Chapter 1

Challenges in Veterinary Vaccine Development
and Immunization

Mark A. Chambers, Simon P. Graham, and Roberto M. La Ragione

Abbreviations

AI(V) Avian influenza (virus)

BVD  Bovine viral diarrhea, caused by the Pestivirus, BVDV

FMD  Foot-and-mouth disease, caused by the Picornavirus, EFMDV

1B Avian infectious bronchitis caused by the Coronavirus, IBV

IBD  Infectious bursal disease caused by the Birnavirus, IBDV

ILT Infectious laryngotracheitis, caused by the Herpesvirus, Gallid herpesvirus 1
(GaHV-1/ILTV)

MDV  Marek’s disease, caused by the Herpesvirus, Gallid herpesvirus 2 (GaHV-2/MDYV)

ND Newcastle disease, caused by the Paramyxovirus, NDV

PRRS Porcine reproductive and respiratory syndrome, caused by the Arterivirus, PRRSV

PRV  Pseudorabies virus (Suid herpesvirus 1), the causative agent of Aujeszky’s
disease

1 Introduction

Infectious diseases of livestock have a direct major financial impact
globally through production losses arising from morbidity and
mortality. Such losses can include poor weight gain or productivity,
condemnation of product, lower commercial return, and inability
to trade nationally and internationally. A number of infectious dis-
eases of mammals and birds are of additional global concern due to
their zoonotic potential, their ability to be carried across geograph-
ical boundaries, their ability to jump species, and to evade or sub-
vert host immune defenses and to throw-off more virulent variants.
Examples include influenza viruses, Salmonelin, and Leishmania.
The direct and indirect social and economic costs associated with
infection are hard to assess [1], but can be dramatic. For example,
the HINI influenza pandemic in Mexico in 2009 directly affected
tourism, the service sector, retail trade, transport, entertainment,
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the agricultural industry (particularly pig farmers) and depressed
international investment. The outbreak is estimated to have
reduced economic activity by 0.3-0.5 % of gross domestic product
(i.e., between US$ 2.7 and 4.5 billion) [2]. The 2001 foot and
mouth disease (FMD) outbreak in the UK took 7 months to eradi-
cate, resulted in the slaughter of more than six million animals and
was estimated to cost £8 billion to the public and private sectors
[3], as well as having considerable environmental costs [4].

Vaccines can be used to prevent, manage, or eradicate disease
and are set to become increasingly important as front-line control
tools, especially as bacteria progressively emerge with wide resist-
ance to available antibiotics and the burden of parasites resistant to
antiparasitics increases. The demand for alternative means of con-
trolling disease and enhancing livestock health is driven by increas-
ing concern of consumers over the potential for drug and antibiotic
residues in meat [5] and greater awareness of the burden of antibi-
otic resistance in the environment [6]. However, vaccines are not
a “silver bullet.” To be most effective they invariably need to be
deployed within comprehensive control strategies that include
detailed understanding of the disease epidemiology, biosecurity,
quarantine, surveillance, diagnosis, education, and control of the
disease vector or reservoir species. It was this combination of meas-
ures that resulted in the eradication of Rinderpest through vaccina-
tion [7]. Indeed, veterinary vaccines can be remarkably effective.
As well as enabling Rinderpest to be eradicated, the development
of safe, affordable rabies vaccines efficacious in a variety of species
has resulted in dramatic reductions in the burden of this devastat-
ing disease in some continents [8] and vaccination against the par-
asitic protozoa Eimeria has been a major success in the fight against
avian coccidiosis, arguably one of the most economically important
livestock diseases in the world [9]. The recent deployment of the
first genetically modified live bacterial vaccine for avian pathogenic
E. coli has opened the market for a new range of vaccines [10].

The focus of this review is on vaccination against infectious
disease. Other applications of vaccination include those designed
to provide protection against noninfectious diseases such as aller-
gies and cancers, and those designed to control fertility and pro-
duction. For consideration of vaccination for these applications in
veterinary species the reader is directed to the excellent review of
Meeusen et al. [11]. The reader may also wish to read the recent
review by Knight-Jones et al. that describes aspects of the evalua-
tion of veterinary vaccines and how this compares and contrasts
with human vaccine evaluation [12].

