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ABSTRACT

Ebola virus (EBOV) is a highly contagious lethal pathogen. As a biosafety level 4 (BSL-4) agent, however, EBOV is restricted to
costly BSL-4 laboratories for experimentation, thus significantly impeding the evaluation of EBOV vaccines and drugs. Here, we
report an EBOV-like particle (EBOVLP)-based luciferase reporter system that enables the evaluation of anti-EBOV agents in
vitro and in vivo outside BSL-4 facilities. Cotransfection of HEK293T cells with four plasmids encoding the proteins VP40, NP,
and GP of EBOV and firefly luciferase (Fluc) resulted in the production of Fluc-containing filamentous particles that morpho-
logically resemble authentic EBOV. The reporter EBOVLP was capable of delivering Fluc into various cultured cells in a GP-de-
pendent manner and was recognized by a conformation-dependent anti-EBOV monoclonal antibody (MAb). Significantly, inoc-
ulation of mice with the reporter EBOVLP led to the delivery of Fluc protein into target cells and rapid generation of intense
bioluminescence signals that could be blocked by the administration of EBOV neutralizing MAbs. This BSL-4-free reporter sys-
tem should facilitate high-throughput screening for anti-EBOV drugs targeting viral entry and efficacy testing of candidate vac-
cines.

IMPORTANCE

Ebola virus (EBOV) researches have been limited to costly biosafety level 4 (BSL-4) facilities due to the lack of animal models
independent of BSL-4 laboratories. In this study, we reveal that a firefly luciferase-bearing EBOV-like particle (EBOVLP) with
typical filamentous EBOV morphology is capable of delivering the reporter protein into murine target cells both in vitro and in
vivo. Moreover, we demonstrate that the reporter delivery can be inhibited both in vitro and in vivo by a known anti-EBOV pro-
tective monoclonal antibody, 13C6. Our work provides a BSL-4-free system that can facilitate the in vivo evaluation of anti-
EBOV antibodies, drugs, and vaccines. The system may also be useful for mechanistic study of the viral entry process.

Ebola virus (EBOV) is one of the most virulent and lethal hu-
man pathogens known. It is responsible for the 2013-2015

Ebola epidemic in West Africa, the greatest outbreak in history (1,
2), in which more than 28,000 suspected cases had been reported
and over 11,000 deaths had been recorded as of September 2015.
Due to the high transmissibility and mortality associated with the
virus and the growing globalization that may facilitate the rapid
spread of the virus around the world, EBOV is now recognized as
a major threat to global public health and social stability. There-
fore, the development of vaccines and therapeutics against EBOV
is urgently needed (3, 4). However, EBOV is a biosafety level 4
(BSL-4) pathogen (5). Handling of various infectious forms of
EBOV, including clinical isolates (6, 7); mouse/guinea pig-
adapted strains (7–9); and recombinant EBOVs expressing re-
porter proteins, such as green fluorescent protein (10) or firefly
luciferase (Fluc) (11), is highly restricted and can be performed
only in BSL-4 facilities, greatly impeding the development of vac-
cines and drugs against EBOV. Given that there are only approx-
imately 30 operational BSL-4 laboratories distributed globally in a
few countries (12), the establishment of a safe, robust, and easily
reproducible in vitro and in vivo infection system independent of
BSL-4 facilities will significantly advance the research and devel-
opment of vaccines and drugs against EBOV.

To date, several in vitro systems have been established for
studying EBOV outside BSL-4 laboratories. One is the lentivirus/
retrovirus-based EBOV pseudovirus, which was assembled by dis-

playing EBOV glycoprotein (GP) on lentiviral/retroviral core par-
ticles (13). A recombinant vesicular stomatitis virus (rVSV)
encoding EBOV GP and green fluorescent protein (GFP) report-
ers has also been generated (14). However, lentiviral/retroviral
particles and VSV particles are usually spherical and bullet shaped,
respectively, and thus are morphologically different from the fil-
amentous and pleomorphic EBOV particles. Previous studies
have shown that coexpression of the EBOV matrix protein
(VP40), nucleoprotein (NP), and GP in mammalian cells (15, 16)
or insect cells (17) resulted in the assembly of EBOV-like particles
(EBOVLP) that were morphologically similar to EBOV particles.
Based on these observations, an EBOVLP with VP40 fused to
�-lactamase was engineered and used for studying EBOV entry by
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measuring �-lactamase activity (18). However, the fusion of
�-lactamase to VP40 slightly impaired the assembly of virus-like
particles (VLPs) (18). Recently, another model was developed for
studying the EBOV life cycle, based on replication- and transcrip-
tion-competent VLPs containing tetracistronic minigenomes
(19). Although complex, the system allows in vitro modeling of the
EBOV life cycle over several infectious cycles under BSL-2 condi-
tions. The above-described in vitro systems have significantly ad-
vanced the tools for EBOV research. However, there is no in vivo
infection model available outside BSL-4 facilities at present.

