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ABSTRACT

Alphavirus replicons were evaluated as potential vaccine candidates for Venezuelan equine encephalitis virus (VEEV), western
equine encephalitis virus (WEEV), or eastern equine encephalitis virus (EEEV) when given individually or in combination
(V/W/E) to mice or cynomolgus macaques. Individual replicon vaccines or the combination V/W/E replicon vaccine elicited
strong neutralizing antibodies in mice to their respective alphavirus. Protection from either subcutaneous or aerosol challenge
with VEEV, WEEV, or EEEV was demonstrated out to 12 months after vaccination in mice. Individual replicon vaccines or the
combination V/W/E replicon vaccine elicited strong neutralizing antibodies in macaques and demonstrated good protection
against aerosol challenge with an epizootic VEEV-IAB virus, Trinidad donkey. Similarly, the EEEV replicon and V/W/E combi-
nation vaccine elicited neutralizing antibodies against EEEV and protected against aerosol exposure to a North American variety
of EEEV. Both the WEEV replicon and combination V/W/E vaccination, however, elicited poor neutralizing antibodies to WEEV
in macaques, and the protection conferred was not as strong. These results demonstrate that a combination V/W/E vaccine is
possible for protection against aerosol challenge and that cross-interference between the vaccines is minimal.

IMPORTANCE

Three related viruses belonging to the genus Alphavirus cause severe encephalitis in humans: Venezuelan equine encephalitis
virus (VEEV), western equine encephalitis virus (WEEV), and eastern equine encephalitis virus (EEEV). Normally transmitted
by mosquitoes, these viruses can cause disease when inhaled, so there is concern that these viruses could be used as biological
weapons. Prior reports have suggested that vaccines for these three viruses might interfere with one another. We have developed
a combined vaccine for Venezuelan equine encephalitis, western equine encephalitis, and eastern equine encephalitis expressing
the surface proteins of all three viruses. In this report we demonstrate in both mice and macaques that this combined vaccine is
safe, generates a strong immune response, and protects against aerosol challenge with the viruses that cause Venezuelan equine
encephalitis, western equine encephalitis, and eastern equine encephalitis.

Three positive-stranded RNA viruses found in the Americas
belonging to the family Togaviridae and genus Alphavirus

cause encephalitic disease in mammals, particularly in equids and
humans (1). They are roughly designated by geographical loca-
tion, with Venezuelan equine encephalitis virus (VEEV) found in
South and Central America while western equine encephalitis vi-
rus (WEEV) is found along the western half of North America.
Eastern equine encephalitis virus (EEEV) was originally thought
to be primarily restricted to the eastern coast of North America;
but it has been found as far west as Louisiana in North America,
and isolates have been found in South America. Unlike the highly
virulent isolates of EEEV found in North America, South Ameri-
can isolates are considered avirulent in humans. Naturally trans-
mitted by mosquitoes, all three viruses are highly infectious by the
aerosol route and can cause significant morbidity and mortality.
For these reasons they are considered potential biological weap-
ons, and licensed medical countermeasures that can prevent or
treat the diseases caused by these viruses are considered highly
desirable.

Early attempts to develop vaccines for VEEV, WEEV, and
EEEV focused on classical approaches. The TC-83 vaccine strain
for VEEV, the only live alphavirus vaccine currently available for

limited human use, was derived by serial passage of virulent virus
in cell culture. However, TC-83 has a high potential for reversion
and offers poor protection against enzootic subtypes of VEEV
(2–4). Killed whole-virus vaccines have been developed for VEEV
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(C-84), WEEV, and EEEV by formalin treatment, and while these
vaccines are safe, they also have a high failure rate for seroconver-
sion (2, 5–7). All four vaccines have been used successfully for
veterinary applications for several decades but are available only
on a limited basis for human use. Based on nonhuman primate
(NHP) data with TC-83 and C-84 as well as human cases of VEEV
in vaccinated individuals, none of the current vaccines is thought
to offer good protection against aerosol exposure, particularly
against enzootic subtypes of VEEV.

A variety of approaches have been used to generate candidate
vaccines to replace the current vaccines. Subunit vaccines derived
from a variety of expression systems have shown efficacy in rodent
models (8–11). DNA vaccines, administered by several means,
have also shown efficacy in rodents and nonhuman primates (12–
14). Live attenuated vaccines developed using modern molecular
techniques provided good immunogenicity, safety, and protec-
tion in rodents and nonhuman primates although in phase I clin-
ical trials mild fever responses were seen at very low dosages (15–
17). Other approaches using live attenuated vaccines are being
evaluated and have shown promise in mice and nonhuman pri-
mates (18–20). However, the public perception of the risk associ-
ated with live vaccines in general has created great resistance to
their potential use. An additional concern for alphavirus vaccines
is cross-interference with other alphavirus vaccines (21–24).

As an alternative to conventional live attenuated vaccines, al-
phavirus replicons have been proposed to circumvent some of the
concerns regarding potential reversion to virulence surrounding
live vaccines. An alphavirus replicon is derived by deletion of the
genes encoding viral structural proteins from full-length genomic
cDNA clones (25). The replicon retains all of the machinery nec-
essary for its replication and transcription once it is introduced
into an appropriate cell type (26). Placement of an alternative
gene(s) encoding an immunogen at the site of the deleted struc-
tural proteins results in its expression in lieu of the viral structural
proteins (25, 27). Alphavirus replicons have been used success-
fully to express immunogens for a number of pathogens (28–34).
We report here efforts to develop a combination vaccine that
would protect against all three encephalitic alphaviruses (VEEV,
WEEV, and EEEV).

