Archives of Virology (2020) 165:1109-1120
https://doi.org/10.1007/500705-020-04576-9

ORIGINAL ARTICLE

=

Check for
updates

Efficient production of a lentiviral system for displaying
Crimean-Congo hemorrhagic fever virus glycoproteins reveals a broad
range of cellular susceptibility and neutralization ability

Abbas Ahmadi Vasmehjani' - Mostafa Salehi-Vaziri?> - Kayhan Azadmanesh?® - Ahmad Nejati’ -
Mohammad Hassan Pouriayevali® - Mohammad Mahdi Gouya® - Mahboubeh Parsaeian® -

Shohreh Shahmahmoodi'”

Received: 4 October 2019 / Accepted: 2 February 2020 / Published online: 18 March 2020

© Springer-Verlag GmbH Austria, part of Springer Nature 2020

Abstract

Crimean-Congo hemorrhagic fever (CCHF) is a tick-borne disease with a mortality rate of up to 50% in humans. To avoid
safety concerns associated with the use of live virus in virus neutralization assays and to detect human serum neutralizing
antibodies, we prepared lentiviral particles containing the CCHF glycoprotein (lenti-CCHFV-GP). Incorporation of the GP
into the lentiviral particle was confirmed by electron microscopy and Western blotting. Lenti-CCHFV-GP was found to be
able to infect a wide range of cell lines, including BHK-21, HeLa, HepG2, and AsPC-1 cells. In addition, lenti-CCHFV-GP
was successfully used as an alternative to CCHFV for the detection of neutralizing antibodies. Sera collected from CCHF
survivors neutralized lenti-CCHFV-GP particles in a dose-dependent manner. Our results suggest that the lenti-CCHFV-GP
pseudovirus can be used as a safe tool for neutralization assays in low-containment laboratories.
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Introduction

Crimean-Congo hemorrhagic fever (CCHF) is a serious pub-
lic health concern because of its high mortality rate (50%),
its potential for person-to-person transmission, and the lack
of specific therapies or licensed vaccines [2, 15]. Since the
first description of CCHF in 1944 in Crimea, this disease
has been reported in more than 31 countries in Africa, Asia,
and Europe, making it the most widespread tick-borne viral
infection in humans around the world [12, 21]. Recently, the
World Health Organization (WHO) has categorized CCHF
as one of the epidemic-prone emerging infectious diseases,
prioritized by the Research and Development Blueprint [32].

CCHF virus (CCHFV) is an enveloped RNA virus
belonging to the genus Orthonairovirus, family Nairoviridae
[20]. Its genome comprises of three RNA segments, small
(S), medium (M), and large (L), encoding a nucleoprotein
(NP), viral glycoproteins (Gy and G), and an RNA-depend-
ent RNA polymerase, respectively [34]. Phylogenetically,
seven genotypes of CCHFYV, including Africa-1, Africa-2,
Africa-3, Asia-1, Asia-2, Europe-1, and Europe-2, have been
identified [22]. The Africa 1-3 genotypes are mainly con-
fined to African countries, while the Europe 1-2 genotypes
are dominant in southeastern Europe. Asia-1 and Asia-2 are
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the most common genotypes in the Middle East and Central
Asia, respectively [5].

Although virus neutralization assays are not routinely
performed for the laboratory diagnosis of CCHFV infec-
tion, such assays can be beneficial for vaccine studies and
epidemiological investigations [8, 13]. Neutralizing antibod-
ies can be valuable indicators of vaccine efficacy as well
as cross-reactivity between the vaccine and other CCHFV
strains [29]. As one of the most specific serological tests,
the virus neutralization assay can be used as a confirmatory
method for ruling out false-positive results in enzyme-linked
immunosorbent assay (ELISA) or immunofluorescence
assay (IFA) due to possible cross-reactivity between CCHFV
and other nairoviruses [10, 19, 30]. Moreover, a virus neu-
tralization test is required for evaluating the potency and
cross-strain neutralizing activity of monoclonal antibodies
as a potential therapy against the virus [35].

CCHFYV neutralization is commonly carried out using the
plaque reduction neutralization test (PRNT), which relies on
working with live infectious virus [6]. However, this test can
be challenging for several reasons. Since CCHFV is classi-
fied as a hazard group 4 agent [31], all assays that require
handling live virus, such as PRNT, must be performed in a
biosafety level 4 (BSL4) laboratory, which is not available
in most CCHF-endemic areas. In addition, PRNT depends
on the visual examination of the cytopathic effect (CPE),
and CCHFV may produce little or no CPE [6]. Furthermore,
PRNT is a time-consuming technique, as it may take up to
seven days to obtain the results. These limitations highlight
the need to develop alternative methods for quantification of
neutralizing antibodies.