Based on the observation that EBOVLP can package actin into
the particles during budding (20, 21) and that it is capable of
packaging reporter proteins, such as luciferase (22), we hypothe-
sized that a reporter-containing EBOVLP could be generated and
used to deliver reporter proteins into animals, thereby creating a
non-BSL-4 in vivo model of EBOV entry. To test this hypothesis,
we constructed an EBOVLP coupled with a Fluc reporter and have
demonstrated that the reporter EBOVLP could be easily produced
and safely used. Notably, the novel reporter EBOVLP not only
morphologically resembles the authentic EBOV, but also func-
tionally mimics EBOV in its entry into target cells and thus is most
suited for the identification of anti-EBOV drugs and neutralizing
antibodies targeting the entry step both in vitro and in vivo.

MATERIALS AND METHODS
Cell lines and antibodies. HEK293T cells and Vero cells were purchased
from the Chinese Academy of Sciences Cell Bank of Type Culture Collec-
tion (CBTCCCAS) (Shanghai, China) and maintained in complete Dul-
becco’s modified Eagle’s medium (DMEM) (Gibco) supplemented with
10% fetal bovine serum (FBS) (Gibco) and 1% penicillin-streptomycin
(Gibco).

EBOV NP-specific monoclonal antibody (MAb) was kindly provided
by Zhiyong Ma (Shanghai Veterinary Research Institute, Chinese Acad-
emy of Agricultural Science). EBOV VP40-specific polyclonal antibody
was generated in house from mice immunized with Escherichia coli-ex-
pressed VP40 protein. Two EBOV GP-specific MAbs, 13C6 and 6D8 (23),
were produced in HEK293T cells by cotransfection with plasmids encod-
ing the heavy and light chains of the corresponding antibody and subse-
quently purified using a HiTrap rProtein A FF column (GE Healthcare).
The firefly luciferase-specific antibody was purchased from Abcam (cata-
log no. ab185924). Niemann-Pick C1 (NPC1) antibody was purchased
from Abcam (catalog no. ab134113). Fluorescein isothiocyanate (FITC)-
conjugated early endosomal antigen 1 (EEA1) antibody (BD; catalog no.
612006) and Cy3-conjugated lysosomal-associated membrane protein 1
(LAMP-1) antibody (Abcam; catalog no. ab67283) were used to label early
endosomes and late endosomes in the immunofluorescence assay.

Plasmid construction. Genes encoding GP, VP40, and NP of EBOV
(Ebola virus H.sapiens-wt/GIN/2014/Makona-Gueckedou-C07; Gen-
Bank accession no. KJ660347) were codon optimized and synthesized by
GenScript (Nanjing, China). The synthesized genes were cloned into the
backbone vector pcDNA3.1, yielding plasmids pcDNA-EBOV-GP,
pcDNA-EBOV-VP40, and pcDNA-EBOV-NP, respectively. The accuracy
of the above-mentioned constructs was verified by sequencing.

EBOVLP expression and purification. To produce Fluc-packaged
EBOVLP (designated EBOVLP/Fluc/GP�), HEK293T cells were cotrans-
fected with pcDNA-EBOV-GP, pcDNA-EBOV-VP40, and pcDNA-
EBOV-NP, as well as pLenti6-Fluc (24), using polyethylenimine (PEI)
(Sigma; catalog no. 408727). The cell medium was replaced with complete
DMEM containing 10 �M sodium butyrate at 4 h posttransfection and
then refreshed with FS293 medium 12 h later. Supernatants were collected
after 48 h and clarified by centrifugation. EBOVLP without envelope pro-
tein GP (designated EBOVLP/Fluc/GP�) was also generated by cotrans-
fecting HEK293T cells with pcDNA-EBOV-VP40, pcDNA-EBOV-NP,

and pLenti6-Fluc. For VLP purification, supernatants containing
EBOVLP were layered onto 25% sucrose cushions and subjected to ultra-
centrifugation at 27,000 rpm for 3 h. The resultant pellets were resus-
pended in phosphate-buffered saline (PBS) and then layered onto 20 to
60% sucrose gradients for ultracentrifugation at 39,000 rpm for 2 h. Frac-
tions were harvested and analyzed by enzyme-linked immunosorbent as-
say (ELISA), and Western blot and luciferase assays were performed as
described below. Then, EBOV protein-rich fractions were pooled and
sedimented through a 25% sucrose cushion. The resulting pellet was re-
suspended in PBS, giving rise to purified EBOVLP preparations. Purified
EBOVLP was quantified for VP40 content by Western blotting with E.
coli-expressed VP40 protein as the reference standard and anti-VP40 as
the detection antibody.

EBOVLP transduction in vitro. For in vitro transduction experi-
ments, purified EBOVLP (equivalent to 150 ng of VP40 per well) was
added to preseeded Vero cells (1 � 104/well) on 96-well plates. The inoc-
ulated cells were incubated at 4°C or 37°C for different periods, as indi-
cated. Then, the cells were harvested, washed with PBS 3 or 4 times, and
lysed with 50 �l of cell lysis reagent (Promega). The resulting lysates were
subjected to luciferase assay. Briefly, 30 �l of luciferase substrate (Pro-
mega) was added to each sample, and luciferase activity was determined in
a Varioskan flash multimode reader.