In the following figure (Fig. 1) we present a framework that
describes the different elements that may be considered when
developing veterinary vaccines. This review focuses more on the
scientific elements at the center of the figure, but the cost of devel-
opment, practicality of use, challenges to licensing, and the even-
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Fig. 1 Different elements that have to be considered when developing veterinary vaccines

tual market value of the vaccine are all crucial considerations that
may ultimately dictate whether a veterinary vaccine proceeds to
market. Readers are directed to the excellent online resource,
Vetvac  (http://www.vetvac.org/index.php), a free searchable
global database of commercially available livestock vaccines. One
can search by vaccine name, pathogen, manufacturer, host species,
and country of interest, and combine search terms. For access to
research data for commercial vaccines and vaccines in clinical trials
or in early stages of research, readers are directed to the Vaccine
Investigation and Online Information Network (VIOLIN) data-
base (http://www.violinet.org). For researchers in the UK, the
Veterinary Vaccinology Network (www.vetvaccnet.org) is a multi-
disciplinary network with the aims of facilitating knowledge
exchange and discussion, fostering development and uptake of
novel tools and technologies, and addressing unmet needs in
protective immunity in the field of veterinary vaccinology [13].

2 Choice of Target Species

The target host species for vaccine development is often dictated
by the economic impact of the disease or the risk the species repre-
sents for onward transmission of a pathogen, although it may also
be a candidate for vaccination if it is valuable to protect in its own
right, e.g., companion animals, rare species or zoological
collections. Typically the species of concern is targeted directly for
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vaccination. However, it may be that the vaccine is targeted to a
reservoir species that presents a risk. For example, European
badgers ( Meles meles) may be vaccinated against bovine tuberculo-
sis (TB) in England and Wales with BCG (Bacillus Calmette—
Guérin) (BadgerBCG, Animal and Plant Health Agency, UK) in an
effort to break the transmission of Mycobacterium bovis infection
between badgers and cattle. There are also experimental vaccines
against Toxoplasma gondii infection of domestic cats that could be
used to reduce excretion of oocytes into the environment, thereby
protecting sheep from infection with the parasite resulting in
abortion [14]. Another important application of vaccination of
veterinary species is to protect humans from zoonoses. Examples
of this include vaccination of domestic dogs and sylvatic carnivore
species to protect against rabies in humans and domestic and
companion animals; vaccination of poultry and pigs against
zoonotic serovars of Salmonella spp.; vaccination of cattle against
enterohemorrhagic  Escherichia coli O157:H7 [15]; and the
proposed vaccination of dogs against Leishmania spp. to protect
humans against visceral leishmaniasis [16].

Where there are multiple host species for the same pathogen,
there may be a lack of information on the efficacy of a vaccine in all
affected species. The efficacy of a vaccine may vary between species,
making extrapolation from one to another difficult. For example,
because of their commercial value, chickens and turkeys are the
focus of avian influenza (Al) vaccination and the only bird species
for which there are licensed vaccines. Whilst ducks and geese may
be significant reservoirs of Al viruses, including highly pathogenic
variants, the performance of vaccines in these species is largely
unknown.

3 Choice of Vaccine Approach

3.1 Inactivated
Whole-Pathogen

There are many examples of the use of inactivated whole-pathogens as
successful veterinary vaccines spanning several decades. These include
inactivated viruses, €.g., for swine and avian influenza and bovine viral
diarrhea (BVD), parasites, e.g., for leishmaniasis and spontaneous
abortion in cattle caused by Neospora caninum, and bacteria, e.g.,
immunization of dogs against Borrelia spp. Inactivation is usually
brought about by heat or chemical treatment or irradiation.

The advantage of vaccines based on the whole-pathogen is that
they are generally stable and retain a high proportion of the
antigens of the live pathogen. However, by definition they are
unable to infect or replicate in the host or express antigens associ-
ated with active metabolism, replication, or other life-cycle stages.
As a consequence, inactivated whole-pathogen vaccines often
require booster immunizations and the inclusion of adjuvants to
achieve adequate protection.
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One novel approach involves the creation of bacterial “ghosts.”
Bacterial ghosts are nonliving gram-negative bacterial cell envelopes
devoid of cytoplasmic contents while maintaining their cellular
morphology and native surface antigenic structures. They are pro-
duced by bacteriophage protein-mediated lysis of the bacteria. As
well as containing intrinsic adjuvant properties, bacterial ghost
preparations can be made containing additional antigens that are
expressed in the envelope complex of the bacteria before they are
lysed. The advantages of bacterial ghosts include the simplicity of
the production method, safety, independence from the cold chain,
and versatility to express multiple antigens as a combination vaccine.
We are not aware of any commercial vaccines based on bacterial
ghost preparations. Recent experimental evaluation of ghosts
prepared from Salmonella enterica serovar Enteritidis carrying the
E. coli heat-labile enterotoxin B subunit as an adjuvant gave very
encouraging protection to chickens against challenge with a virulent
Salmonella Enteritidis strain [17].

