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Current Status of Veterinary Vaccines
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ABSTRACT

The major goals of veterinary vaccines are to improve the health and welfare of companion
animals, increase production of livestock in a cost-effective manner, and prevent animal-to-
human transmission from both domestic animals and wildlife. These diverse aims have led to
different approaches to the development of veterinary vaccines from crude but effective whole-
pathogen preparations to molecularly defined subunit vaccines, genetically engineered
organisms or chimeras, vectored antigen formulations, and naked DNA injections. The final
successful outcome of vaccine research and development is the generation of a product that will
be available in the marketplace or that will be used in the field to achieve desired outcomes. As
detailed in this review, successful veterinary vaccines have been produced against viral,
bacterial, protozoal, and multicellular pathogens, which in many ways have led the field in the
application and adaptation of novel technologies. These veterinary vaccines have had, and
continue to have, a major impact not only on animal health and production but also on human
health through increasing safe food supplies and preventing animal-to-human transmission of
infectious diseases. The continued interaction between animals and human researchers and
health professionals will be of major importance for adapting new technologies, providing
animal models of disease, and confronting new and emerging infectious diseases.

INTRODUCTION

In its original concept, vaccination aims to mimic the development of naturally acquired
immunity by inoculation of nonpathogenic but still immunogenic components of the pathogen in
question, or closely related organisms. The term “vaccine” (from the Latin term “vacca,” meaning
cow) was first coined by Edward Jenner to describe the inoculation of humans with the cowpox
virus to confer protection against the related human smallpox virus and illustrates the close
relationship between human and animal infectious disease sciences. The criteria for successful
animal or veterinary vaccines can be very different from those for human vaccines depending on
the animal groups under consideration. For example, criteria for companion animal vaccines are
similar to those for human vaccines in that the health and welfare of the individual animal are
primary concerns. The main objective of livestock vaccines, on the other hand, is to improve
overall production for the primary producers, and the cost-benefit resulting from vaccination is
the bottom line for this industry. Vaccination against zoonotic or feod-borne infections is aimed
at reducing or eliminating the risk for the consumer and in some cases to improve the
productivity of the individual animal. Vaccination of wildlife is generally considered only with
respect to infections that are transmittable to humans (zoonotic diseases), although welfare
concerns are of increasing importance.

While veterinary vaccines comprise only approximately 23% of the global market for animal
health products, the sector has grown consistently due mainly to new technological advances in
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vaccine development, the continuous development of drug resistance by pathogens, and the
emergence of new diseases. Apart from improving animal health and productivity, veterinary
vaccines have a significant impact on public health through reductions in the use of veterinary
pharmaceuticals and hormones and their residues in the human food chain. This will be an
increasing impetus for activity with the more stringent requirements of regulatory agencies and
consumer groups, particularly in the major markets of Europe and the United States. For
example, the use of antibiotics in animal production has already been severely restricted, and
the European Union has recently banned the use of coccidiostats for poultry. In addition,
vaccines contribute to the well-being of livestock and companion animals, and their use is
favored by the growing animal welfare lobby.

The process of developing veterinary vaccines has both advantages and disadvantages over
human vaccine development. On the one hand, the potential returns for animal vaccine
producers are much less than those for human vaccines, with lower sales prices and smaller
market sizes, resulting in a much lower investment in research and development in the animal
vaccine area than in the human vaccine area, although the complexity and range of hosts and
pathogens are greater. For example, the market size for the recently launched human vaccine
(Gardasil) against papillomavirus and cervical cancer is estimated to be greater than 1 billion
U.S. dollars, while the most successful animal health vaccines (e.g, against foot-and-mouth
disease [FMD]} virus in cattle and Mycoplasma hyopneumoniae in pigs) enjoy a combined market
size that is 10 to 20% of this figure. On the other hand, veterinary vaccine development
generally has less stringent regulatory and preclinical trial requirements, which can make up the
largest cost in human vaccine development, and a shorter time to market launch and return on
investment in research and development. In contrast to human vaccine development, veterinary
scientists are also able to immediately perform research in the relevant target species. This is an
obvious advantage over human vaccine development, as experimental infections, dose-response
studies, and challenge inoculations need not be carried out in less relevant rodent models.

[mmunity acquired through natural infection can take on several forms depending on the type
and life cycle of the pathogen, as schematically represented in Fig.1. Vaccines may be used to
prevent clinical signs of disease after infection or to help control, eliminate, or even eradicate an
infection at the population level (e.g, the expected global eradication of rinderpest virus through
vaccination). Both vaccine effectiveness and mechanism of action may vary depending on the
required outcome. New technologies to achieve the selective induction of effective immune
responses in the development of new vaccines are becoming available to vaccine researchers
and have been extensively reviewed in recent papers.
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FIG. 1.

Simplified schematic representation of immune mechanisms that can act to protect animals
against invading viral, bacterial, and protozoal pathogens or against multicellular helminth
parasites. Viral, bacterial, or protozoal pathogens (red ovals) that infect non-antigen-presenting
cells can be killed by cytotoxic T cells (CTL) that recognize pathogen-derived epitopes presented
in conjunction with major histocompatibility complex (MHC) class I on infected cells or by
antibody-dependent lysis or opsonization of infected cells expressing pathogen molecules.
Extracellular pathogens, or intracellular pathogens on their way to infect other cells, can be
attacked by specific circulating antibodies and either killed by lysis or agglutination or
phagocytosed by macrophages and neutrophils. Both antibedy and CTL induction requires help
from pathogen-specific CD4 helper T cells that are activated after interaction with pathogen-
derived epitopes presented in conjunction with MHC class 1l molecules on the surface of MHC
class 11+ antigen-presenting cells. If pathogens infect antigen-presenting cells, they can be killed
directly by CD4 T cells as well as CD8 CTL through the induction of mediators such as gamma
interferon (IFN-y), reactive oxygen and nitrogen species, and indoleamine 2,3-dioxygenase
(IDO). Toxins released by pathogens (red circles) can be neutralized by circulating antibodies,
thereby decreasing clinical signs of infection. Multicellular helminth parasites generally do not
reside within host cells and are too large to be phagocytosed; therefore, they usually require
alternative immune killer mechanisms mediated by antibody-directed actions of mast cells and
eosinophils. Essential secreted proteins and toxins derived from the worms (brown circles) may
also be neutralized by antibodies and thereby interfere with parasite growth.

VETERINARY VIRAL VACCINES

As there are no broad-spectrum antiviral pharmaceuticals available, hygienic measures to limit
exposure and vaccination are the only means to prevent or control viral infections. Viruses
(especially RNA viruses) are highly variable, and many viral infections are due to viruses with
multiple serotypes (e.g, FMD virus, bluetongue virus, and influenza viruses). As a consequence,
many of the existing viral vaccines are often unable to cope with the prevailing strains in the
field, and new ones have to be generated from field strains with new outbreaks. Numerous
conventional live and inactivated viral vaccines have been produced by animal health companies
and have been used for many decades in routine vaccination protocols for both companion and
production animals. Increasingly, a number of rationally designed and subunit vaccines are
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reaching the market, and this section will concentrate mainly on these “second-generation” viral
vaccines (summarized in Table 1).

TABLE 1.

Second-generation licensed/commercialized veterinary viral vaccines

- - -

‘Farzet patfsagen al:iﬁ: Brand name(s)* Diwnhutor Characterialicfa) HReferenco(s)
V2 Tigs Parcilis.1'CY2 Inicrvel Inaciivated barulovina cxpressedf PCV2 - 20
(U172 protein; sdjuvanted
1'CV2 Tigs Suvazyn PCV2 Tort Dodge Inactivaled TCYI.2 chimera; 55
adjuvanied
I'scudarahies vinu Fips Suvaryn Aujeszky Liost Dodge gL~ and thymidine kinasefeleted 36
marker vacine
Classical swine fever Tiga Porcilis P'osti Intocvel Baculovinua rocombinant 2 protein 1141
vins withoul emalsicn
Classical swine fever Figs Mayavac 1Y L2 Bayer Leverkusen Tlaculovimes recombinant 322 prtein 14
i wilhoul emutsico
BHV.L Cattle Hovilis 1R Marker Intervet Live or imctivated gli-deleled marier 185
vaccine
Equine infheenr virme  Tlorses PROTEC-FIU (liuropean Meriaf Canzrypot viru-veciored vaccine 13
Union), Hecombitck {United
Suu:?
WNY Homes TreveNile Inlervet Live Mavivirus chimera vaccine 114
WNY ITares West Nile-Innovalor DNA liort Dpdge IFNA vacdne 45
WNV Hares RECOMIMTLKiquine WNV rial & virus-vociored vaccing 113
MDY {10V) and Fouliry Yansitek 11VF £118> Marial Live necombinant chimera vines 4
mny expreasing V172 gzne of 1Y on
HTV virus
Meweastbe dicase vins  Pouliry NA Dow AgroScicnces 1IN recombinanl produced in piand cell
linex (registered but not on marked)
Newcathe disease vims  Poultry Vectormune FILND Nomunc Fowipos virus vectared
Avian influcnrza yims Foultry Tntervel Chimiera virus on NIDWY backbone; Beld 133, 1B?
(II5N1) and NI}V trials in 2007
Avian influcnza vims Pouliry Poubvac Fluliend 1 Al IISNI RG Tont Dodge Chimer 115M3 virus, inadivated in
ail hased adjwant
Avian influgnya virus [N Trovac Al IS Merial Fowlpoz vinusveciarcd 115 2
Rabies vina Widlile, HRaboral Marial Vaaini vims recomhinant 26, 100, 152,
cnines 170
Rabies virus Cals Porevax eline Rabies Merial Canarypon virus-vectored yaecinge
Rabies virus Cals PURLEVAX Veline Rabics Merial Canarypox virus-vectored vaccine
ligline leukemis virus Calx LURIAAL. Fel.V Merial C vins-veclored vaccinge
Canine prrvovinel Dogs RECOMBITEK Canine Farvo Merial Madified Iive virns
Canioe raronavirus Tlogs RLECOMUBITEK Corona MLV Merial Medified Itve virus 132
Lanine distemper vires  Dogs RECOMBITLK r)stemper Merial Canarypox virus-veclored yaccine
{HA and ¥ antigens)
Canine distempervins ~ Fur animals PURLEYAX Ferret Distemper Merial Canarypar virus-veciomed vaccine
1IN virus Salmon Aper-T1TN Movartis (Aqua Jlealth)  DNA vaaine

* lirand names may difer between countries. NA, nol applicable.

