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Lassa and Ebola viruses cause acute, often fatal, hemorrhagic fever diseases, for which no effective vaccines
are currently available. Although lethal human disease outbreaks have been confined so far to sub-Saharan
Africa, they also pose significant epidemiological concern worldwide as demonstrated by several instances of
accidental importation of the viruses into North America and Europe. In the present study, we developed
experimental individual vaccines for Lassa virus and bivalent vaccines for Lassa and Ebola viruses that are
based on an RNA replicon vector derived from an attenuated strain of Venezuelan equine encephalitis virus.
The Lassa and Ebola virus genes were expressed from recombinant replicon RNAs that also encoded the
replicase function and were capable of efficient intracellular self-amplification. For vaccinations, the recom-
binant replicons were incorporated into virus-like replicon particles. Guinea pigs vaccinated with particles
expressing Lassa virus nucleoprotein or glycoprotein genes were protected from lethal challenge with Lassa
virus. Vaccination with particles expressing Ebola virus glycoprotein gene also protected the animals from
lethal challenge with Ebola virus. In order to evaluate a single vaccine protecting against both Lassa and Ebola
viruses, we developed dual-expression particles that expressed glycoprotein genes of both Ebola and Lassa
viruses. Vaccination of guinea pigs with either dual-expression particles or with a mixture of particles
expressing Ebola and Lassa virus glycoprotein genes protected the animals against challenges with Ebola and
Lassa viruses. The results showed that immune responses can be induced against multiple vaccine antigens
coexpressed from an alphavirus replicon and suggested the possibility of engineering multivalent vaccines
based upon alphavirus vectors for arenaviruses, filoviruses, and possibly other emerging pathogens.

Lassa and Ebola viruses were discovered in Africa in 1969
and 1976, respectively, and were immediately noted for their
extreme pathogenic potential (19, 21, 26). Lassa virus is a
member of the Arenaviridae family, with enveloped, spherical
virions 90 to 120 nm in diameter and a segmented RNA ge-
nome. Lassa fever accounts for 10 to 15% of adult medical
admissions in West Africa, resulting in up to 300,000 infections
and several thousand deaths per year (23). The natural host for
the virus is the multimammate rat Mastomys natalensis, and
human infection occurs by exposure to virus-contaminated
food, water, or soil (24). Many biological features of the Lassa
virus, including the pathogenic mechanisms, remain to be elu-
cidated. Ebola virus, a member of the family Filoviridae, is in
many respects, even less well defined. The filamentous, envel-
oped Ebola virus virions are 80 nm in diameter, with an aver-
age length of 920 nm. The natural host for the virus and a
mode of primary human infection remain unknown. Human
mortality rates during Ebola virus outbreaks approach 90%
(4). Although Lassa and Ebola viruses are unrelated taxonom-
ically, development of vaccines for both viruses has often been
considered in parallel (4, 26). Both viruses are endemic in
partially overlapping areas of sub-Saharan Africa, with Ebola

virus registered in Zaire, Gabon, Côte d’Ivoire, and Sudan and
Lassa virus found primarily in Sierra Leone, Liberia, and Ni-
geria. Both viruses are assigned to the highest categories of
laboratory containment because of the severity of diseases and
the fact that no vaccines are currently available. Vaccines
against Lassa and Ebola viruses would benefit populations in
areas of endemicity as well as at-risk medical personnel. Fur-
ther, vaccines may be of critical importance to prevent spread
of these viruses within or outside Africa. Cases of Lassa fever
have already been registered in the United States and Europe
(1, 2, 26). Strain Reston of Ebola virus was introduced in the
United States in 1989 (18).

The development of safe and efficacious vaccines for Lassa
and Ebola viruses has proved difficult. Inadequate efficacy and
safety concerns surround the development of live attenuated
or inactivated virus vaccines (4, 26). Substantial protection
against infection with Lassa virus was achieved using recombi-
nant vaccinia viruses expressing Lassa virus nucleoprotein
(LNP) or glycoprotein (LGP) genes (3, 5, 10, 11, 25). Protec-
tion against infection with Ebola virus was observed using
Ebola virus nucleoprotein (ENP) or glycoprotein (EGP) that
was expressed from recombinant vaccinia viruses, DNA vec-
tors, or a combination of DNA vector and recombinant ade-
novirus (12, 31, 33, 35). These studies successfully identified
viral antigens that are potentially useful in vaccine develop-
ment. However, the use of live, nonattenuated virus vectors
also raised safety concerns. In several cases, incomplete pro-
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tection was observed or only mild challenge conditions were
evaluated.

