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We established a plasmid-based system for generating infectious Ebola virus-like particles (VLPs), which
contain an Ebola virus-like minigenome consisting of a negative-sense copy of the green fluorescent protein
gene. This system produced nearly 10° infectious particles per ml of supernatant, equivalent to the titer of
Ebola virus generated by a reverse genetics system. Interestingly, infectious Ebola VLPs were generated, even
without expression of VP24. Transmission and scanning electron microscopic analyses showed that the
morphology of the Ebola VLPs was indistinguishable from that of authentic Ebola virus. Thus, this system
allows us to study Ebola virus entry, replication, and assembly without biosafety level 4 containment. Fur-
thermore, it may be useful in vaccine production against this highly pathogenic agent.

Ebola and Marburg viruses are filamentous, enveloped, non-
segmented, and negative-stranded RNA viruses of the family
Filoviridae in the order Mononegavirales (15). These viruses
cause severe hemorrhagic fever in humans and other primates
with high mortality rates (15). The genus Ebolavirus consists of
four species, Zaire, Sudan, Ivory Coast, and Reston Ebolavirus,
with genomes of approximately 19 kb in length, encoding seven
structural proteins and one nonstructural protein (15). Four of
these viral proteins—nucleoprotein (NP), VP35, VP30, and
the RNA-dependent RNA polymerase (L) —are necessary for
replication and transcription of viral RNA (VRNA) (10), while
three others —glycoprotein (GP), VP40, and VP24—are mem-
brane-associated virion proteins (5, 15). GP is the surface gly-
coprotein that forms spikes on virions and is responsible for
receptor binding and membrane fusion, supporting viral pen-
etration into cells (8, 20, 25). VP40, the most abundant mem-
brane viral protein, is responsible for formation of filamentous
virus particles (9, 12, 22). VP24 is a minor viral protein whose
functions remain elusive, although a recent study suggests its
involvement in nucleocapsid formation and in virus assembly
and budding (5, 7). Although the properties of some of these
viral proteins have been investigated (3, 5-7, 9, 10, 12, 14,
16-18, 21, 27), their functions during viral replication, espe-
cially the nature of their protein-protein and protein-vRNA
interactions, are largely unknown.

Recently, Volchkov et al. (24) and members of our labora-
tory (11) established reverse genetics systems that allow one to
generate infectious Ebola viruses entirely from cloned cDNAs.
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Although use of these reverse genetics systems has helped to
elucidate the roles of the nonstructural viral protein, sGP,
and/or GP in Ebola virus replication (11, 24), the requirement
for biosafety level 4 (BL4) containment facilities has hampered
further progress in Ebola virus research. In an effort to devise
alternative strategies that would allow investigators to study
Ebola virus under non-BL4 conditions, we established a plas-
mid-driven system to generate infectious Ebola virus-like par-
ticles (VLPs) containing an Ebola virus minigenome. As de-
scribed here, the features of this new system are conducive to
the study of Ebola virus assembly, receptor binding, and fusion
under non-BL4 conditions.

