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SUMMARY
This article is a review of vaccines and therapeutics in development to the encephalitic
alphaviruses which includes eastern equine encephalitis virus (EEEV), western equine
encephalitis virus (WEEV) and Venezuelan equine encephalitis virus (VEEV). The encephalitic
alphaviruses are endemic within regions in North and South America. Hosts are normally
exposed after being bitten by infectious mosquitoes and infection can develop into encephalitis
in equines and humans with severe rates of morbidity and mortality. These viruses are also
potential biological threat agents, being highly infectious via an aerosol route of exposure. In
humans, EEEV and WEEV are neurotropic viruses targeting the CNS and causing encephalitis.
Mortality rates are 50% and 10%, respectively for these viruses. On the other hand, VEEV
produces a systemic flu-like illness with pathogenesis in the lungs and lymphoid tissue in adults
and older children. The incidence of encephalitis is less than 5% in younger children with a case
mortality rate of 1%. The host response to virus infectivity is briefly discussed, along with a
number of promising therapeutic and prophylactic approaches. These approaches can be
broadly classified as virus specific and include vaccines, antibody therapy and gene-silencing
oligonucleotides; or broad-spectrum, including interferon and activation of host’s innate
immunity.
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INTRODUCTION

The subject of this article is a review of vaccines and therapeutics being developed to combat the
encephalitic alphaviruses, which include eastern equine encephalitis virus (EEEV), western
equine encephalitis virus (WEEV) and Venezuelan equine encephalitis virus (VEEV). The
encephalitic alphaviruses are New World alphaviruses, endemic within regions in North and
South America. Humans and equines are normally exposed to these viruses after being bitten by
infectious mosquitoes; however, these viruses are also highly infectious via respiratory exposure
and can cause encephalitis in humans with severe morbidity and mortality rates. Due to their
high titres attained in cell culture and their ease of transmission via aerosol exposure, these three
alphaviruses are potential biological threat agents. In fact, VEEV was produced in multi-ton
quantities and stockpiled in the former USSR and the USA as an incapacitating agent [1].

The alphaviruses comprise a group of about 28 enveloped viruses with a positive sense, nonsegmented single-stranded RNA genome of around 11 - 12 kb [2-4]. They form enveloped virions
with icosahedral symmetry and are 60–70 nm in diameter. All alphaviruses share basic
structural, sequence and functional similarities, including a genome with two polyprotein gene
clusters [3,5]. In-depth reviews of the molecular biology [5] and pathogenesis [6] of the
alphaviruses have been written for further details in these areas.

Geographically, the Old World alphaviruses include Sindbis virus (SINV), Chikungunya virus
and Ross River virus, which can be associated with rash and arthritis. SINV, along with Semliki
Forest virus (causes systemic febrile illness), have been extensively studied and are the best
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characterized alphavirus [5,6]. The New World alphaviruses include the encephalitic alphaviruses
which are naturally transmitted by mosquitoes to horses and humans, with wild birds, rodents
and other animals serving as the reservoir. In humans, EEEV and WEEV are neurotropic viruses
which produce limited viremia, followed by CNS infection across the cerebral vascular
endothelium or the olfactory epithelium. EEE was identified as a disease of horses in 1831, with
epizootics recorded between 1845 and 1912 [7]. EEEV North American strains are more virulent
than the South American EEEV strains, with a case mortality rate averaging 50%. Young
children are more susceptible than adults to developing encephalitis, and have higher case
mortality rates [2,8]. WEEV was determined to be a natural recombinant virus, formed from a
Sindbis-like virus and EEEV [9]. SINV is a relatively nonpathogenic member of the WEEV
antigenic complex of alphaviruses [4], however, well characterized SIN mouse models of
encephalitis have been developed [6]. WEE is endemic in western North America and in South
America. While very few cases of human infection have been reported in recent years, major
epidemics of WEE have been recorded in the past. The most extensive epidemic occurred in the
western United States and Canada in 1941 and included 3,336 recognized human cases and
300,000 cases of encephalitis in horses and mules, [10]. The case fatality rate for WEE has been
estimated to be 10% for humans and 20% for equines, and similar to EEE, severe disease is more
likely in young children. Sixteen cases of laboratory acquired WEE infections have been
reported with 4 fatalities [11,12].

VEE is found in Central and South America, and in the extreme Southern United States. It forms
an antigenic complex composed of 6 subtypes [4]. VEE is characterized by a systemic febrile
illness with pathogenesis in the lungs and lymphoid tissue [6] with a flu-like illness observed in
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adults and older children. As with other alphavirus, younger children may develop more severe
illness, with the incidence of encephalitis less than 5% and a case mortality rate of around 1%
[13].

VEEV is highly infectious and a frequent cause of laboratory acquired infections [14,15], with

as little as a few viral particles able to cause an infection. Accidental laboratory aerosol
infections of young adults causes a flu-like febrile illness with abrupt onset of symptoms
appearing 1-5 days after exposure, and with no fatalities reported [14-16]. The potential use of
these viruses as biological threat agents requires vaccines and therapeutics that are able to protect
against an aerosol route of exposure.

HOST IMMUNE RESPONSE

Based primarily on mouse studies to SINV and VEEV infection, the host's immune response to
alphavirus infection has been elucidated. As previously mentioned, WEEV and EEEV are
neurotrophic viruses producing little or no viremia, where VEEV produces a systemic febrile
illness. However, in general, the SIN and VEE mouse models of acute encephalitis are
comparable amongst the alphaviruses. The host initially activates an innate immune response to
alphavirus infection through induction of interferon (IFN) [17]. The replication of the virus and
formation of a double-stranded RNA is a critical step for INF induction. IFN offers a measure of
protection early in infection and may serve to limit virus replication until the adaptive immune
system responds [6]. Excess cytokines induced by IFNs may cause damage due to cytokine-storm
effects, as mice deficient in Interleukin 1β have reduced mortality when infected with
neurovirulent strains of SINV [18]. Within 4-5 days of infection, an adaptive immune response is
stimulated, with both the cellular and humoral immune responses contributing to virus clearance
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[19,20].

The humoral antibody response is detected with 3-4 days post-infection in the form of

IgM and IgA. IgG appears at 7-14 days post-infection and is maintained at relatively high levels
for years. This antibody response is important for viral clearance and recovery [20]. An equally
important virus-specific T cell response also facilitates recovery from alphavirus infection by
directly killing infected cells, producing antiviral cytokines and enhancing the humoral response
[6].

CD8 T cells rapidly clear SINV in the brain via removal of virus-infected cells, while CD4 T

cells produce IFN-γ which has been demonstrated to clear virus from the CNS in a VEEV
infectivity model in B cell-deficient mice [21]. Lastly, mucosal immunity and T cells may play a
role in providing protection from the aerosol infectivity of alphaviruses [22], a property useful in
biological defense applications.

THERAPEUTICS

We are currently lacking licensed vaccines and therapeutics against VEEV, WEEV and EEEV.
The following review of medical countermeasures to the alphaviruses covers promising potential
candidates in which proof-of-principle studies have been conducted or the products are in preclinical or clinical evaluation.

Antibodies

The importance of antibodies has been well documented in the host response to alphaviruses
[19,20].

Neutralizing and non-neutralizing antibodies to E1 and E2 administered to mice, before or

after infection with virus, were protective against SINV [20]. Antibodies act through two
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mechanisms to inhibit viral infections. They can directly bind to the virus through neutralization
[23]

or interference with replication. The second is indirect effects [24], which result from the

crosslinking of the antibody fragment crystallizable (Fc) receptors, and mediate antibodydependent cell-mediated cytotoxicity, complement dependent cytotoxicity and antibody
dependent cellular phagocytosis to eliminate pathogens and infected cells. In addition, with a
serum half-life of around 20 days, passive antibody therapy can provide protection for several
weeks, during which time other countermeasures may be initiated such as vaccination [25, 26] .

In 1951, WEEV hyperimmune sera prepared in rabbits was administered passively to protect
mice from subsequent WEEV infection [27]. Studies have confirmed that hyperimmune sera
administration before or at the time of challenge with VEEV, WEEV, or EEEV was efficacious
in providing protection to animals from fatal encephalitis [ 28-30]. Since serum contains only a
small fraction of antigen specific antibodies, at the present time only purified antibodies from
human plasma can be approved for clinical applications for the treatment of infectious diseases,
including rabies and hepatitis [31]. Despite unquestioned efficacy in the fight against infectious
diseases, human plasma-derived antibody therapy suffers from a number of clear drawbacks,
such as the limited availability of donor blood, batch-to-batch variation, risk of adventitial
disease transmission and the high cost of production.