Previously, we described an RNA replicon vaccine vector
derived from attenuated Venezuelan equine encephalitis virus
(VEE), an alphavirus (28). The VEE vector system consists of
an RNA replicon expression vector and a bipartite RNA pack-
aging helper, all three RNAs produced in vitro from transcrip-
tion plasmids. The replicon RNA encodes a vaccine-relevant
gene and the VEE replicase-transcriptase that controls self-
replication and transcription of the heterologous gene. Such
replicons are packaged into VEE-like replicon particles (VRP)
using the VEE capsid and envelope proteins, which are ex-
pressed from helper RNAs. During vaccination, VRP serve as
a vehicle for delivery, amplification, and expression in vivo of
the vaccine-relevant gene. In contrast to live virus vectors, gene
expression is confined to the cells initially infected with VRP,
with no spread of infection. Previous studies showed that the
VRP envelope, which is derived from live attenuated strain
V3014 of VEE (9), targets gene expression to lymph nodes,
including professional antigen-presenting dendritic cells, and is
capable of eliciting high-level humoral, mucosal, and cell-me-
diated immune responses to the expressed antigen (8, 13, 22).
Immune response to two different antigens was detected after
sequential inoculations with VRP (28). However, covaccina-
tion with VRP has not yet been tested, and there have been no
reports of a combined vaccine for Lassa and Ebola viruses, in
part due to the lack of a rodent model suitable for both viruses.
Recently, strain 13 guinea pigs were developed as a model for
both Lassa and Ebola viruses (6, 17).

In this study, we developed VRP-based vaccines for Lassa
virus and assessed their immunogenicity and protective capa-
bility against lethal Lassa virus challenge in guinea pigs. In
addition, we configured the VEE replicons for the combined
expression of vaccine-relevant genes and evaluated the protec-
tive capability of combination and bivalent vaccines against
both Lassa and Ebola viruses.

MATERIALS AND METHODS

Cells and viruses. Baby hamster kidney (BHK-21), Vero, and Vero-E6 cell
lines were obtained from the American Type Culture Collection (Manassas, Va.)
and maintained in minimal essential medium with Earle’s salts (EMEM), 10%
fetal bovine serum (FBS), penicillin (200 U/ml), streptomycin (200 U/ml), and
gentamicin sulfate (10 �g/ml) at 37°C in 5% CO2. Lassa virus was from the
original Josiah strain Lassa virus isolate, passage 5 in Vero cells. Ebola virus was
previously adapted to lethal virulence in strain 13 guinea pigs by serial passage of
the 1976 Zaire (Mayinga) isolate (6).

VEE replicons and helpers. For construction of the LGP-replicon, cDNA
clone LS1337 containing the Josiah strain Lassa virus LGP gene (D. Auperin,
Centers for Disease Control and Prevention, Atlanta, Ga.) was digested with
ApaI, treated with T4 DNA polymerase, and digested with BamHI. The 1.5-kb
LGP gene fragment was cloned into HindIII (treated with T4 polymerase)-
BamHI sites within a ClaI-flanked polylinker in the shuttle vector and then
subcloned as a ClaI fragment into the ClaI site of the VEE replicon clone (28).
The dual-expression vector p2 � 26S was constructed by cloning into the ClaI
site of the annealed oligonucleotides 5�-CGATACTTAAGGGCGCGCCTATA
ACTCTCTACGGCTAACCTGAATGGACTATCGAAGATATCGGCGC-3�
and 5�-CGGCGCCGATATCTTCGATAGTCCATTCAGGTTAGCCGTAGA
GAGTTATAGGCGCGCCCTTAAGTAT-3�. pEGP/LGP was constructed by
cloning the EGP and LGP genes from the EGP- and LGP-replicon cDNA
clones as ClaI fragments into the ClaI and NarI sites of p2 � 26S, respec-
tively. Runoff in vitro transcriptions; LNP-, hemagglutinin (HA) gene-, EGP-,
and ENP-replicons; and the VEE c and gp helpers were described previously
(27, 28).

Protein expression and production of VRP. BHK cells were transfected by
electroporation and incubated for 30 h (27, 28). Intracellular proteins were
metabolically labeled for 1 h with 25 �Ci of [35S]Met in Met-depleted medium.
Cells were lysed in a buffer containing 50 mM Tris-HCl (pH 6.8), 5% 2-mercap-
toethanol, 10% glycerol, and 1% sodium dodecyl sulfate, and proteins were
separated on 7% or 4 to 12% polyacrylamide gels. Western blotting was carried
out using Lassa virus-specific serum from convalescent rhesus monkey or a
cocktail of LGP-specific mouse monoclonal antibodies (L52-121-22-BA02, L52-
2121-22-BA02, and L52-135-17A [U.S. Army Medical Research Institute for
Infectious Diseases]) or EGP-specific mouse serum (U.S. Army Medical Re-
search Institute for Infectious Diseases), followed by the appropriate peroxidase-
labeled secondary antibodies.