A suitable alternative to PRNT is the neutralization assay
using non-proliferative and safe CCHFV pseudotyped viral
particles. This approach can be employed in a BSL-2 labo-
ratory and is less time-consuming than PRNT [9]. Pseu-
dovirus-based neutralization assays have been developed
for a number of highly pathogenic viruses, such as Andes
virus, Ebola virus, Japanese encephalitis virus, and Rift Val-
ley fever virus [17, 18, 25, 27]. To develop a neutralization
assay for CCHFV, Suda et al. [28] constructed a pseudo-
typed vesicular stomatitis virus (VSV) bearing the CCHFV
glycoprotein (GP). They demonstrated that this pseudovirus
could be used as a suitable alternative to conventional neu-
tralization assays with live virus.

Lentiviral vectors (LVs) are used as a research tool
because of their great packaging capacity, gene transfer
efficiency, and persistent transgenic expression [27]. Pseu-
dotyped Ebola virus (EBOV), hantavirus (HNTV), and Mar-
burg virus (MARV) have been applied for receptor binding
and entry assays as well as neutralization assays [7, 11, 14].
In the present study, generated a pseudotyped LV bearing
CCHFV GP and evaluated its applicability as a tool for neu-
tralization assays.
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Materials and methods

Cells

Eight cell lines, including Lenti-X 293T (human embryonic
kidney), HeLa (human cervical adenocarcinoma), A549
(human alveolar adenocarcinoma), AsPC-1 (human pan-
creas adenocarcinoma), MDCK (Madin-Darby canine kid-
ney), Vero (African green monkey kidney), BHK-21 (baby
hamster kidney), and HepG2 (human liver carcinoma) cells
were used in this study. The cell lines were purchased from
either the Iranian Biological Resources Center (IBRC, Iran)
or the Pasteur Institute of Iran. All cells were cultivated in
Dulbecco’s modified Eagle medium (DMEM; Gibco, USA)
supplemented with 10% fetal bovine serum (FBS; Gibco,
USA), 1% L-glutamine (Gibco, USA), 100 U of penicillin
per mL, and 100 pg of streptomycin per mL at 37 °C in a
5% CO, atmosphere.

Antibodies and inactivated CCHFV

CCHFV hyperimmune mouse ascitic fluid (HMAF) and
inactivated CCHFV were generously provided by Dr. Ama-
dou Sall (Institut Pasteur de Dakar, Senegal). Other anti-
bodies used in this study included a mouse anti-HIV p24
antibody (Alpha Diagnostic Intl Inc., USA), a mouse anti-
f-actin antibody (Sigma-Aldrich, USA), a rabbit anti-mouse
horseradish peroxidase (HRP)-conjugated antibody (Merck
Millipore, USA), an anti-mouse FITC-conjugated antibody
(Santa Cruz Biotechnology, USA), and an anti-mouse IgG
gold-conjugated antibody (Sigma-Aldrich, USA).

Plasmids

The codon-optimized cDNA of the CCHFV GP gene
(Asia-1 genotype, strain Matin, GenBank accession no.
AF467769.2) was synthesized and cloned into pcDNA3.1
(Invitrogen, USA) between the EcoRI and Xbal restriction
enzyme sites (Biomatik, Canada). To increase the efficiency
of protein expression, a Kozak consensus sequence (GCC
GCCATGG) was inserted before the start codon. Finally, the
constructed pcDNA3.1/CCHFV-GP plasmid was confirmed
by enzyme digestion and sequencing (data not shown). In
addition, pLOX-CWgfp (Addgene plasmid 12241, UK), the
VSV-G-expressing envelope plasmid pMD2.G (Addgene
plasmid 12259, Cambridge, MA, USA), and the lentivi-
rus packaging vector psPAX2, encoding HIV-1 Gag-Pol
(Addgene plasmid 12260, Cambridge, MA, USA) were
purchased. The pLenti-III-mir-GFP and pLenti-III-GFP-C
plasmids were purchased from ABM Inc. (USA). All plas-
mids were confirmed by enzyme digestion and sequencing
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(data not shown) and introduced into Escherichia coli DH5a
strain by transformation. The plasmids used for transfection
were extracted using a NucleoBond® Xtra Maxi Kit (MN,
Germany) according to the manufacturer’s instructions.

