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Abstract — The increasing international movement of horses combined with the relaxation of
veterinary regulations has resulted in an increased incidence of equine infectious diseases.
Vaccination, along with management measures, has become the primary method for the effective
control of these diseases. Traditionally modified live and inactivated vaccines have been used and
these vaccines have proven to be very successful in preventing disease. However, there are a number
of equine infectious diseases for which conventional technology has shown its limitations. The
advent of recombinant technology has stimulated the development of second generation vaccines,
including gene deleted mutants, live vectored vaccines and DNA vaccines. These vaccines have in
common that protective antigens are endogenously processed and presented along the molecules of
the MHC I and MHC II complex, resulting in the stimulation of both humoral and cell-mediated
immune responses similar to natural infection. The present paper provides a review of the vaccines
being employed today against the most important equine viral diseases followed by a summary of
new developments that are expected to bring improved vaccines to the market in the foreseeable
future.
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1. INTRODUCTION

The development of veterinary vaccines
has been one of the most important contri-
butions to the health and welfare of domes-
tic animals. Vaccination, along with man-
agement measures, remains the most cost
effective method to reduce animal suffering
and economic losses from infectious dis-
eases, and the control of diseases of veter-
inary importance such as pseudorabies and
rinderpest through vaccination are well rec-
ognised. In addition, vaccination has helped
to reduce the transmission to man of organ-
isms with zoonotic potential such as rabies
and Venezuelan encephalitis.

The increasing international movement
of horses combined with the relaxation of
veterinary regulations has resulted in an
increased incidence of equine infectious dis-
eases, and vaccination has become the pri-
mary method for the effective control of
these diseases (reviewed in [80]).

The present paper provides a review of
existing vaccines against the most impor-
tant equine viral diseases followed by a sum-
mary of the new developments that are
expected to bring improved equine vac-
cines to the marketin the foreseeable future.

2. GENERAL ASPECTS
ON VACCINES

2.1. First generation vaccines

The existing vaccines can be divided into
modified live and inactivated vaccines.

2.1.1. Modified live vaccines

Modified live vaccines were amongst
the first vaccines available for horses. They
consist of attenuated micro organisms that
replicate in vivo, thereby eliciting an immune
response similar to that induced by natural
infection. Attenuation usually is obtained
by:

— in vitro passages through one or more
cell types,

— selection of spontaneous or induced tem-
perature sensitive mutants,

— use of re-assortants obtained by co-in-
fection of the same cell with two differ-
ent viruses with segmented genomes.

In general, modified live vaccines induce
a rapid onset of immunity which is both
broad and long lasting. Solid immunity is
often obtained after a single dose. Notwith-
standing their efficacy profile, live vaccines
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Table I. Commercially available vaccines for the equine industry.

Conventional vaccines

Disease

Second generation .
Literature reference

Inactivated Modified live

vaccines

Influenza X X
Equine herpes
—EHV-1 X X
- EHV-4
Equine viral arteritis
Equine encephalitis
— Western
— Eastern
— Venezuelan
West Nile
African Horse Sickness
Rabies
Rota X
Strangles
Tetanus
Clostridium perfringens
Equine protozoal
myeloencephalitis (EPM)
Potomac horse fever x
Equine infectious anemia x2
Japanese encephalitis X

X X
X

X X X X X X

X X X X

X [18, 48, 59, 61, 67, 68, 92]

[1, 11-14, 44, 55]
[40, 41, 60]
[33, 56, 58, 91, 100]

(32]
[7,26,27,47, 52,97, 98]
X [62]

4 Only available in China.

continue to be viewed with caution in cer-
tain countries. Concerns include a possible
reversion to virulence sometimes leading to
fatal disease in vaccinated animals and a
lack of safety in pregnant or immuno-com-
promised animals. There are several modi-
fied live vaccines currently on the market
for horses, including, but not limited to,
vaccines for equine herpes, equine influ-
enza, equine encephalitis, and equine viral
arteritis (Tab. I).

2.1.2. Inactivated vaccines

Inactivated vaccines comprise microor-
ganisms which are heat or chemically inac-
tivated. Formaldehyde, B-propriolactone,
ethylene-imine and thimerosal are among
the most frequently used inactivating agents.
Subunit vaccines constitute a special cate-
gory of inactivated vaccines. Extraction and

purification of immunogens from viruses or
bacteria are used to formulate these vac-
cines. In order to develop subunit vaccines,
itis essential to identify the (immunogenic)
fractions that are important for the induc-
tion of the immune response. After extrac-
tion and purification, the antigens are usu-
ally mixed with an adjuvant to stimulate the
immune system. Vaccines against tetanus
containing tetanus toxoid or vaccines against
strangles based on the M protein are the best
known examples of veterinary subunit vac-
cines. Inactivated vaccines are inherently
biologically safe since they have, in theory,
no residual virulence, but in order to be effi-
cacious they often need high antigenic mass
and strong adjuvants. There are several dis-
advantages commonly associated with inac-
tivated vaccines such as the slow onset of
immunity, local reactogenicity and residue,
the need for multiple injections in order to
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be effective, the risk of incomplete inacti-
vation and hazards to personnel and the
immediate environment when working with
large amounts of potentially zoonotic path-
ogens. Furthermore, since inactivated vac-
cines are known to be weak inducers of
cell-mediated immunity, they are not very
efficient in eliminating virus infected cells.
A wide variety of inactivated and subunit vac-
cines are commercially available for horses
(Tab. I).