Inactivated whole-virus vaccines may not induce cross-protec-
tion from one viral geno/sero-type to another, e.g., for FMDYV,
possibly due to inactivated whole-pathogen vaccines working via
the induction of antibody-mediated immunity and not via the
induction of cell-mediated immune responses which may be more
broadly cross-reactive, although this limitation may be overcome by
including multiple inactivated types in the same vaccine preparation.

Live attenuated vaccines are reduced virulence versions of the tar-
get pathogen that retain the ability to undergo limited replication
within the host, thereby inducing cellular and /or humoral immune
responses that are relevant to conferring protection against the
fully virulent organism. As a consequence, live attenuated vaccines
rarely require an adjuvant to be effective and can be administered
in a way that mimics the natural route of infection. They can be
highly effective vaccines capable of providing lifelong immunity.
For example, the eradication of Rinderpest virus, only the second
pathogen after smallpox virus to have been eliminated via human
intervention, was the result of the targeted use of an efficacious live
attenuated vaccine [7]. Vaccination against T7ichophyton verruco-
sum with an attenuated strain of T. verrucosum (Bovilis Ringvac
LTF-130, Merck Animal Health) has all but eradicated bovine
ringworm from the national herd in Norway [18].

A significant advantage of live vaccines is that they express a
wider range of relevant pathogen antigens, including those that
require active metabolism. This is particularly important for vaccines
against protozoan or helminth parasites since antigens may be dif-
terentially expressed between life cycle stages. The commercial
protozoal vaccine Toxovax (MSD Animal Health) protects ewes
against infection with Toxoplasma gondii. The attenuated vaccine
strain of T. gondii (S48) cannot form cysts and is therefore unable
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to persist. The commercial helminthic vaccine Bovilis® Huskvac
(MSD Animal Health) protects cattle against the lungworm
Dictyocanlus viviparus. The vaccine contains 1000-2000 viable D.
viviparus infective third stage larvae that are irradiated to prevent
their development into the mature adult stage.

Pathogen attenuation is often induced by serial passage
through in vitro culture or infection of alternative hosts with reli-
ance on random mutations to result in reduced virulence in the
target host. The paradigm for such a vaccine was the development
of BCG vaccine against TB. Starting with a virulent bovine strain
of M. bovis, Albert Calmette and Camille Guérin cultured the
bacteria on a medium composed of ox bile, glycerine and potato
and then subcultured the bacteria at roughly 3 weekly intervals.
After 11 years or approximately 230 subcultures the bacteria failed
to produce progressive TB when injected into a variety of mam-
malian species, including cattle. Since that time, BCG remains the
only TB vaccine licensed for use in humans and has been the sub-
ject of numerous trials in cattle to test its ability to protect against
bovine TB. As has been observed for humans, BCG’s ability to
confer protection to bovine TB is highly variable. However, its
main limitation is that it can sensitize cattle to produce a positive
tuberculin skin-test reaction, the mainstay of surveillance and
control for bovine TB. Defining the genetic lesions in BCG respon-
sible for attenuation became possible with the advent of whole-
genome sequencing. The availability of the complete genome
sequence data for many pathogens now permits selective deletion
or disruption of genes to result in targeted attenuation. A good
example of this is the recently launched avian pathogenic E. cols
vaccine, Poulvac® E. coli (Zoetis) [10].

Despite their success for some diseases, there are a number of
problems with many inactivated whole-pathogen or live attenuated
vaccines including that the immune responses they induce are often
indistinguishable from those elicited by natural infection. Thus,
they do not readily allow for differentiation between infected versus
vaccinated animals (DIVA), which makes them less suitable for use
in disease eradication efforts. Some notable examples include foot-
and-mouth disease (FMD), leptospirosis, brucellosis and bovine
TB. Vaccines may interference with surveillance methods in two
different ways: either it is not possible to differentiate the wild-type
pathogen from its vaccine strain in a diagnostic sample, e.g., for
infectious bursal disease (IBD), Newcastle disease (ND), and FMD;
or a vaccine generates false positivity in an immunodiagnostic test.
For example, seroconversion following vaccination against IBD or
sensitization of vaccinated livestock to the single bovine intradermal
tuberculin test as a consequence of vaccination with the paratuber-
culosis/Johne’s disease vaccine, Silirum® (CZ Veterinaria) [19] or
BCG. In the latter case, considerable effort has been invested in the
characterization and validation of DIVA diagnostic reagents that
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might permit the use of BCG in cattle. In some cases, the gene
product disrupted for attenuation may encode an immunodomi-
nant, unprotective, nonessential antigen and this can be used as the
basis of a DIVA test to discriminate vaccination from infection with
wild-type pathogen.