Production and titration of CCHFV-GP-pseudotyped
Lv

To generate the CCHFV-GP-pseudotyped LV (lenti-
CCHFV-GP), Lenti-X 293T cells grown in 10-cm culture
plates were co-transfected with 12 ug of pLOX-CWgfp,
pLenti-III-mir-GFP, or pLenti-III-GFP-C, 6 pg of psPAX2,
and 6 ug of pcDNA3.1/CCHFV-GP, using Lipofectamine
LTX Reagent (Invitrogen, USA). Three different reporter-
encoding LVs (pLOX-CWgfp, pLenti-III-mir-GFP, and
pLenti-III-GFP-C) were used in parallel to determine which
LV was most efficient for pseudovirus production. Pseu-
dovirus production was carried out on Vero and HeLa cells.
The pMD2.G vector was also co-transfected with LVs and
psPAX2 to generate the VSV-G pseudotype as a control. The
culture medium was replaced with fresh medium after four
hours. Supernatants were harvested at 48 and 72 hours post-
transfection and filtered through a 0.45-um filter.

For titration of lenti-CCHFV-GP particles, 100 uL of a
tenfold serial dilution of the culture supernatant was used
to transduce Lenti-X 293T, Vero, and HeLa cell lines (1 X
10° cells/well). The cells were monitored for 48 to 72 hours,
trypsinized, resuspended in 1% paraformaldehyde (PFA),
and titrated using a flow cytometer (Attune, Life Technolo-
gies, USA). The following formula was used to calculate the
infectious titer [3]:

4',6-diamidino-2-phenylindole (DAPI; Sigma, USA) and
visualized under a fluorescence microscope (Zeiss, Ger-
many). Untransfected 293T cells and cells transfected with
the pcDNA3.1 empty vector were used as negative controls.

Western blotting

In order to examine the expression of CCHFV GP, lenti-
CCHFV-GP particles and inactivated CCHFV (posi-
tive control) were denatured in a sample buffer with 10%
2-mercaptoethanol and sodium dodecyl sulfate (SDS) and
incubated at 95 °C for five minutes. The Lenti-X 293T and
Vero cells were lysed in a lysis buffer (50 mM Tris-HCI, pH
7.5, 150 mM NacCl, 0.5% Nonidet P-40, 50 mM NaF, 1 mM
Na;VO,, 5 mM B-glycerophosphate, 1 mM dithiothreitol,
and 1 mM phenylmethylsulfonyl fluoride), supplemented
with a protease inhibitor cocktail (Sigma, USA), on ice.
The lysates were cleared by centrifugation at 14,000g for
20 minutes and inactivated by heating with sample buffer
at 95 °C for 15 minutes. Next, the heat-inactivated samples
were resolved by 10-12% SDS-polyacrylamide gel electro-
phoresis (SDS-PAGE), and the proteins were transferred
to polyvinylidene difluoride (PVDF) membranes (Sigma,
USA).

Western blotting was performed using a standard method.
CCHFV HMAF fluid (1:600 dilution) and HRP-conjugated
anti-IgG (1:5000 dilution) were used as the primary and
secondary antibody, respectively. The same method was
applied to detect the expression of HIV p24 protein and
B-actin, except that the primary antibody was replaced with

Transducing units (TU)/mL = [(percentage of GFP — positive cells/100) X number of cells infected

X vector dilution factor]/supernatant volume (mL).

To normalize the viruses for experiments with different
cell lines, the p24 content of each LV stock was measured
using an HIV-1 P24 Antigen ELISA Kit (Xpressbio, USA)
(Supplementary Table 1), and the virus was stored at -80 °C.
In addition, a VSV-G-pseudotyped LV was generated and
used as the control for LV production.

Immunofluorescence staining

To confirm the expression of pcDNA3.1/CCHFV-GP in
Lenti-X 293T cells, an indirect immunofluorescence assay
was conducted. Twenty-four hours after transfection, the
cells were fixed by treatment with methanol for 10 minutes
at ambient temperature. Next, they were incubated with
HMAF (1:600 dilution) for one hour at 37 °C, followed
by three washing steps with PBS, and then incubated with
goat anti-mouse IgG conjugated with fluorescein isothiocy-
anate (FITC; 1:200 dilution). The slides were stained with

a 1:1000 dilution of anti-p24 and anti-f-actin mouse mono-
clonal antibodies, and the secondary antibody was replaced
with a 1:5000 dilution of HRP-labeled rabbit anti-mouse IgG
antibody. Following the washing step, antibody binding was
visualized using DAB reagent (Sigma, USA) according to
the manufacturer’s instructions.