Culture supernatants containing VRP were clarified by centrifugation at
4000 � g for 10 min, and VRP were concentrated and partially purified by
pelleting at 28,000 rpm for 5 h in an SW28 rotor through 20% (wt/wt) sucrose in
phosphate-buffered saline (pH 7.4). VRP titers were determined by immunoflu-
orescence assay (IFA). BHK cells were grown to subconfluency in eight-well
chamber slides, and VRP were diluted at 10-fold increments in the EMEM
containing 10% FBS and absorbed (0.1 ml/well) onto BHK cell monolayers for
1 h at 37°C. Then, 0.3 ml of the medium was added per well and incubation was
continued for 16 h. Cells were fixed with cold acetone and probed with a cocktail
of LGP-specific mouse monoclonal antibodies (L52-121-22-BA02, L52-2121-22-
BA02, and L52-135-17A), each at a 1:100 dilution, or with rhesus monkey
LNP-specific serum or guinea pig EGP-specific serum at a 1:25 dilution. Fluo-
rescein-labeled secondary antibodies to mouse, human, or guinea pig immuno-
globulin G (IgG) (heavy and light chain [H�L]) were used at a 1:25 dilution. For
double-staining IFA, a mixture of LGP- and EGP-specific antibodies was used,
followed by a mixture of rhodamine-labeled antibody to mouse IgG (H�L) and
fluorescein-labeled antibody to guinea pig IgG (H�L).

Immunizations. VRP were diluted in phosphate-buffered saline, pH 7.4. Strain
13 female guinea pigs (body weight, 300 to 400 g) were inoculated subcutane-
ously (s.c.) at day 0 with a total of 0.5 ml containing 107 infectious units (IU) of
VRP. At 28-day intervals, two booster inoculations were administered. Passive
immunization was carried out by intraperitoneal (i.p.) administration of 5 ml of
the immune serum 4 h before viral challenge. Immune serum was prepared by
inoculating strain 13 guinea pigs (four per group) three times at 28-day intervals
with 107 IU of LGP- or LNP-VRP. At day 72, animals were anesthetized and
exsanguinated, and serum was assayed and pooled.

Serological tests and plaque assays. IgG enzyme-linked immunosorbent assay
(ELISA) was performed with gradient-purified and irradiated Zaire 1995 strain
Ebola virus (14, 27) or Josiah strain Lassa virus as the substrate antigen. Sera
were initially diluted 1:50 and then serially diluted 1:3, and a reaction stronger
than the average reaction with negative control serum plus two standard devia-
tions was considered positive. For Western blotting, guinea pig sera were pooled
and assayed at 1:500 dilution. Neutralizing antibodies for Lassa virus were de-
termined by 80% plaque reduction neutralization assay (PRNT80). Sera were
initially diluted 1:10 and then serially diluted 1:2 in Hanks’ balanced salt solution
containing 10 mM HEPES and 10% guinea pig complement. Diluted serum (0.5
ml) was incubated with 103 PFU of Lassa virus for 1 h at 37°C in a total volume
of 1 ml. Virus was absorbed on Vero cells in six-well plates (0.2 ml/well) for 1 h
at 37°C, overlaid with 2 ml of 0.5% agarose in basal medium Eagle containing 10
mM HEPES and 5% FBS, and incubated for 4 days. A second overlay containing
5% neutral red was applied, plaques were counted 24 h later, and the serum
dilution required to achieve 80% plaque reduction was determined. Neutralizing
antibody for VEE and Ebola viruses was determined similarly, except that for
incubation with VEE, serum was heat inactivated for 30 min at 56°C and serially
diluted 1:2 in Hanks’ balanced salt solution containing 25 mM HEPES and 2%
heat-inactivated FBS, and cells were incubated for 1 day before the second
overlay. For incubation with Ebola virus, serum was diluted in EMEM containing
5% FBS, and Vero-E6 cells were used, which were incubated for 10 days before
staining with saline containing 5% FBS and 5% neutral red.

Virus challenge. Challenge was carried out 28 days after the final dose of VRP
or 4 h after passive immunization as previously described for Lassa (3, 5) and
Ebola (27) viruses in a guinea pig model. Guinea pigs were challenged s.c. with
160 50% lethal doses (LD50), equivalent to 1,000 PFU of Josiah strain Lassa
virus, or with 1,000 LD50 (104 PFU) of guinea pig-adapted Mayinga strain Ebola
virus. The virus was administered in a total volume of 0.5 ml in EMEM contain-
ing 2% FBS. Animals were observed daily for 31 days as described elsewhere (5,
27), and survival and changes in the appearance and behavior of the animals
were recorded. Blood samples were taken on the days indicated after challenge
and viremia levels were determined by plaque assay.