MATERIALS AND METHODS
Ethics statement. Research was conducted in compliance with the Ani-
mal Welfare Act and other federal statutes and regulations relating to
animals. All research described herein adhered to the principles stated in
the Guide for the Care and Use of Laboratory Animals. All research de-
scribed herein adhered to the principles stated in the Public Health Ser-
vices (PHS) Policy on Humane Care and Use of Laboratory Animals. The
research described herein was approved by the U.S. Army Medical Re-
search Institute of Infectious Disease (USAMRIID) Laboratory Animal
Care and Use Committee, protocol AP-07-12. The facility where this re-
search was conducted is fully accredited by the Association for Assessment
and Accreditation of Laboratory Animal Care (AAALAC) International
(Rockville, MD). NHPs were housed in an air-conditioned facility with an
ambient temperature of 21 to 25°C, a relative humidity of 40% to 60%,
and a 12-h light/dark cycle. All NHPs were housed in individual cages and
provided a commercial primate diet. Enrichment was provided in accor-
dance with AAALAC or PHS guidelines. NHPs were anesthetized with
tiletamine-zolazepam (6 mg/kg) or ketamine (9 mg/kg) given intramus-
cularly (i.m.) before any procedures (cage change, phlebotomy, surgery,
aerosol exposure, or euthanasia). Isoflurane gas was used for maintenance
of the anesthetized state during surgical implantation of telemetry devices.
All efforts were made to minimize pain and distress after exposure to

alphaviruses; however, analgesics were not given as this could mask clin-
ical signs of the disease, a critical piece of these studies. All NHPs were
monitored at least twice daily after aerosol exposure to alphaviruses, with
an increased frequency of observation at the onset of neurological signs
(every 6 to 8 h). When clinical signs indicated that NHPs were moribund,
euthanasia was performed promptly by injection of anesthetic followed by
intravenous (i.v.) injection of a barbiturate overdose once the animal was
anesthetized.

Cells. African green monkey (Vero) and baby hamster kidney (BHK)
cells were grown in minimal essential medium supplemented with 5%
Cosmic calf serum, 1% antibiotics (100 U/ml penicillin, 100 �g/ml strep-
tomycin, and 50 �g/ml gentamicin), and 1� nonessential amino acids at
37°C with 5% CO2.

Viruses. The following viruses were used in these studies: VEEV sub-
type IAB (VEEV-IAB) (strains TrD and TC-83) (35, 36), VEEV-IC (strain
P676) (37), VEEV-ID (strain 3880) (38), VEEV-IE (strain 68U201) (39),
VEEV-IIIA (Mucambo) (4), WEEV (strain CBA-87) (40), and EEEV
(strain FL91-4679) (41). All viruses were passaged in Vero cells and stored
at �80°C until use. For aerosol exposures, viruses were diluted to the
appropriate concentration in Hanks’ balanced salt solution (HBSS) con-
taining 1% fetal bovine serum.

Construction of replicon vectors. Glycoprotein (GP) genes for VEEV
(strain V3014) (25, 42), EEEV (strain FL91-4679), or WEEV (strain CBA-
87) were constructed that lacked furin cleavage sites between the E3 and
E2 proteins (Fig. 1). The furin cleavage site deletion resulted in expression
of an unprocessed form of the E2 glycoprotein (PE2). Optimized replicon
vectors expressing the furin cleavage site mutant GP genes were con-
structed as previously described (27). The VEEV, EEEV, and WEEV GP
genes were derived from plasmid DNAs pV3014, pE4200, and pW2130,
respectively (25). DNA containing the GP genes was provided by Michael
Parker, USAMRIID.

Electroporation. Vero cells grown in minimal essential medium sup-
plemented with 5% Cosmic calf serum, 1% antibiotics (100 U/ml penicil-
lin, 100 �g/ml streptomycin, and 50 �g/ml gentamicin), and 1� nones-
sential amino acids (complete medium) were harvested by trypsinization.
Harvested cells were washed twice with 200 ml of cold wash buffer (5%
sucrose, 60 mM NaCl, 10 mM Na3PO4, pH 7.3) and then suspended in
wash buffer at a final density of 1.3 � 108 cells/ml. An aliquot (600 �l) of
prepared cells (7.8 � 107 cells) was combined with 30 �g of in vitro-
transcribed replicon RNA containing either the VEEV, EEEV, or WEEV
GP coding region with the furin deletion mutation. The cells and RNA
were transferred to a 0.4-cm gap cuvette and pulsed four times at a voltage
of 580 V and a capacitance of 25 �F in a Gene Pulser XCell (Bio-Rad).
Electroporated cells were incubated at room temperature for 5 min; then
one half of the cells were transferred to 50 ml of complete medium. Both
48-well plates and 6-well plates were seeded from the cell suspension with
200 �l and 3 ml, respectively. The electroporated cells were incubated
overnight at 37°C with 5% CO2 and were then used to examine GP
expression by immunofluorescence and Western blotting as described
below.

Immunofluorescence. At 18 h postelectroporation, cells from the 48-
well plate were washed twice in phosphate-buffered saline (PBS) and then
fixed for 5 min at room temperature with cold acetone-methanol (1:1).
Fixed cells were washed three times with PBS and then incubated with
respective antibodies. The cells electroporated with VEEV replicon were
stained with a goat anti-VEEV GP (1:1,000) prepared at AlphaVax, Inc.
(Research Triangle Park, NC). Cells electroporated with EEEV and WEEV
replicons were stained with mouse monoclonal EEEV-specific (1:200) and
WEEV-specific (1:200) antibodies provided by the National Veterinary
Diagnostic Lab in Ames, IA. Cells were also stained with a goat anti-nsP2
antibody as a positive control. Secondary antibodies were either anti-goat
or anti-mouse Alexa Fluor 288 (1:500).