Transcription and replication of an artificial Ebola virus
minigenome. The first step in establishing a system for the
production of VLPs containing an Ebola virus minigenome
was to generate a plasmid containing the green fluorescent
protein (GFP) gene in antisense orientation between the
leader and trailer sequences of the Ebola virus genome,
flanked by the T7 RNA polymerase promoter and a ribozyme,
using plasmid 3E-5E as a template (10). The resulting plasmid
was designated p3ESEGFP (Fig. 1A). Transfection of this plas-
mid together with a plasmid expressing T7 RNA polymerase
into eukaryotic cells should result in transcription of the GFP
reporter gene, thereby generating Ebola virus-like GFP-
VvRNA. Four nucleocapsid proteins—L, NP, VP35, and
VP30—are sufficient to support the transcription and replica-
tion of artificial Ebola VRNAs (10); hence, we next tested
whether expression of L, NP, VP35, and VP30 leads to repli-
cation and transcription of the artificial GFP-vRNA. Using the
amounts of plasmid DNA described in a previous report (10)
as a guide, we first transfected 10° human embryonic kidney
(293T) cells with 1 g of p3ESEGFP, 1 g of pCEZ-L, 0.5 g
of pCEZ-NP, 0.5 g of pCEZ-VP35, and 0.1 pg of pCEZ-
VP30, for the production of the Ebola virus Zaire L, NP, VP35,
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FIG. 1. Production of Ebola VLPs from plasmids. (A) Schematic diagram of the construct for production of the Ebola virus minigenome,
p3ESEGFP. This construct was made from plasmid 3E-5E, which contains the chloramphenicol acetyltransferase (CAT) gene in antisense
orientation between the leader and trailer sequences of the Ebola virus genome, flanked by the T7 RNA polymerase promoter (T7) and a ribozyme
(Rib) (10). The CAT gene was replaced with the GFP gene using NotI and Ndel restriction enzyme sites; thus, the GFP gene is also cloned in the
antisense orientation, as indicated by the inverted letters. (B) Schematic diagram of a system for Ebola VLP generation. 293T cells were transfected
with plasmids for the expression of the Ebola virus NP, L, VP35, VP30, GP, VP40, and VP24 proteins and with p3ESEGFP. pC-T7Pol was also
cotransfected into cells to provide T7 RNA polymerase. Culture supernatants of 293T cells were then harvested 72 h after transfection and were

incubated with 293T cells which had been transfected with plasmids for expressing L, NP, VP35, and VP30 proteins 24 h prior to inoculation with
the culture supernatant.




VoL. 78, 2004

TABLE 1. Optimal amounts of plasmid DNA required for the
transcription and replication of an artificial Ebola virus minigenome*
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TABLE 2. Optimal amounts of plasmid DNA required for the
production of infectious VLPs*

Amt of Plasmid DNA (j.g) expressing: Relgtive Amt of Plasmid DNA (pg) expressing: Rel:}tive
efficiency efficiency
L NP VP VP TIPol GEP-vRNA ex(p))frfgsl?cf))nb L NP VP35 VP30 GP VP4 VP24 TTPol GT VP
1.0 0.5 0.5 1.0 1.0 1.0 1.0 40 05 05 03 10 10 1.0 1.0 1.0 1.0
1.0 0.5 0.5 0.3 1.0 1.0 2.5 40 05 05 03 10 10 03 1.0 1.0 1.3
1.0 0.5 0.5 0.1 1.0 1.0 32 40 05 05 03 10 10 0.1 1.0 1.0 1.2
2.0 0.5 0.5 1.0 1.0 1.0 1.5 40 05 05 03 1.0 10 0.03 1.0 1.0 1.6
2.0 0.5 0.5 0.3 1.0 1.0 7.5 40 05 05 03 10 10 0 1.0 1.0 1.2
2.0 0.5 0.5 0.1 1.0 1.0 3.7 40 05 05 03 10 O 0.03 1.0 1.0 0
3.0 0.5 0.5 1.0 1.0 1.0 2.9 40 05 05 03 0 1.0 003 1.0 1.0 0
30 03 03 0.3 0 0 83 “293T cell transfected with plasmids for th ion of Ebol.
cells were transfected wi asmids for the expression of seven Ebola
Z_ 8 8 g 8 g (1)(1) 1 8 i 8 g 3 Zaire virus structural proteins and yvirgh p3ESEGFP andppC-T7Pol. Sevent}{-two
: hours later, the supernatants containing Ebola VLPs were harvested and incu-
i 8 8 g 8 g 8:1’ i 8 i 8 1; g bated with fresh 293T cells transfected with plasmids expressing L, NP, VP35,

“293T cells were transfected with plasmids for the expression of the Ebola
virus Zaire L, NP, VP35, and VP30 proteins and with p3ESEGFP and pC-T7Pol.
Forty-eight hours later, the number of GFP-expressing cells was determined with
a fluorescence microscope.