2.2. Second generation vaccines

Conventional vaccines have proven to
be very successful in preventing disease.
However, there is a concerted effort to
define safer and more effective vaccines that
would overcome the disadvantages of cur-
rent preparations. Also, new vaccines are
sought to protect against emerging diseases
for which no prophylaxis is currently avail-
able. The advent of recombinant DNA tech-
nology has stimulated the development of
second generation vaccines, including but
not restricted to gene deleted mutants,
attenuated live vectors and DNA vaccines.
All these vaccines have in common that the
protective antigens are endogenously proc-
essed and presented along with the major
histocompatibility complex (MHC) class I
and II molecules, resulting in the stimula-
tion of both humoral and cell-mediated
immune responses in a manner similar to
natural infection. Cytotoxic T lymphocytes
(CTL) are particularly important in the
clearance of virus infected cells and the
control of cell-associated viremia. In order
to use recombinant technology, it is essen-
tial to identify those proteins containing
CTL epitopes. As was shown for equine
infectious anemia virus [57] and equine her-
pesvirus 1 [87], CTL responses in the horse
are MHC class I (or ELA-A in the horse)
restricted. The latter molecules are highly
polymorphic, meaning that epitopes induc-
ing strong CTL responses in horses express-
ing one MHC allele might not be immuno-
genic in horses expressing a different allele.
The identification of broadly recognised,

dominant epitopes that induce strong CTL
responses in horses with different genetic
backgrounds is a major challenge and the
subject of future research [57, 87]. How-
ever, it is realistic to assume that a single
protein most probably will not fulfil this
requirement.

2.2.1. Gene deleted mutants

Specific modifications or deletions can
be introduced in the genome of micro-
organisms so that they become stably atten-
uated through the use of recombinant tech-
nology. The availability of full-length cDNA
clones for example for equine Venezuelan
encephalitis virus [22] and equine arteritis
virus [37] has greatly facilitated the directed
introduction of specific mutations in the
genome and the development of gene-deleted
live vaccines. Genetically engineered vac-
cines have also provided the basis for the
development of Differentiating Infected from
Vaccinated Animals (DIVA) vaccines by
the introduction of deletions in non-essen-
tial genes encoding for immunogenic pro-
teins.

2.2.2. Live vectored vaccines

Viruses or bacteria can be genetically
engineered to serve as carriers or vectors for
the expression of foreign DNA through the
use of recombinant technology. Live recom-
binant vectors will present the transgene in
the context of an infection and therefore
stimulate both B and T cell responses. Ade-
noviruses and herpes viruses are being con-
sidered and evaluated as potential vaccine
vectors, whereas a variety of recombinant
poxviruses, based on either vaccinia or avi-
pox viruses are already commercially avail-
able. Several features of poxviruses, includ-
ing their capacity to insert large segments
of foreign DNA and their thermo- and genetic
stability, make them ideal candidate vectors
for delivering foreign antigens from a wide
variety of pathogens to the host immune
system. In contrast to the vaccinia virus,
which has a very broad vertebrate host range,
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the canary and fowlpox viruses are host
restricted to certain avian species and pro-
duce an abortive infection in mammal.
Canarypox virus recombinants have been
shown to authentically express the inserted
foreign genes in the absence of productive
viral replication [78], which provides a
built-in safety feature for vaccination, since
there is no potential for transmission of the
vaccine vector. Further advantages are related
to the fact that there is no neutralising
immunity against the vector that precludes
an immune response against the transgene
after subsequent administrations, and their
ability to deliver immunity in the absence
of an adjuvant. Several canarypox recom-
binant vaccines have been developed for
veterinary use and are now commercially
available in North America and Europe [62,
75,79, 88].

2.2.3. DNA vaccines

Since the pioneering work of the early
1990s, vaccination with plasmid DNA has
proven to be a valid alternative to conven-
tional vaccines, both for human and veter-
inarian use. The basis for DNA immunisa-
tion is that cells can take up “naked” DNA
and that foreign genes can be expressed
within in vivo transfected cells. Genes cod-
ing for immunogens of pathogens can be
incorporated into plasmids under the con-
trol of eukaryotic promoters in order to get
expression when administered in vivo.
Plasmid based vaccines offer many of the
potential benefits of live vaccines without
the same inherent risks, such as reversion to
virulence. The most compelling feature of
DNA vaccination is related to safety, because
they can be manufactured in the absence of
substances of animal origin and can be highly
purified. Further advantages are related to
the de novo synthesis of antigens structur-
ally identical to those produced during an
active infection resulting in the stimula-
tion of both humoral and cellular immune
responses [83] and to their ability to over-
come maternal derived immunity in neonates
or in very young animals [28]. However, a
disadvantage of DNA vaccines is that they

trigger relatively weak serological responses
against certain antigens when compared to
conventional vaccines. Various attempts to
improve the potency of plasmid DNA-based
vaccines have produced encouraging results
in animal models. They involve the co-expres-
sion of the antigen along with cytokines, the
targeting of the recombinant antigen to spe-
cific cells of the immune system, the admin-
istration of the plasmid through needle less
devices, the formulation of plasmids with
adjuvants like aluminium phosphate or
monophosporyl lipid A and the complexa-
tion of DNA with cationic lipids. Our lab-
oratory recently demonstrated [29] that a
rabies DNA plasmid formulated in the cat-
ionic lipid DMRIE-DOPE triggers signifi-
cantly enhanced neutralising antibody titres
against rabies in the horse as compared to
naked DNA. These results confirm former
data indicating that DNA vaccination could
be effective in the horse [53] and clearly
indicate that properly formulated DNA vac-
cines can generate immune responses in the
horse that are at least equivalent to those
achieved with conventional vaccines. Hypo-
thetical safety concerns, including the poten-
tial integration of plasmid DNA into the
genome or the generation of anti-DNA anti-
bodies that could lead to auto-immune dis-
ease have been addressed by several labo-
ratories and have been determined to be of
remote risk.