Western blotting. At 18 h postelectroporation, cells from a single well
of a six-well plate were lysed in 500 �l of a Triton X-100 lysis buffer per
sample for 15 min at room temperature. Nuclei were removed by centri-
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fugation, and the supernatant containing the soluble protein was retained.
Total protein concentration was determined using a bicinchoninic acid
(BCA) kit (Pierce). Deglycosylation was carried out on 15 �g of total
cellular protein with 2,000 units of peptide-N-glycosidase F (PNGase F;
NEB). An aliquot (10 �g) of either untreated or deglycosylated total cel-
lular protein was run on a 4 to 12% gradient bis-Tris polyacrylamide gel.
Separated proteins were transferred to a polyvinylidene difluoride
(PVDF) membrane via a semidry electroblotting method (Bio-Rad).
Membranes were blocked and probed with the same antibodies described
in the immunofluorescence method. Antibody dilutions were as follows:
goat anti-VEEV GP, 1:2,000; mouse anti-EEEV, 1:400; and mouse anti-
WEEV, 1:100. VEEV, EEEV, and WEEV GPs were detected using horse-
radish peroxidase (HRP)-labeled anti-goat or anti-mouse antibody
(Kirkegaard and Perry Laboratories) and visualized by chemilumines-
cence using an HRP substrate kit (ECL Western blotting substrate;
Pierce).

VRP production. The procedures used for making virus-like replicon
particles (VRP), based on a two-helper system, are described in detail in
Kamrud et al. (27). Briefly, Vero cells (1 � 108 cells) suspended in PBS
were combined with 30 �g of replicon, 20 �g of capsid helper, and 60 �g
of GP helper RNA in 0.4-cm electroporation cuvettes and electroporated
using a Bio-Rad Gene Pulser (Bio-Rad). The capsid and GP helper RNAs
were derived from the V3014 strain of VEEV (25). The cells and RNA were
pulsed four times with electroporator settings of 580 V and 25 �F. Elec-
troporated cell suspensions were seeded into individual roller bottles con-
taining 150 ml of OptiPro medium (Invitrogen) supplemented with an-
tibiotics and incubated at 37°C in 5% CO2 for 16 to 24 h. VRP were
harvested, and the titers of the VRP were determined by immunofluores-
cence assay (IFA) using goat anti-VEEV nsP2-specific polyclonal antise-
rum as the primary antibody and donkey anti-goat Alexa Fluor 488 (In-
vitrogen) as the secondary antibody on methanol-fixed cells using a
Nikon Eclipse TE300 fluorescence microscope. The VRP were tested for
the presence of contaminating replication-competent VEEV (RCV) fol-
lowing two blind passages on Vero cells, as described previously (27). The
VRP titers are expressed as infectious units (IU). VRP were purified by
affinity column chromatography using Cellufine sulfate resin (Chisso
Corporation, Tokyo, Japan) as described previously (27) and formulated
in 10 mM Na3PO4 buffer, pH 7.3, containing 1% normal serum, 5%
sucrose, 200 mM NaCl. The VRP were stored at �80°C until used.

PRNT. To determine the plaque reduction neutralization titer
(PRNT), 2-fold dilutions of serum starting at 1:20 were mixed with equal
volumes of medium containing 200 PFU of virus and incubated overnight
at 4°C. The following day, six-well plates containing confluent monolay-
ers of Vero cells were incubated at 37°C for 1 h with the virus-antibody
mixtures, after which a medium-agarose overlay was added. One day later,

1 ml of a solution of 5 to 6% neutral red in 1� HBSS (without phenol red)
was added to each well, and plaques were counted 24 h later.

ELISA. Enzyme-linked immunosorbent assays (ELISA) were done us-
ing standard ELISA procedures. Briefly, dilutions of primate serum were
incubated for 1 h at room temperature on Microlite 2� 96-well plates
(Thermo Labsystems, Waltham, MA) coated with sucrose gradient-puri-
fied, �-irradiated VEEV. After plates were washed with PBS-Tween, sec-
ondary goat anti-monkey IgG-HRP (Research Diagnostics, Flanders, NJ)
was added to the plates, and they were incubated for an additional hour at
room temperature; next, the plates were washed again, and BM chemilu-
minescence substrate (Roche Applied Sciences, Brandford, CT) was
added for 30 min before the plate was read on an Lmax plate reader
(Molecular Devices, Sunnyvale, CA).

Testing vaccine candidates in rodents. Groups of 10 female BALB/c
mice approximately 6 to 8 weeks of age (National Cancer Institute, Fred-
erick, MD) were inoculated subcutaneously (s.c.) with 1 � 107 IU of each
vaccine on day 0 and day 28. Mice vaccinated with a mixture of VEEV-GP,
EEEV-GP, and WEEV-GP (V/E/W GP) VRP received a total of 3 � 107 IU
(1 � 107 IU of each VRP). Mice were challenged with VEEV (1 � 104 PFU
of TrD), WEEV (2 � 104 PFU) or EEEV (1 � 105 PFU) by the subcuta-
neous or aerosol route of exposure at various times postvaccination de-
pending on the animal study. Two independent mouse studies were con-
ducted. The first study examined immunogenicity and efficacy of the
vaccines either alone or in a mixture containing all three VRP vaccines.
Serum was collected from all mice at 4 weeks post-priming vaccination
(postprime) and again prior to virus challenge on day 63. The second
study examined the duration of immunity provided by each vaccine either
alone or in a mixture containing all three VRP. In the second study, mice
were vaccinated on day 0 and day 28. Mice were challenged with virus at
1.5 months postprime, 2 months postprime, 6 months postprime, or 12
months postprime by either the subcutaneous or aerosol route of expo-
sure as previously described (16, 43).

Testing vaccine candidates in macaques. Healthy, adult cynomolgus
macaques (Macaca fascicularis) of both sexes were obtained from the
USAMRIID nonhuman primate colony for use in these studies. Before
macaques were assigned to these studies, blood samples from each ma-
caque were screened for PRNT for any evidence of previous exposure to
VEEV-IA/B, VEEV-IE, VEEV-IIIA, WEEV, and EEEV. Telemetry im-
plants (TA10TA-D70; Data Sciences International, St. Paul, MN) were
implanted s.c. on the dorsal surface to monitor body temperature and
activity. Macaques were allowed to recover from surgery prior to study
initiation. Body temperature and activity were recorded every 15 min by
the DataQuest A.R.T. Gold system (Data Sciences International). Using
data collected prior to challenge, an autoregressive integrated moving-
average model for each macaque was developed and used to forecast body

FIG 1 Schematic of an equine encephalitis GP furin cleavage site deletion mutant gene cloned into an optimized alphavirus replicon vector. nsP1 to nsP4,
nonstructural proteins 1 to 4; UTR, untranslated region; IRES, internal ribosome entry site; 26S, alphavirus subgenomic promoter.
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temperature during the postexposure period (15, 44–47). Residual tem-
perature changes postexposure were determined by subtracting the pre-
dicted temperature from the actual temperature recorded for each point.
Residual temperature changes greater than 3 standard deviations above
the training period level were used to compute fever duration (number of
hours or days of significant temperature elevation) and fever-hours (sum
of the significant temperature elevations).

