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KEYWORDS Abstract Filoviruses cause severe and fatal viral hemorrhagic fever in humans. Filovirus research has been
By T extensive since the 2014 Ebola outbreak. Due to their high pathogenicity and mortality, live filoviruses require
Ebola; Biosafety Level-4 (BSL-4) facilities, which have restricted the development of anti-filovirus vaccines and drugs.
Marburg; An HIV-based pseudovirus cell infection assay is widely used for viral entry studies in BSL-2 conditions. Here,
Pseudovirus; we successfully constructed nine in vitro pseudo-filovirus models covering all filovirus genera and three in vivo
Entry inhibitor; pseudo-filovirus-infection mouse models using Ebola virus, Marburg virus, and Lloviu virus as representative
Mouse model viruses. The pseudo-filovirus-infected mice showed visualizing bioluminescence in a dose-dependent manner. A

bioluminescence peak in mice was reached on day 5 post-infection for Ebola virus and Marburg virus and on day
4 post-infection for Lloviu virus. Two known filovirus entry inhibitors, clomiphene and toremiphene, were used
to validate the model. Collectively, our study shows that all genera of filoviruses can be well-pseudotyped and are
infectious in vitro. The pseudo-filovirus-infection mouse models can be used for in vivo activity evaluation of
anti-filovirus drugs. This sequential in vitro and in vivo evaluation system of filovirus entry inhibitors provides a
secure and efficient platform for screening and assessing anti-filovirus agents in BSL-2 facilities.
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1. Introduction

Filoviruses are enveloped, single-stranded negative-sense RNA
viruses. The family Filoviridae comprises three genera, Ebola-
virus, Marburgvirus, and Cuevavirus'. Both ebolaviruses and
marburgviruses cause severe human disease, with mortality rates
of 24%-90%. Cuevavirus is found in bats, and whether it is
infectious to humans remains unknown. Ebola virus (EBOV,
species Zaire ebolavirus) is the most frequently erupting filovirus.
It caused the 2013-2015 EBOV epidemic in West Africa, resulting
in more than 28,000 suspected cases and 11,310 confirmed
deaths®. The etiology of Ebola virus disease remains unclear,
and new cases appeared in May 2017°. Although some vaccines
and drugs under study have shown effects’™, there are still no
licensed anti-filovirus agents available. Filoviruses are select
agents and listed as World Health Organization Risk Group
4 Pathogens, for which live virus research requires BSL-4
facilities”'”, limiting the development of anti-filovirus vaccines
and drugs.

Here, we aimed to establish a sequential in vitro and in vivo
filovirus entry inhibitor evaluation system that could be performed
in BSL-2 facilities. Because of its safety, pseudovirus based on an
HIV-core (pNL4-3.Luc.R'E") is a powerful model for highly
pathogenic enveloped viral entry studies in vitro (filovirus, highly
pathogenic H5N1 influenza virus, severe acute respiratory syn-
drome coronavirus, Middle East respiratory syndrome coronavirus,
and etc.)''™"°. The bioluminescence imaging assay is a visualizing
tool that has been used for viral studies in animal models'®~'®.
Although some Ebola virus-like particles used for vaccine studies
in vivo have been reported“)’m, to the best of our knowledge, there
is no study on the comparative in vivo pharmacodynamics of
filovirus entry inhibitors on different genera of filoviruses. In this
study, we constructed nine pseudo-filoviruses, covering all filo-
virus genera, for screening of filovirus entry inhibitors in vitro, and
we successfully established three in vivo mouse infection models
for filovirus entry inhibitor evaluation using the pseudotyped
EBOV, Marburg virus (MARV), and Lloviu virus (LLOV) as
representative viruses. The robustness of this evaluation system
was confirmed by the assessment of two known filovirus entry
inhibitors, clomiphene and toremiphene®”. This sequential in vitro
and in vivo filovirus entry inhibitor evaluation system in BSL-2
conditions will provide powerful technical support for the devel-
opment of broad-spectrum anti-filovirus agents.

