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Rift Valley fever (RVF) is an acute, febrile zoonotic disease that is caused by the RVF virus (RVFV). RVF is mainly prevalent on the Arabian
Peninsula, the African continent, and several islands in the Indian Ocean near southeast Africa. RVFV has been classified by the World
Organisation for Animal Health (OIE) as a category A pathogen. To avoid biological safety concerns associated with use of the pathogen in
RVFV neutralization assays, the present study investigated and established an RVFV pseudovirus-based neutralization assay. This study used
the human immunodeficiency virus (HIV) lentiviral packaging system and RVFV structural proteins to successfully construct RVFV
pseudoviruses. Electron microscopy observation and western blotting indicated that the size, structure, and shape of the packaged
pseudoviruses were notably similar to those of HIV lentiviral vectors. Infection inhibition assay results showed that an antibody against RVFV
inhibited the infective ability of the RVFV pseudoviruses, and an antibody neutralization assay for RVFV detection was then established. This
study has successfully established a neutralization assay based on RVFV pseudoviruses and demonstrated that this method can be used to

effectively evaluate antibody neutralization.
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Introduction

Certain viruses, such as the severe acute respiratory
syndrome-associated coronavirus (SARS-CoV), Ebola virus
(EBOV), and H5N1 subtype avian influenza virus, are highly
infectious and highly pathogenic, presenting tremendous
difficulties and dangers during research [8,13,19]. In contrast,
pseudovirus technology is a very safe and effective research
tool [18]. Briefly, a pseudovirus is a type of retrovirus that can
integrate with the envelope glycoprotein of another type of
virus to form a new virus with an exogenous viral envelope and
a genome that maintains the characteristics of the retroviral
genome. Compared with natural viruses, pseudoviruses integrate
with the envelope protein of another virus by using an envelope
protein-encoding gene within a modified nucleic acid molecule;

pseudoviruses can only accomplish one infection cycle because
they lose their self-replicating ability. Thus, pseudoviruses are
more biologically safe than infectious viruses. Pseudoviruses
also have extensive host ranges and higher transfection
efficiencies, can be more easily concentrated than the original
viruses, can defend against the deactivation function of serum
complement, have a non-cell-cycle-dependent integration feature,
and can efficiently transfect quiescent cells. Pseudovirus
preparation is thus an effective, safe, and reliable method for
application in the study of viruses with high pathogenicity that
are difficult to culture in vitro. Because pseudoviruses are
relatively safe and have the advantages of extensive host range,
non-cell-cycle-dependence, and highly efficient transfection of
quiescent cells, they can have particularly important roles in
studies of virus-host cell interactions, neutralizing antibody
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titer evaluation, and gene therapy. Thus, pseudoviruses can be
used as a novel, safe experimental tool.

Rift Valley fever virus (RVFV) is an RNA virus in the
Phlebovirus genus of the Bunyaviridae family [10]. In particular,
RVFV is a high-risk pathogen that can induce fatal encephalitis
and hemorrhagic fever in humans and ruminants [5,11]. Due to
its strong pathogenicity and fast dissemination, RVFV has
attracted considerable worldwide attention. Currently, viral
isolation, hemagglutination inhibition assays, enzyme-linked
immunosorbent assays (ELISAs), agar gel immunodiffusion
assays, immunofluorescence assays, radioimmunoassays, and
complement fixation assays are the primary methods used to
detect RVFV [16,17]. Additionally, clinical detection of
anti-RVFV antibodies is primarily accomplished by using the
ELISA method [16]. Commonly used coating antigens include
the envelope protein (Gn) and inactivated RVFV. However, this
method can only preliminarily detect antibody levels in humans,
and those results do not truly reflect whether the antibodies have
pathogen-neutralizing, anti-RVFV, and anti-infection functions.
Therefore, the virus neutralization assay has become an
important clinical method for measuring antibody activity and
evaluating immune status in humans. The neutralization assay
typically uses natural viruses, which can cause infections in the
assay operators and pose a risk of viral spread; thus, this assay
is considered very dangerous. To avoid the potential risks
associated with the neutralization assay, the present study used
a lentiviral packaging system and targeted RVFV structural
proteins to construct RVFV pseudoviruses to replace live viruses.
The pseudoviruses were then used to establish an RVFV
neutralization assay method to allow effective evaluation of
human antibody titers.