Macaques were randomly divided into groups (n � 6), and each ma-
caque received a single s.c. inoculation of a vaccine candidate or culture
medium, followed by a second inoculation 28 days later. The projected
replicon dose was 2 � 108 IU per vaccine candidate (V/W/E total dosage
6 � 108 IU). On day 60 (VEEV and EEEV) or day 109 (WEEV) after
vaccination, macaques were anesthetized with tiletamine-zolazepam (6

mg/kg, i.m.; Aveco Co., Fort Dodge, IA) and exposed for 10 min to an
aerosol containing virulent VEEV TrD, WEEV, or EEEV at dosages pre-
viously determined to be sufficient to cause disease (15, 16, 44, 45, 47, 48).
Blood samples were collected on days 14, 42, 56, 77, and 109 to evaluate
changes in PRNTs. Macaques were bled daily beginning 3 days prior to
challenge up to 10 days postchallenge to monitor viremia and changes in
leukocytes as previously described (15, 44, 45, 47, 48).

RESULTS
Expression analysis of VEEV, EEEV, and WEEV GP replicon
vectors. Vero cells electroporated with VEEV-GP, EEEV-GP, or
WEEV-GP replicon RNA were used to generate cell lysates that
were analyzed by Western blotting using antibodies that recognize
the E2 protein of each virus. Cell lysates were also treated with
PNGase F to evaluate the glycosylation state of each of the ex-
pressed proteins. All three GP replicons expressed proteins of the
expected molecular mass for their respective PE2 proteins (Fig. 2).
This result indicated that the furin cleavage site mutation ablated
the cleavage of E3 from E2. In addition, PNGase F treatment dem-
onstrated that the PE2 protein was being processed correctly;
treated samples showed a reduction in molecular mass equivalent
to the cleavage of glycosylated residues (Fig. 2).

VEEV, EEEV, and WEEV GP expression was also analyzed by
immunofluorescence assay (IFA). Vero cells electroporated with
VEEV-GP, EEEV-GP, or WEEV-GP replicon RNA were fixed and
analyzed with the same antibodies used for Western blotting. Each
replicon expressed protein recognized specifically by the respec-
tive anti-VEEV, anti-EEEV, and anti-WEEV antibodies (Fig. 3).

Immunogenicity, efficacy, and duration of immunity of
VEEV-GP, EEEV-GP, and WEEV-GP VRP vaccines in mice. Two

FIG 2 Western blot analysis of VEEV, WEEV, and EEEV GP replicon vectors.
Vero cells were electroporated with VEEV, EEEV, or WEEV GP replicon RNA.
At 18 h postelectroporation, cells were lysed in Triton X-100 lysis buffer. Nu-
clei were removed, and total protein concentration was determined. Samples
were deglycosylated with PNGase F. Following treatment, samples were sepa-
rated in a 4 to 12% gradient bis-Tris polyacrylamide gel and transferred to
PVDF membrane. Western blotting was performed using VEEV-, EEEV-, or
WEEV-specific GP serum and HRP-labeled secondary antibody. Proteins were
visualized by addition of chemiluminescence substrate. The unglycosylated
(PNG column) molecular mass for the PE2 proteins is predicted to be 53.7
kDa. NEG, control Vero cell lysate; UNT, VEEV, WEEV, or EEEV GP replicon
electroporated cells untreated with PNGase F enzyme; PNG, VEEV, WEEV, or
EEEV GP replicon electroporated cell lysates treated with PNGase F enzyme.

FIG 3 Immunofluorescence analysis of VEEV-GP, EEEV-GP, and WEEV-GP
replicon electroporated Vero cells. Vero cells were electroporated with VEEV-
GP, EEEV-GP, or WEEV-GP RNA. Following electroporation, cells were
seeded in a 48-well plate. At 18 h postelectroporation, cells were fixed with
acetone-methanol (1:1), and IFA was performed. E2 protein was detected us-
ing anti-VEEV, anti-EEEV, or anti-WEEV E2-specific monoclonal antibodies
and visualized by Alexa Fluor 288-labeled secondary antibody. Control cells
received no RNA at electroporation and show no specific fluorescence with any
of the antibodies in the assay. �, anti.
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mouse studies were conducted to examine the candidate VEEV-GP,
EEEV-GP, and WEEV-GP VRP vaccines. The first mouse study
evaluated the immunogenicity and efficacy of the individual VRP
vaccines and an equimolar mixture of all three. Immunogenicity
was measured by virus-specific ELISA and by virus neutralization
assay. For VEEV analysis, viruses from three different subtypes
were used to examine both homologous (VEEV-IAB) and heter-
ologous (VEEV-IIIA and -IE) reactivity and protection from chal-
lenge. A summary of the ELISA results and 80% plaque reduction
neutralization titers (PRNT80) are presented in Table 1. VEEV-GP
VRP-vaccinated mouse samples were tested against the homolo-
gous VEEV-IAB subtype as well as VEEV-IE and -IIIA subtypes by
both PRNT80 and ELISA. While low or undetectable neutralizing
responses were noted after the prime vaccination, strong homol-
ogous VEEV-IAB virus neutralization titers were detected after
mice were boosted. All VEEV-GP VRP-vaccinated mice demon-
strated both homologous and heterologous VEEV ELISA reactiv-
ity after the priming vaccination, and these titers uniformly in-
creased for the different VEEV strains after the boost (Table 1).
Complete protection from homologous or heterologous VEEV
challenge was demonstrated in all groups vaccinated with VEEV-GP
VRP alone or with a mixture of VEEV-GP, EEEV-GP, and
WEEV-GP VRP (V/E/W VRP) by both the s.c. and aerosol chal-
lenge routes. Interestingly, mice that received the control VRP
vaccination (VRP expressing the HIV Gag gene) also demon-
strated some protection from VEEV challenge even though virus
neutralization by PRNT80 was not detected (Table 1). This phe-
nomenon was most evident in mice challenged with VEEV by the
s.c. route, suggesting that the aerosol route is a more stringent
challenge (49). The groups challenged with EEEV and WEEV used