® Determined by counting the number of GFP-expressing cells in five micro-
scopic fields. The sample containing 1 pg of plasmids expressing L, VP30,
p3ESEGFP, and pC-T7Pol and 0.5 g of plasmids expressing NP and VP35 was
chosen as the reference (value of 1); approximately 500 GFP-expressing cells
were observed with these amounts of plasmid DNA.

and VP30 proteins, respectively. pC-T7Pol (11) was also co-
transfected into cells to provide T7 RNA polymerase. Forty-
eight hours later, more than 50% of the transfected cells ex-
pressed GFP (data not shown), confirming that the four
nucleocapsid proteins (L, NP, VP35, and VP30) are sufficient
for replication and transcription of T7 RNA polymerase-de-
rived GFP-vRNA. In addition, like Miihlberger et al. (10), we
found that VP30 expression increased the number of GFP-
expressing cells (data not shown).

To determine the optimal amounts of plasmid DNA re-
quired for the most efficient GFP expression, we tested various
amounts of the L, NP, VP35, and VP30 expression plasmids.
Changing the amounts of plasmids expressing NP and VP35,
from 0.5 to 1.0 pg, did not affect GFP expression in transfected
cells (data not shown). Altering the amounts of the L and
VP30 expression plasmids, however, appreciably affected the
number of GFP-expressing cells; among different amounts of
plasmids tested, 4.0 pg of pCEZ-L and 0.3 pg of pCEZ-VP30
were the most efficient in producing GFP-expressing cells (Ta-
ble 1). Thus, 4.0 pg of pCEZ-L, 0.5 png of pCEZ-NP and
pCEZ-VP35, and 0.3 pg of pCEZ-VP30 were used in all sub-
sequent experiments.

Formation of Ebola VLPs entirely from cloned cDNAs. To
generate Ebola VLPs, we transfected 10° 293T cells with plas-
mids for the expression of GP (pCEboZGP; 1 pg [8]), VP40
(pCEboZVP40; 1 pg [9]), VP24 (pCEboZVP24; 1 pg) in ad-
dition to the optimal amounts of plasmids for the expression of
proteins required for transcription and replication of the arti-
ficial Ebola virus minigenome (listed above) together with 1 g
of p3ESEGFP and pC-T7Pol. Interestingly, the numbers of
GFP-expressing cells were more than 10-fold lower than those
found when cells were transfected with plasmids for the ex-
pression of proteins required for transcription and replication
of the artificial Ebola virus minigenome only (i.e., pCEZ-L,
pCEZ-NP, pCEZ-VP35, pCEZ-VP30, p3ESEGFP, and pC-

and VP30 proteins. Seventy-two hours after infection, the number of GFP-
expressing cells (corresponding to the number of infectious VLPs) was deter-
mined with a fluorescence microscope.

> Determined by counting the number of GFP-expressing cells in all micro-
scopic fields. The sample containing 4.0 pg of plasmid expressing L, 0.5 pg of
plasmids expressing NP and VP35, 0.3 pg of plasmid expressing VP30, and 1 pg
of plasmids expressing GP, VP40, VP24, p3ESEGFP, and pC-T7Pol (which
produced ~600 infectious VLPs/ml of supernatant) was chosen as the reference
(value of 1).

T7Pol). This reduction in GFP-expressing cells is likely due to
the cytotoxicity of membrane-associated proteins GP, VP40,
and VP24 (1, 2, 18, 21, 30; L. Jasenosky, S. Watanabe, and Y.
Kawaoka, unpublished data). Culture supernatants of 293T
cells were harvested 72 h after transfection and incubated with
other 293T cells which had been transfected with plasmids for
expressing L, NP, VP35, and VP30 proteins (required for rep-
lication and transcription of GFP-vRNA) 24 h prior to inocu-
lation (Fig. 1B). Seventy-two hours later, we detected GFP-
expressing cells corresponding to 5.8 X 10° VLPs/ml of
supernatant (data not shown). We also confirmed that no
GFP-expressing cells were detected when supernatants were
incubated with 293T cells without cotransfection of plasmids
encoding L, NP, VP35, and VP30 proteins (data not shown).