EBOV GP-pseudotyped lentivirus infection assay. EBOV GP-pseu-
dotyped HIV (HIV/EBOVpv) was generated as previously described (13).
Briefly, HEK293T cells were cotransfected with the HIV packaging plas-
mid psPAX2 (25), pLenti6-Fluc, and pcDNA-EBOV GP using PEI. Super-
natants were collected after 48 h and clarified by centrifugation. For in-
fection assays, HIV/EBOVpv supernatants were first normalized
according to their HIV p24 levels by ELISA and then used to infect cells
preseeded (1 � 104 cells/well) in 96-well plates. Luciferase assays were
performed as described above at 72 h postinfection.

Quantitative PCR. To detect the existence of Fluc plasmid in the su-
crose gradient fractions, total DNA was extracted from each fraction using
a Tianamp Genomic DNA kit and then used for determination of the Fluc
gene copy number by a quantitative PCR (qPCR) assay with a pair of
primers (forward, 5=-CTCGGATCCACCGCCATGGAAGACGCCAAAA
ACATAAAG-3=; reverse, 5=-CCCTCTAGATTACACGGCGATCTTTCC
GCCCTTC-3=).

SDS-PAGE and Western blotting. SDS-PAGE and Western blot as-
says were performed according to standard procedures. The blots were
probed with protein-specific primary antibodies as indicated, followed by
incubation with the corresponding horseradish peroxidase (HRP)- or al-
kaline phosphatase (AP)-conjugated secondary antibodies.

ELISA. Protein samples diluted to appropriate concentrations in PBS
were added to wells of 96-well ELISA plates, followed by incubation at 4°C
overnight. The wells were blocked with 5% nonfat milk for 1 h, and the
samples were incubated with 50 �l (5 �g/ml) of 13C6 MAb for 2 h, fol-
lowed by incubation with goat anti-human IgG-HRP (Sigma) for 1 h.
After each incubation step, the plates were washed three times with PBST
(PBS plus 0.05% Tween 20). After color development, absorbance was
measured at 450 nm using a 96-well plate reader.

Electron microscopy. Purified EBOVLP samples were adsorbed onto
carbon-coated copper grids, negatively stained with 0.2% phosphotung-
stic acid, and examined under a 120-kV transmission electron microscope
(Tecnai Spirit TEM; FEI).

Immunofluorescence assay. For immunofluorescence assays, 1 � 105

Vero cells were seeded on glass coverslips placed in wells of 24-well plates
and subsequently incubated at 37°C for 12 h. The cells were cooled at 4°C
for 15 min and then inoculated with purified EBOVLP/Fluc/GP� or
EBOVLP/Fluc/GP�, followed by incubation at 37°C. The cells were fixed
with fixation buffer (4% paraformaldehyde in PBS) at the indicated time
points. The fixed cells were blocked for 1 h with blocking buffer (3%
bovine serum albumin [BSA], 0.05% saponin, and 10% FBS in PBS),
followed by incubation for 1 h with the indicated primary antibodies in
binding buffer (1% BSA, 0.05% saponin, and 1% FBS in PBS). Corre-
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sponding secondary antibodies were then added to the coverslips and
incubated for 30 min. After brief washing, the coverslips were mounted
with ProLong Gold Antifade Reagent (Molecular Probes) and examined
under an Olympus FV1200 biological laser scanning microscope.

Mouse challenge and in vivo bioluminescence imaging. Female
BALB/c mice (6 to 8 weeks old) were inoculated with EBOVLP/Fluc/GP�

or EBOVLP/Fluc/GP� containing 2 �g of VP40 via tail vein injection. At
the indicated time points postinoculation, mice were anesthetized using
isoflurane inhalation anesthesia and injected intraperitoneally (i.p.) with
1.5 mg of VivoGlo Luciferin (Promega). Bioluminescence was measured,
and three-dimensional (3D) optical tomographic reconstruction was per-
formed using the IVIS SpectrumCT System (PerkinElmer). In the anti-
body protection experiment, EBOVLP/Fluc/GP� or EBOVLP/Fluc/GP�

was mixed with the MAbs and incubated at room temperature for 1 h, and
then the mixture was administered to BALB/c mice via tail vein injection.
At 12 h postinoculation, an in vivo imaging assay was performed as de-
scribed above. All animal studies were approved by the Institutional An-
imal Care and Use Committee at the Institut Pasteur of Shanghai.

Statistics analysis. For significance comparisons, nonparametric one-
way analysis of variance (ANOVA) with Bonferroni’s correction or Stu-
dent’s t test was used. Significance at P values of �0.05 were considered
not significant, P values of �0.05 were considered significant, P values of
�0.01 were considered highly significant, and P values of �0.001 were
considered extremely significant. All statistical analyses were performed
with GraphPad Prism 5.0c (GraphPad Software, La Jolla, CA).