Immuno-transmission electron microscopy (ITEM)

Electron microscopy was performed to confirm the expres-
sion of CCHFV GP on the surface of recombinant lentivirus.
The grids were covered with 15 puL of lenti-CCHFV-GP for
30 minutes and then incubated with HMAF fluid (1:1000
dilution) for two hours. After washing with PBS, the grids
were incubated with a gold-conjugated anti-mouse IgG
antibody (1:1000 dilution) for 30 minutes in the dark. After
washing, the grids were negatively stained with 1% uranyl
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acetate (Sigma, USA) for 10 minutes at ambient tempera-
ture. The grids were then washed and examined using a LEO
906 electron microscope, (Zeiss, Germany).

Transduction of cells with lenti-CCHFV-GP particles

To test the capacity of CCHFV envelope proteins to infect
Lenti-X 293T, HeLa, A549, AsPC-1, MDCK, HepG2, BHK-
21, and Vero cells, a transduction experiment was carried
out. To standardize the test and provide accurate measure-
ments of the effect of viral packaging on the viral titer in
different cells, 100 pL of lenti-CCHFV-GP and lenti-VSV-
G particles at a concentration of 130 ng p24/100 uL were
used to determine the relative transduction efficiency by flow
cytometry. One day before infection, 1 x 10° cells/well were
seeded, and 100 pL of serially diluted lenti-CCHFV-GP or
lenti-VSV G particles (107!, 1072, 1073, 1074, 1073, 1079,
1077, and 107%) was added and gently mixed. After overnight
incubation, the supernatant was replaced with fresh medium,
and the cells were incubated for 48 hours at 37 °C. The
transduction efficiency was quantified by flow cytometry.
Lenti-VSV-G particles served as a positive control.

Pseudovirus infection inhibition assay

This assay was carried out to evaluate whether the infectivity
of lenti-CCHFV-GP particles could be inhibited by HMAF.
Twofold serial dilutions of HMAF were incubated with
lenti-CCHFV-GP (100,000 TU/mL) for one hour at 37 °C.
This antibody and lenti-VSV-G particles were also mixed in
96-well plates as a control. After 72 hours, the cells in each
well with positive fluorescence were examined using fluo-
rescence microscopy (Zeiss, Germany) and flow cytometry.

Assay for measuring neutralization
of lenti-CCHFV-GP particles by HMAF and clinical
serum samples

Three convalescent sera (sera 1-3), collected from three
CCHPF-recovered individuals, were used for the neutraliza-
tion assay. Sera 1, 2, and 3 were collected six months, eight
months, and 10 years after the onset of the disease, respec-
tively. Before the neutralization assay, CCHFV-NP-specific
IgG antibodies were quantified using a Human Crimean-
Congo Hemorrhagic Fever Virus-Nucleoprotein Protein
(CCHFV-NP) IgG ELISA Kit (Alpha Diagnostic, USA)
according to the manufacturer’s instructions.

For the neutralization assay, serum samples and HMAF
were heat-inactivated at 56 °C for 30 minutes. A twofold
serial dilution of each serum and HMAF was prepared and
mixed with 100,000 TU/mL of lenti-CCHFV-GP particles.
After incubation for one hour, the pseudotyped virus-serum
mixtures were transferred to Lenti-X 293T cells in 96-well
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plates (1 X 10° cells/well). After 24 hours, the cells were
analyzed by flow cytometry. Neutralization efficiency was
also calculated using the following formula:

1— (GFP expression activity in the experimental well /
GFP expression in a virus — infected well without serum)

x 100%

The reciprocal of the dilution resulting in a 50% reduction in
pseudovirus infection versus the virus without the serum was
recorded as the 50% neutralizing titer (NTs,). For samples
without neutralization activity, such as the serum of naive
individuals, NTs, was set to the lowest value obtained. In
each run, a naive individual’s serum and lenti-VSV-G parti-
cles were used as controls.

Statistical analysis

Statistical analysis was performed using GraphPad Prism
6.0 (GraphPad Software, La Jolla, CA). A one-way ANOVA
test was used to compare the transduction efficiency between
different LVs. A P-value less than 0.05 was considered sta-
tistically significant.