Attenuated virus vaccines are generally considered more effica-
cious than inactivated whole-virus vaccines since they induce stron-
ger T cell responses, high titers of virus-neutralizing antibodies and
provide a longer duration of protection from clinical disease.
However, there is a risk that the vaccine virus can revert to a virulent
form or recombine with field viruses and cause disease. This was
seen with attenuated vaccines for both BVD and porcine reproduc-
tive and respiratory syndrome (PRRS). In the case of attenuated
vaccines against Al, there is an inherent risk of gene reassortment
with wild-type viruses and the emergence of pathogenic variants.
Infectious laryngotracheitis (ILT) is a particular problem for the
intensive poultry industry. Attenuated vaccines for ILT, particularly
those derived by passage in chicken embryos, have been associated
with a number of side eftfects, including residual virulence, transmission
to naive birds, latent infection with subsequent reactivation and shed-
ding of virus, and reversion to virulence after passage in vivo. Most
recently, recombination between attenuated ILT vaccines in the field
has been shown to be responsible for the emergence of new virulent
viruses that have caused widespread disease.

In pregnant animals, live vaccines present a risk of vertical
transmission of the attenuated pathogen that can result in fetal
complications or persistent infection [20]. As a result, some live
attenuated viral vaccines are not licensed in a number of countries.
Attenuated bacterial vaccines may also retain a degree of virulence
that provides impetus to developing safer vaccines of equal efficacy.
For example, the most widely used live attenuated vaccines for
Brucelln abortus and B. melitensis can induce abortion in the host
and brucellosis in people.

The major advantage of subunit vaccines is their safety. However,
their production as recombinant protein relies on knowledge of
the protective antigen. In many cases this is either unknown or
protection is mediated through a variety of antigens. The latter
may not necessarily be an issue, as exemplified by commercial
vaccines available for porcine contagious pleuropneumonia where
four or five recombinant proteins from the causative organism
Actinobacillus pleuropnenmonine are combined to provide protec-
tion against all known A. pleuropnenmonine serotypes. A further
limitation is that the recombinant form of the antigen may not
induce the same type or extent of immune response as the native
antigen because it doesn’t preserve native conformation. This is a
particular issue for vaccines against parasites and viruses where the
target for vaccination is often a glycoprotein.
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3.4 Recombinant
Vector

As for inactivated whole-pathogen vaccines, subunit protein
vaccines are often poorly immunogenic and require booster immu-
nizations and inclusion of adjuvants to achieve adequate protection.
When added to their relatively high cost of production, this makes
them less attractive commercially. Nonetheless, there are some
commercial subunit vaccines based on recombinant protein, e.g.,
the Porcilis PCV vaccine (MSD Animal Health) is based on the
baculovirus-vectored expression of recombinant ORF2 protein of
porcine circovirus type 2 (PCV2), the causative virus of porcine
circoviral disease including the post-weaning multi-systemic
wasting syndrome of pigs.

More rarely, the subunits may be native proteins often isolated
from the supernatants of pathogen cultures. An example of this is
the soluble parasite antigens released by culture of Babesia canis.
When combined with adjuvant, these antigens form effective
vaccines against canine babesiosis.

Exogenous vaccine genes can be presented and expressed in the con-
text of a vector organism. Frequently the vector is a virus, such as a
herpesvirus, adenovirus, or poxvirus, but bacterial vectors are also
used, including BCG and Salmonelin, as well as bacterial endospores
[21]. Some recombinant vector vaccines are licensed for use, such as
a vaccine for H5 clade Al based on a recombinant fowlpox virus vec-
tor (Trovac-AIV H5, Merial), a vaccine for equine influenza based
on canarypox virus (Proteq-Flu/Recombitek, Merial) and rabies
vaccine based on recombinant vaccinia virus. Recombinant poxvi-
ruses are particularly attractive vaccine vehicles as they are environ-
mentally robust, genetically stable, safe, produce long-lasting
immunity and can accommodate a large amount of foreign
DNA. The vaccinia virus vectored rabies vaccine has been particu-
larly successful as an oral vaccine vector against rabies in wild carni-
vores, resulting in substantial control of the disease throughout
Western Europe and the USA. Virally vectored recombinant vac-
cines have been developed against ILT in an effort to address the
numerous side-effects seen with attenuated viral vaccines (reviewed
in Ref. [22]). Some of these have been licensed recently for use in
some areas of North and South America, such as Vectormune® (FP-
LT, Ceva Animal Health), based on a recombinant fowlpox vector.