The major benefit afforded by mouse hybridoma technology is that it is possible, in principle, to
develop an antibody against any target of choice and to produce it in unlimited amounts. The
alphavirus envelope is composed of heterodimers of the envelope proteins E1 and E2. The E2
protein has been found to be responsible for binding to the host cell, while E1 protein mediates

7

fusion of the virion envelope with the membranes of acidified endosomes, allowing release of
the nucleocapsid into the cytoplasm and the onset of viral replication [5]. The development of
protective antibodies against VEEV has focused on anti-E2 monoclonal antibodies (mAbs), since
these may have the capability to block viral entry into a host cell. A variety of neutralizing or
protective mouse mAbs against VEEV have been reported [32-35]. Diligent mapping of
neutralization epitopes led to the determination that the region between residues 182-207 on the
E2 made up a major neutralization domain [33,36] . The various mAbs (3B4C4, 1A4A1, 1A3A9,
and 1A3B7) against this region have been proven to possess both neutralizing activity in vitro
and protective effect in vivo against VEEV infection [33]. In addition, another neutralization
epitope on VEEV E2 has recently been located within residues 115-119 [37].

Although, anti-E1 mAbs do not typically neutralize virus infectivity in vitro, some were still able
protect against lethal VEEV challenge in vivo [38]. For example, mAb 3B2A9 or antibody single
chain fragment (scFv) ToR67-3B4 against VEEV E1 were able to protect mice against VEEV
challenge [39,40]. E3 protein is a small glycoprotein (~65 residues) and functions as a signal
sequence for translocation of E2 precursor, PE2 consisting of E2 and E3, into the endoplasmic
reticulum. The furin-mediated cleavage of E3 from E2 is essential for virus maturation and
occurs between Golgi body and the cell surface. An anti-VEEV E3 mAb, 13D4, was found to
inhibit the production of virus in VEEV-infected cells and provided protection against lethal
VEEV challenge in mice [41].

Murine mAbs, however, have serious disadvantages as therapeutic agents in humans [34]. They
induce a human anti-mouse antibody (HAMA) response. Repeat administration of murine mAbs
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may result in rapid clearance of the murine mAbs and induction of anaphylaxis, which can
sometimes be fatal [42]. To overcome this hurdle, humanization of murine mAbs has been
developed, by which murine antibody frameworks were replaced by human antibody versions in
order to reduce the HAMA response [43]. To date, three anti-VEEV E2 antibodies (3B4C4,
1A4A1 and 1A3B7) developed against Trinidad donkey (TrD) (subtype IA/B) have been
successfully humanized (Hy4 IgG, hu1A4A1IgG1-2A and Hu1A3B7, respectively) [44,-46]. All of
these antibodies could provide solid protection when administered 24 hr before virus challenge.
When the administration of Hy4 IgG was delayed to 24 hrs post-exposure to 100 mean morbidity
dose 50 (MD50)), 75% of the mice could still be rescued [44]. Administration of 50 µg per mouse
of hu1A4A1IgG1-2A provided 100% of protection to mice 24 hrs after a subcutaneous (s.c.)
challenge with 100×lethal dose 50 (LD50) of TrD strain [47]. Lastly, administration of 100 µg of
Hu1A3b7 per mouse intraperitoneal (i.p.) 24 hrs post-exposure with 10 or 100 × LD50 of TrD
strain intranasal (i.n.), could protect 100% or 90% of mice, respectively. Hu1A3B7 was further
tested for its therapeutic efficacy when antibody administration was delayed to 48 hrs after
VEEV challenge; but unfortunately, the efficacy was dropped (40%) [48]. This result is
understandable since VEEV penetrates into brain across the blood-brain barrier (BBB) at day
two of infection [49]. VEEV may enter neuron cells immediately after they cross the BBB and at
this point, antibodies appears to be unable to prevent the development of encephalitis in the
mouse model.

A human antibody, F5 nIgG was isolated from a phage display library of human bone marrow
donors, and was found to bind to the residues 115-119 of VEEV E2, a newly recognized
neutralization epitope [37]. In a therapeutic setting, a dose of 500 µg per mouse, administered
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(i.p.) 24 hrs post challenge with TrD strain of 100×MD50 s.c. could protect 90% or 100% of the
mice respectively [50]. Another product, ToR67-3B4, is a single chain fragment variable (scFv)
recombinant antibody, developed from an antibody gene library of the non-human primate,
macaque that was immunized with a veterinary vaccine against EEEV, WEEV, and VEEV, and
boosted with VEEV vaccine strain TC83 [40]. It is a human-like antibody fragment since
macaques share a high degree of antibody sequence similarity with humans [51], and is VEEV E1
specific. To increase the serum half-life and add Fc effector sites, the scFv was reconstructed
into a bivalent scFv with human IgG1 Fc (scFv-Fc). Administration of the scFv-Fc at dose of
100 µg per mouse (i.p.) 6 hrs post-exposure after a lethal aerosol dose of TrD (subtype IA/B) or
Mena II (subtype IC), provided 80 to 100% protection of the mice, respectively [40].

Taken together, administration of a dose averaging 100 µg per mouse of these humanized or
human antibodies 24 hrs before or after peripheral or aerosol challenge of virulent VEEV strains
(subtype 1) could provide 80% to 100% protection of the mice.

Interferons

As previously mentioned, interferons (IFNs) are secreted cytokines which play a key role in
innate immune response against viral infections. Based on their differences in amino acid
sequence and cellular receptors they bind to, IFNs can be grouped into three types [52]. Type I
includes 13 IFNα subtypes, IFNβ, IFNκ, IFNε, IFNο, IFNτ and IFNδ. Type II contains the
single member IFNγ. Type III consists of IFN-λ1, -λ2, and -λ3, also known as interleukin (IL)29, IL-28A, and IL-28B. IFNα has been well characterized for antiviral activity and is approved
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in combination with Ribavirin for treatment of chronic hepatitis C [53]. The antiviral activity of
IFNα is mainly through inducing host cells to produce several antiviral proteins.

Lukaszewski and Brooks conducted an efficacy study of IFNα against a virulent strain of VEEV
[54].

Mice given pegylated IFNα as single daily injection from 2 days before challenge to 5 days

after the challenge were more than 75% protected against a lethal s.c. challenge and 67%
protected against an aerosol low-dose challenge. Only 36% of mice, however, survived after an
aerosol high-dose challenge. Interferon alfacon-1 is a synthetic IFNα derived from a consensus
sequence of several IFNα subtypes and was approved for the treatment of hairy cell leukemia,
malignant melanoma and AIDS-related Kaposi's sarcoma. Julander et al. tested interferon
alfacon-1 for pre-exposure prophylaxis against WEEV in a hamster model [55]. Hamsters were
injected daily with interferon alfacon-1 starting 4 h before challenge until 8 days post challenge.
The treated hamsters were completely protected against lethal challenge of WEEV given either
i.p. or i.n. route [55].

Although IFNα has proven to be effective for pre-exposure protection against VEEV and
WEEV, it requires multiple daily injections due to short half-life of IFNα. This makes it
impractical to be used extensively as an antiviral prophylaxis or therapy against various viral
infections, along with its current high costs per dose of IFNα. To overcome the problem of
short half-life of IFNα, a human adenovirus vector expressing IFNα was evaluated for pre- and
post-exposure protection against WEEV in a mouse lethal challenge model [56]. Adenovirusvectored expression of IFNα provided 100% protection against several strains of WEEV after a
single dose, intramuscular (i.m.) inoculation given at 24 h, 48 h or 1 week prior to virus
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challenge. When given 6 h post virus challenge as a single i.m. inoculation, it delayed the onset
of disease progression for all the treated mice and protected 60% of mice from death. Efficacy
study on adenovirus-vectored expression of IFNα against VEEV demonstrated that it provides
100% protection against 10 LD50 when it was given 24 h before s.c. challenge; however, it is less
effective against a high dose challenge. It appears that adenovirus-vectored expression of IFNα
did not confer post-exposure protection against 10 LD50 s.c. challenge of VEEV [57]. These
proof-of-concept studies demonstrate that IFNα expressed from the human adenovirus vector can
be used as a single dose prophylaxis for pre -exposure protection against WEEV and VEEV, and
may have limited potential for post-exposure protection.