only the aerosol route of exposure because adult mice are less
susceptible to s.c. challenge with these viruses and because the
aerosol challenge route provided a more stringent evaluation of
vaccine efficacy.

Mice vaccinated with EEEV-GP VRP either alone or in a
mixture of V/E/W VRP demonstrated anti-EEEV immunity 28
days after a single vaccination by both ELISA and virus neutral-
ization assays (Table 2). These immune responses uniformly
increased after the boost, and all mice that received the
EEEV-GP VRP (alone or in a mixture of V/E/W VRP) were
protected from EEEV aerosol challenge; all control mice suc-
cumbed to infection (Table 2).

Mice vaccinated with WEEV-GP VRP either alone or in a mix-
ture of V/E/W VRP demonstrated low or undetectable neutraliz-

TABLE 1 Summary of VEEV-GP immunogenicity and efficacy mouse study

Challenge virus
and route

VRP
type

PRNT80
a IgG titera

Survival rateb % survivalDay 28 Day 63 Day 28 Day 63

VEEV-IAB
Subcutanteous VEEV 23 686 3,051 113,130 10/10 100

V/W/E 30 844 1,005 52,431 10/10 100
Mock 20 20 33 33 2/5 40
HIV Gag 20 20 33 33 10/10 100

Aerosol VEEV 25 46 4,677 90,814 10/10 100
V/W/E 26 92 2,167 90,814 10/10 100
Mock 20 20 33 33 0/5 0
HIV Gag 20 20 33 41 1/10 10

VEEV-IE
Subcutanteous VEEV 20 21 3,014 65,315 10/10 100

V/W/E 20 25 1,251 58,520 10/10 100
Mock 20 20 33 33 0/5 0
HIV Gag 20 21 33 33 4/10 40

Aerosol VEEV 34 130 466 19,507 10/10 100
V/W/E 33 121 300 17,477 10/10 100
Mock 33 20 33 41 0/5 0
HIV Gag 33 23 33 64 3/10 30

VEEV-IIIA, aerosol VEEV 20 28 1,740 90,814 10/10 100
V/W/E 20 25 647 46,976 10/10 100
Mock 20 20 33 80 0/5 0
HIV Gag 20 25 33 173 0/10 0

a PRNT80 and IgG titer are the reciprocal of the endpoint dilution.
b Number of survivors/total number of mice in group.

TABLE 2 Summary of EEEV-GP and WEEV-GP immunogenicity and
efficacy mouse studies

Challenge
virusb

VRP
type

PRNT80
b IgG titerb

Survival
ratec

%
survivalDay 28 Day 63 Day 28 Day 63

EEEV EEEV 640 11,763 5,826 81,365 10/10 100
V/W/E 2,229 12,607 9,146 65,315 10/10 100
HIV Gag 20 20 33 33 0/10 0

WEEV WEEV 28 485 2,167 113,130 10/10 100
V/W/E 20 139 647 3,027 10/10 100
HIV Gag 20 20 33 37 0/10 0

a Aerosol route.
b PRNT80 and IgG titer listed are the reciprocal of the endpoint dilution.
c Number of survivors/total number of mice in group.
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ing responses after the prime vaccination while anti-WEEV anti-
bodies were detected by ELISA at this time point (Table 2). Both
ELISA results and virus neutralization activity were noted after
mice were boosted prior to WEEV aerosol challenge. The virus
neutralizing titers noted in mice that received the V/E/W VRP
mixture were lower than in mice vaccinated with WEEV-GP VRP
alone, but this difference did not influence the outcome of chal-
lenge as all mice receiving WEEV-GP VRP survived; none of the
control mice survived challenge (Table 2).

The second set of murine studies examined the duration of
immunity induced by VEEV-GP, EEEV-GP, and WEEV-GP
VRP vaccines either alone or in a mixture. Mice were vacci-
nated two times at day 0 and day 28; groups were then chal-
lenged by the aerosol route with the respective viruses at 2
weeks postprime, 1 month postboost, 6 months postprime, and
12 months postprime.

Incomplete protection from aerosol challenge was noted 2
weeks after a single vaccination in all groups receiving VEEV-GP,
EEEV-GP, WEEV-GP, or the V/E/W VRP mixture (Tables 3 and
4). However, complete protection from homologous or heterolo-
gous VEEV challenge as well as EEEV or WEEV challenge was
demonstrated in all groups by 1 month postboost (Tables 3 and 4).
Mice in the EEEV-GP VRP 1-month postboost group were not
challenged with EEEV due to the presence of a pregnant mouse in
the cohort; the mice were removed from the study. Although this
group was lost for the duration of the immunity study, the mice
whose data are reported in Table 2 represent a similar cohort, and
that study demonstrated complete protection from EEEV aerosol
challenge 1 month after a boost. Groups of mice were next chal-
lenged at 6 months postprime (5 months postboost).