Research was conducted in compliance with the Animal Welfare Act and
other regulations relating to experiments involving animals.
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RESULTS

Preparation of VRP vaccines for Lassa virus. As experimen-
tal vaccines for Lassa virus, we prepared and evaluated VRP
expressing LGP or LNP genes. The LGP or LNP gene was
cloned downstream from the VEE replicase and 26S promoter
in the transcription plasmid containing the VEE replicon
cDNA (Fig. 1A). The LGP-replicon, LNP-replicon, c helper,
and gp helper RNAs were prepared by in vitro transcription of
the recombinant plasmids using T7 RNA polymerase. The
LGP-VRP were prepared by cotransfecting BHK-21 cells with
LGP-replicon along with the VEE c helper and gp helper
RNAs. Similarly, the LNP-VRP were prepared by cotransfect-
ing BHK cells with LNP-replicon, c helper, and gp helper
RNAs. At 30 h posttransfection, the titers of the LGP-VRP
and LNP-VRP in the medium from cotransfected cells were
107 and 108 IU/ml, respectively. To confirm that live VEE did
not regenerate by recombination between the replicon and
helper RNAs, VRP preparations were tested and found neg-
ative for VEE, by IFA with VEE-specific antibodies and by
plaque assay, both in transfection supernatants and after a
blind passage in BHK cells (data not shown).

To evaluate expression of LGP and LNP genes, we labeled
proteins with [35S]methionine at 24 h posttransfection and
analyzed them by Coomassie staining, autoradiography, and
Western blotting (Fig. 1B). Expression of LGP and LNP was
detected by direct staining of whole-cell extracts with Coomas-
sie stain and by autoradiography. This was confirmed by West-
ern blotting. In the cells expressing LGP, the major 79-kDa
protein was detected, which corresponded to the intracellular
GPc precursor (10). Minor bands of approximately 38 to 44
kDa were also detected in the Western blot, which are consis-
tent with the expected proteolytic processing of the precursor
into G1 and G2 proteins (25). The LNP was observed as a
major protein band of 63 kDa by Coomassie staining, autora-
diography, and Western blotting.

Also shown on Fig. 1B is expression of EGP in the cells
transfected with EGP-replicon and expression of both EGP
and LGP from the dual-expression EGP/LGP-replicon, which
will be discussed below.

Vaccination and protection against infection with Lassa vi-
rus. We used LGP-VRP and LNP-VRP to vaccinate female
strain 13 guinea pigs. Four groups of five guinea pigs were
evaluated as follows. The first group was inoculated with 107

IU of LGP-VRP, the second group was inoculated with 107 IU
of LNP-VRP, the third group was inoculated with a mixture of
107 IU LGP-VRP and 107 IU LNP-VRP, and the fourth (con-
trol) group was inoculated with 107 IU of ENP-VRP. We
administered a total of three injections s.c., at 4-week intervals.
All animals remained healthy and showed no adverse effects
after vaccination with VRP. Prechallenge serum antibodies to
Lassa virus were detected by ELISA and Western blotting in
all animals except the controls, whereas neutralizing antibodies
were not detectable by PRNT80 (data not shown). At 4 weeks
after the last inoculation, animals were challenged s.c. with 160
LD50 of Lassa virus. All the control animals became infected
and died with severe disease symptoms and high viremia (Fig.
2). In contrast, no symptoms of disease were detected in any of
the animals inoculated with either LGP-VRP, LNP-VRP, or a
mixture of LGP- and LNP-VRP. Most of the animals had no

FIG. 1. VRP and expression of LGP and LNP. (A) Production of
VRP for expression of LGP or LNP genes using the replicon, c helper,
and gp helper RNAs transcribed from cDNA clones. RNAs are shown
with solid lines; indicated are the T7 RNA polymerase promoter (PT7),
the VEE 26S promoter (open arrow), the location of the EGP or LNP
gene (Lassa), and the encapsidation signal (�). (B) Expression of LGP
and LNP by Coomassie staining and autoradiography (upper panel)
and Western blotting (bottom panel). Proteins were labeled with
[35S]Met and separated on a polyacrylamide gel. Each lane was loaded
with an equivalent of 104 cells. For Western blotting, convalescent
rhesus monkey serum (anti-LNP), or monoclonal antibodies to LGP
(anti-LGP)- or EGP (anti-EGP)-specific mouse serum were used.
Numbers to the right of the panels are molecular masses (kilodaltons).
NC, negative control untransfected cells.
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detectable viremia, except that three animals immunized with
LGP-VRP, one animal immunized with LNP-VRP, and one
animal immunized with LGP- and LNP-VRP had viremia at
levels of 50 to 100 PFU/ml at day 7 postchallenge.

Passive immunization against infection with Lassa virus.
LGP and LNP immune sera for passive immunization were
prepared by inoculating guinea pigs with LGP-VRP and LNP-
VRP, respectively. Pooled LGP- or LNP-specific serum was
injected i.p. into two groups of five guinea pigs, 5 ml per
animal, reconstituting 25 to 30% of the total serum volume
(30). A third group remained untreated and was used as a
control. The animals were challenged 4 h after serum transfer
with 160 LD50 of Lassa virus. After challenge, all serum recip-
ients and untreated control animals became infected, devel-
oped viremia, and died with severe disease (Fig. 3). This result
showed that in spite of the fact that active immunization with
VRP resulted in high-level protection against lethal challenge
with Lassa virus, passive transfer of significant volumes of sera
from vaccinated animals did not elicit any detectable protective
effect in serum recipients against Lassa virus challenge.