Specific Antiviral Therapy Using Antisense Oligonucleotides and SiRNA

Rapid advances in molecular biology, genomics and rational drug design have paved the way for
novel development of safe and efficacious antiviral therapeutics. Viral genome sequences from
various alphaviruses are readily available, thus providing unique opportunities to design and
develop novel nucleic acid-based antiviral therapeutics which specifically target viral genes.
Among these novel classes of antiviral therapeutics which have potential for the prevention and
treatment of alphaviral infections are gene silencing approaches using antisense (AS)
oligonucleotides and small interfering RNA (siRNA). AS are single stranded oligonucleotides
which can inhibit the production of viral proteins by binding directly to viral mRNA expressing
virus proteins, or mediating the catalytic degradation of target viral mRNA. siRNA, on the
other hand, are double stranded oligonucleotides that catalyses the degradation of complimentary
mRNAs via a natural cellular process known as RNA interference.
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Targeting alphaviral RNA sequences with AS and siRNA is an appealing strategy for prevention
and treatment of alphaviral infections. This is because silencing of one key viral protein can
effectively disrupt the whole viral replication cycle, and siRNA can also potentially be designed
to have specific antiviral activity by gene silencing but also possibly stimulate the innate antiviral
defence mechanisms, resulting production of antiviral cytokines (including type I interferons)
which confer a broad antiviral state in the host effective against a number of alphaviruses [58].

Unmodified AS molecules are either unstable and are readily degraded by serum nucleases, or
can produce unwanted side effects in the body. To overcome these drawbacks, Paessler, et al.,
designed a third generation AS drug product, called peptide-conjugated phosphorodiamidate
morpholino oligomers (PPMOs, where the ribose ring of the nucleotide backbone was replaced
by a morpholine ring), which showed enhanced stability and efficacy against VEE infection in
both cell culture and mouse model [59]. In this cutting edge work, PPMOs targeting the 5’terminal and AUG translation start sites region of VEEV were found to block the production of
infectious VEEV particles in cell culture and to be efficacious against multiple strains of VEEV.
When groups of mice were treated with PPMOs before VEEV challenge (2 doses at -24 hr and -4
hr) they were found to be fully protected (100% survival) from the otherwise lethal infection,
while mice receiving only post-infection treatment (5 doses daily on day 1 through 5) were
partially protected (63% survival). In the VEEV infected groups of mice, there were no
survivors in the control groups treated with random sequence of PPMO (0% survival).
Furthermore, the PPMOs were found to be well tolerated in mice and did not produce any
apparent ill effects [59]. In recent years, two clinical phase II studies were completed evaluating
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the phosphorodiamidate morpholino oligomers against hepatitis C and West Nile viral infections
[60].

These studies demonstrated the safety of antisense drug candidates. It is therefore

envisaged that when fully developed, these modified AS drug candidates will be very valuable as
therapeutic agents against VEEV and other alphaviruses, addressing current deficiency on the
lack of approved antivirals against these viruses.

The development of siRNAs against alphaviruses is in the early research phase, and there is
much pre-clinical and clinical work which needs to be completed before concrete conclusions
can be made about the full potential for siRNA therapeutics against alphaviruses. O’Brien et al.
performed a landmark study in which they designed multiple siRNAs that target the highly
conserved areas of various gene sequences between divergent strains of VEEV [61].

Their

concept of optimizing therapeutic effectiveness was by using multiple siRNAs that target the
conserved areas of the virus genome. It offers therapeutic advantage by increasing chances of
antiviral activity against various VEEV strains and also helps to prevent the emergence of escape
mutants. Using this approach, they tested the ability of using 4 individual or pooled siRNAs to
inhibit the viral replication of six human pathogenic strains of VEEV in vitro in baby hamster
kidney 21 cells. The results showed that all of the individual siRNAs inhibited one strain of
VEEV replication by 75-91 %, and levels of inhibition were statistically significant compared to
the control. When the antiviral activity of the pooled VEEV specific siRNAs were evaluated, it
was found that they inhibited all six human strains of VEEV tested by 96-97%, compared to the
viral replication in cells transfected with a pool of non-targeting siRNAs [61].
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It is envisaged that these siRNAs will be tested for in vivo antiviral activity in the mouse or nonhuman primate models of VEEV infection. However, in order to optimize antiviral efficacy in
vivo, an effective siRNA delivery system, such as liposomes, nanoparticles or adenoviral vector,
will be required to deliver these charged macromolecules into the intracellular site of infection
(primarily the cytoplasm) of infected cells.

Human/humanized antibodies have shown to be safe and effective therapeutics against VEEV in
a mouse model, however, the 24 hr window for treatment needs to be improved. The ability to
deliver an antibody across the BBB may extend the therapeutic window for antibodies and other
products. The AS PPMOs against VEEV also demonstrate promise for post-exposure protection,
and further effort in this area will be eagerly awaited. The question will remain, can a
therapeutic be effective if given after the initial appearance of symptoms (fever).

PROPHYLAXIS

Broad-Spectrum Antiviral Role of Toll-Like Receptor Agonists

All viruses are obligate intracellular pathogens and they replicate intracellularly by interfering
with normal gene functions of infected cells to reproduce viral genetic and protein components.
During the viral replication cycle in the host, both ss and ds RNAs of viral origin accumulate
intracellularly in infected cells. The presence of these viral RNAs are readily detected and
recognized by toll-like receptors (TLRs). TLRs are transmembrane signalling proteins that are
expressed by cells of the innate immune system, including monocytes, macrophages and
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dendritic cells. TLRs which recognize RNAs (TLR-3, -7, -8 and -9) are strategically located in
endosomal membranes of these cells while non-nucleic acid recognizing TLRs are located on the
plasma membrane.

Activation of TLRs which recognize and bind to viral RNAs serves as an integral part of the
host’s innate system to mount antiviral and inflammatory responses to combat viral infections.
When these TLRs are activated, a number of immunological and cellular cascade events are
induced and these include the production of type I IFNs, activation of the interferon-inducible
protein kinase, stimulation of 2’-5’ oligoadenylate synthetase, activation of natural killer cells
and macrophages, among numerous other effects. Due to other broad-effects on the host’s
innate and adaptive immune responses, TLR and TLR signalling pathways have become a
promising area for the design of novel antiviral therapeutics in recent years.

Immune modulators are a class of compounds that are able to provide broad spectrum protection
to a wide range of viruses, through nonspecific stimulation of the immune system. A broad
range of compounds have been identified, and include examples such as CpG and
polysaccharides. In a WEEV mouse infectivity model, cationic liposome–DNA complexes
(cationic lipids mixed with CpG oligomers) given to mice 24 hr pre-exposure provided 80%
protection after s.c. challenge; however, no protection of i.n. or aerosol challenged animals was
obtained [62].

The use of TLR-3 agonists as potential antiviral agents effective against alphavirus was
described by Wong et al., using a synthetic ds RNA called Poly ICLC. Poly ICLC is a synthetic,
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double-stranded polyriboinosinic-polyribocytidylic acid stabilized with poly-L-lysine
carboxymethyl cellulose. It elicits broad antiviral innate immune responses through recognition
and interaction with TLR-3, and induces the production of interferons-α, -β and -γ in vivo [63].
Poly ICLC is an experimental drug in clinical development with broad-spectrum antiviral
activity against VEEV [64]. Liposomal Encapsulated (LE) Poly ICLC has been developed with
reduced toxicity and longer therapeutic efficacy [63]. In mouse studies, LE Poly ICLC has been
shown to be promising in protecting mice against intranasal administered WEEV with 100%
protection obtained after 2 doses two days apart [65]. Similarly, Ampligen® (poly-I:poly-C 12U)
protects hamsters against WEEV with 2 doses, 4 hr prior to infection and 2 days postinfection
[55].

There are two primary distinct advantages of using TLR agonists to stimulate the host’s innate
immunity to combat alphaviruses. The first is that these drugs can provide a broad-spectrum
antiviral state which can provide broad protection against a wide number of alphaviruses, and the
second being that these drugs are robust and less likely to develop drug resistance. This is
because these drugs target the host’s innate immune cells rather than virus proteins, the later
being the normal target of action of conventional antiviral drugs. Therefore if the genes
expressing the virus proteins mutate, these TLR agonists can still offer robust protection against
the virus mutants.

Poly ICLC had successfully gone through phase I clinical trial in the US, affirming its safety and
dose tolerability, in normal human volunteers. Its antiviral efficacy against WEEV, VEEV and
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against respiratory viruses including SARS-coronavirus, pandemic and seasonal influenza, and
respiratory syncytial virus are well documented [63].