2. Materials and methods

2.1.  Cells and plasmids

Human embryonic kidney 293T cells were obtained from the
American Type Culture Collection and maintained in Dulbecco's
modified Eagle's medium (DMEM) supplemented with 10% fetal
bovine serum and 1% penicillin—streptomycin (Invitrogen). The cells
were cultured at 37°C and 5% CO,. The codon optimized
glycoprotein genes (GP) of EBOV (EBOV/Mayinga/1976, species
Zaire ebolavirus, Gene Accession No.AF086833.2), Sudan virus
(SUDV/Boniface/1976, species Sudan ebolavirus, Gene Accession
No.FJ968794.1), MARV (MARV/Musoke/1980, species Marburg
marburgvirus, Gene Accession No0.DQ217792.1), Ravn virus
(RAVV/Kenya/1987, species Marburg marburgvirus, Gene Acces-
sion No.DQ447649.1), and LLOV (LLOV/MS-liver-86/2003, spe-
cies Lloviu cuevavirus, Gene Accession No.JF828358.1) were

synthesized and inserted into the pcDNA3.1(+) vector by TSINGKE
Biotech (Beijing, China). The GP genes of EBOV (EBOV/Makona-
Kissidougou-C15/2014, species Zaire ebolavirus, Gene Accession
No.KJ660346.2), Bundibugyo virus (BDBV/Uganda/2007, species
Bundibugyo ebolavirus, Gene Accession No.KR063673.1), Tai
forest virus (TAFV/Cote d'Tvoire/1994, species Tai forest ebolavirus,
Gene Accession No.FJ217162.1), and Reston virus (RESTV/Penn-
sylvania/1989, species Reston ebolavirus, Gene Accession No.
U23152.1) which inserted into pCMV vector were purchased from
Sino Biological Inc. The env-deficient HIV-luc plasmid (pNL4-3.
Luc.R™E™), which contains a luciferase reporter gene, was obtained
from the National Institutes of Health AIDS Research and Reference
Reagent Program (Germantown, MD).

2.2.  Pseudo-filovirus preparation

Pseudo-filoviruses were produced as previously described'''.
Briefly, the plasmids encoding filovirus-GP and the HIV vector
(pNL4.3.Luc-R™E ™) were co-transfected at a 1:1 ratio into 293T
producer cells in a 100-mm culture dish using jetPRIME transfec-
tion reagent according to the manufacturer's protocol (Polyplus-
transfection). Forty-eight hours post-transfection, the HIV/filo-
virus-GP pseudovirions containing cell culture supernatants were
collected and filtered through a 0.45 pm pore size filter (Millipore).
Then, for the in vivo study, the pseudoviruses were layered onto a
cushion of 20% (w/v) sucrose and centrifuged at 50,000 rpm for
2 h in a Beckman SW55 rotor at 4 °C. The pelleted pseudoviruses
were re-suspended in ice-cold NTE buffer (10 mmol/L Tris,
100 mmol/L NaCl, 1 mmol/L EDTA, pH 7.5) and stored at —
80 °C until use. HIV-1 p24 protein in the viral particles was
detected by an HIV-1 p24 ELISA kit (Sino Biological Inc.)
according to the manufacturer's protocol.

2.3.  Viral infection assay and compound activity assay in vitro

293T cells were seeded into 24-well plates at a density of 5%10*
cells/well. After 24 h, the cells were infected with pseudovirions.
Forty-eight hours post-infection, the cells were lysed, and lucifer-
ase activity was measured using an FB15 luminometer (Berthold
Detection Systems) and a luciferase assay kit (Promega). To detect
the in vitro anti-filovirus activities of clomiphene citrate (CAS
#50-41-9, Sigma—Aldrich) and toremiphene citrate (CAS#89778-
27-8, Meilun Inc.), the 293 T cells were incubated with various
concentrations of the compounds (0.1-10 pmol/L, three-fold dilu-
tion) 15 min prior to infection and then incubated with the
pseudoviruses for 48 h. The luciferase activity of the DMSO
solvent control was used as the 100% infectivity indicator, and the
50% inhibitory concentration (ICsy) of the compound was
calculated. Each experiment was repeated three times.

2.4.  Animal experiments

Six- to eight-week-old female BALB/c mice (Beijing HFK
Bioscience Co., Ltd., Beijing, China) were housed and raised in
specific pathogen-free animal facilities of the Institute of Materia
Medica (PUMC & CAMS, Beijing, China). Animal research was
performed according to the relevant guidelines and regulations and
was approved by the Institutional Animal Care and Use Commit-
tee of the Institute of Materia Medica (PUMC & CAMS, Beijing,
China). Animals were randomly grouped. Animal experimentation
was not blinded to the study investigators but was blinded to the



202

Qing Chen et al.