Combination and dual-expression vaccines for Lassa and
Ebola viruses. To develop a single vaccine against infection
with Ebola and Lassa viruses, we evaluated two vaccine can-
didates: a combination vaccine composed of a mixture of LGP-

VRP and EGP-VRP and a dual-expression EGP/LGP-VRP,
which expressed both EGP and LGP genes from the same
replicon RNA. A previous study showed that EGP-VRP ex-
pressing the EGP gene protects guinea pigs and mice against
Ebola virus infection (27). To configure the VEE replicon as a
dual-expression vector and to introduce both EGP and LGP
genes into the replicon RNA, we constructed a cloning vector,
p2 � 26S, encoding the VEE replicon with two copies of the
26S promoter and restriction sites downstream from each pro-
moter (Fig. 4A). The EGP and LGP genes were cloned into
the p2 � 26S vector, and the EGP/LGP-replicon RNA encod-
ing both EGP and LGP genes was obtained by in vitro tran-
scription. The dual-expression EGP/LGP-VRP were prepared
by cotransfecting BHK cells with the EGP/LGP-replicon and
the c and gp helper RNAs. The titer of EGP/LGP-VRP in the
medium from cotransfected BHK cells was 5 � 107 IU/ml.

Coexpression of Ebola and Lassa virus antigens. Initially,
expression from the dual-expression EGP/LGP-replicon was
characterized by Western blotting. The banding patterns and
levels of expression of EGP and LGP from the dual-expression
replicon were comparable to those observed from the individ-
ual EGP- or LGP-replicons, although the processed forms of
the proteins were detected in larger amounts (Fig. 1B). For
example, Western blot with anti-LGP antibodies showed larger
quantities of G1/G2 proteins in the cells transfected with EGP/
LGP-replicon than in the cells transfected with LGP-replicon.
Similarly, Western blotting with anti-EGP antibody showed
accumulation of a 45-kDa protein in the cell transfected with
EGP/LGP-replicon, which may represent a proteolytic frag-
ment of EGP and was also detected on overexposed Western
blots of cells transfected with EGP-replicon (not shown). In
the latter cells, minor bands of 48 to 54 kDa were also de-
tected, which may represent secreted Ebola virus sGP protein
and/or proteolytic fragments of sGP or EGP (Fig. 1B). We
were unable to detect the 26-kDa Ebola virus GP2 protein in
the cell extracts (Fig. 1B) or in the purified irradiated Ebola
virus virions (not shown) using our antibodies; however, the
presence of multiple bands in the vicinity of 140 to 160 kDa is
consistent with the expected processing of EGP into GP1 and
GP2 (34).

Expression of the EGP and LGP was confirmed by IFA, by

FIG. 2. Protection of guinea pigs with LGP-VRP and LNP-VRP against lethal challenge with Lassa virus. Viremia (A) and survival (B) are
shown. Guinea pigs were immunized s.c. with LGP-VRP (LGP), LNP-VRP (LNP), a mixture of both LGP-VRP and LNP-VRP (LGP�LNP), or
control ENP-VRP expressing ENP. The animals were challenged s.c. with 160 LD50 of Lassa virus. Error bars, standard deviations.

FIG. 3. Survival of guinea pigs after passive i.p. immunization with
LGP-specific serum (LGP serum) or LNP-specific serum (LNP se-
rum). Controls received no serum. The animals were challenged s.c.
with 160 LD50 of Lassa virus 4 h after serum administration.
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infecting BHK cells with either EGP-VRP or LGP-VRP alone,
with a combination of EGP- and LGP-VRP, or with the dual-
expression EGP/LGP-VRP. At 16 h postinfection, we probed
the infected cells with a mixture of antibodies to Lassa and
Ebola virus proteins in a double-staining IFA (Fig. 4B). As
expected, cells infected with EGP-VRP or LGP-VRP ex-
pressed only EGP or LGP, respectively. In the majority of cells

infected with the combination of EGP- and LGP-VRP, the
EGP and LGP antigens were expressed within separate cells.
In contrast, in the majority of cells infected with the dual-
expression EGP/LGP-VRP, the EGP and LGP antigens were
coexpressed within the same cells. Less than 0.1% of cells
infected with EGP/LGP-VRP expressed only one antigen, ei-
ther EGP or LGP, which reflects the low rate of spontaneous

FIG. 4. Dual-expression VEE replicon RNA and coexpression of EGP and LGP. (A) The dual-expression cloning vector p2 � 26S and
construction of the dual-expression EGP/LGP-replicon RNA. Indicated are the T7 RNA polymerase promoter (PT7), the VEE 26S promoters
(open arrows), and the encapsidation signal (�). (B) Expression of EGP and LGP in BHK cells, by double-staining immunofluorescence. Cells were
infected at a multiplicity of infection of 0.1 with LGP-VRP (LGP), EGP-VRP (EGP), a combination of both (LGP�EGP), or dual-expression
EGP/LGP-VRP (EGP/LGP). Cells were fixed with acetone and probed with a cocktail of mouse LGP-specific monoclonal antibodies and guinea
pig EGP-specific serum. Antigen-expressing cells were stained with a mixture of rhodamine-conjugated antibody to mouse IgG and fluorescein-
conjugated antibody to guinea pig IgG.
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deletion or inactivation of either gene within the dual-expres-
sion replicon.