Materials and Methods

Bacteria, plasmids, and cells

Escherichia coli DH50. competent cells, the PUCS57-
Simple-M recombinant plasmid (containing the GN and GC
sequences of the RVFV M gene), HEK293T cells, and the
pcDNA3.1 eukaryotic expression plasmid were obtained from
the Animal Virology and Special Disease Research Laboratory,
Military Veterinary Research Institute, Academy of Military
Medical Sciences, China.

Construction of recombinant plasmids expressing RVFV
structural proteins

To enhance expression, codon optimization was performed
on the G-protein gene sequence of the RVFV ZH501 strain. The
cloning primers were designed based on optimized sequences,
and Not I and Kpn 1 restriction sites were introduced at the 5°
ends of the upstream (5-CGGGGTACCATGGCTGGTATC
GCTATGAC-3") and downstream (5 -ATTTGCGGCCGCTT
AAGAGGCTTTCTTTGTGGC-3") primers. The primers were
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synthesized by Sangon Biotech (China).

The pUC57-Simple-M recombinant plasmid was used as the
template, and polymerase chain reaction (PCR) amplification
was performed with the synthesized primers. The obtained
DNA fragment was subjected to double digestion and was then
ligated into a double-digested eukaryotic expression plasmid
(pcDNA3.1). The recombinant plasmid was confirmed to have
the correct ligation by gene sequencing performed by Beijing
Genomics Institute (China). Finally, the recombinant expression
plasmid was extracted for future use and named pcDNA3.1-
M-rviv.

Pseudovirus packaging

The plasmid used for transfection was extracted by using an
endotoxin-free plasmid extraction reagent kit (Endo Free
Plasmid DNA Mini Kit II; OMEGA, China). Twenty-four
hours before transfection, 293T cells were inoculated onto
10-cm plates (Corning, USA) at a density of 4-5 x 10° cells/mL
in 10 mL of Dulbecco’s modified Eagle’s medium (DMEM;
Gibco, USA) containing 10% fetal bovine serum (FBS; Thermo,
USA). The cells were then cultured at 37°C with 5% CO,. When
cell growth reached 80% to 90% confluence, 5 ug of the
lentiviral plasmid pLV-EGFP-C (Invitrogen, USA), 3.75 ug of
the PH1 plasmid (Invitrogen), and 1.25 pg of the recombinant
plasmid pcDNA3.1-M-rvfv (the PH2 plasmid was used as a
positive control) were transfected into the 293T cells by using
Lipofectamine 2000 transfection reagent (Invitrogen). After the
cells were cultured at 37°C with 5% CO, for 4 to 6 h, the culture
medium was replaced with 10 mL of fresh 293T culture
medium. After 24 h of transfection, the culture medium was
replaced with 10 mL of fresh virus culture medium.

After 48 to 72 h of transfection, the cell culture supernatant
was collected, placed into a 50 mL centrifuge tube, and
centrifuged at 4°C and 5,000 x g for 10 min. The supernatant
was then collected, filtered through a 0.45 um filter, and
transferred into a new 50 mL centrifuge tube. Finally, the filtrate
was transferred into centrifugal filter devices and centrifuged at
4°C and 5,000 x g for 10 min. The liquid in the bottom layer was
discarded, and the filtrate further centrifuged at 4°C and 5,000
x g for 30 min. The solution in the top layer of the filter device
was the virus concentrate. The viruses were aliquoted and
stored at —80°C.