Results
Study overview

An overview of the study is presented in Figure 1. To pro-
duce lenti-CCHFV-GP particles, cells were transfected with
three lentivirus-based GFP reporter constructs (pLOX-
CWgfp, pLenti-III-mir-GFP, and pLenti-III-GFP-C) together
with packaging and pcDNA3.1/CCHFV-GP plasmids. First,
the expression of CCHFV GP was detected by immunofluo-
rescence staining, and then, the lenti-CCHFV-GP particles
were characterized by Western blotting and ITEM. The
transduction efficiency of the collected lenti-CCHFV-GP
particles was tested in different cell lines, using flow cytom-
etry to assess GFP expression. Finally, an entry inhibition
test was established for lenti-CCHFV-GP particles, and a
neutralization assay was performed to evaluate whether the
infectivity of lenti-CCHFV-GP particles could be inhibited
by the HMAF and the patients’ serum samples.

Analysis of CCHF Gp expression

An immunofluorescence assay was performed to assess the
expression of CCHFV GP in the Lenti-X 293T cell line.
For this purpose, Lenti-X 293T cells were transfected with
pcDNA3.1/CCHFV-GP or the empty vector alone. Next, the
cells were incubated with HMAF and stained with an anti-
mouse FITC-conjugated antibody to detect the expression
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Fig. 1 Schematic representation of the study design. Lenti-X 293T
cells were transfected with a plasmid expressing CCHFV Gp, the
packaging plasmid and the three LV vectors. Lenti-CCHFV-Gp parti-

of CCHFV GP (Fig. 2). The assay indicated strong in vitro
expression of CCHFV GP, confirming the expression of GP
in the cell line producing lenti-CCHFV-GP particles (Lenti-
X 2937).

Characterization of lenti-CCHFV Gp particles

CCHFV GP incorporation into the lenti-CCHFV-GP par-
ticle was examined using Western blot analysis. Western
blotting was performed on lenti-CCHFV-GP particles, as
well as inactivated CCHFV (positive control) (Fig. 3). In
the Western blot, bands at 57 kDa (CCHFV-NP), 72 kDa
(CCHFV-G), and approximately 28 kDa (CCHFV-Gy)
were observed for the CCHF virion (Fig. 3A, lane 2). On the
other hand, two bands at approximately 72 kDa and 28 kDa
were observed for the lenti-CCHFV GP particle (Fig. 3A,
lane 3). In addition, the p24 capsid protein of HIV-1 was
detectable in the lenti-CCHFV-GP particle, while no p24
band was observable in the CCHFV virion (Fig. 3B, lanes
2 and 3). As expected, there were quality-control bands
(Fig. 3C, lanes 2 and 3), but there was no sign of specific
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cles were titrated, and the transduction efficiency was tested in differ-
ent cell lines. Finally, entry inhibition and neutralization assays based
on lenti-CCHFV-Gp particles were performed

bands related to CCHFV GP in the two mock-infected cells
(Fig. 3D, lanes 2 and 3).

ITEM of lenti-CCHFV-GP particles revealed spherical
particles with a core structure and diameter of 80-120 nm.
The results of ITEM demonstrated labeling of CCHFV GP
on the surface of the lenti-CCHFV-GP particles (Fig. 4).

Comparison of LV titer pseudotyped with CCHFV GP

The transduction efficiency of three LVs was compared in
Lenti-X 293T, Vero, and HeLa cells. All LVs (130 ng/100uL
of p24) transduced Lenti-X 293T cells more efficiently than
Vero or HeLa cells (Fig. 5). The transduction efficiency
of pLOX-CWgfp LV was significantly higher than that
of pLenti-III-GFP-C and pLenti-III-mir-GFP vectors in
Lenti-X 293T cells (p < 0.0001). A similar pattern was also
observed in Vero and HeLa cells. Consequently, we selected
the pPLOX-CWgfp LV for producing lenti-CCHFV GP parti-
cles and for further analysis.
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Mock

CCHFV GPC

Untransfected control

Fig.2 Indirect immunofluorescence staining to detect expression of
CCHFV Gp. Mock: Lenti-X 293T cells were transfected with empty
pcDNA3.1 and stained with anti-mouse FITC-conjugated second-
ary antibody, and nuclei were stained with DAPI (blue, for nuclear
localization). CCHFV GPC: Cells were treated with HMAF and then
stained with anti-mouse FITC-conjugated secondary antibody and

Susceptibility of cells to lenti-CCHFV GP particles

To measure viral infectivity, different cell lines were infected
with lenti-CCHFV-GP and lenti-VSV-G particles at a con-
centration of 130 ng p24/100 pL. The infection rate was
determined based on the percentage of cells expressing GFP,
using flow cytometry (Fig. 6). First, to evaluate the linear-
ity of lenti-CCHFV-GP particle infection, the cells were
infected with tenfold dilutions of lenti-CCHFV-GP and lenti-
VSV-G particles. The infection signal showed a proper linear
range after 24 hours (Fig. 6A). The results showed that all
eight cell monolayers emitted green fluorescence to some
extent (Supplementary Fig. 1).