CONVENTIONAL LIVE AND INACTIVATED VIRAL VACCINES

As with the first vaccine for human smallpox, most live veterinary viral vaccines induce mild
infections with live organisms derived from nontarget hosts or attenuated through passage in
different cell line cultures or chicken embryos (eggs). Attenuated viral strains are also obtained
by inducing random mutations and selecting for reduced virulence. As the live organism can still
infect target cells, these vaccines can replicate and induce both cellular and humoral immunity
and generally do not require an adjuvant to be effective. Live products also offer the advantage
of ease of administration, potentially in drinking water, intranasally, intraocularly, etc. However,
they can pose a risk of residual virulence and reversion to pathogenic wild types as well as
provide a potential source of environmental contamination. Although modern regulatory
processes require data to provide assurance on these issues, problems in the field can arise. This
was highlighted during a program to control porcine respiratory and reproductive syndrome
(PRRS) in Denmark. This disease first emerged in North America in the late 1980s and spread
quickly in Europe in the early 1990s. The two main types of PRRS virus, European and North
American, are only 55 to 80% identical at the nucleotide level and cause distinguishable
serological responses. Following vaccination with the live, attenuated North American PRRS
vaccine against the European PRRS virus type present in Denmark in 1996, the vaccine virus
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reverted and spread within vaccinated herds as well as from vaccinated to nonvaccinated herds,
leaving both virus types in the Danish pig population.

Despite such drawbacks of live viral vaccines, they have played a major role in successful disease
control and eradication. For example, the virtual eradication of rinderpest virus from the globe is
widely believed to have been critically dependent on the use of the “Plowright” vaccine. This is
an attenuated vaccine produced from the Kabete O strain passaged 90 times in tissue culture.
The vaccine virus was recently found to have attenuating mutations in most of its genes, none of
which are sufficiently debilitating to induce strong pressure for reversion. Although there are
examples of stable attenuations from a single point mutation in the polymerase gene, the high
rate of spontaneous mutations of RNA viruses increases the risk for reversien to virulence. Safe
live viral vaccines are therefore likely to require a number of attenuating mutations distributed
throughout the genome.

Whole inactivated or killed viral vaccines are generally more stable and do not pose the risk of
reversion to virulence compared to live vaccines, but their inability to infect cells and activate
cytotoxic T cells makes them much less protective. Consequently, they generally require strong
adjuvants and several injections to induce the required level of immunity and are usunally
effective in controlling only clinical signs rather than infection. Inactivated adjuvanted vaccines
also pose a greater risk of causing autoimmune diseases, allergic disorders, and vaccine injection
site sarcomas. Viral inactivation is commonly achieved through heat or chemicals (e.g,
formaldehyde, thiomersal, ethylene oxide, and B-propriolactone). The higher production cost
and need for adjuvants make these vaccines more expensive to manufacture. Inactivated viral
vaccines for a wide range of viral diseases have been available for several decades (reviewed in
references) and are still being developed for some recently emergent diseases. For example, a
one-dose inactivated porcine circovirus type 2 (PCV2) vaccine has recently been licensed in the
United States for the prevention of postweaning multisystemic wasting syndrome in pigs (Table
Table 1). Much of the recent research in this area has concentrated on the development of
improved adjuvanted formulations to overcome the effects of maternal antibodies on young
animals.

Inactivated vaccines for several viral diseases need to be continuously adapted to contain the
appropriate serotypes, as exemplified by equine influenza virus vaccines. Vaccines for equine
influenza virus, mostly inactivated, have been available since the 1960s. The most important
equine subtypes are H7N7 and H3N8, although H7N7 has not heen detected for several decades
and is no longer included in vaccines, at least in Europe and the United States. Conversely,
vaccination against H3N8 has been less effective, possibly due to antigenic drift, and there are
now considered to be two distinct lineages, European and United States, and vaccines therefore
tend to contain both. Over the years, improvements have been attempted, and maore potent
adjuvants have been used. Several European vaccines now produce high antibody responses that
last for up to 1 year. Until recently, equine influenza virus vaccines produced in the United States
have been considered to be of limited efficacy and sometimes lacking the relevant H3N8 strains
(M. Mellencamp and A. Schultze, presented at the Proceedings Quality Contrel of Equine
Influenza Vaccines, Budapest, Hungary, 2001).

DIVA VACCINES

For several viral infections of livestock, effective conventional vaccines are available but cannot
be used, as they would interfere with disease surveillance based on serological testing and may
result in the loss of a country's disease-free status. A classic example is FMD in cattle. Although
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inactivated EMD vaccines have heen available for many years and are quite effective in
controlling clinical disease, they are not used in FMD-free countries, as this would compromise
this status and hence international trade. Nevertheless, conventional vaccines have reduced the
prevalence of disease in enzootic areas, and in a recent outbreak in The Netherlands, vaccination
was used to reduce the spread of the disease, although the vaccinates were subsequently
slaughtered to enable the rapid reestablishment of the FMD-free status of the country.

The ability to identify and selectively delete genes from a pathogen has allowed the development
of “marker vaccines” that, combined with suitable diagnostic assays, allow differentiating
infected from vaccinated animals (DIVA) by differentiation of antibody responses induced by the
vaccine (no antibodies generated to deleted genes) from those induced during infection with the
wild-type virus (e.g, see Fig. Fig. 2). Such DIVA vaccines and their companion diagnostic tests
are now available or in development for several diseases including infectious bovine
rhinotracheitis (IBR), pseudorabies, classical swine fever (CSF), and FMD, as detailed below.

HA

(poly basic amino acid
sequences removed)

HEN32 Chimera
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A/Puerio Ricof8/34 (H1N1)

AIDK/Germany/12153/73 (H2N3J)
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Simplified representation of the reverse genetic approach used to construct the chimera vaccine
Poulvac FluFend i Al H5N3 RG to protect poultry against the pathogenic H5N1 virus. The HA
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gene was removed from an H5N1 virus (from a recent Asian outbreak), inactivated by removing
the polybasic amino acid sequences, and combined with the NA gene from an H2ZN3 virus onto
an H1N1 “backbone” virus. An immunoassay able to specifically detect antibodies against N3 and
N1 proteins could be used for DIVA (i.e, N3+ N1— indicates vaccinated, and N3— N1+ indicates
infected). (Modified from Fort Dodge Poulvac FluFend i Al H5N3 RG promotional flyer with
permission.)

IBR, caused by bovine herpesvirus type 1 (BHV-1) infection of cattle, and pseudorabies
(Aujeszky's disease) in pigs have been identified internationally as being candidates for
eradication from national herds, and so there has been an impetus for the development of DIVA
vaccines and diagnostics. The demand for a marker (DIVA) vaccine for IBR in Europe was met by
the development of a glycoprotein E (gE)-deleted vaccine using conventional methodology
(reviewed in reference . The gE protein is not essential for viral replication, but it plays a majer
role in intercellular spread, particularly along nerves. Specific diagnostic tests based on gE
deletion have been developed using both gE-blocking enzyme-linked immunosorbent assay
(ELISA) techniques and PCR amplification.

Deletion of the gE gene has also been used to enable a DIVA approach for an Aujeszky's disease
vaccine. The gene for thymidine kinase is also deleted in some formulations (e.g, Suvaxyn
Aujesky), adding to the degree of attenuation. These deletion vaccines have been available since
the 1980s, and their use has contributed to disease control and eradication in the United States
and several European countries.

CSF is on the World Organization for Animal Health list of notifiable diseases and is one of the
most important contagious diseases of pigs worldwide. In its classical clinical form, itis an acute
hemorrhagic disease accompanied by high fever, depression, anorexia, and conjunctivitis.
Morbidity and mortality are both very high and may reach 100%. However, it can also present as
a subacute, chronic, or even subclinical condition. Countries in which the disease is enzootic tend
to vaccinate with a very effective live, attenuated vaccine, while those that are free of disease do
not. Two subunit vaccines based on the viral envelope glycoprotein E2 produced in a
baculovirus/insect cell system, formulated in a water-in-oil adjuvant, and accompanied by
discriminatory ELISA tests are available. These vaccines will allow a DIVA approach to
emergency vaccination and disease control in the case of new outbreaks, although these have
not yet been used widely in the field and appear to be less protective than conventional live,
attenuated CSF vaccines.

As there are now major doubts about the sustainability of “stamping-out” policies in areas of
high animal population density, there is considerable investment in DIVA vaccine approaches for
FMD. Subunit antigen approaches to vaccination have been largely ineffective, as they present
only a limited number of epitopes to the animal's immune system, and multiple antigens are
generally required for protection. Current research is focused largely on combinations of capsid
proteins, including empty capsid delivered by various expression systems, and the development
of sensitive tests (ELISA) for antibodies against nonstructural proteins. Other diseases for which
a DIVA approach is highly desirable but currently unavailable include bluetongue virus in cattle,
Newcastle disease virus and avian influenza virus in poultry, bovine viral diarrhea, and equine
viral arteritis.
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MOLECULARLY DEFINED SUBUNIT VACCINES

Identification of the protective viral antigens potentially allows their isolation and/or
recombinant production so that they can be administered as safe, nonreplicating vaccines.
However, as isolated antigens generally induce poor protective immunity, subunit vaccines
usually require repeated administration with strong adjuvants, making them less competitive. -
Notwithstanding these limitations, there are some examples of effective subunit vaccines.

PCV?Z is considered to be the major pathogen in the etiology of postweaning multisystemic
wasting syndrome. A recombinant baculovirus producing the protective ORFZ protein of PCV2
has recently become available as a vaccine for pigs.

Dow AgroSciences successfully registered the first plant-based vaccine for Newcastle disease
virus in poultry in the United States in 2005. Recombinant viral HN protein was generated in
plant cell lines via Agrobacterium transformation and could successfully protect chickens from
viral challenge (G. A. Cardineau, H. S. Mason, J. Van Eck, D. D. Kirk, and A. M. Walmsley, 2004, PCT
patent application 60/467,998, WO 2004/098533; C. A. Mihaliak, 5. Webb, T. Miller, M. Fanton,
D. Kirk, G. Cardineau, H. Mason, A, Walmsley, C. Arntzen, and . Van Eck, presented at the 108th
Annual Meeting of the United States Animal Health Association, Greensboro, NC, 2005). This
process was a proof-of-concept exercise designed to test regulatory feasibility, and the product
is not on the market.

GENETICALLY ENGINEERED VIRAL VACCINES

The availability of complete DNA sequences and a better understanding of gene function have
allowed specific modifications or deletions to be introduced into the viral genome, with the aim
of producing well-defined and stably attenuated live or inactivated viral vaccines.

Gene-deleted vaccines (glycoprotein I and/or glycoprotein X) against pseudorabies allowed a
DIVA approach and control of Aujeszky's disease in swine; however, the potential for
recombination between pseudorabies virus strains has raised concern. Similarly, thymidine
kinase deletion in BHV-1 vaccines has been associated with latency and reactivation after
treatment with dexamethasone, and deletion of multiple genes has been proposed in order to
improve safety.

An interesting development in genetically engineered viral vaccines is the production of chimera
viruses that combine aspects of two infective viral genomes. A chimera PCV1-2 vaccine has the
immunogenic capsid gene of PCV2 cloned into the backbone of the nonpathogenic PCV1 and
induces protective immunity to wild-type PCV2 challenge in pigs. A further sophistication of this
approach is a recently developed vaccine against avian influenza virus (Poulvac FluFend), where
the hemagglutinin (HA) gene has been removed from an H5N1 virus, inactivated by removing
the polybasic amino acid sequences, and combined with the NA gene from an H2N3 virus onto
an HIN1 “backbone” virus (Fig. (Fig.2). A vaccine containing the resultant inactivated H5N3-
expressing virus administered in a water-in-oil emulsion protects chickens and ducks against
the highly pathogenic H5N1 strain.