Vaccines

A commercial, trivalent inactivated vaccine is available for immunization of horses against
VEEV, EEEV, and WEEV [66]; however, no licensed human vaccines are available for these
viruses. Currently, personnel at risk of exposure to VEEV are recommended by the Centers for
Disease Control, to be immunized with a live, attenuated vaccine TC-83 as an Investigational
New Drug (IND) followed by booster vaccination with formalin-inactivated C-84 if required [67].
Formalin-inactivated EEEV (TSI-GSD 104) and WEEV vaccines (CM 4884) were also
developed and can be used as INDs for at-risk personnel [68]. The major drawback of TC-83 is
its high reactogenicity rate (about 20% in vaccinees) [67], which is unacceptable for being
licensed as a human vaccine. The formalin-inactivated vaccines for VEEV, EEEV, and WEEV
have better safety profile, however, the immunogenicity is low for these vaccines, requiring three
doses, two weeks apart for immunization and annual boosters to maintain protective immune
response.

Several approaches have been used to develop safer and more effective vaccines for VEE, EEE,
and WEE [69, 70]. The first is reverse genetics to introduce mutations to the viral sequence. Using
this approach, Davis et al. developed a live-attenuated VEEV vaccine candidate designated as
V3526 from a full-length cDNA clone of the TrD strain by deleting a furin cleavage site from the
PE2 glycoprotein and inserting a single amino acid mutation in the E1 glycoprotein [71]. V3526 is
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protective against aerosol or subcutaneous challenge of various subtypes of VEEV in rodents,
horses, and nonhuman primates [72-74]. In addition, study of neurovirulence of V3526 in mice
demonstrated that it is less virulent than TC-83 [75]. Further study in nonhuman primates found
that V3526 is essentially nonneurovirulent when injected through intrathalamic/intraspinal or
subcutaneous route [76]. The success of pre-clinical studies made V3526 the lead candidate VEE
vaccine to move forward to the safety and immunogenicity study in a phase 1 clinical trial.
Unfortunately, V3526 caused headache, fever, malaise and sore throat in a significant number of
vaccinees, although the vaccine was able to induce strong immune responses [77]. These adverse
effects prompted the discontinuation of the clinical trial for V3526 as a live attenuated vaccine
for VEE. The subsequent studies suggest that gamma-irradiated or formalin-inactivated V3526
has a potential to replace the existing formalin-inactivated vaccine C-84 for VEE [78]. However,
it is envisioned that an effective adjuvant would be required to reduce the number of doses
previously required for formalin-inactivated vaccines.

A second approach for overcoming the problems of the traditional live attenuated VEEV
vaccines is through the construction of chimeric SINV (one of the least pathogenic alphaviruses
in humans) expressing structural proteins of VEEV, EEEV or WEEV. To construct chimeric
SIN/VEE viruses, the genes encoding the replicative enzymes and the cis-acting RNA elements
of Sindbis virus were ligated with the genes encoding the structural proteins of VEEV TC-83
strain. Mouse studies showed the chimeric virus was highly attenuated and immunogenic [79, 80].
A similar approach was used to make chimeric SIN/EEE viruses encoding structural proteins
from the North American strain of EEEV. The chimeric virus is highly attenuated in mice and
confers complete protection against i.p. challenge of a homologous strain of EEEV [81]. Study in
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a nonhuman primate EEEV model demonstrated that the chimeric virus conferred 82%
protection against aerosol challenge of a virulent North American strain of EEEV after a single
dose vaccination. The chimeric vaccine appears safe in animals, which did not cause
encephalitis-related histopathologic changes [82]. A chimeric SIN/WEE virus was also
developed and completely protected mice against intranasal lethal, high dose challenge of
virulent WEEV strains [83]. This approach looks to be very promising, but further studies on
formulating a trivalent vaccine, and examining problems with potential interference amongst the
three components needs to be investigated. And as a live attenuated vaccine, potential problems
with reversion must also be studied.

A third approach is DNA vaccination, which injects a DNA plasmid encoding protein antigens to
produce immune protection. Since its early introduction in the 1950's, DNA vaccination has
revolutionized the field of vaccinology due to its excellent safety profile, stability and ease of
manufacture. Indeed, a world first veterinary DNA vaccine protecting horses against West Nile
virus was licensed by the U.S. Department of Agriculture in 2005 [84]. DNA vaccination has
been proposed to develop an ideal biodefense vaccine against alphaviruses [85]. Such a vaccine
should be safe and easily formulated against known and emerging pathogens. So far, great effort
has been made to develop a DNA vaccine against VEEV. In a proof-of-the-concept study, a
DNA vaccine encoding the E2 glycoprotein of the TC-83 strain of VEEV was constructed.
When the vaccine was injected by particle-mediated bombardment using the Helios™ gene gun,
it induced a high level of IgG in mice [86]. Further study showed a VEEV DNA vaccine
expressing the structure proteins of C-E3-E2-6K-E1 of the virulent TrD strain of VEEV fully
protects mice and Guinea pigs against s.c. homologous virus challenge after gene gun delivery

20

[87].

The DNA vaccine also provided 80% protection in mice against aerosol challenge of

homologous VEEV. Subsequently, a pilot study was conducted in three nonhuman primates to
test the DNA vaccine against the homologous challenge of VEEV via aerosol challenge [88].
Although complete protection was not achieved, all cynomolgus macaques given the VEEV
DNA vaccine through gene gun had less severe infection compared to the negative control
macaque and two out of three vaccinated macaques showed no detectable serum viremia. Dupuy
et al. demonstrated that codon optimization and intramuscular electroporation delivery improves
immunogenicity and efficacy of a VEEV DNA vaccine [89]. The vaccine contains codonoptimized E3-E2-6K-E1 envelope glycoprotein of VEEV TrD strain. Mice injected with the
vaccine by intramuscular electroporation (3 doses 3 weeks apart) generated a similar high level
of VEEV-neutralizing antibody comparable to that observed in mice administered the liveattenuated VEEV vaccine TC-83. The vaccine confers complete protection in mice against a
lethal dose challenge of aerosolized VEEV. Strong neutralizing antibody responses were also
observed in cynomolgus macaques given the vaccine (2 doses 56 days apart). The vaccinated
macaques did not show viremia and had reduced clinical signs of infection after an aerosol
challenge. These results make this VEEV DNA vaccine an attractive candidate for clinical
development. Limited effort was made to develop a DNA vaccine for WEE. We constructed a
DNA vaccine encoding the structural proteins of C-E3-E2-6K-E1 of the 71V-1658 strain of
WEEV [90]. Mice given the vaccine through the gene gun (3 doses 2 weeks apart) reached 100%
protection against intranasal challenge of a homologous WEEV strain and 50% protection
against heterologous challenge. Further study indicated that the 6K-E1 structural protein is
sufficient in conferring protection [91].
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Viruses, such as vaccinia virus and adenovirus, can be modified into molecular vehicles to
deliver genes encoding protective antigens of VEEV, EEEV or WEEV. Several studies from our
group demonstrated that an adenovirus-vectored vaccine for WEE has a great potential for
further pre-clinical development [92-94]. The adenovirus-vectored WEEV vaccine encoding E3E2-6K-E1structural proteins of the 71V-1658 strain of WEEV confers rapid and complete
protection against both homologous and heterologous strains of WEEV in a mouse lethal
intranasal challenge model. The vaccine candidate is effective after a single dose vaccination
through intramuscular, intranasal, or oral route. For VEE, a virus-vectored vaccine was first
made based on a vaccinia virus vector expressing structural proteins of the TrD strain of VEEV
[95].

The vaccine provided protection of mice against peripheral challenge of various subtypes of

VEEV. However, only partial protection was achieved against aerosol challenge. An adenovirus
vector expressing the E3-E2-6K structural proteins of VEEV was constructed [96]. Intranasal
immunization with the vaccine protects mice against aerosol challenge of a homologous strain of
VEEV but was less protective against the heterologous strains.