For VEEV challenge, mice receiving the VEEV-GP VRP vac-
cine alone demonstrated 90% protection or better from homolo-
gous or heterologous VEEV challenge (Table 3). The same result
was noted in mice receiving the V/E/W VRP mixture, with the
exception of mice challenged with the homologous VEEV-IAB

subtype; this group demonstrated 60% protection at the 6-month
postprime time point (Table 3). Mice receiving the VEEV-GP
VRP alone demonstrated complete protection from homologous
or heterologous VEEV challenge at the 12-month postprime (11
months postboost) time point (Table 3). Mice receiving the
V/E/W VRP mixture demonstrated between 77% and 100% pro-
tection at the 12-month postprime time point (Table 3). No clin-
ical signs of illness were observed following homologous chal-
lenge; however, nonlethal illness was noted in mice receiving
either VEEV-GP VRP alone or the V/E/W VRP mixture following
heterologous challenge.

Mice vaccinated with EEEV-GP VRP alone demonstrated
complete protection from EEEV challenge at both the 6-month
and 12-month postprime time points (Table 4). Mice vaccinated
with the V/E/W VRP mixture demonstrated complete protection
at 6 months postprime and 90% protection at the 12-month
postprime time point (Table 4). As noted for EEEV-GP VRP-
vaccinated groups, mice vaccinated with WEEV-GP VRP alone
demonstrated complete protection from WEEV challenge at both
the 6-month and 12-month postprime time points (Table 4).
Mice vaccinated with the V/E/W VRP mixture demonstrated 90%
protection at 6 months postprime and 87.5% protection at the
12-month postprime time point (Table 4). No clinical signs of
illness were observed in any of the vaccinated mice.

Protection of nonhuman primates against aerosol challenge
with VEEV, EEEV, or WEEV. Cynomolgus macaques (n � 6 per
group) were vaccinated twice, 4 weeks apart, by s.c. inoculation
with either individual replicon vaccines or in combination
(V/W/E). A separate group of macaques was vaccinated with pro-
cess control medium (mock-vaccinated group). On day 56,
PRNT80 values were assessed against both epizootic and enzootic
subtypes of VEEV as well as EEEV and WEEV (Table 5). Vaccina-
tion of macaques with individual replicon vaccines generated neu-
tralizing antibody titers against their respective virus. The V/W/E
combination vaccine also elicited neutralizing antibodies against
all three viruses; against epizootic VEEV-IAB and EEEV, the com-
bination vaccine elicited higher titers than did their respective
individual vaccines in 12 out of 12 macaques tested. Against
WEEV, the V/W/E combination vaccine elicited neutralizing an-
tibody in only half of the macaques tested (9/18). Against the
epizootic VEEV-IC and enzootic VEEV-ID and VEEV-IE sub-

TABLE 3 Summary of VEEV-GP VRP duration of protection study

Challenge virus and
VRP typea

No. of survivors/total no. of mice in group by
time of challenge (mos.)b

1.5 2 6 12

VEEV-IAB
VEEV 1/10 10/10 10/10 10/10
V/W/E 1/10 10/10 6/10 8/9
Control 0/5 0/5 0/5 0/4
Mock 0/5 0/5 0/5 0/5

VEEV-IE
VEEV 2/10 10/10 9/10 10/10c

V/W/E 3/10 10/10 10/10 7/9c

Control 0/5 0/5 0/5 0/5
Mock 0/5 0/5 0/5 0/5

VEEV-IIIA
VEEV 4/10 9/9 10/10 10/10c

V/W/E 1/10 11/11 10/10 9/9c

Control 0/5 0/5 0/5 0/5
Mock 0/5 0/5 0/5 0/5

a Aerosol challenge.
b Time of challenge is indicated as time post-priming vaccination.
c Nonlethal illness observed.

TABLE 4 Summary of EEEV-GP and WEEV-GP VRP duration of
protection study

Challenge virus and
VRP typea

No. of survivors/total no. of mice in group by
time of challenge (mos.)b

1.5 2 6 12

EEEV
EEEV 0/10 —c 10/10 10/10
V/W/E 0/10 10/10 9/9 9/10
Control 0/10 0/10 0/9 0/9

WEEV
WEEV 2/10 10/10 10/10 9/9
V/W/E 1/10 10/10 9/10 7/8
Control 0/10 0/10 0/10 0/10

a Aerosol challenge.
b Time of challenge is indicated as time post-priming vaccination.
c Experimental group removed from study due to pregnancy in cohort of animals.
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types, the VEEV VRP elicited neutralizing antibody responses in
all 6 macaques. The V/W/E VRP combination vaccine also elicited
responses against VEEV-IC, VEEV-ID, and VEEV-IE but not in all
of the macaques tested, ranging from 25% (3 of 12 for VEEV-ID)
to 75% (9 of 12 for VEEV-IC). The response to VEEV-IC, VEEV-
ID, and VEEV-IE was lower in the V/W/E group than to VEEV
alone, but the differences were only significant for VEEV-IE (P �
0.0702, 0.3976, 0.0250 for VEEV-IC, -ID, and -IE, respectively,
using an unpaired t test with Welch’s correction).

On day 60 after the initial vaccination, 6 macaques vaccinated
with VEEV were aerosol challenged with 1 � 108 PFU of TrD, a
virulent VEEV-IAB virus (1). Six macaques vaccinated with
V/W/E and 6 mock-vaccinated macaques were also challenged
with 1 � 108 PFU of aerosolized TrD. Fever responses in both
vaccine groups were significantly lower in than the mock-vacci-
nated group (Table 6). Further, while 4 of 6 mock-vaccinated
macaques were viremic, none of the VEEV-vaccinated and only 1
of the V/W/E-vaccinated macaques had detectable viremia after
challenge. No difference was observed between the three groups in
terms of lymphopenia.

On day 60 after the initial vaccination, 6 macaques vaccinated
with EEEV were aerosol challenged with 1 � 108 PFU of EEEV.