Similarly, a live Flavivirus chimera vaccine against West Nile virus (WNV) in horses (PreveNile)
was registered in the United States in 2006. In this chimera vaccine, the structural genes of the
attenuated yellow fever YF-17D backbone virus have been replaced with structural genes of the




Published in : Clinfcal microbiology reviews (2007), vol. 20, n°3, pp. 489-510 . =
Doi:10.1128/CMR.00005-07 ’ L I EG E
Status : Postprint (Author's version} université

related WNV. The resulting chimera vaccine express the PreM and E proteins of WNV, while the
nucleocapsid (C) protein, nonstructural proteins, and nontranslated termini responsible for
virus replication remain those of the original yellow fever 17D virus. After a single shot, the
vaccine stimulates both cell-mediated and humoral responses without causing any clinical
illness or spreading to sentinel horses and provides protection against WNV challenge for up to
12 months (PreveNile package insert). A similar vaccine could be a candidate for a human WNV
vaccine.

LIVE VIRAL VECTOR VACCINES

Poxviruses including vaccinia virus, fowlpox virus, and canarypox virus have been used as
vectors for exogenous genes, as first proposed in 1982, both for the delivery of vaccine antigens
and for human gene therapy. Poxviruses can accommodate large amounts of foreign genes and
can infect mammalian cells, resulting in the expression of large quantities of encoded protein.
For example, modified vaccinia virus Ankara is a highly attenuated strain produced by several
hundred passages of the virus in chicken cells. Modified vaccinia virus Ankara lacks about 10%
of the vaccinia virus genome, including the ability to replicate in mammalian cells.

A particular success story has been the development of an oral recombinant vaccinia-rabies
vaccine in bait for wild carnivores such as foxes in Europe and foxes, raccoons, and coyotes in
the United States. Rabies is caused by a negative-stranded Rhabdoviridae RNA virus transmitted
mainly via saliva following a bite from an infected animal. The main source of infection for
humans is domestic reservoir species including dogs and cats. There are seven rabies virus
genotypes, all of which, excluding type 2, produce similar effects in humans. Rabies can infect
most if not all mammals. The virus enters the central nervous system, causing an
encephalomyelitis that is always fatal once symptoms develop. Worldwide, the disease causes
many thousands of human deaths each year. One type of oral vaccine is in the form of a bait
containing a recombinant vaccinia virus vector expressing the protective glycoprotein G of
rabies virus. After several years of vaccination campaigns against fox rabies virus in several
Western European countries, rabies could be eliminated from its wildlife terrestrial reservoir, as
exemplified by the successful elimination of terrestrial rabies virus from Belgium and France.

The canarypox virus vector system ALVAC has been used as a platform for a range of veterinary
vaccines including WNV, canine distemper virus, feline leukemia virus, rabies virus, and equine
influenza virus (Table 1). Canarypox virus was originally isolated from a single pox lesion in a
canary and serially passaged 200 times in chicken embryo fibroblasts and serially plaque
purified under agarose (Merial bulletin TSB-4-0019-FTB). Canarypox viruses and fowlpox
viruses have the advantage of being more host restricted than vaccinia virus. While they produce
an abortive infection in mammalian cells, canarypox virus recombinants still effectively express
inserted foreign genes. Several veterinary viral vaccines have been produced using the ALVAC
vector system (Table 1). Most notably, a novel equine influenza virus vaccine using the
canarypox vector to express the hemagglutinin genes of the H3N8 Newmarket and Kentucky
strains has recently been registered in the European Union (Proteq-Flu) and the United States
(Recombitek). It contains a polymer adjuvant (Carbopol; Merial Ltd.), and through the induction
of both cell-mediated and humoral immunity, it is claimed to produce sterile immunity 2 weeks
after the second of two doses. The new vaccine is also designed to protect horses against the
highly virulent N/5/03 American strain of equine influenza virus and to prevent the virus from
spreading through the elimination of viral shedding.
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Trovac Al H5 is a recombinant fowlpox virus expressing the H5 antigen of avian influenza virus.
This product has had a conditional license for emergency use in the United States since 1998 and
has been widely used in Central America, with over 2 billion doses administered. As the
vaccinated birds will not develop antibodies against matrix protein/nucleoprotein, this vaccine
can also be used with a DIVA approach.

Several vaccines are available based on inactivated adjuvanted formulations for equine
herpesvirus type 1 and equine herpesvirus type 4, equine herpesviruses that are major causes of
abortion and respiratory disease. None of these vaccines are considered to provide complete
clinical or virological protection. A canarypox virus-vectored vaccine containing the genes for
gB, gC, and gD has been developed, but the latest reports suggested that it did not completely
protect against challenge.

A further application of vectored vaccines is the use of an attenuated viral pathogen as the
vector, with the aim of inducing protection against two diseases, as with the live recombinant
vaccine against both Marek's disease virus (MDV) and infectious bursal disease virus (IBDV) in
chickens (Vaxxitek HVT + IBD). MDV is a highly contagious neoplastic disease of poultry caused
by gallid herpesvirus type 2, while IBDV replicates in the bursa of Fabricius, the primary
lymphoid organ in birds, and causes a serious immunosuppressive condition in poultry flocks
worldwide. Turkey herpesvirus (HVT) is nonpathogenic in chickens but confers cross-protection
against MDV and has traditionally been used in live vaccines against MDV. The new vaccine is
based on a recombinant parent HVT virus expressing the VP2 gene of IBDV and can be given to
embryonated eggs or 1-day-old chicks without interference from maternally derived antibodies.
Data from large-scale field trials for this vaccine have not yet been reported, but those studies
may encounter difficulties in maintaining high efficacy. This is because these tightly regulated
recombinant vaccines cannot easily adapt to meet the emergence of very virulent strains of both
IBDV and MDV, apparently induced by the comprehensive numbers of vaccinations performed
against these diseases.

Chimera avian influenza virus vaccines have also recently been produced on a backbone of an
existing, attenuated Newcastle disease virus vaccine strain. Both Asian H5N1 and the pathogenic
H7N7 strain, responsible for the chicken influenza virus outbreak in The Netherlands in 2003,
were produced as chimeras with the Newcastle disease virus strain. This chimera vaccine
induced strong protection against the respective wild-type influenza virus as well as against
Newcastle disease virus.

DNA VACCINES

Immunization of animals with naked DNA encoding protective viral antigens would in many
ways be an ideal procedure for viral vaccines, as it not only overcomes the safety concerns of live
vaccines and vector immunity but also promotes the induction of cytotoxic T cells after
intracellular expression of the antigens. Furthermore, DNA vaccines are very stable and do not
require a cold chain. While DNA vaccination of large animals has not been as effective as initially
demonstrated in mice, several groups have abtained significant improvements in immune
responses using innovative technologies such as specific targeting of the vaccine antigen to
antigen-presenting cells, priming-boosting with stimulating CpG oligodeoxynucleotides, and in
vivo electroporation of DNA.

Considerable research into DNA vaccines for fish viruses, where this approach seems to be
particularly effective, has been ongoing. Notably, the first DNA vaccine for an edible species




Published in : Clinical microbiology reviews (2007), vol, 20, n°3, pp. 489-510 3 -
DOI10.1128/CMR.00005-07 ' L I EG E
Status : Postprint (Author’s version) université

(Apex-IHN) was registered in 2005 in Canada to protect Atlantic salmon from infectious
hematopoietic necrosis (IHN). IHN disease is enzootic in wild salmon populations and can cause
devastating outbreaks in farm-raised salmon that have had no prior exposure. The DNA vaccine
encodes a surface glycoprotein of IHN virus and is administered intramuscularly.

A DNA vaccine to protect horses against viremia caused by WNV (West Nile-Innovator DNA)
received a license from the USDA at approximately the same time as the fish DNA vaccine. WNV
infection is caused by a flavivirus belonging to the Japanese encephalitis virus complex. It is
enzootic in parts of Africa and Asia but was first detected in the United States in 1999 in an
outbreak involving birds, horses, and humans in New York, and it subsequently spread rapidly
to many states. The DNA plasmid codes for the WNV outer coat proteins and is administered
with a proprietary adjuvant. The vaccine was, however, produced as part of a building-platform
technology rather than as a commercial product, as the manufacturer already has a WNV vaccine
on the market.

The success of these two DNA vaccines may be due more to good fortune than to any specific
technological advances, as DNA uptake into fish muscle seems to be unusually efficient, and the
WNV viral protein may be particularly effective because it naturally produces highly
immunogenic virus-like particles. It is likely that a wider application of DNA vaccines will
require further improvements and optimization for each host-pathogen combination.

VETERINARY BACTERIAL VACCINES

Many attenuated live or inactivated (killed) bacterial vaccines have been available for decades
as prophylaxis against bacterial diseases in veterinary medicine. For most of the attenuated
bacterial strains, the nature of the attenuation is not known, and since they have a proven track
record, little is done to characterize underlying genetics. In some cases, however, the old and
well-recognized live strains are not highly protective, and continued research is being
performed to improve and develop new vaccines or vaccination strategies against, e.g., bovine
tuberculosis, paratuberculosis, and brucellosis, as described below. Inactivated vaccines
generally consist of bacterins of one or more bacterial species or serotypes (i.e, crude formalin-
killed whole bacterial cultures and supernatants) or more well-defined subunit antigens
formulated most often in an oil or aluminum hydroxide adjuvant.

Many of the established bacterial vaccines are highly efficacious, but since the technology has
been available for many years, these conventional vaccines will not be dealt with in this review,
and the reader is referred to company websites for information on specific diseases and
vaccines. Both live and inactivated autogenous bacterial vaccines are also produced by local
veterinary institutions or specialized companies for on-farm specific demands where no
commercial vaccines are available.

This section will review some of the more recent additions to bacterial veterinary vaccines
(summarized in Table 2), with particular focus on the more molecularly defined vaccines.
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TABLE 2.