The most efficient transduction with lenti-VSV-G parti-
cles was observed in Vero (1.4 x 107 TU/mL), Lenti-X 293T
(1.3 x 107 TU/mL), and AsPC-1 (1.25 x 10" TU/mL) cells.
HepG2 (5.4 x 10° TU/mL) and A549 (1.2 x 10° TU/mL)
cells showed low transduction efficiency (Fig. 6B). The most
efficient transduction with the lenti-CCHFV-GP particle was
observed in Lenti-X 293T (1.4 x 10’ TU/mL), BHK-21 (5.1
x 10° TU/mL), HepG2 (4 x 10° TU/mL), and HeLa (3.1 x
10° TU/mL) cells. AsPC-1 (4 x 10° TU/mL) and A549 (3 x
10°> TU/mL) cells showed relatively low transduction, and
lenti-CCHFV Gp particles could not transduce MDCK cells
(Fig. 6C).
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DAPI. Un-transfected control: Untransfected cells were incubated
with HMAF and stained with anti-mouse FITC-conjugated secondary
antibody and DAPI. Merge: DAPI + FITC. DAPI, diamidino-2-phe-
nylindole; FITC, fluorescein isothiocyanate; HMAF, hyperimmune
mouse ascitic fluid

Pseudovirus infection inhibition assay
and neutralization with HMAF and patients’ serum
samples

To evaluate the functionality of lenti-CCHFV-GP particles
for the neutralization assay, pseudovirions were pretreated
with CCHFV HMAF. As shown in Fig. 7A-C, lenti-CCHFV-
GP particle could not effectively infect Lenti-X 293T cells
after incubation with CCHFV HMAF, while the lenti-VSV-
G particle led to infection in Lenti-X 293T cells. Our results
showed that an HMAF dilution of 1:1024 could completely
inhibit lenti-CCHFV-GP particle infection in Lenti-X 293T
cells (Fig. 7D).

The antigenicity of the lenti-CCHFV-GP particles was
analyzed using sera obtained from CCHFV-infected patients.
To monitor the neutralization of lenti-CCHFV-GP particles,
1 x 10° TU of the pseudovirus per mL was incubated with
the patients’ serum samples, and the mixture was used to
transduce Lenti-X 293T cells. Samples from different con-
valescent phases of CCHFYV infection were tested by both
CCHFV-NP-specific quantitative [gG ELISA and neutral-
ization assay. According to the results of ELISA the IgG
titers of sera 1-3 (collected six months, eight months, and
10 years after disease onset) were 1220, 608.2, and 519 U/
mL, respectively.

The neutralization assay showed that the three sera exhib-
ited inhibitory activity in a dose-dependent manner despite
having different NTj, titers. The NTs, titers of sera 1, 2, and
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Fig.3 Detection of CCHFV Gp in pseudovirus-containing super-
natants. Samples containing lenti-CCHFV-Gp particles and super-
natants from mock-transfected cells were separated on a SDS-10%
polyacrylamide gel and then blotted onto a PVDF membrane. Blots
were cut into strips and probed with specific antibodies. (A) Lanes 2
and 3 were probed with a specific antibody against CCHFV and lenti-

Fig.4 Transmission electronic micrographs of lenti-CCHFV-Gp par-
ticles with black arrows representing pointing to the particles. Magni-
fication: 100,000x. Bar: 100 nm

3

Lenti-CCHFV Gp Particle

2 3
Mock Lenti-X 293T

1
Ladder

c _ 10-250kDa MoskVers

CCHFV Gp particles. (B) Lanes 2 (CCHFV) and 3 (lenti-CCHFV-
Gp particles) were probed with a monoclonal antibody against p24
lentivirus capsid protein. (C) Lanes 2 and 3 were probed with a spe-
cific antibody against p-actin. (D) Lanes 2 and 3 were probed with a
specific antibody against CCHFV. Lane 1, protein ladder with sizes
shown in kilodaltons (kDa)