Finally, production of virus-like particles (VLPs) through molecular engineering could become a
novel approach for developing safe and effective vaccines against VEEV, EEEV, and WEEV.
VLPs were first reported by Bayer et al., who found that the surface antigen of hepatitis B can
form particles which lack the viral genome [97]. The finding opened a new door to develop safer
vaccines for infectious diseases. Currently, several VLP-based vaccines have been licensed for
human use, which include two hepatitis B vaccines: Engerix-B® (GlaxoSmithKline) and
Recombivax HB® (Merck & Co.) and two human papillomavirus vaccines: Cervarix®
(GlaxoSmithKline) and Gardasil® (Merck & Co.) for preventing cervical cancer [98]. Although
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there has been no reports on construction of VLP-based vaccines for VEE, EEE, and WEE,
Akahata et al. developed a VLP vaccine against an Old World alphavirus, Chikungunya virus,
which shares many similarities with VEEV, EEEV, and WEEV in terms of viral structure [99].
Cells transfected with a plasmid expressing C-E3-E3-6K-E1 structural proteins of Chikungunya
virus produced VLPs which mimic the conformation of the wild-type virus. These VLPs
induced high titer of neutralizing antibodies in both mice and nonhuman primates after two-dose,
intramuscular vaccination. The VLP vaccine also protected animals against a high-dose
challenge of Chikungunya virus.

In conclusion, tremendous effort has been made to develop live attenuated vaccines for VEE,
EEE, and WEE since these vaccines mimic natural infection and induce robust immune
responses. However, there are severe side effects of the live attenuated VEE vaccine TC-83 in
humans and safety issues for the live attenuated VEEV vaccine candidate V3526 during Phase I
human clinical trial. With high morbidity and mortality of the infections caused by VEEV,
EEEV and WEEV, ensuring the lack of reversion of the live attenuated vaccines to more virulent
phenotype after vaccination and that there is no virus shedding, are paramount. Therefore,
major challenges could face the licensure of live attenuated or chimeric vaccines for VEE, EEE,
and WEE for human use. Plasmid DNA vaccination through intramuscular electroporation is
safe and effective in animal studies. It will be interesting to see if these results will translate well
to human safety and immunogenicity studies. Usually, the low immunogenicity of plasmid DNA
vaccines is a major hurdle for human use. We found that the adenovirus-vector platform is
suitable for making a single-dose, fast acting and needle-free vaccine for WEE. An adenovirusvectored HIV vaccine demonstrated a good safety profile and high immunogenicity after a single
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dose vaccination in humans [100]. The major hurdle for using adenovirus-vectored vaccines is the
concern over pre-existing immunity against the vector in human population, which could reduce
the efficacy of the vaccines. However, it appears this problem can be solved by intranasal
delivery of the vaccine [101]. The emerging VLP-based vaccine platform could be an alternative
approach for making safe vaccines for VEE, EEE and WEE. The success of development and
animal testing of a VLP-based vaccine for Chikungunya virus paves the way to construct similar
VLP-based vaccines for VEE, EEE, and WEE. In addition, the availability of a plant-based
manufacturing technology could solve the problem of cost-effective, large scale production of
VLP-based vaccines [102].

FUTURE PRESPECTIVES

The encephalitic alphaviruses, EEEV, WEEV and VEEV are potential biothreat agents and can
infect humans via an aerosol route of exposure with severe consequences as demonstrated by the
number of laboratory acquired infections. A recent study with related neurovirulent SINV in
mice indicates that virus in the CNS is initially rapidly cleared (by day 8 post infection) by CD8
T cells and IgM antibody-secreting cells, followed by gradual clearing of the virus over a period
of several weeks. CD4 T cells (IFN-γ production and helper function), and cells secreting IgG
and IgA accumulate and remain in the CNS. Lastly, B memory and plasma cells maintain low
levels of viral RNA and prevent establishment of persistent viral infection [103]. Taken together,
these properties are what we may want a vaccine or immune modulator to mimic alone or in
combination, for effective pre- or post-exposure prophylaxis/therapy of alphaviruses.
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Humanized monoclonal antibodies to VEEV have been demonstrated to protect mice and can be
used therapeutically to treat mice 24 hr post-infection. Furthermore, antibodies can be used
synergistically with interferon alpha for treatment of alphavirus infections [6]. AS and siRNA
products are promising therapeutics, and in the case of siRNA, need to demonstrate their
therapeutic potential in vivo. With the short therapeutic window demonstrated in animal models
of infectivity (24 hr), it will be important to determine whether this will translate to the human
clinical situation, especially from a biothreat perspective. Further research in understanding the
pathogenesis of respiratory exposure in animal models may give us better insight in
understanding the clinical disease and host response of these alphaviruses in humans. IFNs are
very expensive and have not demonstrated therapeutic efficacy, however, adenovirus-vectored
IFNα and immune modulators could be candidates for proceeding to clinical development, as
they could be developed for multiple indications. Broad-spectrum protection afforded by Poly
ICLC and adenovirus-vectored IFNα (2-3 weeks and 1 week, respectively), may allow
development of products against public health-related infectious diseases (influenza, dengue)
that could also be useful against potential biothreats such as the alphaviruses. Use of these
products may provide sufficient protection for first responders in mitigation of a biothreat
incident. Furthermore, the potential antiviral applications of host specific inhibitors have showed
promising therapeutic effectiveness against alphaviruses. In one recent study, the use of small
molecule inhibitors of GSK-3β (a host protein known to modulate pro-inflammatory cytokine
genes) have been shown to reduce VEEV–induced mortality, inhibit VEEV cell death, and
modulate pro- and anti-apoptotic genes, all of which contribute to enhanced survival in mice
against VEEV infection [104]. Lastly, many promising recombinant vaccine options are in late
stage research, many of which can provide single dose protection against an aerosol exposure. A
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combination of vaccines and therapeutics may be what is needed to protect military and civilian
responders, and to treat casualties of a natural outbreak or a bioterrorist incident.
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EXECUTIVE SUMMARY
INTRODUCTION


The encephalitic alphaviruses include eastern (E-), western (W-) and Venezuelan equine encephalitis
viruses (VEEV) which can causes severe morbidity and mortality as mosquito transmitted diseases.



They are potential biological threat agents, being easily grown and aerosol transmitted.

HOST RESPONSE


Innate immunity is activated in initial response to an alphavirus infection



Adaptive immunity is stimulated within 4-5 days of infection

THERAPEUTICS


There are currently no licensed vaccines or therapeutics to treat alphaviral infections

Antibodies


Human or humanized antibodies demonstrate 24 hrs post-exposure protection in mouse
infectivity models

Interferon


IFNα has demonstrated short-term prophylaxis.



Adenovirus-vectored IFNα may provide a low cost alternative to IFNα, and limited postexposure potential.

Antisense Oligonucleotides and SiRNA


Antisense peptide-conjugated phosphorodiamidate morpholino oligomers (PPMOs) are
stable, well tolerated and effective post-infection.



siRNA strategies have demonstrated in vitro antiviral activity, but require in vivo efficacy
testing.

581

PROPHYLAXIS
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Broad-Spectrum Antiviral Role of Toll-Like Receptor Agonists


CpG delivered in liposomes provides pre-exposure protection against s.c. challenge, but
not i.n. or aerosol challenge with WEEV.



Poly ICLC can provide short-term pre-exposure protection against intranasal challenge
with WEEV and VEEV.

Vaccines


VEEV V3526 live attenuated vaccine failed phase 1 clinical trials due to reactogenicity



Chimeric Sindbis/VEEV/EEEV/WEEV vaccines demonstrate good efficacy in mouse
infectivity models using a single dose.



An adenovirus vectored vaccine to WEEV demonstrates single dose, rapid protection, but
concerns on pre-existing immunity to adenovirus must be addressed.



Virus-like particle vaccines could be promising safe and effective vaccines.

FUTURE PRESPECTIVES


The host’s response for elimination of a virus may dictate what therapeutic or
prophylactic strategies are effective against the alphaviurses.



As a potential biological threat agent, pathogenesis via an aerosol route of exposure is
important.



A number of promising solutions are developing, including broad spectrum approaches
based on immune modulation and interferon, effective vaccine strategies and potential
therapeutics (human/humanized mAbs, AS and siRNA).