Recently commercialized veterinary bacterial vaccines

Target

Targat pathogen(s) animal lirznd name 1listrbutor Characterisiicf{s) Referente(s)
Lawsouna hureelluloris Pigs Lintzrised Nty Mioehringer-Ingelheim {.ive ol vaccinp 67, 90
clmedic
Porplyroenoiars gulze, Dap Perichac Flizer Agimal 1ealth Killed vaccine againd perodontilas
i deiticwns, and
I saffmsg
Yermnid rickan Fish AquaVac ERM  Scheriog-Flough Animal Kiled vl vaccne )
Healtk
Aamnoaas sabairiicede  Tish AguaVar Schering-Mowgh Animal Kiled nral waccine
Tunnac Health
Vibvio angulizrum lish AquaVac Schering-Mough Animal Kiled oral vaccine
Vibrin Health
5 CAX PO Tlorses Kquilis Sirepli Intorvet Live submucosl vaccine; delelions in erad geoe 11}
Chlamydophils aborius  Sheep nile Ensrrax intenet Live temperature semsitive mutani strai fof 3
subrulaneous or intramieculsr injection
Mycaplanna sneviae Chickens Vixale M Teaproperiics Live lemperature-scnilive mutant siragr, eye drap 119
adminisLration
Mycaplanng Chickeny Vamale MG lGoproperiies Live temperturexensilive mutant simin; eye drap ]
ﬂtﬁ:fdmm adminisLration
17 T aviiem Turkeys Ast Vax Scheriog-Tiough Animal Live tempealure-scnsilive mutant sbrim; spray i)
Iealth inhalation or drinking water
Actinobacdlus I'igs PMleuroSizr APP Movariis Animat 1lealth Recombinant Apxll, Thpll, Cysl., (mlA(1), and |BG
plearnpnannmise (!m.lﬂ.!l? raleins
Actinoberlies Figx T'oecilis APP Intervel Iixtracie, .?\EFI, Apzil, Apelll, and outer membrne 15
rlmmﬂmjmide profoins .
Saletion Chickens andl  Megan Vel Letsman Animal [lealth [Double gene-deleted X awarca scrovar Typhmmarium 5
hens Meganligy International sirmin
Prucelle eborus Calle RES1 Calorade Scram Company  Sponlaneous rifampin-resistanl rough mutant L1E
C Vewermarh

CONVENTIONAL LIVE VACCINES

In spite of modern technological advances, new live vaccines based on strains without
identification of the attenuating characteristics continue to reach the market. One such example
is a new live vaccine (Enterisol Ileitis) against porcine proliferative enteropathy caused by the
obligate intracellular bacterium Lawsonia intracellularis. Identification of L. intracellularis as the
cause of this disease was established in 1993, and many features of the causal bacteria as well as
the immunopathogenesis remain to be elucidated. The vaccine strain was cultivated from a
clinical isolate, and there are no phenotypic or genotypic characteristics to separate this strain
from wild-type strains. Following oral administration of the vaccine, there appear to be no or
delayed fecal shedding of bacteria and a low or absent induction of systemic humoral or cell-
mediated immunity, but fecal shedding upon challenge is reduced and weight gain is increased
compared to unvaccinated pigs. The vaccine has been licensed to improve weight gain and to
reduce growth variability associated with ileitis in pigs and is administered through drinking
waler.

CONVENTIONAL INACTIVATED VACCINES

An interesting new addition to the repertoire is a vaccine consisting of inactivated bacterins of
Porphyromonas gulae, P. denticanis, and P. salivosa for vaccination against periodontal disease
in dogs (Periovac). The vaccine is based on research identifying these three bacteria as being the
most common black-pigmenting anaerobic bacteria in periodontal pockets of dogs and were all
pathogenic in a mouse model. A vaccine prepared from P. gulae and administered
subcutaneously to mice was able to significantly reduce alveolar bone loss in this model. There
are no published details on the performance of the trivalent vaccine in dogs, but efficacy and
potency trials are ongoing with, e.g., a clinical trial running at the University of Minnesota
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Veterinary Medical Center. Despite the lack of published efficacy data, the vaccine is currently
fully licensed in New Zealand and conditionally licensed in the United States.

A Kkilled oral vaccine (AquaVac ERM) against enteric redmouth disease caused by Yersinia
ruckeri in rainbow trout has been available in United Kingdom since 2001 and is now further
approved for a number of European countries. Enteric redmouth disease is a serious infectious
disease of farmed rainbow trout in many countries characterized by congestive or hemorrhagic
zones in various tissues and organs, particularly around the mouth and in the intestines. The
disease has a very high mortality rate, and Y. ruckeri is able to form biofilms on fish tank
surfaces and thus persist and remain infective in the aguatic environment, with the possibility of
recurrent infections. Immersion of fry for 30 s into a vaccine soup at the hatchery provides
initial protection for fingerlings but rarely lasts throughout the production cycle. Follow-up
booster vaccination by injection is effective, but this is time-consuming and labor-intensive and
may be stressful for the handled fish. The oral vaccine protocol recommends a primary
immersion vaccination followed 4 to 6 months later by an oral booster of the vaccine, which is
mixed and absorbed into the feed pellets. Both the primary and booster vaccine formulations are
inactivated bacterial cultures, but for oral vaccination, the bacteria are incorporated into an
“antigen protection vehicle,” bypassing the acidic environment of the gut and delivering the
antigens to the area of the hindgut. There are no data available on the nature of the antigen
protection vehicle, but the product résumé claims the presence of lecithin and fish oil, indicating
that killed bacteria are likely incorporated into liposome structures. Similar vaccines against
furunculosis caused by Aeromonas salmonicida and vibriosis caused by Vibrio anguillarum have
also been developed, and an oral vaccine against infectious pancreatic necrosis virus is
registered in Chile for use in salmon. To our knowledge, these are the only licensed inactivated
mucosal vaccines against bacterial diseases in veterinary medicine.

GENE-DELETED VACCINES

Traditionally, attenuation of bacteria for the preparation of live vaccines has been performed by
multiple passages in various media in the hope that some random mutation would deliver a
nonvirulent, but replicable, type of the agent. With currently used molecular methods, the
obtained deletions/mutations can be identified, but this technology also allows a more targeted
design of live vaccines with specific deletions of predetermined known genes. Good targets for
these deletions are genes responsible for key metabolic processes that inhibit the spread of the
infection but allow the development of immune responses against virulence factors.
Alternatively, deletions of virulence-associated genes are targets, but this may be more
problematic when a protective immune response is desired.

Gene-deleted vaccines have been produced against strangles, a highly contagious disease in
horses caused by infection with Streptococcus equi subsp. equi. The disease is characterized by
fever, profuse nasal discharge, and abscess formation in the lymph nodes of the head and the
neck. The pus discharged from bursting abscesses is highly infectious, and the swelling of
involved lymph nodes may, in severe cases, cause airway restriction, hence the name.
Commercial bacterin or protein extract vaccines for parenteral administration can induce high
levels of serum bactericidal antibodies, but the protective effects of these antibodies are
questionable, and the protective efficacy of inactivated vaccines in the field has been
disappointing. A live intranasal vaccine based on a nonencapsulated attenuated strain (Pinnacle
IN) has been widely used in North America since it was launched in 1998. However, the
attenuating mutations of this strain have not been defined, and the vaccine strain sometimes
reverts to an aggressive mucoid phenotype indistinguishable from that of wild-type strains. The




Published in : Clinical microbiology reviews (2007), vol 20, n°3, pp. 489-510 =
POL10.1128/CMR.00005-07 ’ L I EG E
Status : Postprint (Author’s version) université

Pinnacle strain has since been refined into a more stable hyaluronate synthase-defective mutant.
It is, however, not clear if this new strain has replaced the original vaccine strain in the
commercial product. Recently, the Equilis StrepE vaccine, a live recombinant bacterial vaccine
prepared from the S. equi TW928 deletion mutant lacking bp 46 to 978 of the aroA gene, was
licensed in Europe. This mutant was constructed by the electroporation of gene knockout and
gene deletion constructs. No foreign DNA such as antibiotic resistance markers was introduced,
but the vaccine strain can allegedly be identified by an aroA PCR identifying the partial gene
deletion. The live gene-deleted attenuated vaccine strain was originally developed for intranasal
application, but protection was accomplished only by intramuscular injections, which in turn
resulted in the local swelling of muscle tissue and the eventual formation of abscesses at the
vaccination site. However, submucosal administration of the vaccine in the upper lip was shown
to confer protection comparable to that of intramuscular administration but with only minimal
local reactions, and it is with this unusual route of administration that the vaccine is now
licensed.

Chlamydiae are obligate intracellular bacteria with a wide host range and with a wide spectrum
of diseases, several of which are zoonotic. The most important veterinary species are
Chlamydophila psittaci, causing respiratory infections in poultry (psittacosis/ornithosis), and
Chlamydophila abortus (formerly Chlamydia psittaci serotype 1), causing ovine enzootic
abortion, one of the most important causes of ovine and caprine abortion worldwide. Both
infections are zoonotic. While no vaccines are available for hirds and poultry, inactivated
vaccines against ovine enzootic abortion have been available for many. More recently, a
temperature-sensitive mutant strain, TS1B, of the C. abortus reference strain AB7 obtained by
nitroguanidine mutagenesis is used to prevent abortion in sheep (Ovilis Enzovax). The
temperature-sensitive mutant strain has an optimal growth temperature at 38°C, but at the
restrictive temperature, 39.5°C, growth is impaired. The normal body temperature of adult
sheep is 38.5 to 40.0°C. The vaccine induces good and long-lasting protection in sheep, goats,
and mice (even though the body temperature of mice is within the permissive growth range).
However, the vaccine is licensed only for sheep, not goats, and there is continued research into
the development of an effective subunit-hased vaccine. Temperature-sensitive-mutant vaccines
have also been developed and marketed as eye drop, spray, or inhalation vaccines. These include
vaccines against Mycoplasma synoviae and M. gallisepticum in chickens (Vaxsafe MS and
Vaxsafe MG, respectively) and Bordetella avium rhinotracheitis {coryza) in turkeys {Art Vax).

Gene-deleted live bacteria with well-defined targeted attenuations also offer an attractive option
as mucosal vectors for passenger antigens, with many potential advantages over traditionally
injectable vaccines. Unlike viral vaccines, there are at present no commercialized vector vaccines
based on a bacterial backbone carrier delivering antigens from other pathogens, although
several bacterial vectors have shown very promising.

SUBUNIT VACCINES

Porcine contagious pleuropneumonia is a widespread and severe disease of pigs with
hemorrhagic necrotizing pneumonia and high mortality in the acute form. The disease is caused
by Actinobacillus pleuropneumoniae, and prevention by vaccination with whole-cell bacterin
vaccines has been severely restricted by the prevalence of 15 different serotypes. A second
generation of acellular A. pleuropneumoniae subunit vaccines has been developed with four
extracted (Porcilis APP) or five recombinant (PleuroStar APP) proteins, which confer some
degree of cross-protection against all serotypes. Most of the pathological consequences of A.
pleuropneumoniae infection are caused by pore-forming RTX (repeats in the structural toxin)
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exotoxins Apxl, ApxIl, ApxIll, and APxIV, of which at least a combination of two are expressed in
all serotypes. The serotypes expressing both Apxl and Apxll are particularly virulent.
Vaccination with RTX toxins alone protects against mortality but does not reduce the typical
lung lesions. The pentavalent recombinant vaccine containing only the Apxll toxin but
supplemented with other common antigens such as transferring-binding proteins appears to
provide protection that is at least as good as or better than that of the vaccine with three
extracted Apx toxins supplemented with a single outer membrane protein. However, the
precautions needed when such subunit vaccines are to be designed is evidenced by a study of
vaccination against PalA of the peptidoglycan-associated protein family and the most
“immunopredominant” outer membrane protein of A. pleuropneumoniae (and related to, e.g,
the P6 protein of Haemophilus influenza). Antibodies induced against PalA alone aggravated the
consequences of a challenge infection, and PalA vaccination in combination with RTX toxins even
counteracted the protective effect of anti-Apx] and anti-ApxIl antibodies.