Six macaques vaccinated with V/W/E and 6 mock-vaccinated
macaques were also challenged with 1 � 108 PFU of aerosolized
EEEV. In the initial experiment, only 2 of the 6 mock-vaccinated
controls succumbed to infection; therefore, the experiment was
repeated with an additional 6 macaques per group. The results are
shown in Table 6. Six of 12 (50%) of the mock-vaccinated ma-
caques succumbed to infection while only 1 of 12 EEEV-vacci-
nated macaques and none of the V/W/E-vaccinated macaques
succumbed to infection. Fever responses were milder in vacci-
nated macaques. It was previously noted that an increase in gran-
ulocyte counts predicted outcome in naive macaques; the data
here support that finding as vaccinated macaques had a smaller
increase in granulocyte counts than observed in the mock-vacci-
nated group.

For the WEEV challenge in macaques, the challenge was de-
layed because of issues in developing the challenge stock of WEEV.
On day 109 after the initial vaccination, six macaques vaccinated
with WEEV were aerosol challenged with 1 � 108 PFU of WEEV.
Six macaques vaccinated with V/W/E and six mock-vaccinated
macaques were also challenged with 1 � 108 PFU of aerosolized
WEEV. Three of six mock-vaccinated macaques succumbed to
challenge while one of six WEEV-vaccinated and two of six V/W/

TABLE 5 VRP immunogenicity in macaques on day 56 postvaccination

VRP type

Mean PRNT80 (no. of animals responding/no. of animals tested)a

VEEV-IAB VEEV-IC VEEV-ID VEEV-IE WEEV EEEV

VEEV 3,200 (6/6) 667 (6/6) 43 (6/6) 307 (6/6) 	20 (0/6) 	20 (0/6)
WEEV ND ND ND ND 80 (4/6) ND
EEEV 160 (1/6) 50 (1/6) 	20 (0/6) 20 (1/6) 	20 (0/6) 163 (6/6)
V/W/E 5,647 (12/12) 142 (9/12) 87 (3/12) 57 (6/12) 53 (9/18) 417 (12/12)
Mock 	20 	20 	20 	20 	20 	20
a Values are reciprocals of the endpoint dilution. ND, not determined.

TABLE 6 VRP-induced protection and clinical observations in macaques challenged by aerosol with encephalitic alphaviruses

Challenge virus
and group Survivala MTDb Viremiag

Feverf

% change in
lymphocyte countf

% change in
granulocyte countfTMax

c Duration (h)d Fever-hourse

VEEV-IAB
VEEV NAh NA 0/6 3.7 69.9* 89.4* �12.8 NA
V/W/E NA NA 1/6 4.0 58.3* 90.8* �13.9 NA
Mock NA NA 4/6 4.1 140.2 245.4 �15.4 NA

WEEV
WEE 5/6 6.0 NDi 38.7 24.3 29.1 NA 52.7
V/W/E 4/6 6.0 ND 39.2 57.6 95.9 NA 75.3
Mock 3/6 7.3 ND 39.3 64.8 109.7 NA 65.6

EEEV
EEE 11/12 6 ND 3.8 40.9 71.1 NA 5.9*
V/W/E 12/12 
28 ND 3.3* 37.4 46.0* NA 6.3
Mock 6/12 6 ND 4.6 54.7 114.9 NA 11.1

a Number of surviving animals/number of animals in group.
b MTD, mean time to death in days.
c TMax, maximum temperature deviation from predicted.
d Number of hours of significant temperature elevation.
e Sum of significant temperature elevations.
f Values are the mean for the group. *, significantly different from controls (P 	 0.05) as determined by one-way analysis of variance.
g Number of animals with viremia/number of animals in group.
h NA, not applicable.
i ND, not determined.
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E-vaccinated macaques also succumbed (Table 6). Fever re-
sponses in the V/W/E group were only slightly less than those of
the mock-vaccinated group while the granulocyte increase was
actually higher. Macaques given the WEEV vaccine alone had a
lower fever response and smaller granulocyte increase.

DISCUSSION

The primary objective of the studies reported here was to evaluate
whether alphavirus-based replicons could serve as vaccines
against the encephalitic alphaviruses providing strong durable im-
munity that could protect against s.c. or aerosol challenge with
virulent viruses. As shown in the experiments reported here, these
vaccines generated strong, durable immune responses in mice
against VEEV, WEEV, and EEEV as measured by both ELISA and
neutralizing antibody assays and provided good protection out to
1 year postvaccination. In cynomolgus macaques, the VRP also
induced strong neutralizing antibody responses against VEEV and
EEEV while the response to WEEV was not as strong. In subse-
quent evaluation against aerosol challenge, the macaque studies
demonstrated good protection against VEEV and EEEV. The pro-
tection against WEEV afforded by either WEEV VRP or the com-
bination vaccine was not significantly different from that of mock-
vaccinated controls although it was suggestive of protection.

A secondary objective was to evaluate whether these three vac-
cines could be given simultaneously and whether coadministra-
tion would interfere with the resulting immunogenicity and pro-
tection conferred against one or all of the vaccines. In a prior study
it was shown that human volunteers vaccinated with a live atten-
uated chikungunya virus (CHIKV) did not respond to a live at-
tenuated VEEV vaccine, and conversely humans vaccinated
against VEEV did not respond to the CHIKV vaccine (21). It was
speculated that the interference was a result of cross-reactivity
between CHIKV and VEEV which prevented development of neu-
tralizing antibody against the vaccine given second. Similarly,
prior administration of a VEEV vaccine has been shown to sup-
press antibody responses to formalin-inactivated WEEV and
EEEV vaccines in humans and equines (23, 24). A more recent
report found that inactivated WEEV and EEEV vaccines can in-
terfere with one another when administered simultaneously to
people (22). In the murine studies reported here, interference be-
tween the VEEV, WEEV, and EEEV VRP did not occur, as
measured by either antibody responses or the protection afforded
against challenge even in the duration studies.