RESULTS
Expression and characterization of Fluc-incorporating EBOVLP.
To generate EBOVLP packaging Fluc proteins, we adopted a strat-
egy similar to that used to produce reporter lentiviruses (Fig. 1A)
(13). Plasmids encoding Fluc, VP40, NP, or GP were cotransfected
in different combinations into HEK293T cells (Fig. 1B), and the
supernatant from transfected cell cultures was analyzed for pro-
tein expression and VLP assembly. As shown in Fig. 1B, the EBOV
proteins were expressed as expected for the corresponding plas-
mid combinations. We also analyzed the supernatant by luciferase
assay. High luciferase activity was detected in the samples cotrans-
fected with the Fluc plasmid and the VP40 plasmid (Fig. 1B, lanes
1, 2, 3, and 5), but not in the sample transfected with the Fluc
plasmid alone (lane 8). Because it was reported previously that
sole expression of VP40 (26) or coexpression of VP40, NP, and GP
led to VLP assembly (27, 28), the luciferase data presented here
strongly suggest that Fluc was packaged into the VP40 VLPs. The
sample cotransfected with the Fluc and NP plasmids (Fig. 1B, lane
6) did not show detectable luciferase activity, suggesting the ab-
sence of Fluc-incorporated VLPs, which is consistent with a pre-
vious finding that NP alone does not assemble VLPs (29). Inter-
estingly, significant luciferase activity was also detected in the

FIG 1 Construction and characterization of the reporter EBOVLP. (A) Schematic diagram of the generation of complete EBOVLP/Fluc/GP� and envelope-
lacking EBOVLP/Fluc/GP�. (B) Expression of GP, NP, VP40, and Fluc in the supernatant of HEK293T cells transfected with plasmids in different combinations.
EBOV proteins GP, NP, and VP40 were identified by Western blotting, while the presence of Fluc was detected by luciferase assay. (C and D) Sucrose gradient
analysis of cell culture supernatant containing EBOVLP/Fluc/GP�. The presence of EBOV proteins in the collected fractions was detected by ELISA and Western
blotting (C), while the distribution of Fluc protein and Fluc plasmid was tested by luciferase assay (C) and qPCR (D). The dashed line indicates the limit of
detection (L.O.D). (E) Electron microscopy of purified EBOVLP/Fluc/GP� and HIV/EBOVpv. (F) SDS-PAGE and Western blot analyses of purified EBOVLP/
Fluc/GP�. The band(s) of each protein was verified by Western blotting using corresponding primary antibodies and alkaline phosphatase-conjugated secondary
antibodies. (G) Recognition of EBOVLP/Fluc/GP� by an EBOV-neutralizing MAb, 13C6, but not a control MAb, 9B5, in ELISA. Means � standard errors of the
mean (SEM) of the optical density at 45 nm (OD450) readings are shown.
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medium of cells expressing NP plus GP (Fig. 1B, lane 4) or GP
(lane 7). Because GP alone cannot form VLP (15), the presence of
Fluc in these samples may be a reflection of the known cytotoxicity
mediated by GP (30), which permeates the cell membrane and
consequently results in the release of the Fluc protein into the
supernatant. As NP and GP enhance the production of VP40 VLPs
in concert (27, 28), our subsequent analyses were focused on the
samples transfected with the VP40-NP-GP-Fluc plasmid combi-
nation.

To evaluate VLP assembly, the supernatant of HEK293T cells
cotransfected with the VP40-NP-GP-Fluc plasmids was subjected
to sucrose gradient ultracentrifugation. Analysis of the resulting
gradient fractions by ELISA and Western blot and luciferase assays
revealed cosedimentation of GP, NP, VP40, and Fluc with a profile
typical for particulate structures (Fig. 1C). These data provide
strong evidence that GP, NP, VP40, and Fluc may have coas-
sembled into VLPs. The Fluc DNA was also detected in peak frac-
tions containing GP-NP-VP40-Fluc (Fig. 1D). Therefore, it is pos-
sible that the Fluc plasmid was also packaged in the VLPs.

The VP40-NP-GP-Fluc-rich gradient fractions were subjected
to ultracentrifugation, and the resulting putative VLP prepara-
tions were examined by electron microscopy. As shown in Fig. 1E,
filamentous structures with diameters of 	100 nm and lengths of
over 1 �m, which is the typical morphology of the authentic
EBOV and other EBOVLP reported previously (15, 16, 31, 32),
were evident. In contrast, HIV/EBOVpv were smaller, spherical
particles with a diameter of 	100 nm (Fig. 1E). Collectively, the
above-mentioned results demonstrate that coexpression of GP-
NP-VP40-Fluc resulted in the assembly of Fluc-incorporating
EBOVLP (denoted EBOVLP/Fluc/GP� here).

For further characterization, highly purified EBOVLP/Fluc/
GP� was obtained and subjected to biochemical analyses. The
results of SDS-PAGE and Western blot assay showed that
EBOVLP/Fluc/GP� indeed consisted of GP, NP, VP40, and Fluc
(Fig. 1F). EBOVLP/Fluc/GP� was then tested in ELISA for bind-
ing to a GP-specific neutralizing monoclonal antibody, 13C6,
which recognizes a conformational epitope (8). As shown in Fig.
1G, EBOVLP/Fluc/GP� reacted with 13C6, but not with the irrel-
evant control antibody 9B5, in a dose-dependent manner, sug-
gesting that the conformation of GP on the VLP resembles that on
the authentic virus.