VACCINES AGAINST ZOONOTIC BACTERIA

Clinical salmonellosis in animals is often due to host-restricted serotypes such as Salmonella
enterica serovar Choleraesuis in pigs, Salmonella enterica serovar Gallinarum in poultry, and
Salmonella enterica serovar Dublin in young cattle with severe systemic infections, which may
result in the death of the animal. In contrast, non-host-specific Salmonella serotypes usually
induce a self-limiting gastrointestinal infection but with the capability of causing systemic
infections in a wide range of host animals, including humans. The desired immunity of vaccines
against zoonotic infections not only requires the induction of a local mucosal immunity,
preventing colonization of the gut of the individual animal, but should ideally also prevent or
eliminate the presence of the bacteria in the flock as a whole to prevent cross-contamination of
meat products at the slaughterhouse. This is a very difficult task, and available vaccines have so
far yielded variable success rates.

It is generally recognized that cell-mediated immunity is more important than humoral
responses in protection against Salmonella, and together with the need for local mucosal
immunity, this calls for live, attenuated vaccines as the most effective type. This is supported by
a comparison of a live double-gene-deleted Salmonella enterica serovar Typhimurium vaccine
(MeganVac 1) with an inactivated Saimonella enterica serovar Enteritidis vaccine (Poulvac SE),
which showed reduced fecal shedding following live vaccination, while chickens receiving a
killed vaccine experienced inhibited cell-mediated immune responses, enhanced antibody
responses, and an increased bacterial load. The MeganVac 1 organism has recently been
reformulated for immunization of laying hens (MeganEgg). The Megan vaccines for broilers and
hens were licensed by the USDA in 1998 and 2003, respectively, but worldwide, there are at
least 10 other live Salmonella vaccines available for Salmonella enterica serovar Enteritidis,
Salmonella enterica serovar Typhimurium, or Salmonella enterica serovar Gallinarum infection
in poultry.

Campylobacter jejuni is one of the most important causes of food-borne human bacterial
gastroenteritis. Although several vaccines aimed at preventing human disease are in the
pipeline, an effective vaccination intervention strategy for infected poultry flocks would be the
most effective means of preventing human disease. Similar to the requirements of a vaccine
against non-host-specific Salmonella serotypes, such a vaccine must, however, be able to provide
a very high degree of protection in the flock to eliminate the subsequent contamination of meat
products. Experimental vaccines, mainly killed whole-cell cultures or flagellum preparations,
have been tested in poultry but provide only partial protection against a challenge with
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Campylobacter, and the development of an attenuated live strain may be more promising
although not yet commercially available.

Brucellosis continues to be a major zoonotic threat to humans and a common cause of animal
disease, especially in developing countries. In many industrialized countries, a test-and-
slaughter policy has been effective for the eradication of the disease, while vaccines, although
providing a fairly high level of protection, also induce antibodies that interfere in subsequent
surveillance programs. Numerous attempts to produce a protective killed vaccine have so far
been disappointing, and the most successful vaccines against brucellosis have been those
employing live, attenuated Brucella spp.. Of these, Brucella abortus strain 19 (first described in
1930) and Brucella melitensis Rev.1 (first described in 1957) vaccines have been widely used in
cattle and in small ruminants, respectively. The S19 and Rev.1 vaccines are, however, far from
perfect, as absolute protection is not achieved, altowing for subclinical carrier animals, and both
strains have retained some virulence and may induce abortions with variable frequency.
Furthermore, both of these vaccines are infectious for humans {Rev.l is also resistant to
streptomycin), and they will induce antibodies against smooth lipopolysaccharide, making them
incompatible with test-and-slaughter procedures in countries with an ongoing eradication
program. More recently, a vaccine based on a stable spontaneous rifampin-resistant rough
mutant of B. abortus, named RB-51, has replaced S19 in many countries including the United
States. RB-51 carries 1S711 inserted into the whoA glycosyl transferase gene, but experimental
data with other wboA mutants indicate that additional unknown defects are carried in this
strain. Rough strains do not carry smooth lipopolysaccharide, and therefore, vaccination with
RB-51 does not induce antibodies that are detectable in routine serological tests. This is an
obvious advantage in many cases but may also result in the late diagnosis of accidental human
infections, although RB-51 appears to be much less virulent for humans than 519 and Rev.1
vaccines. At present, several million animals have been vaccinated with the RB-51 mutant strain,
but the protective efficacy in cattle compared to $19 remains controversial, and the protection
against Brucella suis in pigs and against B. abortus in elk is very limited, if present at all.

RICKETTSIA VACCINES

The rickettsiae Ehrlichia, Anaplasma, and Coxiella are all small obligate intracellular pathogens
that cause significant animal diseases. With the exception of Coxiella, all are transmitted by
arthropod vectors (e.g, ticks, mites, lice, or fleas).

Heartwater is the most important tick-borne disease of domestic and wild ruminants in sub-
Saharan Africa and the West Indies, which is caused by Ehrlichia ruminantium. The only
commercially available vaccination procedure is based on the controlled infection of animals
with cryopreserved infected sheep blood, followed by antibiotic treatments with tetracyclines
when fever develops. A nonvirulent strain has recently been penerated through in vitro
cultivation and shown to confer good protection. Progress in developing cost-effective in vitro
cultivation processes may lead to the development of inactivated vaccines.

Bovine anaplasmosis is another tick-borne disease caused by Anaplasma marginale infection of
red blood cells. Transmission can occur by mechanical means via blood contamination or
through blood-sucking arthropods and transplacentally from cow to calf. Cattle that survive
acute infection are resistant to the disease but develop persistent, cyclic, low-level infections and
therefore remain as “carriers.” Calves are less susceptible to infection and clinical disease than
adult cattle. Infected blood containing a less pathogenic isolate or subspecies of A. marginale,
generally referred to as Anaplasma centrale, remains the most widely used live vaccine in Africa,
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Australia, Israel, and Latin America. Infection with A. marginale followed by treatment of the
patent infections with low doses of tetracycline drugs has also been used but requires close
supervision for timely treatment. Following large-scale production of A. marginale antigen from
infected bovine blood, a killed vaccine was effectively marketed and used in the United States
until withdrawal in 1999. Apart from its higher cost and need for yearly boosters, the killed
vaccine was generally less effective in inducing protective immunity than live vaccines.

VETERINARY PARASITE VACCINES

PROTOZOAL VACCINES

Protozoal infections in animals cause significant production losses and are a major impediment
to the introduction of high-productivity breeds in poorer, mainly tropical areas around the
world. Many also cause zoonotic diseases in humans or have close relationships to human
parasites, increasing their significance as infection reservoirs or animal models for human
diseases. While no vaccines for human protozoa are available as yet, several veterinary vaccines
have been on the market or have been produced by agriculture/veterinary departments for local
use for many decades. Most of these vaccines are based on live organisms; however, an
increasing number of killed subunit vaccines have been developed and commercialized in recent
years. The following overview will exemplify currently used protozoal vaccines according to
increasing sophistication of vaccine production. A list of currently used protozoal vaccines is
provided in Tables Tables 3 and and 4.

TABLE 3.

Available veterinary live protozoal vaccines

Distributar(s)

T'athogen(x) Haost rand name(s) Characterstic(s) Reference®
FEimerin s5pp. Poultry  Coocivae, Immucox, Paracox,  Shering-Plough, Vewech Labs,  Sporulzied vocysis of scveral 164
Advent, Nobilis Cox ATM Nowus Iniernational, or all of 1the avian specics
Interver
Eimerio sp. Pouliry  lnovocox Embrex in ovo delivery using 164
propriciary platform
injecuion sysiem
L iemella Pouley  Livacox BIOTHIARM Precocious and egg-passaged 186
lincs
Thederia parva Caule {Cenrre for Ticks and Tick- Infceuion fallowed by drug n
borne iscase, Malawi trearmeni
Theiferin annufore and  Canle Local velcrinary instinnes Colre-derived schizoms 165
T. i
Toxoplasma gondii Sheep  Owilis Toxovax Imicrvet 848 surain with a losi abiliy 30
10 [orm cysis afier
passages in mice
HNabesia boviv and Cantle Local vererinary instiwics Infected blood from 4%
. bigernina splencoiomized calves

* Bee also rompany webails.

bC. Heuer, C. Nicholson, D. Russell, and ]. Weston, presented at the 19th International Conference of the World
Association for the Advancement of Veterinary Parasitology, New Orleans, LA, 2003.

LIVE PROTOZOAL PARASITE VACCINES.

Protozoal parasites have a high degree of genetic complexity. The difficulty of vaccine
development for these organisms is further exacerbated by the antigenic diversity displayed by
their different life cycle stages within the host as well as between different species and strains
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and, in the case of hemoprotozoal parasites, even within the same life cycle stage. While most
protozoal infections induce various degrees of immunity after previous infections, the
immunological mechanisms involved in protection and the stages involved have mostly not been
defined. It is therefore not surprising that most vaccines make use of the live organism itself to
elicit the required protective immune response. Depending on the characteristics of infection,
these vaccines can take several formats, as discussed below.

VACCINES BASED ON COMPLETE LIFE CYCLE INFECTIONS.

Vaccination with low doses of infective organisms has been used extensively in the poultry
industry to combat coccidiosis, the major economic parasitic disease of poultry worldwide.
Coccidiosis in pouliry is caused by the obligate intracellular protozoal parasite Eimeria species,
which undergoes a defined number of asexual cycles of merozoite production in gut epithelial
cells (three to four merogenic cycles) before the final sexual stages develop and produce the
infective oocysts. The infection is therefore self-limiting, and vaccination with small doses of
oocysts, while producing minimal pathology, induces solid protection against homologous
challenge. More recently developed live vaccines contain oocysts selected from naturally
occurring “precocious” Eimeria strains that produce less merogenic cycles and are therefore
safer to use. Although there are many problems with this kind of vaccine, including the need for
simultaneous administration to prevent infection of susceptible birds by vaccine-produced
oocysts and species- and strain-specific immunity, live coccidian vaccines have been used
successfully for over 50 years and are produced as a commercial product by many animal health
companies (Table 3). The commercial success lies primarily in breeder and layer flocks where
anticoccidial drugs have to be withdrawn to prevent the carryover of drugs into eggs.

VACCINES BASED ON DRUG-ABBREVIATED INFECTIONS.

Hemoprotozoal parasite infections are not selflimiting, and parasites can proliferate
continuously in the blood stages if not checked by the immune response or drug treatment. In
contrast to most hemoprotozoal pathogens, including the closely related Theileria annulata,
Theileria parva causes a highly fatal disease in cattle by transforming infected lymphocytes,
while the erythrocyte stage of this parasite is much less pathogenic. Solid, sterile immunity
develops after primary infection, and vaccination of cattle by infection with pathogenic wild-
type T. parva followed by drug treatment (long-acting tetracyclines) has been used for many
years to control East Coast fever. This vaccination regimen confers solid protection against
homologous challenge and limited protection against heterologous challenge but is expensive to
administer. Resistance is thought to be conferred mainly by cell-mediated immunity, more
specifically, CD8+ cytotoxic T cells, against the intracellular schizont, and the targets of the
protective cytotoxic-T-lymphocyte (CTL) response are currently being defined.