Coimmunization and antibody responses against Ebola and
Lassa viruses. Five groups of 10 female guinea pigs were
vaccinated s.c. with a total of three injections of either (i) 107

IU of EGP-VRP, (ii) 107 IU of LGP-VRP, (iii) a combination
of 107 IU EGP-VRP and 107 IU LGP-VRP, (iv) 107 IU of the
dual-expression EGP/LGP-VRP, or (v) 107 IU of negative
control HA-VRP expressing the influenza A virus HA gene.
The animals were inoculated, and serum samples were col-
lected at 4-week intervals.

Antibody to LGP was detected by Western blotting after two
inoculations with LGP-VRP, the combination of LGP- and
EGP-VRP, or the dual-expression EGP/LGP-VRP (Fig. 5A).
The antibodies recognized the full-length LGP. The reactivity
increased after a third inoculation with either LGP-VRP or a
combination of EGP- and LGP-VRP but not with dual-expres-
sion EGP/LGP-VRP. This result suggested that the dual-ex-

pression vaccine may induce an antibody response differing
from that of a combination vaccine. Antibody to Ebola virus
antigen was readily detected after the first immunization with
EGP-VRP, the combination of EGP- and LGP-VRP, or the
EGP/LGP-VRP. The reactivity increased dramatically after a
booster inoculation. Antibodies from the animals immunized
with EGP-VRP also recognized a 48-kDa protein, which is
coexpressed in EGP-expressing cells (Fig. 1B). Prechallenge
antibodies to Lassa and Ebola viruses were also detected by
ELISA; however, no neutralizing antibodies to Lassa virus and
low titers of neutralizing antibodies to Ebola virus were ob-
served (Table 1).

We also found that sera from immunized guinea pigs were
capable of neutralizing VEE (Fig. 5B). Despite this neutraliz-
ing activity, anamnestic responses to EGP and LGP antigens
were detected after booster immunizations (Fig. 5A).

Before challenge, we divided each of five groups of the
immunized animals into two subgroups; one was challenged
with Lassa virus, and the second was challenged with Ebola
virus.

Protection against infection with Lassa virus. The animals
were challenged s.c. with 160 LD50 of Lassa virus. All guinea
pigs inoculated with EGP-VRP or HA-VRP developed symp-
toms of severe disease and high viremia and died within 13 to
26 days (Fig. 6A and B). Animals inoculated with LGP-VRP,
the combination of LGP- and EGP-VRP, or the dual-expres-
sion EGP/LGP-VRP survived lethal challenge with no symp-
toms of disease. The exception was one animal in the group
inoculated with a combination of LGP- and EGP-VRP, which
died at day 14 postchallenge (Fig. 6B). Interestingly, this ani-
mal had no detectable viremia at days 7 and 14 postchallenge.
In the same group, the remaining four animals had viremias of
102 to 103 PFU/ml at day 7, and two of these remained viremic
(102 PFU/ml) at day 14, but all animals cleared the virus by day
21 postchallenge. In the group immunized with LGP-VRP, one
animal had viremia of 102 PFU/ml at day 7, but there was no
detectable viremia in any of the animals at days 14 and 21
postchallenge. Similarly, in the group immunized with the du-
al-expression EGP/LGP-VRP, two out of five animals had
viremia of 102 PFU/ml at day 7, but all animals were aviremic
at days 14 and 21 postchallenge (Fig. 6A).

Protection against infection with Ebola virus. The second
subgroup of the immunized animals was challenged s.c. with

FIG. 5. Development of serum antibodies in guinea pigs immu-
nized s.c. with EGP-VRP (EGP), LGP-VRP (LGP), a combination of
both, and dual-expression EGP/LGP-VRP. Sera were collected at days
28, 56, and 94. (A) Serum antibodies to EGP and LGP antigens, as
shown by Western blotting. Proteins from BHK cells infected with
LGP- or EGP-VRP were separated on a polyacrylamide gel (104 cells/
lane) and probed with pooled guinea pig serum. (B) VEE-neutralizing
antibody titers, as shown by PRNT80. Error bars, standard deviations.