personnel who performed the intraperitoneal injection of pseudo-
virus solution into mice. Each mouse was inoculated with 0.2 mL
pseudovirus solution. For the compound activity experiments, the
mice were intraperitoneally (i.p.) administered with different
concentrations of compounds, which were dissolved in 0.5%
Tween-80/saline with an injection dose of 10 mL/kg, at the time
points indicated. Mice in the solvent control group were adminis-
tered 0.5% Tween-80/saline simultaneously with the drug groups
on day —1 and day O (-1 h) pre-challenge. For viral challenge, the
pseudovirus stocks were diluted in DMEM at the indicated
infection dose and administered i.p. at an injection volume of
0.2 mL/mouse. Animal bioluminescence was monitored at the time
points indicated, and the body weights of mice were recorded daily
until the bioluminescence imaging test was completed.

2.5.  Bioluminescence imaging assay in vivo

Bioluminescence imaging in mice was conducted using an IVIS
Spectrum CT imaging system (PerkinElmer). Briefly, each mouse
was injected i.p. with 0.2mL of a 15mg/mL solution of
D-luciferin potassium salt substrate (XenoLight, PerkinElmer)
and anesthetized with isoflurane. Two to five minutes after
injection of the substrate, the bioluminescence signals were
acquired for 60s, and the mice were anesthetized during the
imaging through nose-cone delivery of isoflurane. To quantify the
number of photons emitted from mice, the whole body of the
individual mouse was manually defined as the region of interest
(ROI), and the relative bioluminescence, which is shown as the
total flux (photons/second), was calculated using Living Image
3.0 software (Caliper Life Sciences).

2.6. Statistical analysis

The data are expressed as the means + SEM (standard error of the
mean) or SD (standard deviation). Statistical analyses of the
comparisons between two groups were performed by unpaired
Student's #-test using GraphPad Prism 5 software. The statistical
significance was set at a P value of <0.05. A P value of <0.05
indicated significant, a P value of <0.01 indicated very signifi-
cant, and a P value of <0.001 indicated extremely significant.

3. Results

3.1.  Pseudo-filovirus can be used for entry inhibitor evaluation
in vitro

In the filovirus family, EBOV, SUDV, BDBV, TAFV, and
RESTV are the members which belong to five species of the
Ebolavirus genus. RESTV causes asymptomatic infections, and
the other four ebolaviruses cause severe and fatal hemorrhagic
fever in humans; the Marburgvirus genus contains one species,
Marburg marburgvirus, which includes MARV and RAVYV; the
Cuevavirus genus contains one species, Lloviu cuevavirus, with
only one member, LLOV. For all filoviruses, the glycoprotein
(GP) is the only viral component responsible for entry, and the
phylogenetic relationship between filovirus-GPs is shown in
Fig. 1A. In this study, we prepared nine HIV-based pseudo-
filoviruses covering all species of filovirus. The pseudoviruses
were produced by co-transfection of the HIV-core (pNL4-3.Luc.
R7E™), which contained a firefly luciferase gene, with the

filovirus-GP expressing plasmid into 293 T cells. The packaged
HIV/filovirus-GP virions had viral envelopes encased with filo-
virus-GP, which could mediate one-round viral entry into host
cells, and the luciferase in infected cells could be used as a reporter
for infectivity evaluation. In this system, besides the HIV/filovirus-
GP virions, the HIV-alone virions, which had no envelope
glycoprotein, and the HIV/VSV-G virions, with the envelope
protein of vesicular stomatitis virus glycoprotein (VSV-G), were
also prepared as the model controls. The pseudo-filoviruses
infecting 293T cells yielded 6 to 8 log signals, and the HIV-alone
virions and HIV/VSV-G virions yielded 2 and 8 log signals,
respectively (Fig. 1B). Clomiphene and toremiphene, two known
filovirus entry inhibitors, were evaluated on these pseudoviruses
for system validation. As shown in Table 1, the ICsy of
clomiphene on filoviruses ranged from 0.28 to 2.26 pmol/L, and
the ICsy of toremiphene on filoviruses ranged from 0.13 to 3.81
pmol/L; the specificity of the compounds was confirmed by the
HIV/VSV-G model (Fig. 1C and D). These results were consistent
with the previously reported effects of the compounds on live
ebolavirus and marburgvirus™.