We next investigated whether the efficiency of VLP forma-
tion would increase if the amounts of certain expression plas-
mids were modified. Because VP24 is a minor protein, we
thought its expression level in the initial experiment might be
too high. Reduction of the VP24 expression plasmid from 1 to
0.03 pg resulted in a 10-fold increase in GFP-expressing cells
(approximately 10° GFP-positive cells/10° plasmid-transfected
cells). When supernatants of 293T cells collected at 72 h post-
transfection were used to infect 293T cells expressing L, NP,
VP35, and VP30, we found a slight (~1.6-fold) increase in the
number of GFP-positive cells, corresponding to the number of
VLPs (9.2 X 10? infectious particles per ml of supernatant at
72 h postinfection) (Table 2). Interestingly, even without the
addition of the VP24-expressing plasmid, infectious VLPs were
produced, indicating that this protein is not essential for either
the formation or entry of Ebola VLPs into cells. By contrast,
without GP or VP40, infectious Ebola VLPs were not pro-
duced.

To determine the morphology of Ebola VLPs generated
entirely from plasmids, we performed transmission and scan-
ning electron microscopy (TEM and SEM, respectively) on
COS-7 cells transfected with all plasmids required for VLP
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Bar:1.5 um

FIG. 2. Morphology of Ebola VLPs generated entirely from cDNAs. (A) TEM of COS-7 cells transfected with plasmids (VLP, right) or Vero
E6 cells infected with Ebola virus (left). Cells were fixed with 2.5% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4) and postfixed with 2%
osmium tetroxide in the same buffer. Samples were stained en bloc with 1% aqueous uranyl acetate and then processed as described previously
(12). (B and C) SEM of Vero E6 cells infected with Ebola virus (B) or COS-7 cells transfected with plasmids (VLP) (C). Cells were fixed as
described in the legend for panel A. The fixed samples were dehydrated with a series of ethanol gradients, substituted with z-butanol, and dried
in a Hitachi ES-2030 freeze dryer. Dried specimens were coated with osmium tetroxide by using an HPC-1S osmium coater (Vacuum Device Inc.)
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Bar:500 nm

Bar:500 nm

and examined with a Hitachi S-4200 microscope. (D) Immuno-SEM of COS-7 cells transfected with plasmids. Cells were fixed with 3%
paraformaldehyde and 0.1% glutaraldehyde in phosphate-buffered saline (PBS). After incubation with PBS containing 1% bovine serum albumin
(PBS-BSA), the samples were treated with a mixture of mouse anti-GP monoclonal antibodies (1:100 dilution in PBS-BSA) (top image) or rabbit
anti-HA (influenza A virus A/WSN/33; 1:250 dilution) (bottom image) polyclonal antibodies. After washing with PBS, samples were incubated with
a goat anti-mouse immunoglobulin conjugated to 15-nm gold particles (1:50 dilution) or anti-rabbit immunoglobulin with 5-nm gold particles (1:50
dilution). After washing with PBS, the specimens were processed as described in the legend for panels B and C for SEM.

1003
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FIG. 3. Neutralization of Ebola VLPs by a MAb to the Zaire GP.
Culture supernatants containing Ebola VLPs possessing the Zaire,
Reston, or Marburg GP were mixed with a MAb to the Zaire GP
known to neutralize the Ebola Zaire virus (19). Thirty minutes after
incubation at 4°C, the mixture was used to infect 293T cells expressing
L, NP, VP35, and VP30. Normal mouse ascites was used as a negative
control. Experiments were performed three times. The percentage of
infectious units indicates VLP infectivities relative to those in the
presence of normal mouse ascites, which were assigned a value of
100%.