3 were 1:16, 1:8, and 1:4, respectively. The neutralization
activity decreased with serum dilution, as some sera reduced
the pseudovirus infection by 80% or more (Fig. 8A). The
neutralization efficiency was in good agreement with the
ELISA IgG titer, as the highest neutralization efficiency was
observed in the serum sample with the highest IgG titer.
However, no inhibition was observed when lenti-VSV-G par-
ticles were treated with the same panel of CCHFV patients’
sera, confirming the specificity of the responses (Fig. 8B).
The NTj, titer of HMAF was 1:32, although no neutraliza-
tion was observed when lenti-VSV-G particle was treated
with HMAF, confirming the response specificity (Fig. 8C).

Discussion

In the present study, we successfully produced lenti-
CCHFV-GP particles. We tested LVs (pLOX-CWgfp,
pLenti-III-mir-GFP, and pLenti-III-GFP-C) and found that
the pLOX-CWgfp vector gave the highest pseudovirus titer,
which is similar to the results published by Ahani et al. [1].
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Fig.5 Transduction efficiencies of lentiviral vectors. Lenti-X 293T,
Vero, and HeLa cells were transduced by three LVs. The transduction
efficiency of the pLOX-CWgfp lentivector was significantly higher
than that of the pLenti-III-GFP-C vector and pLenti-1II-mir-GFP vec-
tor in Lenti-X 293T cells. A similar pattern was observed in Vero and
HeLa cells. The assay was performed in duplicate and was repeated at
least two times for each cell line. LVs, lentiviral vectors, (¥***: p <
0.0001)

In our study, Western blotting and ITEM confirmed the
incorporation of CCHFV GP on the surface of the pseu-
doviruses. In a Western blot, the sizes of the pseudovirus
Gy and G proteins were similar to those of CCHFV GP
(control). While the size of G was similar to the estimated
size of mature G (75 KD), the Gy band was approximately
28 kDa rather than 37 kDa; this difference was observed
in both lenti-CCHFV-GP particles and CCHFV (positive
control). Therefore, this observation might have been due
to technical issues related to sample preparation for SDS-
PAGE. In a recent study in which the aim was to develop
a VSV-based vaccine against the CCHF envelope, Western
blotting and electron microscopy were used to confirm the
presence of CCHFV GP on the surface of recombinant viri-
ons [26]. In a study by Rodriguez et al. [26], differences
were also observed in the expression patterns of glycopro-
teins in recombinant viruses and wild-type viruses. In their
study, the size of G was nearly 80 kDa, and no significant
Gy band was observed.

Our findings showed that lenti-CCHFV-GP particles
could infect different human cell lines from various tissues,
including the liver, pancreas, cervix, and lungs, with dif-
ferent transduction efficiencies. It is worth mentioning that
no transduction was observed in MDCK cells, which are a
non-human cell line with a kidney tissue origin. The high-
est infectivity rate was observed in cells originating from
liver and kidney tissues, i.e., Lenti-X 293T and HepG2 cells.
This observation is consistent with the finding that CCHFV
causes a systemic infection and can replicate in various
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Fig.6 (A) CCHFV and VSV pseudovirion infection. Lenti-CCHFV-
Gp and lenti-VSV-G particles (130 ng p24/100 pL) were serially
diluted before incubation with Lenti-X 293T cells. (B and C) Com-
parison of lenti-VSV-G (B) and lenti-CCHFV-Gp particle (C) titers
in different cell lines. Transduction titers of lenti-VSV-G and lenti-
CCHFV-Gp particles were measured by FACS analysis. The most
efficient transduction using 130 ng of p24 of lenti-VSV-G particles
per 100 uL was observed in Vero, Lenti-X 293T and AsPC-1 cells
(B). The most efficient transduction using of lenti-CCHFV-Gp parti-
cles 130 ng of p24 per100 uL was observed in Lenti-X 293T, BHK-
21 and HepG2 cells (Fig. 6C). VSV, vesicular stomatitis virus; FACS,
fluorescence-activated cell sorting; BHK, baby hamster kidney
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Fig. 7 Inhibition of infection
by lenti-CCHFV-Gp particles.
(A) Expression of fluorescence
in Lenti-X 293T cells after
incubation with lenti-CCHFV-
Gp particles and naive serum
reaction mixture. (B) Expres-
sion of fluorescence in Lenti-X
293T cells after incubation
with lenti-VSV-G particles and
HMAF reaction mixture. (C)
No expression of fluorescence
in Lenti-X 293T cells after
incubation with lenti-CCHFV-
Gp particles and HMAF
reaction mixture. (D) HMAF at
a dilution of 1:1024 was able
to inhibit lenti-CCHFV-Gp
particles completely, but not
lenti-VSV-G particles, in Lenti-
X 293T cells. Merge, FITC +
bright field; HMAF, hyperim-
mune mouse ascitic fluid
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organs, including the liver, spleen, kidney, lung, and brain
[23]. Also, pathogenesis studies of CCHFV have shown
that the major replication sites of the virus are phagocytes,
hepatocytes, and epithelial cells [23, 34].