TABLE 1. Prechallenge titers of serum antibody to
Lassa and Ebola virus antigens

Immunogena

Titer of antibody tob:

Lassa virus Ebola virus

ELISA PRNT80 ELISA PRNT80

LGP 3.0 � 0.2 10 NT �10
EGP NT �10 3.1 � 0.2 20
EGP � LGP 3.3 � 0.1 �10 3.1 � 0.2 20
EGP/LGP 2.7 � 0.5 �10 3.4 � 0.2 20
HA �1.7 �10 �1.7 �10

a LGP, 107 IU of LGP-VRP; EGP, 107 IU of EGP-VRP; EGP � LGP, a
mixture of 107 IU of EGP-VRP and 107 IU of LGP-VRP; EGP/LGP, 107 IU of
a dual-expression EGP/LGP-VRP.

b Titers were determined by ELISA (means � standard deviations [log10]) and
by PRNT80 (dilution�1). NT, not tested.
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1,000 LD50 of guinea pig-adapted Ebola virus. The animals
inoculated with either LGP-VRP or HA-VRP developed se-
vere disease and high viremia and died within 8 to 11 days (Fig.
6C and D). In contrast, animals immunized with either EGP-
VRP or the combination of LGP- and EGP-VRP remained
healthy for the entire 31-day observation period, with no vire-
mia detected at any time. Animals immunized with EGP/LGP-
VRP were also symptom-free and aviremic for the entire post-
challenge period. However, there were two late deaths in this
group (days 21 and 29 postchallenge) with no symptoms of
disease or viremia. Immunohistochemical analysis of the sam-
ples from serum, liver, spleen, kidney, adrenal glands, lungs,
and brain tissues from these two animals did not reveal any
Ebola virus antigen. Lesions characteristic of Ebola virus-in-
fected guinea pigs were also not evident in these tissues, sug-
gesting that the cause of death may be due to undetected
pathological changes or may be unrelated to Ebola virus.

DISCUSSION

The Lassa and Ebola viruses belong to separate families of
viruses, with very distinct replication strategies, virion archi-
tectures, and biological characteristics. Both viruses can cause

severe hemorrhagic diseases associated with significant human
mortality rates (4). Although experimental vaccinations have
shown promise (3, 5, 10–12, 25, 31, 33, 35), vaccines for Lassa
and Ebola viruses are currently not available. This is in part
due to the fact that both viruses require maximum biosafety
containment, which radically reduces the numbers of labora-
tories researching these pathogens, and in part due to the
safety and efficacy concerns of existing vaccine candidates. The
purpose of this study was to develop and evaluate novel vac-
cine candidates for Lassa virus as well as bivalent experimental
vaccines for both Ebola and Lassa viruses. Our approach was
based on a VRP replicon vector derived from an attenuated
strain of VEE, an alphavirus from the Togaviridae family (28).

Lassa virus vaccines. We observed that all guinea pigs vac-
cinated with either LGP-VRP or LNP-VRP expressing LGP
and LNP genes, respectively, or with a combination of LGP-
VRP and LNP-VRP were protected from clinical disease after
an otherwise lethal challenge with Lassa virus. Further, 40 to
90% of these animals, depending on the immunogen used,
showed no evidence of viremia after challenge. However, only
low titers of antibodies but no neutralizing activity were de-
tected in the prechallenge sera from the immunized animals.
Further, reconstitution of up to 30% of total guinea pig serum

FIG. 6. Protection of guinea pigs against lethal challenges with Lassa and Ebola viruses. Animals were immunized s.c. with either EGP-VRP
(EGP), LGP-VRP (LGP), a combination of both (EGP�LGP), dual-expression EGP/LGP-VRP (EGP/LGP), or control HA-VRP expressing
influenza virus HA. (A) Viremia after challenge with 160 LD50 of Lassa virus. (B) Survival after challenge with 160 LD50 of Lassa virus. (C) Viremia
after challenge with 1,000 LD50 of Ebola virus. (D) Survival after challenge with 1,000 LD50 of Ebola virus. *, no viremia detected in nonsurviving
animals. (A and C) Error bars, standard deviations.
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with the serum from vaccinated animals did not have any
protective effect on serum recipients against Lassa virus chal-
lenge. Although determination of the mechanism of protection
was not in the scope of this study, these results strongly suggest
the role of cellular immunity. This is consistent with the pre-
vious serum transfer experiments (16, 25) and the idea that T
cells control Lassa virus infection (32). However, it has been
shown that highly virulent Lassa virus strains did not induce a
cytotoxic T-cell response in guinea pigs (15). LaPosta et al.
suggested the protective role of CD4� killer cells, because
CD4� cells from mice immunized with vaccinia virus express-
ing LGP gene proliferated in response to antigens of lympho-
cytic choriomeningitis virus (LCMV), a related arenavirus
(20). Further, immunity to LCMV was achieved in the absence
of antibodies or CD8� cytotoxic T cells to LCMV (20). Al-
though we observed equivalent, high-level protection with
LGP-VRP, LNP-VRP, or a mixture of LGP- and LNP-VRP,
the third option may provide better coverage, as both LGP and
LNP clearly include protective epitopes (Fig. 2). Previously,
immunizations with VRP were also shown to protect against a
mucosal viral infection (28), which may be advantageous for a
vaccine against Lassa virus, which is known to infect via mu-
cosae.