Detection and analysis of the pseudoviruses

The RVFV pseudovirus packaging conditions were identified
by using electron microscopy and western blotting. During
the electron microscopy detection process, the harvested
pseudoviruses or pseudovirus concentrates were first adsorbed
to a copper grid and then stained with 1% phosphotungstic acid
(Sigma, USA) for 2 to 3 min. After the residual staining solution
was absorbed by using filter paper, the pseudovirus particles
were observed by using an electron microscope. Additionally,
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the cell supernatant collected after transfection was mixed with
5% protein loading buffer (used for sodium dodecyl sulfate-
polyacrylamide gel electrophoresis; Thermo) at a 4:1 dilution
and added to a 1.5 mL centrifuge tube. After the samples were
mixed thoroughly and boiled for 5 min, 15 pL of each sample
was used for western blotting detection and analysis. During the
experimental western blotting process, membranes were blocked
with a 0.5% Tween-20 (Thermo) membrane-blocking solution
containing 5% bovine serum albumin for 2 h at room temperature.
The membranes were next incubated with a rabbit polyclonal
anti-RVFV-MP12 primary antibody (1:4,000 dilution; IBT
Bioservices, USA) for 2 h at room temperature and then with an
HRP-labeled goat anti-mouse IgG secondary antibody (Invitrogen)
for 1 h at room temperature. The blots were developed with a
chemiluminescent developing solution (Thermo), and the
experimental data were stored in the LAS-4000 system
(Fyjifilm, Japan).

Determination of pseudovirus infectious titers

To confirm the multiplicity of infection of the pseudoviruses
and to obtain a stable infection effect, we measured the RVFV
pseudovirus titers. Specifically, the harvested and purified virus
solution was used to determine the viral titers (although frozen
virus solution could have been used). Notably, very large
differences were detected in the viral titers measured using
different cell lines and methods; thus, very large differences
might have existed between the viral titer values and the viral
titers required to infect target cells. To avoid this issue, the same
virus solution-based measurement method was used to
determine the viral titers in order to provide more accurate
measurement of the virus packaging effects. Next, 293T cells
were cultured to the logarithmic growth phase and dissociated
with 0.25% trypsin (Gibco). After counting, the cells were
seeded into 96-well culture plates at a density of 5 x 10°*
cells/well and cultured at 37°C with 5% CO,. For virus
inoculation, pseudovirus solution stored in a —80°C freezer
was thawed in an ice bath and then subjected to a series of
gradient dilutions using DMEM containing 10% FBS (10 ', 10 2,
107°,10 %, 107°,10 7% 107,10 %, and 10 °). Each dilution
was added to three replicate wells. After the cells were cultured
at 37°C with 5% CO, overnight, the culture medium was
replaced with 100 uL of DMEM containing 10% FBS, and the
cells were continuously cultured for 48 to 72 h. The cells were
then observed via fluorescence microscopy, and the number of
cells with positive green fluorescence in each well was
calculated. The virus titer was the number of cells with positive
green fluorescence multiplied by the corresponding fold
dilution.

Inhibition of pseudovirus infection

A polyclonal antibody against the RVFV G-protein (1:4,000
dilution; IBT Bioservices) was diluted 20-fold and 40-fold.
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Healthy mouse serum was used as a negative control. The antibody
and RVFV/vesicular stomatitis virus (VSV)-G pseudovirus
solution (500 IU) were mixed at equal volumes, added to
96-well cell culture plates, and incubated at 37°C for 1 h. Next,
the mixture was added to 293T cells in the logarithmic growth
phase at 100 puL/well (containing 5 x 10" cells) and mixed
thoroughly. After the cells were cultured at 37°C with 5% CO»
for 72 h, the number of cells with positive fluorescence in each
well was determined via fluorescence microscopy.