2.2.4. Novel technologies — Veterinary
applications

There are a number of equine infectious
diseases for which conventional vaccine
technology has shown its limitations. The
development of improved respiratory vac-
cines generating an adequate and sustained
immune response even when natural immu-
nity fails to do so has been identified as a
key area of interest. There is definitely a
need for safe and efficacious vaccines for
the prevention of equine herpes virus abor-
tion and myeloencephalitis and real con-
cerns about the safety and efficacy of
current equine encephalitis vaccines will
fuel further research on improved vaccines.
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Other aspects of currently available vac-
cines perceived as limitations are a lack of
efficacy in the face of maternally derived
immunity and the inability to differentiate
naturally infected animals from vaccinated
animals (DIVA).

A DIVA vaccine (also termed marker
vaccine) can be a subunit, gene-deleted,
vector or DNA vaccine and is always used
in conjunction with a diagnostic test. The
basis of this technology is that vaccinated
animals do not induce antibodies to a
marker protein that is absent from the vac-
cine, butincluded in adiagnostic test. These
vaccines can be used to eradicate viral
infections or control the spread of exotic
diseases in a country. DIVA vaccines have
been successfully used in eradication schemes
for pseudorabies in swine and infectious
bovine rhinotracheitis in cattle in some
European countries (reviewed in [95]). No
application is known for equine vaccines
yet, but some of the advantages of DIVA
vaccines also do apply to equine vaccines
and are being explored to develop new
vaccines against equine arteritis virus (see
Sect. 3.4.2).

Recombinant technology potentially offers
solutions to these issues and holds the key
to the development of vaccines with the
immunogenic advantages of live vaccines
combined with the safety profile of killed
vaccines.

The past, current and future of equine
vaccinology will be described in more
detail on the basis of the most important
equine viral diseases, i.e. equine influenza,
equine herpes, equine viral arteritis, equine
encephalitis and West Nile.

3. VACCINES AGAINST THE MOST
IMPORTANT VIRAL DISEASES

3.1. Equine influenza

Equine influenza is generally recognised
as an important disease of horses and results
from infection with H7N7 or H3NS8 influ-

enza A viruses. The H7N7 viruses have not
been isolated since 1980 and may be extinct
[99], whereas influenza H3NS viruses con-
tinue to cause outbreaks and important eco-
nomic losses to the horse industry [64]. The
prevention and control of equine influenza
largely depends on vaccination and the
application of management regimes. Mul-
tiple factors can influence vaccine efficacy
including the strain composition, antigenic
content, adjuvant and timing of administra-
tion. The influenza H3N8 virus is highly
prone to small changes (antigenic drift).
The ability of the virus to undergo these
constant antigenic changes makes it neces-
sary to periodically update the vaccine
strains to reflect the latest epidemiological
situation [102]. Apart from vaccine potency
(see below) and strain composition, the tim-
ing of vaccination is important and can have
an impact on vaccine efficacy. It is well
accepted that even low levels of maternal
antibodies can interfere with successful
immunisation [20, 94, 96] and determine
the proper time of vaccination. The disap-
pearance of these antibodies can be moni-
tored by Haemagglutination Inhibition (HI),
Single Radial Haemolyis (SRH) or Enzyme
Linked Immunosorbant Assays (ELISA)
and the results of several independent stud-
ies [20, 94, 96] have shown that the majority
of foals born to vaccinated mares should not
be vaccinated before 24 weeks of age. There
is a point of controversy with some authors
claiming that vaccination in the face of
residual maternal antibodies is contra-indi-
cated and results in non-responsiveness to
subsequent vaccine doses [20]. Also the tim-
ing of re-vaccination is important since vac-
cinating too frequently or boosting too early
is associated with poor immune responses
(Townsend H., personal communication).

3.1.1. Current vaccines

Historically, equine influenza virus (EIV)
vaccines contain inactivated whole virus or
surface antigens (split vaccines) for paren-
tal administration and have been available
since the early nineteen-sixties [9]. The
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antigens are produced either on eggs or tis-
sue culture and are mixed with a suitable
adjuvant to improve immunogenicity. The
vaccines are commercialised either as mono-
valent vaccines or in combination with
tetanus toxoid, equine herpesvirus and/or
encephalitis antigens. The protection pro-
vided by conventional inactivated vaccines
is dependent upon the concentration of cir-
culating antibodies to the haemagglutinin
surface glycoprotein [65]. It is generally
accepted that these antibodies are short-
lived, requiring revaccination at 3-4-month-
intervals to maintain immunity in popula-
tions at high risk. A clear correlation has
been established between the HA content of
killed vaccines (measured by the Single
Radial Diffusion assay), the levels of SRH
antibody induced in the horse and protec-
tion provided against a challenge [65]. Early
inactivated EIV vaccines were licensed as
a two dose regime with a recommendation
for annual re-vaccination. The influenza
outbreak in 1979 clearly demonstrated that
the potency (immunogenicity) of these vac-
cines was inadequate and that these vac-
cines failed to stimulate high levels of anti-
body in the horse. Since then, EIV vaccines
have been subject to continuous improve-
ments by increasing the antigenic content
(potency) and by the use of new adjuvant
technologies [67, 68]. Several European
vaccines now induce durable antibody
responses and have a claim for a one year
duration of immunity following the third
dose of the vaccine [48, 67, 68] based on
data generated under experimental condi-
tions. However, the results on field studies
confirming 12-month-protection have not
been published. Differences exist between
inactivated EIV vaccines produced in Europe
and North America. The majority of the
EIV vaccines produced in North America
are still the object of criticism due to real
concerns about their efficacy [63] and the
absence of epidemiologically relevant H3N§
strains. However a new killed vaccine that
contains antigenically relevant strains of
EIV H3N8 and with appropriate potency was
recently licensed in the USA [59].