VACCINES BASED ON INFECTIONS WITH PARASITES WITH A TRUNCATED LIFE CYCLE.

Several protozoal parasites produce cysts within the host that are a persistent source of
infection when eaten by carnivores. These cysts can also cause reinfection when the immune
system is compromised or can be reactivated during pregnancy, causing congenital disease and
abortion. Toxoplasma gondii infects a wide variety of hosts, including humans, and is the major
cause of abortion in sheep and goats. As immunity to primary infection develops, the
intracellularly replicating tachyzoites become encysted in a dormant stage {(zoitocysts), which
can persist for several years, containing hundreds of infective bradyzoites. T. gondii parasites
that were continuously passaged in mice to produce diagnostic antigens were later found to
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have lost their ability to form cysts. The “incomplete” S48 strain of T. gondii now forms the basis
of a commercial vaccine conferring long-lasting immunity (~18 months) of susceptible ewes
against Toxoplasma-induced abortion when administered prior to mating.

VACCINES BASED ON INFECTION WITH VIRULENCE-ATTENUATED STRAINS.

Continuous passage of the tick-borne piroplasms Babesia bovis and Babesia bigemina in
splenectomized calves was shown to result in attenuated infections while still inducing
immunity in young calves. Live vaccines using infected blood collected from acute infections of
splenectomized calves were developed in Australia several decades ago and are still used in
most countries to protect against babesiosis, usually produced by local departments of
agriculture or veterinary institutions. In some cases, this is supplemented with A. centrale-
infected blood where A. marginale is enzootic. To increase shelf life and allow more rigorous
safety testing, several veterinary institutes now produce frozen-blood vaccines stored in liquid
nitrogen using either dimethyl sulfoxide or glycerol as the cryoprotectant. For reasons that are
still unknown, young cattle up to 9 months of age are more resistant to Babesia infections, but
vaccination of susceptible adult cattle often requires additional drug treatment even using the
attenuated strains. Continuous exposure to natural tick infections is generally required to ensure
continuous and long-lasting immunity.

A live, attenuated Theileria annulata vaccine has been produced by continuous in vitro passaging
of the intracellular macroschizont stage and is used in many tropical and subtropical countries
for the control of tropical theileriosis in cattle. In contrast to T. parva, immunity to the
erythrocytic pathogen T. annulata is short-lived and wanes after 6 months in the absence of
natural challenge infections.

KILLED OR SUBUNIT PROTOZOAL PARASITE VACCINES.

Several inactivated vaccines consisting of crude whole organisms or, more recently, defined
antigenic structures have been registered and target mostly the companion animal market
(Table 4). In general, these vaccines are not as effective as live organisms but can ameliorate
disease or transmission to various degrees. They may also form the basis for the development of
recombinant vaccines.

The final host of the coccidial parasite Neospora caninum is the dog, but its economic impact is
felt mostly in the intermediate cattle host, where it is a major cause of abortion. A crude N.
caninum vaccine has been licensed in the United States to aid in the reduction of N. caninum-
induced abortion in healthy pregnant cattle and prevent the transmission of the parasite to
calves in utero. The vaccine consists of inactivated N. caninum tachyzoites with an adjuvant
administered subcutaneously. A large field study in Costa Rica, where infection is highly
prevalent in diary herds, demonstrated an overall twofold (46%) reduction in abortion rates
through vaccination (49/438 versus 91/438 in saline-injected controls). As also reported in a
multiherd vaccination trial in New Zealand (C. Heuer, C. Nicholson, D. Russell, and ]. Weston,
presented at the 19th International Conference of the World Association for the Advancement of
Veterinary Parasitology, New Orleans, LA, 2003), there was a high variability in efficacy between
farms, which is likely due to abortions being caused by other infections or by noninfectious
causes. Timing of vaccination is also likely to play a role in preventing abortion and
transmission.
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A vaccine to alleviate a neurological disease in horses caused by infection with Sarcocystis
neurona, equine protozoal myeloencephalitis, has recently been released and is being tested
under conditional USDA license by Fort Dodge Animal Health. It consists of in vitro-cultured
merozoites, originally obtained from the spinal cord of a horse, which are chemically inactivated
and mixed with a proprietary adjuvant for intramuscular injection.

Giardia lamblia (synonyms, Giardia ducdenalis and Giardia intestinalis) is an enteric parasite of
many animal species. Infection is generally self-limiting, but severe gastrointestinal disease can
develop in young and immunocompromised individuals. Its importance is mainly in animal-to-
human transmission, and Giardia is a major cause of outbreaks of waterborne infections. Only
one commercial vaccine has been licensed for use in dogs and cats in the United States
(GiardiaVax). It is licensed to prevent clinical disease in dogs and significantly reduce the
incidence, severity, and duration of cyst shedding. The vaccine consists of a crude preparation of
disrupted, axenically cultured G. duodenalis trophozoites (sheep isolate) and has been shown to
eliminate most clinical signs of infection and significantly reduce the total number of cysts shed
in the feces in puppies and, to a lesser extent, in kittens. Some efficacy in the clearing of chronic
infections resistant to chemotherapeutic agents may also be achieved through vaccination, but
this requires more extensive testing. It is thought that the vaccine acts mainly through the
neutralization of parasite toxins by antibodies.

Two subunit vaccines have been developed to protect dogs against canine babesiosis caused by
Babesia canis (Table 4). Both vaccines consist of soluble parasite antigens (SPA) released into
the culture supernatant by in vitro-cultured parasites, combined with adjuvant. The first vaccine
released, Pirodog, confains SPA from B. canis cultures only, while the recently released
NobivacPiro contains SPA from B. canis and Babesia rossi in an attempt to broaden the strain-
specific immunity. The protective effect of this vaccine seems to be based on the antibody-
dependent neutralization of a soluble parasite substance that causes hypotension and clinical
disease, rather than acting through reducing parasitemia per se. This vaccine approach was also
evaluated in cattle but did not confer sufficient protection.

A Iilled subunit vaccine has been developed against coccidiosis in poultry by ABIC Veterinary
Products, Israel, particularly for use in the broiler industry. Interestingly, this vaccine does not
target the merozoite stages, as most live vaccines are thought to do, but rather targets the final
sexual, macrogametocyte stages that develop to form the disease-transmitting cocysts. The
principle behind this vaccine strategy is that it will still allow immunity against the asexual
stages to be generated by natural infections while reducing cocyst shedding and parasite
transmission. Added advantages of this approach are that the laying hens, rather than the chicks,
are immunized, transferring protective immunoglobulins into the egg yolk and subsequently the
hatchlings. Considering that each hen lays more than 100 eggs in her lifetime, this considerably
reduces the number of vaccinations and animal handling. In contrast to the species and strain
specificity of live vaccines, this gametocyte vaccine was shown to confer partial protection
across the three major Eimeria species. A major disadvantage of the vaccine is that it is
expensive to produce, consisting of affinity-purified native gametocyte antigens derived from
infected chickens, and is still a fairly complex preparation. Three major components of affinity-
purified native gametocyte antigens have recently been cloned and characterized with a view to
identifying the protective components and develop a recombinant vaccine. [t remains to be seen
if the translation of native vaccine to recombinant vaccine will he successful, as this has been a
major stumbling block for much of the parasite development area.

Human visceral leishmaniasis, or kala-azar, is a devastating human disease caused by the
intracellular parasite Leishmania chagasi or Leishmania infantum and transmitted through sand
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flies. Dogs are the principal carriers of the disease and are also clinically affected. Recently, a
subunit vaccine against canine visceral leishmaniasis, based on a strongly antigenic surface
glycoprotein complex, fucose mannose ligand, or FML antigen, from Leishmania donovani and
saponin adjuvant has been developed in Brazil. Vaccine efficacy was reported to be 76 to 80%
against both homologous and heterologous challenge with L. chagasi and to last for at least 3.5
years. A concomitant reduction in human incidence of the disease was also reported, which is
likely due to the transmission-blocking properties of the vaccine. The vaccine may also have a
therapeutic effect on infected dogs.

HELMINTH AND ECTOPARASITE VACCINES

Multicellular parasites are the most complex pathogens, with genome sizes that approach those
of their hosts. Apart from their genetic complexity, they are also the only pathogens that, due to
their physical size, cannot be internalized by phagocytic cells of the immune system or killed by
classical cytotoxic T cells (Fig. (Fig. 1). In fact, the immune system had to develop a whole new
mechanism to deal with these parasites, which is generally referred to as the type 2 or allergic-
type immune response, typified by the recruitment and activation of potent effector leukocytes,
mast cells, and eosinophils).

There are three different families of helminths or worms, nematodes (roundworms), trematodes
(flatworms), and cestodes (tapeworms), that infect both animals and humans. At present, only
one worm vaccine is on the market in Europe for the cattle lung nematode Dictyocaulus
viviparous (Bovilis Lungworm), consisting of irradiated infective L3 larvae that cannot develop
into the adult stage. Vaccination with irradiated L3 larvae of the economically important
gastrointestinal nematodes has been attempted but was not successful due mainly to their lack
of efficacy in inducing immunity in young animals. The increasing drug resistance of
gastrointestinal nematodes has renewed intense interest in developing vaccines for these
important veterinary pathogens.

Tapeworms have a larval stage in intermediate hosts that is uniquely susceptible to immune
killing after a single infection. Antigens from this early larval stage (oncospheres) were the first
to confer protection against a multicellular pathogen as recombinant proteins. Commercial or
field application of anticestode vaccines is, however, still in progress.

The most important veterinary trematode species are liver flukes (Fasciola hepatica and
Fasciola gigantica). Vaccine development against these parasites is hindered by the fact that they
do not seem to induce immunity in their natural ruminant hosts, even after repeated infections.
Recently, a unique breed of sheep (Indonesian thin tail) was shown to develop immunity against
E. gigantica, and further dissection of this protective mechanism may offer new approaches to
vaccine development.

Ectoparasitic arthropods would seem to be the ultimate challenge in vaccine development, as
they not only are large and complex but also spend most af their life outside or on the surface of
the host. Interestingly, the only recombinant parasite antigen vaccine commercially available is
against a tick parasite, Boophilus microplus, and was first introduced commercially in Australia
in 1994 (TickGUARD; Fort Dodge Australia) and later in Cuba and a few South American
countries (Gavac; Heber Biotec SA, Cuba). This vaccine is unique in that it is not based on natural
antigens recognized by the immune system during infection but takes advantage of the ferocious
blood-feeding habits of the tick. High antibody levels are generated by vaccinating cattle against
a tick gut membrane-bound protein, Bm86, using a recombinant protein in a potent adjuvant.
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These antibodies bind to the tick’s gut surface when taking a blood meal, causing the rupture of
gut wall and tick death. The vaccine induces significant levels of protection against tick
infestation and, in some cases, against tick-borne diseases. However, as the molecule is not seen
during natural infection (“hidden” or “concealed” antigen), antibody levels are not boosted by
infection and need to be maintained at high levels by repeated immunization. The vaccine is best
used in conjunction with drug administration, which limits its practical and commercial appeal.
The presence of a tick immunoglobulin excretion system seems to hamper the effectiveness of
this vaccine approach in other ticks.