Establishment of the pseudovirus neutralization assay

Serum samples collected from RVFV G-protein-immunized
mice were used to generate 2-fold serial dilutions. Next, 50 uL
of diluted antibody and 50 uL of RVFV pseudovirus/VSV
pseudovirus (used as the negative control) (500 IU) were mixed
at equal volumes and incubated at 37°C for 1 h. Subsequently,
293T cells (5 x 10* cells) were added to each well and cultured
at 37°C with 5% CO, for 72 h. Finally, the experimental results
were collected by observation under a fluorescence microscope.
The antibody neutralization activity was calculated according
to the formula:

Antibody neutralization activity (%) = (number of cells with
positive green fluorescence in the control group — number of
cells with positive green fluorescence in the experimental
group)/number of cells with positive green fluorescence in the
control group x 100.

Results

RVFV target gene amplification
The RVFV structural M gene was obtained by applying the

5000 bp —»

3000 bp —» <«— 3218 bp (M gene)

2000 bp —»
1500 bp —»

1000 bp —»
750 bp —

Fig. 1. The M gene polymerase chain reaction (PCR) product. M,
marker; Lane 1, the PCR products of the Rift Valley fever virus
structural M gene.



PCR amplification method. The amplified fragment length was
3218 bp. As shown in Fig. 1, the pUC57-Simple-M recombinant
plasmid was used as the amplification template, and the results
were assessed by carrying out agarose gel electrophoresis. One
band was present at approximately 3200 bp, which was
consistent with the size (3218 bp) of the expected target
fragment. These results indicated that the correct target gene
band was amplified by PCR.

<+— 5428 bp (pcDNA3.1)
<«— 3218 bp (M gene)

5000 bp —»
3000 bp —»

2000 bp —»
1500 bp —»

1000 bp —»
750 bp —»

Fig. 2. Enzyme digestion of pcDNA3.1-M-rvfv. M, marker; Lane
1, polymerase chain reaction products of the restriction en-
donuclease digestion of recombinant plasmid pcDNA3.1-M-rvfv.

[ RVFV pseudoviruses

Fig. 3. Detection of pseudoviruses by transmission electron
microscopy. Arrows indicate RVFV pseudoviruses. RVFV, Rift
Valley fever virus. Scale bar = 200 nm.
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Identification of the RVFV recombinant plasmid

Gene sequencing analysis and restriction endonuclease
digestion were used to validate the construction of the recombinant
plasmid pcDNA3.1-M-rvfv. The pcDNA3.1-M-rvfv plasmid
was digested with the Not I and Kpn I enzymes and evaluated by
performing agarose gel electrophoresis (Fig. 2). The results
showed two nucleic acid bands, at approximately 3200 bp and
5500 bp, which were consistent with the target gene fragment
(3218 bp) and the pcDNA3.1 empty plasmid (5428 bp),
respectively. This result verified the correct insertion of the
target fragment. The gene fragment obtained in this experiment
and the target gene sequence obtained by using gene sequencing
were 100% homologous, indicating that the pcDNA3.1-M-rvfv
recombinant plasmid was correctly constructed.

Pseudovirus acquisition and identification

The RVFV pseudovirus packaging conditions were observed
via electron microscopy. In the virus solution harvested after 48
to 72 h of co-transfection of mixed lentiviral plasmids and 293T
cells, spherical particles with an envelope of 80 to 120 nm
diameter were observed by using an electron microscope. Both
particle morphology and structure were consistent with previously
reported descriptions of human immunodeficiency virus (HIV)
lentiviral vectors [1,12]. The results indicated that the
pcDNA3.1-M-rvfv recombinant plasmid obtained in this study
could be packaged in 293T cells to produce pseudoviruses (Fig. 3).

To confirm that the acquired viral particles were RVFV
pseudoviruses, western blotting was performed to determine
whether the pseudovirus envelope protein was composed of
RVFYV structural proteins. The supernatants of cells transfected
with pcDNA3.1-M-rvfv were examined by using a rabbit
polyclonal anti-RVFV-MP12 antibody (Fig. 4). The western
blotting results showed two specific bands, with molecular
weights of approximately 65 kDa and 56 kDa, consistent with
the sizes of the RVFV GI1 and G2 proteins, respectively. The
negative control group did not show specific bands. These
results indicated that the target protein was correctly expressed.
Moreover, the western blotting detection results both indicated
that the obtained RVFV pseudoviruses contained the RVFV G1
and G2 proteins and confirmed that pseudoviruses were
successfully established.