EBOVLP/Fluc/GP� is capable of delivery of luciferase into
target cells. To explore the utility of EBOVLP/Fluc/GP� as a re-
porter in EBOV research, we first investigated whether EBOVLP/
Fluc/GP� could deliver Fluc into target cells. We inoculated
EBOVLP/Fluc/GP� onto Vero cells and then evaluated the intra-
cellular luciferase activity at different time points. EBOVLP lack-
ing GP (designated EBOVLP/Fluc/GP�), which was produced
from cells cotransfected with the VP40, NP, and Fluc plasmids,
was used as a negative control in the assay. The results showed that
significant luciferase activity was detected in the EBOVLP/Fluc/
GP�-inoculated samples, but not in those treated with EBOVLP/
Fluc/GP� (Fig. 2A). The Fluc signals peaked at 6 h postinoculation
and dropped gradually for the next 3 days but remained detectable
even at 72 h postinoculation (Fig. 2A). These data suggest that
EBOVLP-mediated Fluc delivery depends on the presence of GP.

To verify whether EBOVLP/Fluc/GP� can be efficiently taken
up, EBOVLP/Fluc/GP�-attached cells were incubated at 37°C for
different periods before being treated with trypsin to remove VLPs
bound on the cell surface. Cells with and without trypsin treat-

ment were assayed in parallel for luciferase activity. As shown in
Fig. 2B, trypsin treatment prior to 37°C incubation (0 min) almost
completely abolished luciferase activity, and early administration
(5 min) of trypsin resulted in substantially decreased Fluc signal,
whereas no significant difference in luciferase activity was ob-
served between the trypsin-treated and untreated samples when
the cells had been incubated at 37°C for 15 min or longer. The
above-mentioned results suggest that EBOVLP/Fluc/GP� inter-
nalization is an efficient process and may be completed within 15
min postattachment.

Previous studies showed that EBOV enters host cells via endo-
cytosis and macropinocytosis (33–35). To visualize the associa-
tion of our reporter EBOVLP with endosomes, cells inoculated
with EBOVLP/Fluc/GP� or EBOVLP/Fluc/GP� were subjected to
immunofluorescence assay and confocal microscopy. EBOVLP/
Fluc/GP�-inoculated cells were free of VP40 signal regardless of
the incubation time at 37°C (Fig. 3), suggesting that EBOVLP/
Fluc/GP� cannot efficiently bind to cells due to the lack of GP. In
the EBOVLP/Fluc/GP�-inoculated cells, VP40 was first detected
at the cell periphery and then observed entering intracellular re-
gions from 5 min to 30 min with increasing colocalization with
EEA1, an early endosome marker (Fig. 3A). However, at the 120-
min time point, VP40 was found significantly colocalized with
LAMP1 (Fig. 3B), a late endosome/lysosome marker, but not with
EEA1 (Fig. 3A), suggesting EBOVLP/Fluc/GP� trafficking from
early endosomes to late endosomes.

We further performed the double-staining assay with anti-
VP40 and an antibody against NPC1, a key receptor of EBOV (36).
In the EBOVLP/Fluc/GP�-inoculated cells, VP40 appeared to
move from the cell periphery to intracellular regions, with a cer-
tain rate of colocalization with NPC1 detected at the 120-min time
point (Fig. 3C), suggesting EBOVLP/Fluc/GP� was associated
with NPC1 at a late entry step. In contrast, VP40 was not detected
in the EBOVLP/Fluc/GP�-inoculated cells (Fig. 3A to C). These
results are consistent with a previous finding that GP-bearing

FIG 2 EBOVLP/Fluc/GP� is capable of delivery of luciferase into target cells.
(A) Kinetics of luciferase activities in target cells inoculated with either
EBOVLP/Fluc/GP� or EBOVLP/Fluc/GP�. GP-bearing EBOVLP/Fluc/GP�,
as well as GP-lacking EBOVLP/Fluc/GP�, generated from the transfected
HEK293T cell cultures was inoculated onto fresh Vero cells. Vero cell samples
were harvested at the indicated time points, washed, and then assayed for
luciferase activity. (B) Trypsin treatment experiment. Vero cells were incu-
bated with EBOVLP/Fluc/GP� at 4°C for 1 h to allow attachment, followed by
washing out the unattached VLPs and transferring to 37°C. At the indicated
time points, cell samples were harvested, washed, and treated with trypsin
(final concentration, 2.5 mg/ml) for 3 min to remove the VLPs on the surface.
Cells without trypsin treatment were set as controls. All the samples were then
subjected to luciferase assay. Mean values � SEM are shown. The asterisks
represent significant differences: NS, no significance (P � 0.05); *, P � 0.05; **,
P � 0.01; ***, P � 0.001.