3.2.  Pseudo-filovirus infection in mice can be assessed by
bioluminescence imaging

For the in vivo study, the virus collections were purified and
condensed by sucrose cushion centrifugation to remove possible
immunogenic interference mixtures, such as the serum-containing
cell culture media and other cellular metabolites. Then, the
amounts of HIV-1 p24 protein of pelleted pseudovirions were
quantified by ELISA and used as the measure of viral content.

We first investigated the infection of HIV/EBOV-GP (Mayinga
strain, 40 ng p24/mouse) in living mice at the 4th day post-
infection (d.p.i.). The inoculation route for mice was intraperito-
neal injection, the same route as the live ebolavirus mouse-adapted
model in BSL-4 facilities. As shown in Fig. 2A, the biolumines-
cence in mice infected with HIV/EBOV-GP could be observed; as
with uninfected control mice, the HIV-alone virion-infected mice
showed no bioluminescence. The photon flux collected from HIV/
EBOV-GP-infected mice showed significant differences
(P<0.001) from that collected from the uninfected control mice
(Fig. 2B). The strongest bioluminescence region in mice was on
the upper chest, and the 3-dimensional (3D) bioluminescence
imaging indicated that the bioluminescence in HIV/EBOV-GP-
infected mice mainly accumulated in the thymus (Fig. 2C).

The bioluminescence in HIV/MARV-GP- and HIV/LLOV-
GP-infected mice was further monitored. As shown in Fig. 3,
these two pseudo-filoviruses could also effectively infect mice,
and the bioluminescence localization in mice was identical with
the HIVEBOV-GP group. All pseudo-filovirus-infected mice
showed a chronological bioluminescence increase in intensity;
after reaching the peak value, the intensity gradually descended.
The time point at which the bioluminescence in pseudo-filovirus-
infected mice reached the peak differed slightly: for HIV/EBOV-
GP and HIV/MARV-GP groups, the peak appeared around 114 h
post-infection (h.p.i.), i.e., the 5th d.p.i., while for HIV/LLOV-
GP group, the peak appeared around 90 h.p.i., i.e., the 4th d.p.i.
In addition, the HIV/EBOV-GP-infected mice showed a higher
peak intensity of bioluminescence than the HIV/IMARV-GP and
HIV/LLOV-GP groups at a 160 ng p24/mouse dose. In order to
obtain identical in vivo viral infecting levels among pseudo-
filoviruses, the viral dose of 40 ng p24/mouse, at which the HIV/
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Figure 1 Pseudo-filoviruses can be used for evaluation of entry inhibitors in vitro. (A) A phylogenetic tree based on the filovirus-GP protein
sequences examined in the present study was generated using MEGA 6.06 software. All species of Filovirus were included. The strains and
corresponding gene accession numbers of GPs are listed in the Materials and Methods. Construction of the phylogenetic tree was conducted using
the neighbor-joining method with 1000 bootstrap replications; the numbers at the nodes indicate the bootstrap values, and the scale bar indicates
the number of amino acid substitutions per site. (B) The infectivity of HIV-based pseudo-filovirus in 293T cells was represented as logarithm (1g)
of relative luciferase units. HIV-alone represents the pseudovirions without envelope glycoprotein. The data are represented as the average of three
independent experiments. Bars, standard deviations. (C) and (D) The effect of clomiphene (C) and toremiphene (D) on HIV/filovirus-GP virus
infection in 293T cells. One representative experiment of three is shown. The compounds show dose-dependent inhibition of viral entry for all
pseudo-filoviruses but not for HIV/VSV-G viral infection. pM, pmol/L.
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Table 1  Effect of clomiphene and toremiphene on HIV/filovirus-GP viruses.

Pseudo-filovirus Clomiphene Toremiphene

1Cso (pmol/L) 95% confidence intervals (pmol/L) ICso (pmol/L) 95% confidence intervals (pmol/L)

HIV/EBOV(Mayinga)-GP  0.45 0.38 to 0.53 0.15 0.14 to 0.16
HIV/EBOV(Makona)-GP 0.30 0.28 to 0.32 0.13 0.12 to 0.14
HIV/SUDV-GP 0.99 0.97 to 1.00 0.95 0.91 to 0.99
HIV/BDBV-GP 1.04 0.89 to 1.23 0.86 0.74 to 0.99
HIV/TAFV-GP 2.26 1.28 to 3.99 3.23 2.40 to 4.36
HIV/RESTV-GP 1.19 0.88 to 1.62 341 2.64 to 4.39
HIV/MARV-GP 1.94 1.47 to 2.55 3.81 2.57 to 5.63
HIV/RAVV-GP 1.56 0.81 to 1.96 1.89 1.04 to 3.45
HIV/LLOV-GP 0.28 0.28 to 0.28 1.19 1.13 to 1.26
A Uninfected control B —