- + kDa

b <65 (RVFV G1 protein)

. | «<—56 (RVFV G2 protein)

Fig. 4. Identification of pseudoviruses by using western blotting.
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Determination of pseudovirus infectious titers

The obtained RVFV pseudoviruses were serially diluted to
determine the infectious titers. The detection results showed
that the RVFV pseudovirus titer was 1 x 10° TU/mL. Fig. 5
shows positive fluorescence expression in 293T cells incubated
with different fold dilutions of the RVFV pseudoviruses.

Pseudovirus infection inhibition assay

A virus infection inhibition assay was performed to evaluate
whether the infective ability of the pseudoviruses could be
inhibited by an anti-RVFV antibody. As shown in Fig. 6, after
incubation with a polyclonal antibody against the RVFV
protein, the RVFV pseudoviruses could not effectively infect
293T cells, whereas the VSV pseudoviruses and the polyclonal
antibody against the RVFV protein could not effectively defend
against virus infection in 293T cells. Therefore, the antibody
inhibition assay indicated that the infective ability of the RVFV
pseudoviruses could be inhibited by specific antibodies. These
results further indicated that the obtained RVFV pseudoviruses
could bind to specific antibodies and could be used as the
antigen in a neutralization assay; thus, the pseudoviruses could
be effectively applied in an antibody neutralization assay.

Establishment of the pseudovirus neutralization assay
RVFV pseudoviruses were reacted with serial dilutions of

positive mouse serum to measure the neutralizing antibody titer.

As shown in Table 1, positive serum samples from mice

Fig. 5. Determination of Rift Valley fever virus pseudovirus
infectious titers. (A) Control. (B-F) Expression of fluorescence in
293T cells infected with different fold dilutions of pseudoviruses.
B)10 ', (©10 % D10 ° ® 10 % (P10’

immunized with RVFV proteins all had 100% neutralization
activity in the 2- to 16-fold dilution range (indicating inhibition
of RVFV pseudovirus infectious activity). Serum that was
diluted 32-fold neutralized 70% of the virus infection, while
64-fold serum dilution neutralized approximately 45% of
the virus infection, and 128-fold serum dilution neutralized
approximately 15% of the virus infection. However, the
RVFV-positive mouse serum did not inhibit VSV pseudovirus
infection. These results indicated that the RVFV pseudovirus
neutralization assay could be used to effectively measure
antibody neutralization; thus, this assay could be used to
evaluate the anti-infection immune status in humans.

Discussion

RVFV is a high-risk pathogen that can be transmitted through
insect bites or direct contact. Therefore, its physical manipulation
poses enormous safety concerns for veterinary workers and
laboratory personnel. This issue severely limits studies on the
genomic structure and pathogenic mechanism of RVFV. Under
normal circumstances, vaccines can induce high neutralizing

c

Mock VSV pseudovirus RVFV pseudovirus
Control RVFV-G-Ab

1:40
dilution

A
1:20 "
dilution

Fig. 6. Rift Valley fever virus (RVFV) pseudovirus infection
inhibition assay. (A) Expression of fluorescence in 293T cells
after incubation with RVFV pseudoviruses and negative serum
reaction mixture. (B) Expression of fluorescence in 293T cells
after incubation with the vesicular stomatitis virus (VSV)
pseudovirus and anti-RVFV polyclonal antibody reaction
mixture. (C) Expression of fluorescence in 293T cells after
incubation with RVFV pseudoviruses and anti-RVFV polyclonal
antibody reaction mixture.