VETERINARY VACCINES FOR NONINFECTIOUS DISEASES

ALLERGY VACCINES

As is the case in humans, there is a genetic predisposition in some animals, especially cats, dogs,
and horses, to develop allergic skin disease or atopic dermatitis in response to environmental
allergens such as grass pollen, weeds, mold spores, and house dust mites. This can be
exacerbated by secondary bacterial or yeast infections resulting in urticaria. The most common
treatment against atopic dermatitis is vaccination with an allergen extract to which the animal
has been shown to react, as determined by intradermal injection or allergen-specific serum
immunoglobulin E assays. This "allergen-specific immunotherapy” (ASIT) consists of
administering gradually increasing amounts of the allergen extract, either aqueous or
precipitated with alum, over a period of several months, followed by yearly boosters. The
reported effectiveness of this treatment varies widely, from 20% to close to 100% in dogs,
depending on such factors as study design, parameters used, source of vaccine, and concurrent
treatment for secondary infections. It is clear that a more rigorous evaluation of ASIT vaccine
effectiveness is required, which would be aided greatly by a better understanding of the
mechanisms by which ASIT works to reduce allergies. In parallel to human studies, it is likely
that this involves the induction of specific regulatory T ceils and/or immunoglobulin G
antibodies that compete with and mask the allergens. The identification of the exact mechanisms
and mediators associated with successful ASIT may provide more reliable correlates of vaccine
effectiveness and more rational and standardized vaccination protocols.

CANCER VACCINES

With longer life spans of domestic pets and higher value placed on the animals by their owners,
treatment of spontaneous cancers has become of increasing interest. Canine malignant
melanoma (CMM) is the most common oral tumor in dogs. CMM is similar to some malignant
melanomas in humans, and despite treatment, most dogs die within a year of diagnosis. Several
groups have anticancer vaccines against CMM in phase Il clinical trials, and Merial launched a
CMM DNA vaccine under conditional license from the USDA in 2006. These experimental
vaccines are based primarily on studies for human cancer vaccines and include immunizations
with canine tumor cell lines transfected with human granulocyte-macrophage colony-
stimulating factor or human gp100 or DNA vaccination with human tyrosinase. The latter two
immunizations with human melanocyte-specific proteins are based on the demonstration that
immune tolerance against self-antigens can be broken through cross-reaction between a
xenogeneic antigen and a self-antigen. The overall response rate in these studies was estimated
to be around 17%, with occasional complete remission in individual dogs and prolongation of
survival times. The experimental designs of the studies are, however, limited by small sample
sizes, differences in breeds and clinical status, and comparisons to historical, stage-matched
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controls. No clear correlations between immune parameters and the likelihood of tumor control
could be established.

Local vaccination with bacillus Calmette-Guérin (BCG) has long been used as a therapeutic
treatment for superficial cancer of the urinary tract in humans and has been shown to be
effective in the treatment of equine sarcoids and, to a lesser extent, bovine ocular squamous cell
carcinoma. The mode of action of this vaccination regimen is unknown but may involve the
upregulation of tumor-specific antigens through local inflammation and activation of the innate
immune systern.

VETERINARY VACCINES FOR  FERTILITY AND
PRODUCTION CONTROL

Immunocontraceptive vaccination is a fast-moving area of vaccine research and development in
the human and animal health areas, with a number of products for livestock and companion
animals recently brought to the market.

Since before written history, humans have practiced neutering of animals used for food and
transport and to be kept as pets. This has been termed “man's first attempt at bioengineering’.
Following the discovery of the reproductive hormone system, atiempts were made to control
reproduction by immunization against key hormones in both humans and animals. Many early
attempts gave encouraging results but were variable due to a lack of knowledge of how to
consistently elicit an effective neutralizing immune response against self-proteins.

There are two goals of reproductive control vaccines that can be simply categorized as (i)
immunocontraception and (if) immunoneutering. Immunocontraceptive vaccines aim to prevent
either fertilization of the oocyte by sperm or implantation of the fertilized egg yet retain sexual
behavior patterns and competition in mating; this approach is most suited to the control of feral
animal pests and native wildlife. Immunoneutering vaccines aim to prevent all sexual behaviors
in both male and female animals as well as controlling fertility; these outcomes are suitable for
companion animals, livestock, and, in some instances, feral animal pest control.,

DESIGN OF REPRODUCTION CONTROL VACCINES

The hormone cascade involved in reproduction is shown in Fig. 3. T-cell help has been
incorporated into vaccine formulations by using whole proteins or defined T-cell helper epitopes
as peptides; however, all commercialized vaccines to date have been based on carrier protein-
peptide conjugates. Commercialized peptide-carrier protein vaccines have used bacterial
toxoids, including tetanus and diphtheria toxoids or ovalbumin as carriers, to which peptides of
the self-antigens being targeted are conjugated. The main criterion for the selection of a carrier
has been to provide strong antibody responses and potency, and the relative effectivenesses of
different carriers have been identified. Other important factors for the selection of carrier
proteins are abundance for large-scale manufacture, cost, and compliance with regulatory
requirements. In some instances, the target sequence and carrier have been produced as a
recombinant fusion protein and have shown good efficacy in species as diverse as cats and cattle.
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FIG. 3.

The key hormones of the hypothalmic-pituitary-gonadal axis. Tissues are in orange, and
hormones are in green. * hormones and gametes that have been targeted in constructing
experimental and commercial vaccines.

Variable results from studies using anti-luteinizing hormone-releasing hormone (LHRH)
vaccines under late-stage commercial development in pigs and horses have shown efficacies as
low as 66 to 75%, leading to the view that it remains difficult to consistently stimulate a strong
immune response to self-antigens. While this may still be the case for the efficacious induction of
anti~self-T-cell responses due to tolerance and apoptosis of autoreactive T cells, recently
commercialized vaccines have shown that strong anti-self-antibody responses can be induced
with high efficacy and potency, provided that the elements of T-cell help against a foreign
antigen, in conjunction with self-epitopes, are presented in combination with an appropriate and
strong adjuvant.

VACCINES AGAINST REPRODUCTIVE HORMONES

The targeting of specific hormones involved in sexual development and function has resulted in
the most scientifically and commercially successful approach for the control of reproduction by
vaccination. The key hormone targets have been those of the hypothalamic-pituitary-gonad axis
(Fig. 33).

The best-studied and best-characterized hormone, used as a vaccine target, has been LHRH, also
known as gonadotropin-releasing hormone and gonadotropin-releasing factor. LHRH is the key
hormone controlling reproductive function and development and is released from the
hypothalamus. It is a simple 10-amino-acid peptide that is conserved across all species of
mammals, with variants identified in other organisms from lampreys to birds and fish.
Immunoneutralization of this pivotal hormone of the pituitary-gonad axis prevents reproductive
function, provides contraception in all mammals, and controls estrus behavior in females and
sexual and aggressive behaviors in males. Because of its simple structure and central controlling
role, LHRH was the target of vaccine research soon after its discovery. Since then, there have
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been many research programs for the development of anti-LHRH vaccines both in academia and
commercially; however, the commercial successes have been relafively few, as summarized in
Table 5, and will be discussed further here.

TABLE 5.

Commercialized reproduction control vaccines
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The first commercial vaccine developed against LHRH was Vaxstrate, comprising a conjugate of
ovalbumin and LHRH peptide, presented in an oil emulsion adjuvant. It was sold for use as an
immunospaying vaccine for extensively grazed female cattle in northern Australia. It was
launched in the late 1980s and withdrawn from the market in 1996 due to poor sales, resulting
mainly from being highly reactogenic (about 40% of animals with abscesses) and poor efficacy
in the field. The two doses required for the administration of Vaxstrate prevented its wider use,
as this did not fit well with the single annual mustering of cattle in northern Australia.

A more advanced anti-LHRH vaccine, Improvac, was developed for use in entire male pigs to
control boar taint (Table 5). The formulation comprises a carrier protein conjugated to a
modified form of LHRH peptide with a water-soluble adjuvant. This vaccine was launched in
1998 and has been sold since then in Australia and New Zealand and was recently launched in
the Philippines, Mexico, Brazil, and South Africa. To date, it is the most successful of all the
reproduction control vaccines. Improvac is given as two doses, with the first dose at least 8
weeks prior to slaughter and the second dose 4 weeks before slaughter, which is sufficient to
induce an anamnestic anti-LHRH antibody response that in turn suppresses LHRH production,
levels of gonadotrophins, and testicular function and allows the washout of the taint steroid
androstenone and other taint compounds such as skatole, which are fat soluble. The main
feature that distinguishes Improvac from the many noncommercialized vaccines is that it
achieves a very high level of efficacy in the field. Another key feature that has ensured
commercial success is that there is no impact on growth rates and more efficient use of feed over
the last 4 weeks after the second dose. This is despite highly suppressed levels of the anabolic
hormone testosterone for this period. The production advantages are probably a result of
behavior modification resulting from the suppression of testosterone and have been shown to
be significant compared to raising boars and are more pronounced than those of castrated boars,
such as those that are raised in most pig-producing countries.

An anti-LIRH vaccine, Equity, has also been developed for use in female horses (Table (Table 5).
This product is used for the control of estrus and estrus-related behavior during the breeding
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season and was commercialized in 2001 in Australia. It comprises a peptide-protein conjugate
and the Iscom-related immunostimulating complex adjuvant. This formulation is an advance
over other commercial formulations trialed in mares and stallions that were reactogenic.

An anti-LHRH vaccine was also conditionally licensed in the United States in 2004 for the
treatment of benign prostatic hyperplasia in entire male dogs and together with Improvac are
the only anti-LHRH vaccines commercialized outside of Australia and New Zealand; the dog
vaccine is labeled canine gonadotropin-releasing factor immunotherapeutic under a USDA
conditional license. Benign prostatic hyperplasia is very common in entire male dogs over 4 to 5
years of age, and the condition is dependent on the conversion of testosterone to
dihydrotestosterone by cells in the prostate gland. Suppression of testosterone via an anti-LHRH
response leads to a reduction in dihydrotestosterone and indirectly controls prostatic
hyperplasia. A related application for anti-LHRH vaccines in men is for treatment of prostatic
cancer, and a number of phase I/1I studies have shown some degree of efficacy in men with this
tumor.

Control of wildlife through an anti-LHRH formulation has been pursued by researchers at the
National Wildlife Research Center of the USDA. This vaccine, termed GonaCon, is based on a
peptide-keyhole limpet hemocyanin carrier protein conjugate antigen formulated in a
commercially available vaccine for Johne's disease in an oil-based adjuvant (AdjuVac). This
formulation has the effect of making the skin of vaccinated animals test positive for
Mycobacterium avium. [ts advantage is that it is effective with a single vaccination, and efficacy
has been shown in valued wildlife such as deer, bison, and horses and in controlling feral pigs.
Registration of this formulation is reportedly being undertaken by the Wildlife Research Group
of the USDA through the EPA, as this agency is able to register products that would be restricted
to use in wildlife.