An EBOV-Like Particle-Based Reporter System

October 2016 Volume 90 Number 19 jvi.asm.org 8723Journal of Virology

http://jvi.asm.org


EBOVLP enters the cytoplasm through NPC1� endosomes/lyso-
somes (34).

EBOVLP/Fluc/GP� delivery is sensitive to neutralizing anti-
body in the cell culture model. To explore the potential utility of
EBOVLP/Fluc/GP� in high-throughput drug screening, we ex-
amined whether the entry of EBOVLP/Fluc/GP� into permissive
cells can be blocked by neutralizing antibodies. A known anti-
EBOV neutralizing monoclonal antibody, 13C6 (8, 23), was used
as the model antibody in the experiment. As shown in Fig. 4A,

13C6 neutralized EBOVLP/Fluc/GP� entry in a dose-dependent
manner, whereas an irrelevant control MAb, 9B5, exhibited no
neutralization. Similar trends of antibody dose-dependent neu-
tralization (Fig. 4B) were also observed when the antibodies were
evaluated using EBOV GP-pseudotyped HIV (denoted HIV/
EBOVpv) (17, 18). Our results are overall consistent with the an-
tibodies’ neutralization activities determined using infectious
EBOV (7), thus validating the use of EBOVLP/Fluc/GP� in the
screening and evaluation of neutralizing antibodies.

EBOVLP/Fluc/GP� is capable of entering cells in vivo. We
further investigated whether EBOVLP/Fluc/GP� could deliver lu-
ciferase into mouse cells in vivo. First, we compared the entry
abilities of EBOVLP/Fluc/GP� and EBOVLP/Fluc/GP� in mouse
cell lines and primary cells isolated from organs and discovered
that EBOVLP/Fluc/GP� has broad tropism and is capable of
transducing all three mouse cell lines (Hepa1-6, NIH 3T3, and
L929) with different tissue origins (liver, fibroblast, and connec-
tive tissue) and establishing a presence in primary cells isolated
from various organs postinoculation (Fig. 5A and B). In contrast,
EBOVLP/Fluc/GP� inoculation did not yield significant signal in
the same target cells (Fig. 5A and B). Next, we investigated the in
vivo transducing activity of EBOVLP/Fluc/GP� in mice. BALB/c
mice were inoculated with EBOVLP/Fluc/GP� or EBOVLP/Fluc/
GP� by tail vein injection and subsequently monitored for biolu-
minescent signals by in vivo live imaging. Consistent with the in

FIG 3 Immunofluorescence assays. Vero cells were preattached by EBOVLP/Fluc/GP� or EBOVLP/Fluc/GP� at 4°C for 1 h and then incubated at 37°C for the
indicated times before double staining of VP40 and EEA1 (A), VP40 and LAMP1 (B), and VP40 and NPC1 (C). The cells were also stained with Hoechst to show
nuclei. The images were captured by confocal microscopy and adjusted to pseudocolors. (A) Red, VP40; green, EEA1; blue, Hoechst. (B) Red, VP40; green,
LAMP1; blue, Hoechst. (C) Red, VP40; green, NPC1; blue, Hoechst. Areas of overlap are shown in yellow. Representative micrographs for the 0-min, 5-min,
30-min, and 120-min time points are shown. The insets are enlarged views of the areas outlined with dashed lines.

FIG 4 EBOVLP/Fluc/GP� entry is sensitive to neutralizing antibody in the
cell culture model. Anti-EBOV MAb 13C6 was diluted to the indicated con-
centrations and mixed with EBOVLP/Fluc/GP� (A) or HIV/EBOVpv (B),
followed by incubation at 37°C for 1 to 2 h. Then, the mixtures were added to
Vero cells, followed by incubation at 37°C. Six hours later, the culture medium
was replaced with fresh medium. At 72 h postinoculation, the cells were ana-
lyzed by luciferase assay. An irrelevant MAb, 9B5, was used as a negative con-
trol in the experiment. The error bars indicate SEM.
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vitro results, the mice that had been inoculated with EBOVLP/
Fluc/GP� produced striking bioluminescence throughout the
body, whereas no significant signal was observed in the control
mice (inoculated with EBOVLP/Fluc/GP�) (Fig. 5C). Further 3D
optical tomographic reconstruction revealed that the primary tar-
get organ of EBOVLP/Fluc/GP� was the liver, where biolumines-
cent signal was intense in both the left and right lobes (Fig. 5D).
These data demonstrate the successful establishment of an
EBOVLP/Fluc/GP�-based in vivo challenge model.

We then determined the dynamics of EBOVLP/Fluc/GP� en-
try in vivo. After EBOVLP/Fluc/GP� inoculation, mice were mon-

itored for bioluminescence over a 12-h period. Bioluminescence
was not detected until 30 min postinfection, and Fluc signals grad-
ually increased from 30 min to 1 h postinfection and remained
stable thereafter (Fig. 5E).