Previous research has shown that guinea pigs immunized
with recombinant vaccinia viruses expressing either LGP or
LNP also resisted challenge with Lassa virus (3, 5, 25), al-
though mortality rates of up to 42% were observed. Interest-
ingly, the highest mortality was observed in the animals immu-
nized with a mixture of LGP- and LNP-expressing vaccinia
viruses. Taken together, the data suggest that coimmunization
with LNP and LGP deserves further studies. Immunization of
macaques with vaccinia virus expressing LNP conferred little
protection, whereas vaccinia virus expressing LGP protected
the animals from death but, at least in some cases, not from
febrile disease (10, 11, 25). This result suggests that LGP may
be a better immunogen than LNP in primates when expressed
from vaccinia virus. However, safety concerns, especially in
immunocompromised individuals, may impede the use of live
recombinant vaccinia virus as Lassa virus vaccine, especially in
areas of sub-Saharan Africa with endemic human immunode-
ficiency virus. Progressive disseminated vaccinia virus infection
has been observed in a human immunodeficiency virus-in-
fected individual vaccinated against smallpox (29).

Bivalent vaccines for Ebola and Lassa viruses. In addition to
vaccine candidates for Lassa virus, we developed and evaluated
two vaccines capable of protecting against both Lassa and
Ebola viruses. These were based on VRP expressing the gly-
coprotein genes of Lassa and Ebola viruses, LGP and EGP,
respectively. Antibody responses were detected to both EGP
and LGP, with a stronger apparent response to EGP than to
LGP, as shown by ELISA and Western blotting. Induction of
a low antibody response to Lassa virus was also reported in
guinea pigs and primates successfully immunized with recom-
binant vaccinia viruses expressing Lassa virus antigens (3, 11).
However, despite low antibody responses to Lassa virus, both
combination and dual-expression replicon vaccines substan-
tially protected guinea pigs against Ebola and Lassa virus chal-
lenges, with 17 out of 20 immunized animals surviving lethal
virus challenges. This result shows that protection can be
achieved using multiple antigens coexpressed from VRP. The

cause of deaths of the three remaining animals is not clear, as
viremia was consistently undetectable and no virus was recov-
ered from their tissues. More studies are needed to elucidate
the mechanism of protection and to compare the efficacy of
combination and dual-expression vaccines. Dual-expression
vaccine ensures that both expression products are produced in
the same cell. Potentially, this feature may allow coexpression
of immunostimulatory proteins with vaccine antigens or ex-
pression of subunit proteins or ligand-receptor complexes as
vaccines.

We challenged the animals at day 28 postimmunization, as
described previously (3, 5, 27). The recent study showed that
survival of nonhuman primates was not significantly affected if
challenge with Lassa virus was done at 36 or 274 days after
immunization with vaccinia virus expressing LGP (11). How-
ever, more studies are needed to determine the duration of
VRP-induced immunity to Lassa and Ebola viruses as well as
the immune response to the VRP vector proteins. Although
VRP immunizations did not induce levels of antibody to VRP
structural proteins in serum in BALB/c mice or guinea pigs
that were detectable by ELISA or Western blotting (27, 28), in
this study, we detected VEE-neutralizing activity in guinea pig
serum. This is likely because of the abortive replication of the
replicons rather than the presence of live VEE. Although the
latter cannot be completely excluded, we have shown that the
live VEE is neither present nor regenerates in the replicon
preparations even after a blind passage in cultured cells. Ex-
periments are being conducted to address this phenomenon in
detail.

In addition to the high degree of protection observed, VRP
vaccines for Lassa and Ebola viruses, including the dual-ex-
pression VRP, may offer other advantages. In contrast to live
virus vectors, VRP are single-cycle vectors and do not replicate
beyond those cells initially infected, which ensures vaccine
safety. Genes are expressed in the cell cytoplasm from the
RNA replicons, avoiding the possibility of gene splicing or
integration into the host genome. High-level expression is
achieved due to two rounds of gene amplification, the first via
vector RNA replication and the second via gene transcription
from the 26S promoter. Recent studies also show that VRP
target cells of the lymphoid tissue in vivo, including profes-
sional antigen-presenting dendritic cells (8, 13, 22). As a result,
efficient, broad-range immunity is elicited that is especially
important for emerging pathogens, for which the relevant im-
mune effector mechanisms have not been determined. Immu-
nity to two pathogens can be achieved by sequential immuni-
zations (28), by coimmunizations via combination of VRP
vaccines, or by dual-expression VRP as shown in this study. No
toxicity of VRP was detected in rodents, including intracere-
brally inoculated newborn mice (27, 28). The efficacy and
safety of VRP vaccines expressing Marburg virus and simian
immunodeficiency virus proteins have also been demonstrated
in primates (7, 14). The results warrant further testing of VRP
as candidate vaccines against Lassa and Ebola viruses and
suggest that development of multivalent vaccine against addi-
tional strains of Lassa and Ebola viruses and, possibly, other
pathogens, may be possible on the basis of alphavirus replicon
vectors.
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