28

REFERENCES

1. Sidwell RW and Smee DF. Viruses of the Bunya- and Togaviridae families: potential as
bioterrorism agents and means of control. Antiviral Res. 57, 101-111 (2003).
2. Calisher CH. Medically important arboviruses of the United States and Canada. Clin.
Microbiol. Rev. 7, 89-116 (1994).
3. Strauss JH. & Strauss EG. The alphaviruses: gene expression, replication, and evolution.
Microbiological Review 58, 491-562 (1994).
4. Weaver SC, Frey TK, Huang UV, et al. Family Togaviridae. In: Virus Taxonomy:
Classification and Nomenclature of Viruses. Eighth Report of the International Committee
on Taxonomy and Nomenclature of Viruses, Fauquet CM, Mayo MA, Maniloff J,
Desselberger U & Ball LA (Eds.) Academic Press, San Diego, CA, 999-1008 (2005).
5. Kuhn RJ. Togaviridae: The viruses and their replication, In Fields Virology (5th ed.).
Knipe DM and Howley PM (Eds.), Lippincott Williams & Wilkins, New York, NY, 10011022 (2007).
6. Griffin DE Alphaviruses. In Fields Virology (5th ed.). Knipe DM and Howley PM
(Eds.), Lippincott Williams & Wilkins, New York, NY, 1023-1067 (2007).
7. Hanson RP. An epizootic of equine encephalomyelitis that occurred in Massachusetts in
1831. Am. J. Trop. Med. Hyg. 6, 858-862 (1957).
8. Zacks MA & Paessler S. Encephalitic alphaviruses. Vet. Microbiol. 140, 281-286 (2010).
9. Hahn CS, Lustig S, Strauss EG & Strauss JH. Western equine encephalitis virus is a
624

recombinant virus. Proc. Natl. Acad. Sci. USA, 85, 5997-6001 (1988).

29

10. Reisen WK & Monath TP. Western equine encephalomyelitis, In: The Arboviruses:
Epidemiology and Ecology (Vol. V). Monath TP (Ed.), CRC Press: Boca Raton, FL, 89137 (1988).
11. Fleming D & Hunt D. Biological Safety: Principles and Practices (4th ed.). ASM press,
Washington, (2006).
12. Fothergill LD, Holden M, Wyckoff RWG, et al. Western equine encephalomyelitis in a
laboratory worker. JAMA 113, 206-207 (1939).
13. Rivas F, Diaz LA, Cardenas VM, et al. Epidemic Venezuelan equine encephalitis in La
Guajira, Columbia, 1995. J. Infect. Dis. 175, 828-832 (1997).
14. Casals J, Curnen EC & Thomas L. Venezuelan equine encephalomyelitis in man. J. Exp.
Med. 77, 521-225 (1943).
15. Lennette EH & Koprowski H. Human infection with Venezuelan equine
encephalomyelolitis virus: a report on eight cases of infection acquired in the laboratory.
JAMA 13, 1088-1095 (1943).
16. Koprowski H & Cox HR. Human laboratory infection with Venezuelan equine
encephalitis virus. N. Engl. J. Med. 236, 647-654 (1947).
17. Jarling PB, Navarro E & Scherer WF. Interferon induction and sensitivity as correlates to
virulence of Venezuelan equine encephalitis viruses for hamsters. Arch. Virol. 51, 23-35
(1976).
18. Liang X-H, Goldman JE, Jiang HH, et al. Resistance of interleukin 1β deficient mice to
fatal Sindbis virus encephalitis. J. Virol. 73, 2563-2567 (1999).

30

19. Griffin DE and Johnson RT. Role of the immune response in recovery from Sindbis virus
encephalitis in mice. J. Immunol. 118, 1070-1075 (1977).
20. Griffin D, Levine B, Tyor W, et al. The role of antibody in recovery from alphavirus
encephalitis. Immunol. Rev. 159, 155-161 (1997).
21. Brookes CB, Deming DJ, Whitmore AC, et al. T cells facilitate recovery from
Venezuelan equine encephalitis virus-induced encephalitis in the absence of antibody. J.
Virol. 84, 4556-4568 (2010).
22. Elvin SJ, Bennett AM & Phillpotts RJ. Role for mucosal immune responses and cellmediated immune functions in protection from airborne challenge with Venezuelan equine
encephalitis virus. J. Med. Virol. 67, 384-393 (2002).
23. Casadevall A & Pirofski LA. New concepts in antibody-mediated immunity. Infect.
Immunol. 72, 6191-6196 (2004).
24. Raghavan M & Bjorkman PJ. Fc receptors and their interactions with immunoglobulins.
Ann. Rev. Cell. Dev. Biol. 12, 181-220 (1996).
25. Bregenholt S & Haurum J. Pathogen-specific recombinant human polyclonal antibodies:
biodefence applications. Expert Opin. Biol. Ther. 4, 387-396 (2004).
26. Casadevall A & Pirofski LA. The potential of antibody-mediated immunity in the defence
against biological weapons. Expert Opin. Biol. Ther. 5, 1359-1372 (2005).
27. Sabin AB. Quantitative studies on prophylactic effectiveness of western equine
encephalitis antiserum in mice. Proc. Soc. Exp. Biol. Med. 78, 655-658 (1951).
28. Cremer NE, Lennette EH, Hagens SJ & Fujimoto FY. Difference in mechanism of viral
667

neutralization under in vitro and in vivo conditions. J. Immunol. 96, 284-288 (1966).
31

29. Rabinowitz SG & Adler WH. Host defenses during primary Venezuelan equine
encephalomyelitis virus infection in mice. I. Passive transfer of protection with immune
serum and immune cells. J. Immunol. 1973; 110:1345-1353.
30. Brown A & Officer JE. An attenuated variant of eastern encephalitis virus: biological
properties and protection induced in mice. Arch. Virol. 47, 123-138 (1975).
31. Keller MA & Stiehm ER. Passive immunity in prevention and treatment of infectious
diseases. Clin. Microbiol. Rev. 13, 602-614 (2000).
32. Mathews JH & Roehrig JT. Determination of the protective epitopes on the glycoprotein
of Venezuelan equine encephalitis virus by passive transfer of monoclonal antibodies. J.
Immunol. 129, 2763-2767 (1982).
33. Roehrig JT & Mathews JH. The neutralization site on the E2 glycoprotein of Venezuelan
equine encephalomyelitis (TC-83) virus is composed of multiple conformationally stable
epitopes. Virology 142, 347-356 (1985).
34. Khazaeli MB, Conry RM & LoBuglio AF. Human immune response to monoclonal
antibodies. J. Immunother. 15, 42-52 (1994).
35. Phillpotts RJ, Jones LD & Howard SC. Monoclonal antibody protects mice against
infection and disease when given either before or up to 24 h after airborne challenge with
virulent Venezuelan equine encephalitis virus. Vaccine 20, 1497-1504 (2002).
36. Roehrig JT, Day JW& Kinney RM. Antigenic analysis of the surface glycoproteins of a
Venezuelan equine encephalomyelitis virus (TC-83) using monoclonal antibodies.
Virology 118, 269-278 (1982).

32

37. Hunt AR, Frederickson S, Maruyama T, Roehrig JT & Blair CD. The first human epitope
map of the alphaviral E1 and E2 proteins reveals a new E2 epitope with significant virus
neutralizing activity. PLoS Negl. Trop. Dis. 4, e739 (2010).
38. Schmaljohn, AL, Johnson ED, Dalrymple JM & Cole GA. Non-neutralizing monoclonal
antibodies can prevent lethal alphavirus encephalitis. Nature 297, 70-72 (1982).
39. Phillpotts RJ. Venezuelan equine encephalitis virus complex-specific monoclonal
antibody provides broad protection, in murine models, against airborne challenge with
viruses from serogroups I, II and III. Virus Res. 120, 107-112 (2006).
40. Rulker T, Voss L, Thullier P, et al. Isolation and characterisation of a human-like antibody
fragment (scFv) that inactivates VEEV in vitro and in vivo. PLoS One 7, e37242 (2012).
41. Parker MD, Buckley MJ, Melanson VR, Glass PJ, Norwood D & Hart MK. Antibody to
the E3 glycoprotein protects mice against lethal venezuelan equine encephalitis virus
infection. J. Virol. 84, 12683-12690 (2010).
42. Mirick GR, Bradt BM, Denardo SJ & Denardo GL. A review of human anti-globulin
antibody (HAGA, HAMA, HACA, HAHA) responses to monoclonal antibodies. Not four
letter words. Q. J. Nucl. Med. Mol. Imaging 48, 251-257 (2004).
43. Gussow D & Seemann G. Humanization of monoclonal antibodies. Methods Enzymol.
203, 99-121 (1991).
44. Hunt AR, Frederickson S, Hinkel C, et al. A humanized murine monoclonal antibody
protects mice either before or after challenge with virulent Venezuelan equine encephalitis
virus. J. Gen. Virol. 87, 2467-2476 (2006).