Reston GP  Marburg GP

production. In ultrathin sections of these cells, filamentous
particle-like structures budding from the plasma membrane
and containing electron-dense structures such as viral nucleo-
capsid were observed by TEM (Fig. 2A, right). Under the
SEM, we also observed many filamentous structures on the
plasmid-transfected cell surface (Fig. 2C). These structures
were indistinguishable from those observed in cells infected
with authentic Ebola virus (Fig. 2A, left, and B) (4, 15). To
confirm whether these filamentous structures were Ebola
VLPs, we performed immuno-SEM using mouse anti-Ebola
virus Zaire GP monoclonal antibodies (MAD) (12, 19). Under
the SEM, we detected filaments with rough surfaces due to
decoration with anti-Ebola virus Zaire GP MAb (Fig. 2D, top).
In contrast, we could not detect rough-surfaced filaments using
anti-hemagglutinin (HA; influenza A virus A/WSN/33) poly-
clonal antibodies (Fig. 2D, bottom). These results demon-
strated that GP was expressed on the surface, indicating that
these filamentous structures were Ebola VLPs.

Thus, the expression of all viral structural proteins leads to
the formation of infectious Ebola VLPs containing an artificial
Ebola virus minigenome (GFP-vRNA) that can be delivered to
subsequent cells.

Authenticity of Ebola VLPs containing an Ebola virus-like
GFP-vRNA. To validate that the GP-containing particles initi-
ate infection in the same manner as authentic Ebola virus, we
first determined whether a neutralizing MAD to the Ebola virus
Zaire GP could inhibit Ebola VLP infection. Culture superna-
tants containing Ebola VLPs were mixed with a MAb to the
Zaire GP known to neutralize Ebola Zaire virus and a recom-
binant vesicular stomatitis virus pseudotyped with the Zaire
GP (19). Thirty minutes after incubation at 4°C, the mixture
was used to infect 293T cells expressing L, NP, VP35, and
VP30. Incubation of VLPs with the MAb abolished GFP-pos-
itive (VLP-infected) cells completely, indicating that the anti-
body neutralized the VLPs (Fig. 3). Normal mouse ascites did
not abolish GFP expression in VLP-incubated cells.

J. VIROL.

TABLE 3. Infectivities of Ebola VLPs possessing GPs of a different
Ebola subtype, Marburg virus, or mutant GPs”

Infectious
GP units
(log;¢/ml)
Ebola Zaire GP mutants
GP 1623A (mutant GP)......cccouvvvieivivicrccecccecccnennes 0.8+0.3
GP L585A (Mutant GP)....cceuvvveceeinenccerireceeenenecneineeecnenns 23+04
Ebola virus
ZLAUTC.uveeeeereeeeeeieeeseseteeee et s se st s sensesesa e sesesesesesaneesesaneaes 2.3+0.5

. 27x04

Sudan....... . 1.9+02
Ivory Coast. . 23%03
MATDULE VITUS ..o 2.7%0.5

“293T cells were transfected with plasmids for the expression of seven Ebola
Zaire virus structural proteins and with p3ESEGFP and pC-T7Pol. Seventy-two
hours later, the supernatant containing Ebola VLPs was harvested and incubated
with fresh 293T cells transfected with plasmids expressing L, NP, VP35, and
VP30. Seventy-two hours after infection, the number of GFP-expressing cells
(corresponding to the number of infectious VLPs) was determined with a fluo-
rescence microscope. Results are means * standard deviations.