»  2.0x108 *kk
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Figure 2 Infection of HIV/EBOV-GP pseudoviruses in BALB/c mice results in bioluminescence in vivo. (A) Four days after i.p. inoculation of
HIV-alone virions (40 ng p24/mouse) and HIVVEBOV-GP virions (Mayinga strain; 40 ng p24/mouse), the mice were tested with the IVIS
Spectrum CT imaging system. All groups, including the uninfected control mice, were i.p. injected with the p-luciferin substrate reagent (p/s/cm®/
sr, photon flux per second per square centimeter per steradian). (B) The bioluminescence intensity of the whole body region of interest (ROI) in
mice was represented as total photon flux per second. The data are represented as the means + SEM (n=4 per group). The asterisks represent
significant differences: ns, no significance; “P<0.001. (C) Representative 3D reconstruction of bioluminescence in HIVVEBOV-GP-infected
mice was generated by Diffuse Luminescence Imaging Tomography (DLIT) analysis using the IVIS Spectrum CT imaging system. The 3D
imaging was performed at 4 days post-infection. The x—y, y-z, and x—z axle planes displayed the coronal, sagittal, and transaxial planes,
respectively.

EBOV-GP virus showed a comparable bioluminescence intensity
to the 160 ng p24/mouse of HIV/MARV-GP and HIV/LLOV-GP
infection, was used to further assess the in vivo activity of anti-
filovirus compounds.

To determine whether the inoculated viral doses correlated with
the bioluminescence values of infected mice, linear regression
analysis was carried out between the total photon flux in mice and

the HIV/EBOV-GP viral doses. As shown in Fig. 4, the
bioluminescence in HIV/EBOV-GP-infected mice showed a strong
linear correlation with viral dose. The linear bioluminescence-dose
correlations were also observed in HIV/MARV-GP- and HIV/
LLOV-GP-infected mice (data not shown). The results indicated
that the HIV/filovirus-GP infection mouse model could provide
accurate assessment of viral infection in living mice.
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Figure 3 Time scanning of bioluminescence in the HIV/filovirus-GP virus-infected mice. (A) Mice infected with HIV/EBOV-GP (Mayinga strain;
40 ng p24/mouse and 160 ng p24/mouse), HIV/MARV-GP (160 ng p24/mouse), and HIV/LLOV-GP (160 ng p24/mouse) were imaged from 66 to
186 h post-infection (h.p.i.). (B) The values for total flux of whole body ROI in mice at different time points are shown. Each data point represents the
mean +SEM (n=3 per group). The bioluminescence of HIV/EBOV-GP-, HIV/MARV-GP-, and HIV/LLOV-GP-infected mice reached the peak
at 114, 114 and 90 h.p.i., respectively. (C) The logarithm values for total flux of mice at the corresponding peak time points of
HIV/filovirus-GP groups (HIV/EBOV-GP: 114 h.p.i.; HIV/MARV-GP: 114 h.p.i.; HIV/LLOV-GP: 90 h.p.i.). The statistical differences between
virus groups and the uninfected control group were calculated. The asterisks represent significant differences: = P<0.01; “"P<0.001.
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Figure 4 Mice infected with HIVVEBOV-GP viruses showed dose-dependent bioluminescence in vivo. (A) Mice infected with different viral
doses of HIVEBOV-GP (Mayinga strain; 10 to 80 ng p24/mouse) were imaged at 114 h.p.i. (B) Values for total flux of whole body ROI in mice
are shown. The data are represented as the means +SEM (n=4 per group). The asterisks represent significant differences: "P<0.05; “"P<0.01;
“*P<0.001. (C) The normalized values of total flux, which were obtained by subtracting the mean value of the uninfected control group, are
shown. The data showed a strong linear correlation among groups (R*=0.9930).