In macaques, antibody responses were lower in the combina-
tion V/W/E vaccine to VEEV-IC, VEEV-ID, and VEEV-IE than in
the macaques vaccinated with VEEV alone, but the difference in
titers was only significant for VEEV-IE. This would suggest that
interference caused by the EEEV and WEEV vaccines may have
reduced the response to VEEV-IE in the combination vaccine. It is
not clear whether this interference would impact protection; in a
prior study with a live attenuated VEEV vaccine, no neutralizing
antibody to VEEV-IE was generated, yet macaques were protected
against VEEV-IE challenge (15). It is possible that this is a result of
the furin cleavage deletion, which can alter immunogenicity of the
surface GPs, but this requires further investigation. The failure of
the WEEV VRP in the NHP model to provide significant protec-
tion was not a result of interference as the antibody responses and
protection afforded were not significantly different between
groups given the WEEV VRP individually or in combination with
EEEV and VEEV. Neutralizing antibody responses to WEEV were

weak overall in both vaccine groups, with only one NHP achieving
a PRNT80 higher than 160 (data not shown). The data suggest that
further study is needed to improve responses to WEEV in NHP.

Neutralizing antibody has long been considered a correlate of
protection for many viral vaccines, including the encephalitic al-
phaviruses (1). The experiments reported here, in agreement with
other prior reports, demonstrated robust antibody responses in
mice against all three VRP, whether given individually or in
combination. In nonhuman primates, responses were generally
stronger against VEEV-IAB than the other viruses, with the re-
sponse to WEEV being the weakest, and only four of six macaques
vaccinated with the WEEV VRP alone were seropositive on day 56.
Neutralizing antibody titers failed to correlate with protection
against EEEV in macaques vaccinated with Sindbis (SIN)/EEE vi-
rus (18). As previously mentioned, a live attenuated VEEV-IAB
virus failed to generate neutralizing antibody against VEEV-IE in
NHP while still protecting against aerosol challenge against
VEEV-IE (15). For WEEV and EEEV, we also failed to see a cor-
relation between PRNT80 and protection in macaques although
this could be a reflection of weaker antibody responses against
WEEV and EEEV than against VEEV. Schmaljohn et al. reported
in 1982 that VEEV can induce nonneutralizing but cross-protec-
tive antibody responses (50). It is worth noting that neutralization
assays are done in vitro and may not correspond with in vivo func-
tion. Though it is no longer a requirement for laboratory access,
previous reports indicate postvaccination clearance titers of
�1:20 for VEEV and �1:40 for EEEV and WEEV (51). A better
understanding of the immunological mechanisms involved in
protection against encephalitic alphaviruses, particularly in non-
human primates, is necessary.

An additional objective with the protection against VEEV was
the ability to protect against other epizootic (VEEV-IC) and en-
zootic (VEEV-ID, VEEV-IE, and VEEV-IIIA) subtypes as the cur-
rent investigational new drug (IND) vaccines do not protect well
against aerosol exposure to these subtypes. In the mice, the VEEV
VRP and combined V/W/E VRP stimulated neutralizing antibody
against both VEEV-IE and VEEV-IIIA subtypes and protected
against subsequent aerosol challenge. In macaques, the VEEV
VRP elicited neutralizing antibodies against all four subtypes
tested in all six macaques. The combination V/W/E VRP elicited
neutralizing antibodies against the VEEV-IC, VEEV-ID, and
VEEV-IE subtypes although not consistently in every macaque.
The ability of the VEEV VRP to stimulate neutralizing antibodies
across all subtypes in macaques was somewhat surprising as this
has not been seen with the live attenuated TC-83 or V3526 vac-
cines in macaques, particularly against the VEEV-ID (D. S. Reed,
unpublished observations) and VEEV-IE (15) subtypes. Consid-
ering that the IND vaccines given to at-risk personnel do not pro-
tect well against these subtypes (3, 4; P. T. Franck, presented at the
Workshop-Symposium on Venezuelan Equine Encephalitis Vi-
rus, Washington, DC, 14 to 17 September 1971), the VEEV VRP
warrants further investigation as a pan-VEEV vaccine.

It should be noted that a number of other vaccine approaches
against alphaviruses have been reported in recent years. A live,
attenuated VEEV was shown to generate neutralizing antibody
responses in mice and macaques while offering good protection
against epizootic and enzootic VEEV subtypes (15, 16, 43, 52).
Chimeric VEEV and EEEV vaccines have been generated using a
Sindbis (SIN) virus vector and have been shown to be safe and
immunogenic in mice and to protect mice against VEEV and
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EEEV challenge (19, 20, 53). The SIN/EEE vaccine was the first to
demonstrate good protection in macaques against aerosol chal-
lenge with EEEV (18). The potential for reversion makes the hur-
dle of safety much more difficult to achieve with approaches using
live attenuated vaccines, particularly given public perception of
adverse events associated with biological products and the associ-
ated risk/benefit of the product. A DNA vaccine has shown prom-
ise against aerosol challenge with VEEV in macaques although
neutralizing antibody responses were low (13). In a number of
systems, replicon-based vaccines have been shown to induce
stronger immune responses than DNA or subunit approaches but
are safer than approaches using live attenuated vaccines due to the
limited replication that can occur in vivo.

This is the first report to demonstrate that combined VRP
against all three encephalitic alphaviruses could offer good pro-
tection against all three viruses by either s.c. or aerosol challenge in
both mice and macaques. The studies further indicate that inter-
ference between these vaccines is not a concern as there was no
difference in antibody responses or protection afforded between
the combination vaccine and the vaccines given individually. Sim-
ilar results have been demonstrated in animals vaccinated with
VRP expressing multiple smallpox virus antigens; immune re-
sponses to individual antigens were not significantly different in
animals receiving a combination of VRP from those receiving a
single VRP vaccination (54). The WEEV VRP stimulated weak
neutralizing antibody responses in both mice and macaques rela-
tive to the other VRP although the protection in mice was good. In
macaques, the WEEV VRP vaccine did not provide statistically
significant protection although the response was suggestive of
protection. These data suggest that further study is needed to
identify the immunological mechanisms responsible for protec-
tion and improve the response against WEEV but that the VRP
approach overall is safe and immunogenic and provides good pro-
tection against challenge with encephalitic alphaviruses.
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