Anti-EBOV neutralizing antibody blocks EBOVLP/Fluc/
GP� entry in mice. To test whether bioluminescent imaging of
EBOVLP/Fluc/GP�-challenged mice could be used as a readout to
evaluate the efficacy of neutralizing antibodies or antiviral com-
pounds, we performed proof-of-concept studies with the known
EBOV-protective MAb 13C6 (23). First, we tested whether prein-
cubation of the MAb and EBOVLP/Fluc/GP� before inoculation

FIG 5 EBOVLP/Fluc/GP� inoculation produces bioluminescence in mice. (A) EBOVLP/Fluc/GP� delivery in different mouse cell lines, including Hepa1-6,
L929, and NIH 3T3. (B) Ex vivo tropism of EBOVLP/Fluc/GP�. Mouse cells isolated from main organs (heart, lung, liver, spleen, kidney, small intestine, vena
cava, and brain) of BALB/c mice were inoculated with EBOVLP/Fluc/GP� and subsequently analyzed for intracellular luciferase activity. Mean values plus SEM
are shown. The asterisks represent significant differences: *, P � 0.05; **, P � 0.01; ***, P � 0.001. (C) EBOVLP/Fluc/GP� challenge of BALB/c mice.
Six-week-old BALB/c mice were challenged by intravenous (i.v.) injection with VP40-normalized (2 �g) EBOVLP/Fluc/GP� or EBOVLP/Fluc/GP�. PBS was
given as a negative control, while hydrodynamic injection (h.i.) of the pLenti6-Fluc plasmid (100 �g/mouse) was set as a positive control. In vivo imaging was
performed 12 h postinoculation. (D) Representative 3D bioluminescence from EBOVLP/Fluc/GP�-inoculated mice. 3D imaging was performed at 12 h
postinoculation using the IVIS SpectrumCT system. (E) Dynamics of bioluminescence in EBOVLP/Fluc/GP�-inoculated mice. The inoculated mice were
subjected to live imaging at the indicated time points. The images were adjusted and are shown at the same scale.
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is required for in vivo inhibition (Fig. 6A). As shown in Fig. 6B,
preincubation of EBOVLP/Fluc/GP� with 13C6 resulted in signif-
icantly less bioluminescence than the control (preincubation with
the irrelevant antibody 9B5), whereas inoculation of EBOVLP/
Fluc/GP� into 13C6-pretreated mice produced bioluminescent
signal at levels similar to that of the control group, thus indicating
the necessity for the preincubation procedure in this model. Con-
sequently, we performed the protection experiment following the
first method (with antibody preincubation), as indicated in Fig.
6A. As shown in Fig. 6C, in the presence of 20 �g or 200 �g of
13C6, Fluc delivery by EBOVLP/Fluc/GP� was significantly in-
hibited, as manifested by reduction of the bioluminescent signal
(Fig. 6C, middle) to a level comparable to that of controls, whereas
the irrelevant control MAb (9B5) did not decrease bioluminescent
signals (Fig. 6C, left). The average bioluminescence intensity for
individual animals tested is shown in Fig. 6D. These results thus
demonstrate the in vivo use of the EBOVLP/Fluc/GP� model for
testing the protective efficacy of anti-EBOV compounds under
non-BSL-4 conditions.

DISCUSSION

The primary aim of the present study was to develop a noninfec-
tious animal model for in vivo evaluation of anti-EBOV drug can-
didates. Our work demonstrates that the EBOVLP/Fluc/GP�-

based system is suitable for high-throughput screening of
neutralizing antibodies against EBOV, both in vitro and in vivo.

Coexpression of VP40, GP, NP, and Fluc in HEK293T cells
resulted in the production of EBOVLP/Fluc/GP�, in which Fluc
protein was packaged. Similar to live EBOV and nonreporter
EBOVLP (34, 35, 37), EBOVLP/Fluc/GP� could bind efficiently
to the cell surface and could be internalized rapidly (starting at
approximately 5 min postattachment) (Fig. 2 and 3). Notably,
EBOVLP/Fluc/GP� was able to deliver Fluc protein into target
cells in vitro (Fig. 2) and therefore can be used as a reporter system
for in vitro antiviral evaluation. In this study, we demonstrated
that the neutralizing MAb 13C6, which is one of the three compo-
nents of the ZMapp antibody cocktail (7, 8), could inhibit
EBOVLP/Fluc/GP� entry in vitro (Fig. 4), thus validating the
application of EBOVLP/Fluc/GP� in screening entry inhibi-
tors, such as neutralizing MAbs. Unlike other surrogate sys-
tems, such as EBOV GP-pseudotyped reporter viruses (10, 11),
EBOVLP/Fluc/GP� resembles infectious EBOV in overall mor-
phology and GP conformation (Fig. 1), which may be critical
for faithful determination of the capacity of MAbs to neutralize
authentic EBOVs. Indeed, a recent study showed that EBOV
GP-pseudotyped VSV did not accurately predict the neutral-
ization activities of MAbs against authentic EBOV (38). There-
fore, EBOVLP/Fluc/GP� may represent a more suitable plat-