3.1.2. Novel vaccination strategies
Jor equine influenza

In contrast to a natural influenza infec-
tion, conventional inactivated vaccines do
not stimulate significant cytotoxic T-cell
(CTL) responses or mucosal immunity. Cell-
mediated immunity is believed to play an
important role in the clearance of virus-
infected cells thereby reducing the length
and severity of clinical disease. It has been
shown that antigen-specific CTL responses
persist for at least six months after experi-
mental infection and are rapidly mobilised
upon re-infection [38]. Besides the stimu-
lation of antigen-specific CTL responses,
infection with the influenza virus induces
large amounts of secretory IgA in the res-
piratory tract which neutralises the infec-
tious virus by providing a mucosal barrier
to infection [69]. In view of these qualita-
tive differences in the immune responses
induced by infection and by vaccination
with killed antigens, new research initia-
tives have been focusing on reproducing the
immune responses that follow natural infec-
tion. Recently, a number of vaccines have
been developed to provide a broader stim-
ulation of the immune system.

Hannant et al. [39] showed that primed
ponies vaccinated twice intra-nasally with
inactivated influenza virus adjuvanted with
cholera toxin B developed high levels of
mucosal antigen-specific IgA and were
clinically immune to infection and did not
shed virus. To capitalize on this finding, an
alternative vaccination regime was devel-
oped for a new killed influenza vaccine in
the USA [59]. Following a primary course
of two intra-muscular injections, the third
dose was given intra-nasally six months after
the second dose. Ponies vaccinated accord-
ing to this schedule were protected against
an infectious challenge administered six
months after the third dose.

A modified live intranasal vaccine against
influenza containing a cold-adapted strain
of influenza A/eq/Kentucky/91 (H3NS) is
now commercially available in North Amer-
ica. The vaccine provided partial clinical



432 J.M. Minke et al.

and virological protection against recent
H3NS8 influenza isolates from the USA and
Europe four weeks after a single intra-nasal
dose [18]. Protection lasted for at least six
months after vaccination [92]. The absence
of systemic humoral responses in the vac-
cinated ponies suggests that immune mech-
anisms other than serum antibody are
involved in the protection.

Most recently, the first vector vaccine
based on a live recombinant canarypox
virus has been licensed in the European
Union for use in horses. The vaccine con-
tains two canarypox constructs expressing
the HA gene of influenza A/eq/Newmarket/
2/93 (H3N8) and A/eq/Kentucky/94 (H3NS).
Early studies have shown that, although the
constructs provided protection in the absence
of an adjuvant, its efficacy was greatly
enhanced when combined with a Carbopol
adjuvant [61], with the vaccine inducing
sterile immunity two weeks after vaccina-
tion. Partial protection persisted for over
10 months after the second dose as evi-
denced by a significant reduction in clinical
scores and virus excretion after experi-
mental infection. Protection occurred even
when specific antibodies were low or absent
(unpublished results), suggesting that the vac-
cine is generating cellular immune responses
already reported for other canarypox con-
structs in mice [85] and humans [45]. Another
possible mechanism is that vaccination prop-
erly primes the immune system allowing a
rapid anamnestic antibody response (“recall””)
after challenge.

DNA vaccines potentially offer an alter-
native to classical influenza vaccines as
demonstrated by Lunn et al. [53]. Ponies
were “gene gun” vaccinated with three
doses of plasmid DNA encoding HA from
equine influenza virus administered to skin
and mucosal sites. The results showed that
DNA vaccination provides partial to com-
plete protection from challenge infection in
ponies. Surprisingly, protection was asso-
ciated with the presence of local IgG, in the
absence of IgA in nasal secretions. Although
these results are promising and merit fur-

ther research, improvements in delivery
systems are necessary in order to render this
technology commercially feasible and appli-
cable for veterinary practice. In particular
the site of injection and the requirement for
multiple injections need attention.

3.2. Equine herpes

Equine herpesvirus 1 (EHV-1) and equine
herpesvirus 4 (EHV-4) are the major caus-
ative agents of respiratory disease and abor-
tions in horses, whereas EHV-1 is occasion-
ally associated with neurological disease.
Although there is controversy in the litera-
ture regarding cross protection between
EHV-1 and EHV-4, with some reports
claiming unilateral cross protection [30], it
is now generally accepted that in order to
maximise the immune responses to EHV,
vaccines should contain both EHV subtypes
[30]. EHV-4 is genetically stable, whereas
two types (1P and 1B) have been identified
for EHV-1. Allen et al. [3] reported a sud-
denincrease of the 1B type in the early nine-
teen-eighties in Kentucky. Recent surveys
in Europe have shown that the majority of
EHV-1isolates still belong to the 1P variant
[74, 93]. The impact of strain variation on
vaccine performance has never been clearly
established. Control programmes rely on
vaccination and management practices are
aimed at reducing the risk of introducing
and transmitting virus in susceptible horse
populations.