33

45. Hu WG, Chau D, Wu J, Jager S & Nagata LP. Humanization and mammalian expression
of a murine monoclonal antibody against Venezuelan equine encephalitis virus. Vaccine
25, 3210-3214 (2007).
46. Hu WG, Phelps AL, Jager S, et al. A recombinant humanized monoclonal antibody
completely protects mice against lethal challenge with Venezuelan equine encephalitis
virus. Vaccine 28, 5558-5564 (2010).
47. Goodchild SA, O'Brien LM, Steven J, et al. A humanised murine monoclonal antibody
with broad serogroup specificity protects mice from challenge with Venezuelan equine
encephalitis virus. Antiviral Res. 90, 1-8 (2011).
48. O'Brien LM, Goodchild SA, Phillpotts RJ & Perkins SD. A humanised murine
monoclonal antibody protects mice from Venezuelan equine encephalitis virus,
Everglades virus and Mucambo virus when administered up to 48 h after airborne
challenge. Virology 426, 100-105 (2012).
49. Schafer A, Brooke CB, Whitmore AC & Johnston.RE. The role of the blood-brain barrier
during Venezuelan equine encephalitis virus infection. J. Virol. 85, 10682-10690 (2011).
50. Hunt AR, Bowen RA, Frederickson S, Maruyama T, Roehrig JT & Blair CD. Treatment
of mice with human monoclonal antibody 24h after lethal aerosol challenge with virulent
Venezuelan equine encephalitis virus prevents disease but not infection. Virology 414,
146-152 (2011).
51. Thullier P, Huish O, Pelat T & Martin AC. The humanness of macaque antibody
sequences. J. Mol. Biol. 396, 1439-1450 (2010).

34

52. Sadler AJ & Williams RG. Interferon-inducible antiviral effectors Nature Rev. Immunol.
8, 559-568 (2008).
53. Borden EC, Sen GC, Uze G, et al. Interferons at age 50:, past, current and future impact
on biomedicine. Nature Rev. Drug Discovery 6, 975-990 (2007).
54. Lukaszewski RA & Brooks TJ. Pegylated alpha interferon is an effective treatment for
virulent Venezuelan equine encephalitis virus and has a profound effect on the host
immune response to infection. J. Virol. 74, 5006-5015 (2000).
55. Julander JG, Siddharthan V, Blatt LM, Schafer K, Sidwell RW & Morey JD. Effect of
exogenous interferon and an interferon inducer on western equine encephalitis virus
disease in a hamster model. Virology 360, 454-460 (2007).
56. Wu JQ, Barabe ND, Huang YM, et al. Pre- and post-exposure protection against western
equine encephalitis virus after single inoculation with adenovirus vector expressing
interferon alpha. Virology 369, 206-213 (2007).
57. O'Brien L, Perkins S, Williams A, et al. Alpha interferon as an adenovirus-vectored
vaccine adjuvant and antiviral in Venezuelan equine encephalitis virus infection. J. Gen.
Virol. 90(4), 874-882 (2009).
58. Han Q, Zhang C, Zhang J & Tian Z. Involvement of Activation of PKR in HBx-siRNAMediated Innate Immune Effects on HBV Inhibition. PLoS One 6(12), e27931 (2011).
59. Paessler S, Rijinbrand R, Stein DA, et al. Inhibition of alphavirus infection in cell culture
and in mice with antisense morpholino oligomers. Virology 376, 357-370 (2008).

35

60. Iversen PL. Chapter 20. Morphinos. In: Antisense Drug Technology: Principles,
Strategies and Applications (2nd ed.). Crooke ST (Ed.), CRC press, Taylor and Francis
Group, Boca Raton, Florida, 565-579 (2008).
61. O'Brien L. Inhibition of multiple strains of Venezuelan equine encephalitis virus by a
pool of four short interfering RNAs. Antiviral Res. 75, 20-25 (2007).
62. Logue CH, Phillips AT, Mossel EC, et al. Treatment with cationic liposome-DNA
complexes (CLDCs) protects mice from lethal western equine encephalitis virus (WEEV)
challenge. Antiviral Res. 87, 195-203 (2010).
63. Wong JP & Christopher ME. Broad -spectrum drugs against viral agents. Int. J. Mol. Sci.
9, 1561-1594 (2008).
64. Stephen EL, Hilmas DE, Levy HB, et al. Protective and toxic effects of a nucleaseresistant derivative of polyriboinosinic-polyribocytidylic acid on Venezuelan equine
encephalomyelitis virus in rhesus monkeys. J. Infect. Dis. 139, 267-272 (1979).
65. Wong JP, Nagata LP, Christopher ME, et al. Prophylaxis of acute respiratory virus
infections using nucleic acid-based drugs. Vaccine 23, 2266-2268 (2005).
66. Barber TL, Walton TE & Lewis KJ. Efficacy of trivalent inactivated encephalomyelitis
virus vaccine in horses. Am. J. Vet. Res. 39, 621-625 (1978).
67. Pittman PR, Makuch RS, Mangiafico JA, Cannon TL, Gibbs PH & Peters CJ. Long-term
duration of detectable neutralizing antibodies after administration of live-attenuated VEE
vaccine and following booster vaccination with inactivated VEE vaccine. Vaccine 14(4),
337-43 (1996).

36

68. Hoke CH Jr. History of U.S. military contributions to the study of viral encephalitis. Mil.
Med. 170, 92-105 (2005).
69. Paessler S & Weaver SC. Vaccines for Venezuelan equine encephalitis. Vaccine 27 Suppl
4, D80-85 (2009).
70. Spurgers KB & Glass PJ. Vaccine development for biothreat alphaviruses. J. Bioterr.
Biodef. S1:001 doi: 10.4172, 2157-2526. S1-001 (2011).
71. Davis NL, Brown KW, Greenwald GF, et al. Attenuated mutants of Venezuelan equine
encephalitis virus containing lethal mutations in the PE2 cleavage signal combined with a
second-site suppressor mutation in E1. Virology 212, 102-110 (1995).
72. Pratt WD, Davis NL, Johnston, RE & Smith, JF. Genetically engineered, live attenuated
vaccines for Venezuelan equine encephalitis: testing in animal models. Vaccine 21, 38543862 (2003).
73. Fine DL, Roberts BA, Teehee ML, et al. Venezuelan equine encephalitis virus vaccine
candidate (V3526) safety, immunogenicity and efficacy in horses. Vaccine 25, 1868-1876
(2007).
74. Reed DS, Lind CM, Lackemeyer MG, et al. Genetically engineered, live, attenuated
vaccines protect nonhuman primates against aerosol challenge with a virulent IE strain of
Venezuelan equine encephalitis virus. Vaccine 23, 3139-3147 (2005).
75. Ludwig GV, Turell MJ, Vogel P, et al. Comparative neurovirulence of attenuated and
non-attenuated strains of Venezuelan equine encephalitis virus in mice. Am. J. Trop. Med.
Hyg. 64, 49-55 (2001).

37

76. Fine DL, Roberts BA, Terpening SJ, Mott J, Vasconcelos D & House RV. Neurovirulence
evaluation of Venezuelan equine encephalitis (VEE) vaccine candidate V3526 in
nonhuman primates. Vaccine 26, 3497-506 (2008).
77. Martin SS, Bakken RR, Lind CM, et al. Telemetric analysis to detect febrile responses in
mice following vaccination with a live-attenuated virus vaccine. Vaccine 27, 6814-6823
(2009).
78. Martin SS, Bakken RR, Lind CM, et al. Evaluation of formalin inactivated V3526 virus
with adjuvant as a next generation vaccine candidate for Venezuelan equine encephalitis
virus. Vaccine 28, 3143-3151 (2010).
79. Paessler S, Fayzulin RZ, Anishchenko M, et al. Recombinant sindbis/Venezuelan equine
encephalitis virus is highly attenuated and immunogenic. J. Virol. 77, 9278-9286 (2003).
80. Paessler S, Ni H, Petrakova O, et al. Replication and clearance of Venezuelan equine
encephalitis virus from the brains of animals vaccinated with chimeric SIN/VEE viruses.
J. Virol. 80, 2784-2796 (2006).
81. Wang E, Petrakova O, Adams AP, et al. Chimeric Sindbis/eastern equine encephalitis
vaccine candidates are highly attenuated and immunogenic in mice. Vaccine 25:7573-81
(2007).
82. Roy CJ, Adams AP, Wang E, et al. A chimeric Sindbis-based vaccine protects
cynomolgus macaques against a lethal aerosol challenge of eastern equine encephalitis
virus. Vaccine 31, 1458-1463 (2013).