Table 1. Detection of the neutralization activity of mouse serum against RVFV pseudoviruses

Serum dilution fold 1:2 1:4 1:8

1:16 1:32 1:64 1:128 1:256

RVFV pseudovirus (%) 100 100 100
VSV pseudovirus (%) - — -

100 70 45 15 -

RVFV, Rift Valley fever virus; VSV, vesicular stomatitis virus; —, negative results (no neutralization activity).
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antibody titers in humans, so neutralizing antibody titers are an
important indicator of the immune effect of vaccines. However,
traditional RVFV virus neutralization assays involve tedious
work, including culture of the virus, which can be performed
only in biological safety level 3 laboratories, thus limiting the
application of neutralization assays in the monitoring,
detection, and diagnosis of RVFV infection and in the
evaluation of the effects of vaccines on RVFV infection.
Therefore, safety issues associated with RVFV is an important
problem that has drawn considerable attention, and such issues
need to be addressed in studies targeting high-risk viruses such
as RVFV [1,2].

Recently, pseudovirus technology has become a very
effective tool in scientific research [6,7,14] and has demonstrated
several unique application advantages. For example, in
experimental studies, pseudoviruses can be used to replace
high-risk viruses with greater pathogenicity and infectivity,
with RVFV being a typical example. Compared with natural
viruses, pseudovirus particles have similar patterns of cell
infection, and pseudoviruses can also effectively simulate the
early cell infection process of natural viruses. Additionally, free
viral DNA or reporter genes (i.e., EGFP and LacZ) can be
artificially introduced into pseudoviruses, and this approach is
conducive to rapid and timely detection and analysis in a clinic.
Furthermore, pseudoviruses exhibit defective replication (ensuring
safe manipulation), avoid the risk of infection posed by
high-risk viruses, and eliminate the risk of serious safety
concerns such as release from the laboratory. Therefore,
pseudoviruses can be used in studies of the mechanism
underlying viral infection of host cells. More importantly,
pseudoviruses can be used to replace the natural viruses used in
traditional virus neutralization assays. Currently, neutralization
assays incorporating pseudoviruses are becoming a new,
effective route for the detection of neutralizing antibodies. The
many types of currently established pseudoviruses available
both domestically and internationally include Middle East
respiratory syndrome coronavirus (MERS-CoV), EBOV,
hepatitis C virus, and SARS-CoV [4,12,20]. Some pseudoviruses
have been successfully applied in drug screening, neutralizing
antibody activity detection, and the evaluation of vaccine
effects [3,9].

Currently, pseudovirus packaging systems are primarily
developed based on HIV lentiviral vectors and the murine
leukemia virus [1,9,15], which have the advantages of broad
suitable host ranges and high packaging efficiencies. The
present study used a lentiviral packaging system and recombinant
expression plasmids encoding RVFV structural proteins to
construct RVFV pseudoviruses. The electron microscopy
observations and western blotting results all indicated the
successful construction of RVFV pseudoviruses. Additionally,
the infective activity of the obtained RVFV pseudoviruses was
inhibited by specific antibodies, indicating that the pseudoviruses
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could be used to detect RVFV-neutralizing antibody titers.
Moreover, the RVFV pseudovirus neutralization assay established
in this study effectively evaluated antibody titers in positive
mouse serum. The pseudovirus packaging experiment showed
that the passage time and status of the 293T cells and the
transfection reagents, plasmid purity, gene features of the
structural proteins, and efficiency of the eukaryotic expression
plasmids all greatly influenced the pseudovirus packaging
efficiency and affected the titer levels and stability of the
packaged pseudoviruses. Therefore, the pseudovirus neutralization
assay established in the present study can be used for clinical
monitoring and diagnosis of RVFV infection and for assessment
of the effects of RVFV vaccines. Furthermore, the pseudovirus
can be used to replace the natural virus in infection mechanism
studies. However, the packaging conditions should be optimized
to increase the lentiviral packaging efficiency and infection
titers.
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