3.2.1. Current vaccines

The aim of vaccination against EHV-1
and EHV-4 is to protect horses against res-
piratory disease and to prevent abortion.
The first vaccines contained killed EHV-1
prepared from the tissues of infected foals
or hamsters [24, 25]. These vaccines were
abandoned because of unacceptable local
and systemic adverse reactions and poor
immunogenicity. Subsequently, Doll et al.
[23] developed a modified live vaccine
against EHV for intranasal administration.
The vaccine contains a hamster adapted
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EHV-1 virus and was used in a “planned
infection” control program for immunising
mares against abortion. It is recommended
to use the vaccine during early stages of
pregnancy since it contains some residual
virulence which could cause abortion if
given later during gestation. The vaccine
was used until tissue culture derived vac-
cines, including inactivated and modified
live vaccines, became available. Mayr et al.
[55] developed a modified live EHV-1 vac-
cine derived from the RacH strain grown on
porcine embryonic kidney cells. Detailed
molecular analysis revealed that the dele-
tion of gene 67 is responsible for its atten-
uation [70]. The work of Jessett et al. [44]
has renewed interest in this vaccine which
had been widely used for many years in
Germany but for which few results from
controlled challenge studies have been
reported. Three doses of vaccine provide a
very strong level of protection against clin-
ical disease and almost eliminated viraemia
after infection. These results are in variance
with earlier reports on the efficacy of this
vaccine in preventing viraemia and abor-
tion [11, 12]. Reports from field use suggest
good safety, although the vaccine is poten-
tially pathogenic for the equine foetus as
was demonstrated after direct intra-uterine
inoculation of the vaccine strain [13]. Another
modified live vaccine against EHV-1 pro-
duced on VERO cells had to be withdrawn
from the market after being associated
with post-vaccinal myeloencephalitis [51].
Recently, a temperature-sensitive mutant
of an EHV-1 strain was assessed for its abil-
ity to protect horses against respiratory
infection and viraemia following experi-
mental challenge infection [76]. Several
inactivated vaccines have been tested for
efficacy in equine experimental models for
EHV respiratory disease and abortion.
Thomson et al. [90] demonstrated that a
partially purified EHV-1 virus inactivated
with formaldehyde and combined with adju-
vant produced good humoral responses to
EHV-1, butnotto EHV-4, and partially pro-
tected ponies against clinical disease and
virus excretion after EHV-1 challenge. Vac-

cination with an inactivated Carbomer adju-
vanted EHV-1/EHV-4 vaccine partially pro-
tected ponies against clinical disease and
virus excretion after an EHV-1 or EHV-4
challenge [40]. Three doses of the same vac-
cine significantly protected pregnant mares
against EHV-1 abortion, although cell-
associated viremia after challenge was not
prevented [40]. Although an oil-adjuvanted
killed whole virus vaccine significantly
reduced the incidence of abortions in Ken-
tucky after its launch (reviewed in [1]), this
vaccine failed to protect mares against abor-
tion in an experimental challenge model [14].
No protection could be demonstrated with
an experimental EHV-1ISCOM vaccine, in
spite of high levels of serum neutralising
(SN) antibody at the time of challenge [66].
Inactivated EHV vaccines, in general, do
not provide long-term protection against
virus challenge, although a 6-month dura-
tion of immunity against clinical disease
has been demonstrated for an inactivated,
Carbomer-adjuvanted vaccine [41, 60].

The results of these studies showed that
conventional killed EHV vaccines give
only partial clinical and virological protec-
tion against respiratory infections with
EHV-1 or EHV-4, but do not prevent cell-
associated viraemia or fully protect against
abortion. The highly variable results on pro-
tection obtained in the different studies may
be the result of using EHV primed animals
and mares at different stages of pregnancy
or may be related to breed differences.

3.2.2. Novel vaccination strategies
for equine herpes

The ideal vaccine against EHV should
protect against respiratory infections and pre-
vent the occurrence of viremia upon infec-
tion. EHV vaccine strategies aimed only at
stimulating systemic antibody responses
will certainly fail to adequately stimulate
the immune system [2]. Future efforts in
vaccine development should include research
on the stimulation of potent mucosal and
cellular immune responses [2]. Recombinant
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vaccines, including gene deletion mutants,
vector and DNA vaccines are expected to
generate these kinds of immune responses
and several experimental vaccines have been
tested for protection against EHV in the
horse.

A gE/gl gene deleted EHV-1 strain was
found to be safe for horses, but only gave
partial clinical protection against an EHV-1
challenge [54]. An experimental vaccine
based on a thymidine kinase-negative (TK™)
mutant did not prevent viraemia after EHV-1
challenge [86, 89]. A canarypox EHV recom-
binant vaccine containing the gB, gC and
gD genes of EHV-1 significantly reduced
virus excretion after challenge, but failed to
protect against cell associated viraemia [4].
Similar results were obtained when the
same, but truncated, genes were adminis-
tered as a DNA vaccine to horses (unpub-
lished results).