38

83. Atasheva S, Wang E, Adams AP, et al. Chimeric alphavirus vaccine candidates protect
mice from intranasal challenge with western equine encephalitis virus. Vaccine 27, 43094319 (2009).
84. Centers for Disease Control. CDC and Fort Dodge Animal Health achieve first licensed
DNA vaccine. http://www.cdc.gov/media/pressre/r050718.htm (2005).
85. Dupuy LC & Schmaljohn CS. DNA vaccines for biodefense. Expert Rev. Vaccines 8,
1739-1754 (2009).
86. Bennett AM, Phillpotts RJ, Perkins SD, Jacobs SC & Williamson ED. Gene gun mediated
vaccination is superior to manual delivery for immunisation with DNA vaccines
expressing protective antigens from Yersinia pestis or Venezuelan Equine Encephalitis
virus. Vaccine 18, 588-596 (2000).
87. Riemenschneider J, Garrison A, Geisbert J, et al. Comparison of individual and
combination DNA vaccines for B. anthracis, Ebola virus, Marburg virus and Venezuelan
equine encephalitis virus. Vaccine 21, 4071-4080 (2003).
88. Dupuy LC, Richards MJ, Reed DS, et al. Immunogenicity and protective efficacy of a
DNA vaccine against Venezuelan equine encephalitis virus aerosol challenge in
nonhuman primates. Vaccine 28, 7345-7350 (2010).
89. Dupuy LC, Richards MJ, Ellefsen B, et al. A DNA vaccine for Venezuelan equine
encephalitis virus delivered by intramuscular electroporation elicits high levels of
neutralizing antibodies in multiple animal models and provides protective immunity to
mice and nonhuman primates. Clin. Vaccine Immunol. 18, 707-16 (2011).

39

90. Nagata LP, Hu WG, Masri SA, et al. Efficacy of DNA vaccination against western equine
encephalitis virus infection. Vaccine 23, 2280-2283 (2005).
91. Gauci PJ, Wu JQ, Rayner GA, Barabe ND, Nagata LP & Proll DF Identification of
western equine encephalitis virus structural proteins that confer protection after DNA
vaccination. Clin. Vaccine Immunol. 17:176-179 (2010).
92. Wu JQ, Barabe ND, Chau D, et al. Complete protection of mice against a lethal dose
challenge of western equine encephalitis virus after immunization with an adenovirusvectored vaccine. Vaccine 25, 4368-4375 (2007).
93. Barabe ND, Rayner GA, Christopher ME, Nagata LP & Wu JQ. Single-dose, fast-acting
vaccine candidate against western equine encephalitis virus completely protects mice from
intranasal challenge with different strains of the virus. Vaccine 25(33), 6271-6276 (2007).
94. Swayze RD, Bhogal HS, Barabe ND, McLaws LJ & Wu JQ. Envelope protein E1 as
vaccine target for western equine encephalitis virus. Vaccine 29, 813-820 (2011).
95. Kinney RM, Esposito JJ, Mathews JH, et al. Recombinant vaccinia virus/Venezuelan
equine encephalitis (VEE) virus protects mice from peripheral VEE virus challenge. J.
Virology 62, 4697-4702 (1988).
96. Phillpotts RJ, O'Brien L, Appleton RE, et al. Intranasal immunisation with defective
adenovirus serotype 5 expressing the Venezuelan equine encephalitis virus E2
glycoprotein protects against airborne challenge with virulent virus. Vaccine 23, 16151623 (2005).

40

97. Bayer ME, Blumberg BS & Werner B. Particles associated with Australia antigen in the
sera of patients with leukaemia, Down's Syndrome and hepatitis. Nature 218, 1057-1059
(1968).
98. Roldao A, Mellado MC, Castilho LR, Carrondo MJ & Alves PM. Virus-like particles in
vaccine development. Expert Rev. Vaccines 9, 1149-1176 (2010).
99. Akahata W, Yang ZY, Andersen H, et al. A virus-like particle vaccine for epidemic
Chikungunya virus protects nonhuman primates against infection. Nature Med. 16, 334338 (2010).
100. Peiperl L, Morgan C, Moodie Z, et al. Safety and immunogenicity of a replicationdefective adenovirus type 5 HIV vaccine in Ad5-seronegative persons: a randomized
clinical trial (HVTN 054). PLoS One 5(10), e13579 (2010).
101. Croyle MA, Patel A, Tran KN, et al. Nasal delivery of an adenovirus-based vaccine
bypasses pre-existing immunity to the vaccine carrier and improves the immune response
in mice. PLoS One 3(10), e3548 (2008).
102. Landry N, Ward BJ, Trepanier S, et al. Preclinical and clinical development of plantmade virus-like particle vaccine against avian H5N1 influenza. PLoS One 5(12), e15559
(2010).
103. Metcalf TU & Griffin DE. Alphavirus-induced encephalomyelitis: Antibody-secreting
cells and viral clearance from the nervous system. J. Virol. 85(21), 11490-11501 (2011).
104. Kehn-Hall K, Narayanan A, Lundberg L, et al. Modulation of GSK-3β activity in
Venezuelan equine encephalitis virus infection. PLOS One 7(4), e34761 (2012).
875

41

Table 1. Prophylaxis and therapeutic candidates under development against Venezuelan, eastern
and western equine encephalitis viruses
Prophylaxis &
Therapeutics

Summary & Notes

Monoclonal
antibodies

VEEV - Humanized mAbs - protective for both pre- (100% at -24 hr)
and post-exposure (80-100% at 24 hr, 40% at 48 hr) in mouse aerosol
challenge model [39, 46, 48].

Interferon
alpha

VEEV - Pegylated interferon alpha, pre-exposure protection (36-75%,
daily) against s.c. and aerosol challenge [54].
- Adenovirus-vectored expression of IFNα, pre-exposure protection
(100% at -24 hrs) against s.c. challenge in mice after a single dose
injection. Post-exposure protection not demonstrated [57].
WEEV- Interferon alfacon-1, pre-exposure protection (100%, daily) in
a hamster i.p. or i.n. challenge model [55].
- Adenovirus-vectored expression of IFNα, pre- (100% to -7 days) and
post-exposure protection (60% at 6 hrs) against i.n. challenge in mice
after single dose [56].

VEEV - Peptide-conjugated phosphorodiamidate morpholino
Antisense
oligonucleotides oligomers (PPMOs), protective for pre- (100%) and post-exposure
(63% at 24 hr, then daily) in mouse i.n. challenge model [59]
Si RNA

VEEV - Multiple siRNA targeting conserved areas of viral genome,
pool inhibited (96-97%) multiple strains of VEEV in cell testing [61].

Broadspectrum Tolllike receptor
agonists

CpG
WEEV - pre-exposure protection (80% at -24 hrs) in mouse s.c.
challenge model [62].
Poly ICLC
VEEV - Pre- and post-exposure protection in rhesus monkey challenge
model [64]
WEEV - Pre-exposure protection (100%) in mouse intranasal
challenge model [65]
Ampligen®
WEEV - Pre-exposure protection (100%) in hamster intranasal
challenge model [55]

Vaccines

Inactivated
VEEV - Formalin-inactivated vaccine (C-84) under Investigational
New drug (IND) status, 3 doses two weeks apart, boosters [66].
EEEV - Formalin-inactivated vaccine (TSI-GSD 104) under IND
status, 3 doses two weeks apart, boosters [68].
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WEEV - Formalin-inactivated vaccine (CM 4884) under IND status, 3
doses two weeks apart, boosters [68].
Live attenuated
VEEV - TC-83 under IND status (single dose) with high reactogenicity
rate in humans [68]
- V3526, protective (single dose) against aerosol or s.c. challenge in
rodents, horses, and nonhuman primates [72-74]. Significant side
effect in phase I human safety trial [77].
- Chimeric SIN/VEE vaccine, highly attenuated and immunogenic
(single dose) in mice [79,80].
EEEV - Chimeric SIN/EEE vaccine, highly attenuated and protective
(single dose) in a mouse i.p. challenge model [81].
WEEV - Chimeric SIN/WEE vaccine, protective (single dose) against
i.n. challenge in mice [83].
DNA vaccine
VEEV - Protective (3 doses 28 days apart) against aerosol challenge in
mice and cynomolgus macaques after intramuscular electroporation
delivery of the vaccine [89].
WEEV - Protective (3 doses 14 days apart) against intranasal challenge
in mice [90, 91].
Viral-vectored
VEEV – Adenovirus- (3 doses at 0, 7 and 21 days) or Vacciniavectored vaccine (single dose), protective against aerosol challenge in
mouse model [95, 96].
WEEV - Adenovirus-vectored vaccine, protective against intranasal
challenge in mice after a single dose vaccination [92-94]
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