FIG 6 Anti-EBOV neutralizing antibody 13C6 blocks EBOVLP/Fluc/GP� entry in mice. (A) Schematic diagram of the two administration methods in mice. In
the “with incubation” method, VP40-normalized EBOVLP/Fluc/GP� was mixed with MAb. After incubation, the mixtures were administered i.v. to BALB/c
mice. In the “without incubation” method, MAb was given i.p. 2 h before EBOVLP/Fluc/GP� inoculation. (B) In vivo inhibitory effects of 13C6 MAb
administered using the two methods shown in panel A. An irrelevant MAb, 9B5, served as the antibody control. (C) MAb 13C6 blocks EBOVLP/Fluc/GP� entry
in mice. The indicated doses of 13C6 and the control MAb were evaluated by using the W-Inc method. In vivo bioluminescence imaging was performed at 12 h
postinoculation. Representative images are shown. (D) Measurement of bioluminescence in mice from different treatment groups. Data from two independent
experiments are shown. (B and D) The horizontal lines indicate the geometric means of each animal group. The significance of differences between groups was
analyzed by nonparametric one-way ANOVA with Bonferroni’s correction and shown as follows: ns, no significance (P � 0.05); *, P � 0.05; **, P � 0.01; ***,
P � 0.001.
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form for evaluating neutralizing MAbs than the currently
available surrogate systems. Moreover, following our protocol,
reporter VLPs incorporating GP from different strains of
EBOV could be easily generated by swapping the GP construct,
thus enabling the evaluation of cross-neutralization against
heterologous strains.

In the present study, we found that EBOVLP/Fluc/GP� could
enter mouse cells both in vitro and in vivo. Mice inoculated with
EBOVLP/Fluc/GP� yielded bioluminescence that could be mon-
itored by live imaging (Fig. 5). We further showed that pretreat-
ment with the neutralizing MAb 13C6 could block the production
of bioluminescent signals in EBOVLP/Fluc/GP�-inoculated mice
(Fig. 6). These results indicate that EBOVLP/Fluc/GP� can be
used as a reporter system to investigate EBOV entry in vivo and to
evaluate the protective efficacy of neutralizing antibodies or can-
didate vaccines. It is particular valuable as a rapid in vivo screening
tool for Ebola vaccines and drugs to be tested more stringently in
BSL-4 laboratories, thus providing great cost saving and signifi-
cant improvement of efficiency.

Reconstruction of bioluminescence by 3D optical tomo-
graphic scanning identified the liver as the main organ/tissue lo-
cation of EBOVLP/Fluc/GP� entry (Fig. 5D). This finding is con-
sistent with the fact that the liver is a major target organ for EBOV,
where the virus replicates to high titers and extensive necrosis
occurs in mouse and nonhuman primate models of EBOV infec-
tion (reviewed in references 39 and 40) and in EBOV-infected
human individuals (reviewed in reference 41). Specifically, it has
been reported that, in mice inoculated i.p. with 100 PFU of
mouse-adapted EBOV, a high virus titer (104 PFU/g) was detected
in the liver 1 day after virus challenge, which then increased to
approximately 107 PFU/g on day 2 postinoculation (42). The
mechanism for the liver tropism observed in our mouse model
remains unclear. It is possible that some liver-specific or liver-
enriched molecules, such as the C-type lectin asialoglycoprotein
receptor (43), the liver and/or lymph node-specific intercellular
adhesion molecule 3-grabbing nonintegrin (L-SIGN) (44), the
liver and lymph node sinusoidal endothelial cell C-type lectin
(LSECTin) (45, 46), and highly sulfated heparan sulfate (47, 48),
may have played a significant role in this phenomenon. These
molecules might act as cellular attachment receptors in the liver,
allowing local enrichment/concentration of EBOVLP/Fluc/GP�.
We should point out that EBOVLP/Fluc/GP�-inoculated mice
were not treated with trypsin, and therefore, the detected biolu-
minescence might be contributed by both cell surface-bound
VLPs and those that have penetrated/crossed the plasma mem-
brane. However, based on the in vitro finding that EBOVLP inter-
nalization from the cell surface occurred rapidly (5 to 15 min)
following attachment (Fig. 2B) (34), we reason that the in vivo
bioluminescence signals detected at time points beyond 1 h post-
inoculation should be mainly produced by VLPs that had been at
least internalized. The half-life of soluble Fluc is usually 3 to 4 h
(49). In the present study, we found that EBOVLP/Fluc/GP�-
inoculated mice produced strong bioluminescence even at 12 h
postinoculation (Fig. 5E). Similarly, a high level of Fluc activity
was detected in the EBOVLP/Fluc/GP�-transduced cell cultures
at 18 h postinoculation (Fig. 2A). These in vitro and in vivo data
suggest that VLP-associated Fluc is somewhat protected from deg-
radation, resulting in a prolonged half-life. The kinetics and fate of
EBOVLP/Fluc/GP� remain to be further defined. Nonetheless,
the application of the EBOVLP/Fluc/GP� system allows us to ob-

tain a dynamic picture that may reflect the early phase of EBOV
infection in vivo, thus representing a useful tool for EBOV re-
search under non-BSL-4 conditions.
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