The results arising from these studies
clearly indicate that, as for other herpes
viruses, more research is needed to identify
the immunodominant protective antigens
of EHV and their interaction with the host
immune system. Research has just started
to address this issue [87]. In addition, little
is known about the EHV virulence genes
that could be candidates for targeted dele-
tions in order to develop safe and effica-
cious vaccines. Most knowledge of the role
of the different EHV proteins stems from
experiments in rodent models, which are
not necessarily relevant for the horse. For
the time being, the real potential of vaccine
candidates needs to be tested in the existing
equine models, a daunting task in view of
the difficulty of finding EHV seronegative
and unprimed horses.

3.3. Equine encephalitis

Equine encephalitides are arthropod borne
diseases affecting both humans and horses
caused by a complex of viruses within the
genus Alphavirus, family Togaviridae. Three
related, but antigenically distinct viruses
are recognised; western equine encephalitis

(WEE), eastern equine encephalitis (EEE)
and Venezuelan encephalitis (VEE). The
viruses occur only in the Americas and main-
tain sylvatic cycles of infection involving
birds or rodents and mosquitoes. They
cause sporadic epidemics with high case
fatality rates in both humans and horses.
Horses are considered dead-end hosts for
WEE, but may serve as amplifying hosts for
VEE and occasionally for EEE. EEE
viruses are traditionally divided into North
America and South America antigenic vari-
eties based on haemagglutination inhibition
tests. Antigenic variants of WEE, which
seem to be focally distributed, have also
been described [15]. The VEE viruses are
classified into six subtypes (I-VI), with sub-
type I having six variants (IA-IF). The var-
iants IAB and IC have been associated with
epizootics in equids and humans, although
recently an outbreak of encephalitis in horses
was caused by an enzootic VEE strain [72].
Methods to control equine encephalitis rely
on mosquito management, vaccination and
movement restrictions.

3.3.1. Current vaccines

Live and inactivated vaccines against
equine encephalitis have been developed. A
modified live vaccine against VEE is avail-
able in North and South America. The vac-
cine strain, TC-83, is derived from the
Trinidad donkey strain (variant IAB), atten-
uated by serial passage in guinea-pig heart
cells [7]. The vaccine was originally devel-
oped for use in humans at risk for VEE virus
infections. In horses, the vaccine induces
long lasting neutralising antibodies [27, 98]
and it was proven to be very efficacious in
controlling the epidemics of VEE in Central
America in the early nineteen-seventies
[26, 97]. However, several biosafety issues
are associated with the use of this vaccine.
The vaccine is reactogenic in horses [98]
and man [77] and concerns remain about its
potential to revert to virulence [52] and
introduction of the strain into the mosquito
population. In addition, the current VEE
vaccines do not seem to fully protect against



Novel strategies in equine vaccinology 435

enzootic viruses [31], which caused two
recent outbreaks among equines in Mexico
[72]. There are no live vaccines available
for EEE and WEE viruses.

The killed vaccines against EEE, WEE
and VEE are derived from formaldehyde or
ethylene-imine inactivated cell cultures.
The killed vaccines are of low immuno-
genicity and multiple injections are required
to provide adequate protection. Compre-
hensive studies on the duration of immunity
are not available, but these vaccines are
believed to provide only short-lived protec-
tion. The killed vaccines require the growth
of large quantities of virus and are subject
to issues including adequate biosafety in
their manufacture and possible detrimental
effects following incomplete virus inacti-
vation. Some epizootic outbreaks of VEE
[47] and sporadic cases of EEE [32] may
have started in horses vaccinated with improp-
erly inactivated vaccines.

3.3.2. Novel vaccination strategies
for equine encephalitis

Real concerns about the safety and effi-
cacy of current vaccines against encephali-
tis have stimulated the search for improved
vaccines. In addition, since these viruses
are human pathogens, there is huge interest
in alternative manufacturing methods that
will allow antigen production under low
biocontainment conditions. Neutralising anti-
bodies play a major role in protection and
recovery from alpha virus infection, but
non-neutralising antibodies as well as other
effector mechanisms can be effective as
well [42]. Several experimental vaccines,
including recombinant vaccinia and bacu-
lovirus-vectors, chimaeric recombinants,
deletion mutants and DNA vaccines have
been evaluated in animal models and the
horse to determine their potential as vaccine
candidates.

Vaccinia VEE recombinants encoding
the structural proteins (C-E3-E2-6K-E1) were
evaluated for antibody induction and pro-
tection against challenge in horses [8]. Two

doses of vaccine induced neutralising titres
and protected horses from a lethal challenge
with VEE.