3.3.  Filovirus entry inhibitor activity in vivo can be evaluated by
bioluminescence imaging of mice infected with pseudo-filovirus

To validate the in vivo model, mice were pretreated with different
doses of clomiphene and toremiphene (60, 12, and 2.4 mg/kg of
body weight) i.p. once daily on —1 and O (-1 h) d.p.i., while the
control mice were administered solvent solution (0.5% Tween-80/
saline) simultaneously with the compound groups. At day 0, mice
were i.p. challenged with HIV/filovirus-GP virions at 40 ng p24/
mouse for HIV/EBOV-GP, 160 ng p24/mouse for HIV/MARV-GP,
and 160 ng p24/mouse for HIV/LLOV-GP, all in 0.2 mL of DMEM.
The bioluminescence in mice was examined at 114 h.p.i. for the
HIV/EBOV-GP and HIV/IMARV-GP groups and at 90 h.p.i. for the
HIV/LLOV-GP group. As shown in Fig. 5, the bioluminescence in
both clomiphene- and toremiphene-treated groups presented a dose-
dependent inhibition of HIV/EBOV-GP, HIV/MARV-GP, and HIV/
LLOV-GP viral infection. The specificity of the two drugs was also
confirmed by their inability to inhibit HIV/VSV-G virus in vivo (data
not shown). These results showed that pseudo-filovirus mouse
models can be used for in vivo pharmacodynamics evaluation of
anti-filovirus compounds.

4. Discussion

Ebolaviruses and marburgviruses were discovered in 1976 and 1967,
respectively, but neither anti-filovirus drugs nor vaccines have been
approved until now. On the other hand, several agents have been
reported to be effective against filovirus infection in vitro”*, but few
of them have been tested in vivo, which is partially due to the BSL-4
facilities restriction. The infection of host cells with HIV-based
pseudovirus is a single round infection mediated by GP-receptor
recognition™, and expression of the luciferase reporter gene in
infected cells or organs can be conveniently used to quantify
infection. These features make pseudoviruses a highly secure and
efficient model for drug evaluation. Among animal models, the
mouse-adapted model is the most widely used for the primary
identification of antiviral drugs because of its easy operation and low
cost. Therefore, in this study, we established pseudo-filovirus-based
in vivo mouse models that can be performed in BSL-2 facilities for
compound activity evaluation.

For the live virus models, one difficulty is the nonlethal
characteristic of wild-type ebolaviruses and marburgviruses in
immunocompetent adult mice. Multiple rounds of virus passages
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Figure 5 Filovirus entry inhibitors can be evaluated in vivo by bioluminescence imaging of mice infected with HIV/filovirus-GP viruses.
(A) Mice were i.p. administered with different doses of clomiphene (CLO) and toremiphene (TORE) once daily for two days (-1 and O d.p.i.).
Bioluminescence was imaged at 114 h.p.i. for the HIVVEBOV(Mayinga)-GPgroup and HIV/MARV-GP group or at 90 h.p.i. for the HIV/LLOV-
GP group. (B) The logarithm values for total flux of whole body ROI in mice are shown. The data are represented as the means +SEM (n=>5 per
group). The infectivity of the solvent group was set as 100% infection, and the infectivity of the compound groups was calculated. Both CLO and
TORE showed a dose-dependent inhibitory effect on HIV/EBOV-GP, HIV/MARV-GP, and HIV/LLOV-GP infection in mice.
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had to be conducted and assayed in suckling and immunodefi-
cient mice to obtain the lethal mutant mouse-adapted virus strains
for adult mice, and this made the constructions of live ebolavirus
and marburgvirus mouse models time-consuming”**, Moreover,
it is also difficult to achieve in vivo live virus infection models
for the virus strains of low pathogenicity and the strains that
could be identified only by sequencing. Furthermore, the mutated
sites of virus proteins of mouse-adapted virus models might
cause some drug candidates to be overlooked, especially small
compounds targeting just those sites in wild-type viral proteins.
These flaws could be compensated for by pseudo-filovirus in vivo
models, which could directly use the identical clinically-occur-
ring viral GP gene to construct a corresponding in vivo imaging
model. This would nicely reflect the features of clinically existing
viruses and allow for quick response when new types of viruses
appear.

5. Conclusions

We established a pseudo-filovirus-based sequential in vitro and
in vivo filovirus entry inhibitor evaluation system that can be
performed in BSL-2 facilities. The system covered all genera of
filoviruses, including nine pseudo-filovirus in vitro models and three
bioluminescence imaging in vivo mouse models. The verification of
two known filovirus entry inhibitors on these models confirmed the
success of the model establishments. The high safety, efficiency,
and viability of pseudo-filovirus models shed light on anti-filovirus
drug research, and this platform can contribute to the discovery of
broad-spectrum filovirus entry inhibitors.
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