
after the inoculation Ebola cases were not recorded
for a protracted time. In contrast, among those who
did not receive the vaccine, 23 cases were recorded
during the same periodBO].

The recombinant protein vaccine and DNA
vector vaccine constructed by our research group
are more suitable for use in economically
underdeveloped areas than the viral vector vaccines.
Previous studies have also confirmed that both
vaccines can stimulate high levels of antibodies, but
the two vaccines can be protective only if they
induce neutralizing antibodies. This study used a
pseudovirus system based on the HIV sequence,
which consists of the pNL 4-3.Luc.R-E backbone and
an expression plasmid providing a membrane

protein. The EBOV GP protein expression plasmid
was used to replace the HIV membrane protein
expression plasmid, and a pseudovirus with EBOV
membrane protein as the core of HIV virus particles
was constructed. The virus can mimic the process by
which EBOV infects sensitive cells. At the same time,
because of the luciferase-expressing gene, whether
the virus is successfully infected can be determined
by measuring luciferase activity. Using this system,
we evaluated the neutralizing antibody titers of the
recombinant protein GP-Fc and the genetic vaccine
pVR-modGP-Fc. The neutralization titers of both
exceeded 1:80. Moreover, the protective activity
induced by the genetic vaccine was stronger than
that of the recombinant protein GP-Fc. This was
inconsistent with the results of the binding titer test.
This result may be because the genetic vaccine
allows the GP-Fc protein to be expressed directly by
mouse cells with a structure similar to the Ebola GP
protein of the viral protein. The change in pH and ion
concentration during purification of the expressed
protein in vitro could denature some of the proteins.
In addition, the HEK293 system may be partially
over-glycosylated. These factors result in a
recombinant protein induced neutralizing antibody
titer that is slightly lower than the DNA vector vaccine.
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