VACCINES AGAINST GAMETE ANTIGENS: WILDLIFE CONTROL

For the control of wildlife, the widely held view is that the maintenance of libido and sexual
behavior would be optimal to achieve this goal, and hence, the hormone system that drives those
behaviors has not been generally targeted. The exception to this is the control of native animal
species by an anti-LHRH vaccine (see above). Alternate strategies to control wildlife have been
to develop vaccines that prevent the fertilization of the oocyte by sperm or to prevent the
implantation of the embryo and allow immunized animals to continue to compete in mating
rituals. With this approach, antigens of the gametes (sperm and oocytes) have been widely
targeted to prevent fertilization.

SPERM ANTIGENS.

Over 20 sperm antigens have been identified and characterized, and many have been tested as
vaccine candidates in animals. Most of these are surface proteins and include sperm antigen 10
(SP10), SP17, FA-1, LDH-C4, and PH-20. While some effect could be expected in vaccinated male
animals, the large number of sperm in the male reproductive tract and observed autoimmune-
mediated orchitis have focused efforts instead on vaccinating the female. Fertility levels in
vaccinated females are generally reduced from levels around 75 to 80% to 25 to 30% in a range
of species including mice, baboons, and guinea pigs. The potency of the range of antigens is
similar, and no one sperm antigen gives an exceptional contraceptive effect.
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OOCYTE ANTIGENS.

A family of surface antigens from the zona pellucida (ZP) has been identified as providing
effective immunocontraception. These surface antigens have been referred to by a variety of
terms that may vary between species. The major antigens are ZPA (also termed ZP2), ZPB (ZP1),
and ZPC (ZP3). Most work has focused on ZPC, with a range of approaches. Vaccine studies have
used formulations containing porcine ZPC, as it cross-reacts with the ZPC of many other species.

For a period between approximately 2002 and 2005, a vaccine called SpayVac was commercially
available (Table 5), which was based on a crude porcine ZP antigen preparation, probably
purified from pig ovaries. This was shown to have efficacy in a number of species. SpayVac was
supplied to researchers for experimental wildlife population control and should not be
considered to be a major commercialized vaccine product.

Many of the experimental ZP-based vaccines have induced reasonably high levels of efficacy
sufficient to engender strong interest in further development and commercialization, with ZP
antigens alone or in combination with sperm antigens to increase efficacy. Such combination
vaccines as recombinant fusion antigens have been tested in a range of species to good effect.

Despite considerable scientific advances, there has been only very limited commercial success of
gamete antigen-based vaccines. This approach has some major difficulties for wild or feral
animal populations, including developing a delivery system to mass vaccinate wild animal
populations without capture or restraint and being capable of delivering a booster dose, i.e,
allow revaccination; ensuring the specificity of the delivery system to ensure vaccination of the
target species only and to prevent unintentional vaccination and downregulation of fertility in
bystander and native animal species; ensuring reasonable duration of efficacy (the duration
required would be related to the frequency and effectiveness of boost vaccinations); and being
able to induce and maintain high levels of antibody in the female reproductive tract.

Currently, these issues remain unresolved, and it is unlikely that fertility control vaccines will be
used in wildlife management programs or commercialized until such technical hurdles are
overcome. For application of gamete antigen vaccines in humans, the safety of the formulation
would need to be demonstrated. Many constructs of ZP-based vaccines resulted in inflammation
and immunopathology of the ovaries. The use of sperm antigens in the female would be less
likely to induce safety problems. '

VACCINES TO INCREASE FERTILITY

There have been three fecundity vaccines for sheep that have been commercialized, all based on
stimulating an immune response to the steroid androstenedione. Vaccination of ewes against
this intermediate steroid leads to a reduction in estrogen levels, and estrogen (f8-estradiol) has a
negative-feedback effect on the production of follicle-stimulating hormone. Thus,
immunoneutralization of androstenedione leads to the increased production of follicle-
stimulating hormone, and this has the effect of increasing the frequency of multiple ovulations.
The immunogen in the first available vaccine, Fecundin, was polyandroalbumin that contained
androstenedione linked to human serum albumin. Similar vaccines, Androvax and Ovastim, are
now marketed in New Zealand and Australia, respectively. Vaccination is carried out 5 and 2
weeks before mating for 6 to 8 weeks; in subsequent years, a booster dose is given to the flock 2
weeks before mating. The claimed increase in twinning is about 20 to 25% across a flock of
ewes. The actual increased yield of lambs achieved with Fecundin was variable, and the vaccine
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was withdrawn from market. For these vaccines that increase fecundity, the correct nutritional
maintenance of ewes with twins is not always easily managed, and vaccination will not correct
underlying fertility problems.

CONCLUSION AND FUTURE DIRECTIONS

Vaccinology has become a recognized science that combines disciplines of immunology,
microbiology, protein chemistry, and molecular biology with practical considerations of
production costs, regulatory affairs, and commercial returns. The ultimate aim of any new
vaccine is to provide a product that will be used to protect animals and humans against disease.
More recently, vaccines have also found applications in animal production and reproduction
processes. Veterinary vaccines have already made enormous impacts not only on animal health,
welfare, and production but also on human health. A continuous interchange between animal
and human disease control agencies and scientists will be essential to be prepared for the ever-
present threat of new, emerging diseases. This is exemplified most recently with the advent of
avian influenza virus, where poultry and wildfowl are identified as the major carriers of the
disease, but recent data have shown that both wild and domestic cats can also become infected
and may present a source of disease for humans. Pigs are susceptible to both avian and human
influenza viruses, and it is speculated that coinfection of pigs with highly pathogenic avian
influenza virus and human influenza virus may create viral reassortant strains with the ability
for human-to-human transmission. Increasing animal travel and wildlife-human interactions
promoted by global climate changes will also require sustained surveillance for the spread of
diseases in different parts of the world, with both domestic, production, and wild animals
forming important reservoirs of many vector-borne human diseases; e.g., the emergence of WNV
in the United States and Europe requires continuous surveillance and control programs for the
presence of the virus in birds and horses as well as humans. A novel addition to veterinary
vaccines for human disease is a cattle vaccine against Escherichia coli 0157:H7 that recently
received a conditional license for distribution from the Canadian Food Inspection Agency. E. coli
0157:H7 is a leading cause of food-borne disease in humans worldwide, and ruminant livestock
are considered to be its major reservoir.

As highlighted in this review, much progress has been made in expanding the range of
veterinary vaccines available as well as increasing efficacy and reducing side effects of existing
vaccines. Many problems remain to be resolved, and there is ample scope to incorporate new
knowledge and technologies into vaccine design. In particular, most vaccines are still based on
live, attenuated pathogen strains. Apart from the obvious dangers involved with this type of
immunization, this approach is not generally desirable for commercial companies, as it exposes
them to risks of mitigation, and the short shelf life and strain/region specificity of many vaccines
make them uneconomical to produce. While several variably defined subunit vaccines are
available on the veterinary market, they are generally much less protective than live organisms.
A better understanding of the molecular and immunological disease processes is likely to be
required to improve the effectiveness of killed or subunit vaccines. In particular, while it is well
established that the immune system has several effector mechanisms to deal with different
pathogens depending on their individual life cycles and microenvironments (Fig. 1), most killed
and subunit vaccines still rely predominantly on the induction of neutralizing antibodies. An
increased ability to target pathogens at different stages of their life cycle is likely to open up new
avenues for antigen discovery and increase the effectiveness of killed or subunit vaccines. One
way that this may be achieved is through novel delivery systems such as plasmid DNA,
liposomes, nano- or microparticles, and live vectors that introduce the vaccine antigens into the
intracellular. Another major advance in immunology that will have an impact on an often
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neglected part of vaccine development is the increased awareness of the central role that innate
immunity plays in the action of vaccine adjuvants. The recently discovered innate immune
receptors are currently being screened for active novel adjuvant compounds, and their
corresponding ligands (pathogen-associated molecular patterns) are being used to increase or
modulate vaccine responses. The use of adjuvants in veterinary vaccinology is much less
restricted than that in human vaccines, and a large number of different types and formulations
of adjuvants are currently used in licensed veterinary vaccines, compared to only three
adjuvants licensed for human vaccine use. In many cases, the details of the veterinary adjuvants
are unfortunately withheld as proprietary information, but hopefully, this area will be reviewed
in the near future.

Apart from the scientific challenges that are being addressed, the development of a commercially
successful veterinary vaccine also needs to meet the regulatory hurdles that pave the route to
the marketplace. For example, under current U.S. law, vaccines that target noninfectious disease
(e.g., production gains and reproduction) come under the more stringent jurisdiction of the FDA
and are treated as pharmaceuticals, whereas most animal vaccines come under the USDA, with
more rapid and lower-cost routes to registration. In the European Union, regulatory matters are
based on European Union legislation, and company dossiers are assessed and legalized by the
European Medicines Evaluation Agency. In principle, three different procedures can be used to
register a vaccine. During the centralized procedure, new and innovative vaccines are assessed
and legalized in all member states in one procedure. During the mutual recognition procedure,
the company selects a single reference country to evaluate the vaccine dossier, which is followed
by an application in the relevant countries to have the vaccine registered afterwards. The third
possibility is to apply for the recently introduced decentralized procedure, which can be chosen
when a more expedient registration is desired. In this case, the vaccine dossier is reviewed by all
selected countries at the same time to save the first step in the mutual recognition procedure.
The Veterinary International Committee for Harmonization brings together the regulatory
authorities of the European Union, Japan, and the United States and representatives from the
animal health industry in the three regions to harmonize technical requirements for the
registration of veterinary products. The Veterinary International Committee for Harmonization
harmonizes guidelines that represent scientific consensus regarding regulatory requirements
for the three regions. Expert working groups, under the supervision of the Steering Committee,
are created to draft and recommend the harmonized guidelines.

Research and development form the basis for the generation of new and improved veterinary
vaccines. Animal scientists can borrow heavily from medical research, particularly in the areas
of welfare and geriatric medicine for companion animals, which are becoming increasingly
lucrative markets for animal health companies. On the other hand, animal research scientists can
also significantly contribute to human vaccine development, as they are able to bridge the gap
between results obtained in small-rodent models, which are often not directly translatable to
humans. Due to their similar sizes and anatomies, large-animal models are particularly useful for
the testing of different delivery systems and have been extensively used to optimize the uptake
of plasmid DNA for effective DNA vaccination. New animal health vaccines are also likely to be
therapeutic rather than prophylactic, with cancer and osteoarthritis in longer-lived companion
animals being obvious targets. Expected reductions in the cost of recombinant antibodies should
make the passive immunotherapy of dogs and cats feasible. Due to their less stringent regulatory
requirements and quicker route to the market, veterinary vaccines are also at the forefront of
the testing and commercialization of innovative technologies, as exemplified by the recent
successful licensing of two DNA vaccines for horses and fish and the conditional license of a DNA
vaccine against CMM.
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