The results of the present study suggest for the first time
the possibility of CCHFYV infection in the pancreas, as lenti-
CCHFV-GP particles were able to infect a pancreatic cell
line (AsPC-1). Although there is no evidence of CCHFV
replication in pancreatic tissues, there have been clinical
findings of involvement of the pancreas in CCHF. In this
regard, a case of CCHF with acute pancreatitis (amylase
level, 1740 U/L; lipase level, 583 U/L) was reported in Tur-
key [4].

The applicability of lenti-CCHFV-GP particles for neu-
tralization tests was confirmed using both HMAF and con-
valescent human serum samples, which neutralized these
particles in a dose-dependent manner. These results suggest
that lenti-CCHFV-GP particles can be used as a safe and
effective alternative to PRNT, especially in countries with-
out access to BSL-4 facilities. In a similar study by Suda
et al. [29], the applicability of a previously generated VSV-
based CCHFV pseudovirus [28] in a neutralization assay

Serial Dilution

was confirmed using clinical samples. Similar to our study,
these authors succeeded in producing high titers of pseu-
dovirus; however, they achieved this using a CCHFV GP
with a truncated carboxyl terminus [28]. It is noteworthy that
truncating the carboxyl terminus of a viral envelope protein
could give rise to changes in the native folding of the surface
domain and, consequently, the functional and antigenic char-
acteristics of the pseudovirus [16]. Furthermore, they did not
characterize their pseudovirus by EM or WB to confirm the
incorporation of GP into the pseudotype envelope.

In the present study, serum samples with different time
intervals between disease onset and sampling (serum 1, six
months; serum 2, eight months; serum 3, 10 years) were
used for the neutralization assay. As expected, serum 3 had
the lowest neutralizing antibody titer. The other samples had
neutralizing antibody titers twice and four times as high,
respectively, as sample 3. The neutralization results were
in agreement with the ELISA results, as the highest neu-
tralization efficiency was seen in the serum sample with the
highest IgG titer.

Generally, IgG antibody against CCHFV tends to remain
at detectable levels for up to five years after the onset of
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Fig.8 Neutralization of the infectivity of lenti-CCHFV-Gp particles
by sera from CCHFV-infected patients. Sera against CCHFV and a
naive serum were serially diluted twofold with DMEM. One hundred
uL of lenti-CCHFV-Gp or lenti-VSV-G particles was mixed with anti-
CCHFV serum. (A) Neutralization of lenti-CCHFV-Gp particles by
serum samples from three anti-CCHFV-positive patients and naive
serum. (B) Infection by lenti-VSV-G particles was not neutralized

disease. Our results, along with the findings of other stud-
ies from Iran and India, indicated that CCHF IgG antibody
could be detected for more than five years [24, 33]. In the
present study, IgG antibody was detected in a serum sam-
ple collected 10 years after the onset of disease. Similarly,
Mostafavi et al. [24] detected CCHF IgG antibody almost
nine years after infection with CCHFV. These findings sug-
gest that more information is needed about the kinetics of
immune responses to CCHFV.

In conclusion, the results of the present study showed
that lenti-CCHFV-GP particles are a possible alternative
to CCHFV for use in virus neutralization assays in BSL-2
laboratories. This system could potentially also be useful for
studies investigating attachment and fusion studies of the
virus. Additionally, our findings revealed that CCHF IgG
and neutralizing antibodies might be detectable for at least
10 years after infection.

@ Springer

by the three CCHFV patients’ sera or naive serum. (C) Infection by
lenti-CCHFV-Gp particles was neutralized by HMAF, but infection
by lenti-VSV-G particles was not neutralized by HMAF. The percent
neutralization was calculated relative to naive serum (mock, as naive
control) (duplicate experiments, mean + S.D.). DMEM, Dulbecco’s
modified Eagle medium; HMAF, hyperimmune mouse ascitic fluid
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