The same construct induced neutralising
antibodies in mice and protected mice from
peripheral challenge, but not from intrana-
sal challenge [46]. Bennett et al. [6] improved
the efficacy of the vaccinia construct against
a subcutaneous VEE challenge in mice by
insertion of a synthetic promotor and a muta-
tion in the E2 gene. Baculovirus expressed
structural proteins of VEE were tested for
immunogenicity and protection from chal-
lenge in mice [42]. The best protection was
obtained by constructs expressing the entire
26S (C-E3-E2-6K-El) or the complete enve-
lope coding region (E3-E2-6K-El). These
constructs not only protected against dis-
ease but also against infection, with the lat-
ter correlating with the presence of neutral-
ising antibodies. Several chimaeric constructs
were tested as vaccine candidates in mice.
A recombinant Sindbis/VEE virus contain-
ing the structural genes from VEE TC83
was safe for adult and suckling mice and
protected mice against challenge with path-
ogenic strains of the VEE virus [73]. Another
chimaeric construct, WEE/EEE containing
the structural genes of EEE provided sig-
nificant protection against an EEE chal-
lenge, but the virus had residual virulence
and attempts to further attenuate the virus
were unsuccessful [84]. The construction of
afull-length cDNA clone of VEE has greatly
facilitated the introduction of targeted muta-
tions into the VEE genome [22]. Promising
results were obtained with a double mutant
of VEE (V3526) containing adeletion in the
furin cleavage site and a second, independ-
ently attenuating mutation in the E2 protein
[81]. The resulting virus, expressing PE2
instead of E2, was highly attenuated in mice
and primates and induced protection against
parenteral and aerosol challenge. The struc-
tural genes of WEE and VEE placed under
the control of a human CMV immediate/
early promoter are currently being evalu-
ated as a vehicle for DNA immunisation in
mice, as a first step in the development of
a DNA vaccine.
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Although promising results have been
obtained in the mouse model, only one con-
struct (vaccinia/VEE) has been tested so far
for safety and efficacy in the horse. Exten-
sive efficacy and safety testing in horses,
including reversion to virulence studies, is
needed to assess the potential of these con-
structs as vaccine candidates for horses.

3.4. Equine viral arteritis

Equine viral arteritis is a contagious dis-
ease of horses caused by equine arteritis
virus (EAV) belonging to the Arteriviridae
family. There is only one serotype of EAV,
although antigenic differences exist between
the virus isolates. The ability of EAV strains
to produce disease can vary greatly, ranging
from clinically unapparent to severe. The
virus is transmitted via the respiratory and
genital routes. In the majority of horses
EAV infections remain sub-clinical, although
mild to serious disease occurs. Chronic car-
rier stallions play an important role in the
epidemiology of the disease since the virus
is shed in the semen and transmitted to sus-
ceptible mares during mating, which can
result in abortions. To minimise the spread
of infection and economic losses, control
programmes, including prophylactic vacci-
nation, have been implemented in several
countries.

3.4.1. Current vaccines

Both killed and modified live vaccines
have been developed against EAV. The
commercially available modified live vac-
cine was developed from the prototype
Bucyrus strain of EAV attenuated by suc-
cessive in vitro passages on equine and rab-
bit cells [56]. The vaccine protects against
an intranasal challenge with virulent virus
and provides one year of immunity against
clinical disease but not against infection
[91]. The vaccine is considered safe, although
transient temperature responses have been
observed after parenteral vaccination [33]
and occasionally the virus is re-isolated
from nasopharyngeal [33], rectal swabs

[33] and buffy coats [33]. Attempts to iso-
late the virus from semen were unsuccess-
ful [58] and the vaccine virus does not seem
to persistently infect stallions. Vaccination
of pregnant mares, however, is not recom-
mended unless they are at significant risk of
natural exposure [91]. The vaccine is only
available in the USA; legal obstructions and
regulatory hurdles have hampered its intro-
duction in Europe.

Fukunaga et al. [34] developed a forma-
lin inactivated non-adjuvanted vaccine based
on the Bucyrus strain of EAV propagated in
tissue culture. The vaccine needs a high
antigenic load to be effective and only horses
with high neutralising antibody responses
to the vaccine are protected against clinical
disease [34], but not against infection [34].
The vaccine was successful in protecting
mares against abortion [34] and stallions
against persistent infection of the reproduc-
tive tract after respiratory infection. The same
vaccine, but adjuvanted, protects mares
from clinical disease after respiratory [35]
and venereal challenge [36]. A commer-
cially available vaccine inactivated by the
use of a non-formalin agent and blended
with a metabolisable adjuvant is effective at
reducing clinical signs and offers protec-
tion against the establishment of persistent
infection in stallions for six months (but not
eight months) after two doses [100].

3.4.2. Novel vaccination strategies
for equine viral arteritis

Due to the economic importance of the
disease, movement of horses from EAV
endemic to non-endemic areas is restricted.
Although the current vaccines are consid-
ered safe and efficacious, the inability to
discriminate vaccinated horses from infected
horses is a major drawback and will inter-
fere with surveillance programmes. The
availability of a DIVA vaccine as an alter-
native to existing vaccines allowing the dif-
ferentiation between vaccinated and natu-
rally infected animals would simplify the
international movement of horses. Several
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recombinant vaccines are being explored as
potential marker vaccines for EAV.

A prototype subunit vaccine containing
the entire ectodomain of the large envelope
glycoprotein (G ) of EAV was assessed for
protection in ponies [16]. The vaccine
induced high, but short-lived SN antibody
titres and multiple injections were required
to maintain antibody levels. Ponies were
partially protected against an intra-nasal
challenge with EAV carried out 19 weeks
after the fourth vaccination as judged by
reduced pyrexia, viraemia and virus excre-
tion from the nasopharynx. Protection was
strongly correlated with the level of SN
antibody at the time of challenge, but no
venereal challenge was carried out. The
vaccine can be used with an ELISA diag-
nostic test based on the N or M protein of
EAV [19].