We previously identified amino acid substitutions in the
Ebola virus Zaire GP that inhibit the ability of this protein to
support the infectivity of a mutant vesicular stomatitis virus
pseudotyped with Ebola virus Zaire GP (25). Since one of the
GP mutants, 1623A (Ile-to-Ala substitution at position 623),
reduced the infectivity of the pseudotyped virus, we attempted
to generate Ebola VLPs containing this mutant protein. As a
positive control, we also generated Ebola VLPs containing GP
with a Leu-to-Ala substitution at position 585 (L585A), which
does not impair GP function (25). The numbers of GFP-pos-
itive 293T cells transfected with plasmids for production of
VLPs possessing mutant GP, 1623A or L585A, did not differ
(data not shown), but the infectivity of Ebola VLPs possessing
1623A GP was 1.5 log lower than that of VLPs possessing
L585A GP (Table 3). These results confirmed the GP-medi-
ated attachment and entry of VLPs into cells, suggesting that
such VLPs generated from plasmids can be used to study the
mechanisms of Ebola virus entry into cells.

GPs of other subtypes of Ebola and Marburg viruses can be
incorporated into Ebola virus Zaire VLPs. Viral protein-pro-
tein interactions are important in virus assembly. It was re-
cently reported that coexpression of GP and VP40 resulted in
formation of filamentous particles with GP spikes, suggesting
their interaction (12). To investigate whether a type- or sub-
type-specific GP is needed for infectious virion formation, we
attempted to generate Ebola VLPs possessing the GP of other
Ebola subtypes (Sudan, Ivory Coast, or Reston) or of Marburg
virus instead of the Zaire GP. Substitution of these GPs did not
appreciably affect the infectivity of Ebola VLPs, with the ex-
ception of the Sudan GP (Table 3). In fact, replacement of the
Zaire GP with the Reston or Marburg protein resulted in a
2.5-fold increase in VLP infectivity. Figure 3 confirms that the
infectivity of these VLPs was indeed mediated by GP. That is,
infectivity of VLPs possessing the Reston or Marburg GP was
not affected upon incubation with anti-Zaire GP MAbs with
neutralizing abilities (19), in contrast to those possessing the
Zaire GP. Thus, the GPs of other Ebola virus subtypes can also
be incorporated into Ebola VLPs, where they function to me-
diate virus entry into cells.
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Here we describe a plasmid-driven system for the generation
of infectious Ebola VLPs containing an artificial Ebola vRNA.
293T cells transfected with plasmids for Ebola VLP formation
produced nearly 10® infectious particles per ml, equivalent to
the titer of Ebola virus generated by a reverse genetics system
(11). Huang et al. (7) reported that NP, VP35, and VP24
proteins are minimally required for nucleocapsid formation
and that the structures produced were similar to the authentic
Ebola virus nucleocapsids. Our results suggest that VP24 is not
essential for nucleocapsid formation or for the formation of
and entry of Ebola VLPs into cells. Since the protein compo-
nents of actual Ebola virus are identical to those of Ebola
VLPs, the only difference between authentic virus and these
artificial VLPs lies in the length of their genomic RNAs. The
minigenome RNA used in this study is approximately 2 kb
long, or approximately 10 times shorter than the full-length
genome. Thus, the lack of a requirement for VP24 in nucleo-
capsid formation in our system may be related to the length of
the genomic RNA. Despite this difference, the Ebola VLPs
function in an authentic manner. Therefore, we suggest that
infectious Ebola VLPs containing an Ebola virus minigenome
could be used productively, under non-BL4 conditions, to
identify the structure-function relationships among Ebola virus
components that contribute to the extreme pathogenicity of
this agent.

Effective anti-Ebola virus vaccines for primates remain to be
developed (13, 23, 28, 29). It was recently demonstrated that
replication-incompetent influenza VLPs protected mice
against challenge with lethal doses of influenza virus (26). By
analogy, combining our systems for generating Ebola virus (11)
and Ebola VLPs (this report) from plasmids should enable us
to produce replication-incompetent Ebola VLPs that would
infect cells and express protective viral antigens (unlike inac-
tivated vaccines) without generating progeny particles in in-
fected cells, thus constituting a safe protective vaccine. Studies
to develop such vaccines are under way.
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