The development of a full-length infec-
tious cDNA clone has allowed the introduc-
tion of site directed mutations into the EAV
genome [37] and development of a gene
deleted live vaccine. Castillo-Olivares et al.
[17] developed a candidate live marker vac-
cine (EAV-Gj A) for EAV by deletion of the
major virus neutralising domain of the Gy,
protein. A peptide, contained within the
deleted sequence forms the basis of a dis-
criminating ELISA assay [71]. The vaccine
was well tolerated by ponies, although the
vaccine virus could be easily isolated from
swabs and leucocytes after intra-nasal inoc-
ulation. A single dose of vaccine provided
a very high level of clinical and virological
protection against oro-nasal challenge with
EAYV, despite weak neutralising antibody
responses against the wild-type EAV strains.
As expected, the combined use of the gene-
deleted vaccine and Gy -peptide ELISA assay
allowed easy serological discrimination
between vaccinated and infected ponies.

Alphavirus replicon particles have been
extensively used as vectors to express het-
erologous viral genes, which are expressed
in place of the alphavirus structural genes.
The vector is replication defective and does
not yield any progeny virus (single-hit non

replicating vector). Balasuriyaetal. [5] devel-
oped arecombinant Venezuelan encephali-
tis replicon particle (VRP) expressing the
two major envelope proteins of EAV, G,
and M. The presence of the M protein was
critical to the expression of neutralising
epitopes on the G protein. Two doses
of EAV-VRP administered subcutaneously
induced very strong neutralising antibodies
to EAV and completely protected horses
from intranasal challenge. However, only
partial protection was provided after intra-
uterine challenge. The vaccine can be com-
bined with a differential diagnostic ELISA
assay based on the N protein of EAV.

Although promising, none of the vaccine
candidates have reached the final stages of
development. Neither of the constructs have
been tested for protection against abortion
or the establishment of persistent infection
in stallions, both important criteria for EAV
vaccine efficacy. The subunit vaccine and
the recombinant VRP vector are non-repli-
cating and therefore inherently safe for
horses. More work needs to be carried out
to evaluate the safety of the gene-deleted
mutant for horses, in particular when given
to pregnant mares and stallions. Although
the development of DIVA vaccines for
EAV has demonstrated a potential, the
combined use of the vaccine and diagnostic
assay will need full validation on large pan-
els of field sera of known status.

3.5. West Nile

West Nile virus infection is caused by a
flavivirus belonging to the Japanese encepha-
litis virus (JEV) sero-complex of the genus
Flavivirus, family Flaviviridae. All equine
isolates belong to the lineage I West Nile
viruses. The virus was detected for the first
time in North America in 1999 during an
outbreak involving birds, horses and humans
in New York City. Since then the virus has
spread rapidly south and west, appearing in
almost every state in the continental United
States by 2002. The primary transmission
cycle of WNV involves birds and mosqui-
toes. Horses become infected through the
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bite of infected mosquitoes and develop a
WNV viraemia of low magnitude and short
duration. Therefore, infected horses are
unlikely to serve as amplifying hosts for
WNV and are considered incidental, dead-
end hosts [10]. During 2002, more than
14000 confirmed equine clinical cases of
WNV infection were reported in North
America, with a 30% mortality rate. There
is currently no specific treatment protocol
for WNV and control of the disease relies
on mosquito management and vaccination.

3.5.1. Current vaccines

Vaccination with inactivated or modi-
fied live vaccines has been an effective
mechanism for the prevention of flavivirus
infection in humans [43, 101] and domestic
animals [82]. Protection against WNV
viraemia, considered to be the most consist-
ent indicator of infection, was accepted by
the USDA as a means of assessing the effi-
cacy of experimental vaccines against WNV.
An inactivated and adjuvanted whole virus
vaccine against WNYV is licensed in the
United States for use in horses. The manu-
facturer claims 94% protection against virae-
mia (based on preventable fraction calcula-
tion) 12 months after two initial doses of the
vaccine. Protection was assessed by a paren-
tal challenge with WNV.

3.5.2. Novel vaccination strategies
for WNV

Davis et al. [21] reported the evaluation
of a DNA vaccine containing the preM/E
genes of WNV against an experimental
WNV mosquito-challenge in mice and
horses, a method that approximates the nat-
ural type of exposure. A single dose of vac-
cine induced plaque reduction neutralisa-
tion antibody titres and protected all of the
horses against WNV viraemia. The use of
recombinant poxviruses is another poten-
tially effective means of generating protec-
tive immunity against flavivirus infection
[45, 49, 50]. We have developed a canary-
pox virus vector (vCP2017) expressing the
prM/E genes of a NY99 isolate of WNV

[62]. The protective capacity of vCP2017
was tested by challenging vaccinated horses
via the bite of WNV infected mosquitoes.
The vaccine induced neutralising antibod-
ies to WNV and provided both an early
onset and an established one year duration
of immunity to horses. Most recently, this
vaccine was approved by the USDA for use
in horses.

4. CONCLUSION

Novel technologies offer unique oppor-
tunities for the improvement of existing
vaccines or the development of vaccines
against diseases for which licensed vac-
cines are currently not available. However,
only a limited number of veterinary recom-
binant vaccines have been released to the
market and only two such vaccines are cur-
rently available for the equine industry.
Recombinant vaccines have been well
accepted by the veterinary profession and
owners, who immediately recognised the
decisive advantages of these products com-
pared to conventional vaccines. Major lim-
itations for the development of recom-
binant vaccines are insufficient knowledge
of the protective immunogens and their
interaction with the equine immune system
and (perceived) regulatory hurdles. It is
now expected that rapid progress in the
technology of antigen screening and under-
standing of the equine immune system will
help the design of many new vaccines to
prevent, control and possibly eradicate
equine disease.
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