An attractive approach is to make an attenuated form of a tar-
get pathogen as the vector organism with the aim of generating a
bivalent vaccine eliciting protective immunity to both the vector
and the heterologous antigen(s) it expresses. No such vaccines
have yet been licensed using a bacterial or parasite vector but have
been for viral vectors. Simultaneous protection against Marek’s
disecase virus (MDV) and ecither IBDV (Vaxxiteck HVT +IBD,
Merial) or ILTV (Innovax®-ILT, Intervet International B.V;
Vectormune® HVT-LT, Ceva Biomune) has been possible using
turkey herpesvirus as the vector to express IBDV or ILTV anti-
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gens. Turkey herpesvirus is nonpathogenic for chickens but confers
cross-protection to MDV. Encouraging results have also been seen
with live Salmonelln vectors expressing peptide epitopes from
Campylobacter proteins [23]. Recent progress in the genetic
manipulation of Eimeria species presents the exciting opportunity
for the creation of transgenic parasite lines as host-specific vaccine
delivery vectors expressing one or more foreign proteins to provide
simultaneous protection against coccidiosis and other veterinary or
zoonotic pathogens [24]. However, it is also worth noting that
preexisting anti-vector immunity can neutralize these vaccines and
significantly diminish their immunogenicity.

DNA vaccines are based on the ability of injected plasmids to
express vaccine antigens, under the control of an appropriate
eukaryotic promoter, in host tissue, in particular muscle cells and
skin epithelia. Recombinant plasmid DNA is both relatively cheap
to produce and sufficiently stable to avoid the necessity for a cold-
chain in many cases. However, the level of protective immunity
induced by DNA vaccination is often low unless relatively large quan-
tities of DNA are injected, so as for recombinant protein vaccines,
their cost is often prohibitive. One application where they have been
found to be particularly successful is in protecting fish against viral
diseases, such as infectious hematopoietic necrosis in Atlantic salmon
(Apex-IHN, Novartis). At present, fish must be injected with the
DNA vaccine intramuscularly, a process that is surprisingly efficient
(see videos at http: / /www.norvacc.com/video-7.html).

The expression of recombinant vaccine antigen(s) in plants that
could be fed to target species in order to generate and maintain pro-
tective immunity is an attractive option that has been explored for
two decades; recently in the EU FP7 project PLAPROVA (project
reference: 227056). This 3 year project completed in 2012 (http://
cordis.europa.eu/project/rcn /89887 _en.html) and focussed on
ALV, blue tongue virus and PRRSV. There have also been encourag-
ing results using recombinant antibodies against E. coli O157:H7
produced in plants [25, 26]. A challenge is overcoming the propen-
sity for oral vaccines to induce immune tolerance. The first plant-
based vaccine (for ND) was licensed in 2005. As well as protecting
against viruses of domestic species, the approach also shows promise
for the delivery of parasite antigens to the gut associated lymphoid
tissues (e.g., for fasciolosis, schistosomiasis, poultry coccidiosis, por-
cine cysticercosis and ascariosis) or passive immunization through
the delivery of plant-expressed antibodies. The reader with an inter-
est in progress in plant-based, edible vaccines is directed to recent
reviews of the subject [27-29]. Despite the promise of plant-based
vaccines there are concerns with public acceptance of GM foodstuffs
for livestock and the risk they pose to contamination of the human
food chain or the environment [30].
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3.7 Heterologous
Approaches

3.7.1 Heterologous
Prime-Boost

Some approaches to vaccination exploit a synergy where two
different vaccines to the same pathogen are combined to augment
protective immunity. We break these down into two broad approaches.
The first has been termed, heterologous prime-boost. The second
approach exploits what we refer to as combination vaccines.

In this scenario, the host is first primed with one type of vaccine,
such as a live viral vector expressing antigen(s), followed by
boosting with another vaccine, such as a live attenuated vaccine
that expresses the same antigen(s) present in the priming vaccine.
The objective is to boost or enhance immunity to the antigen(s) in
a way that is more effective than using the same vaccine for priming
and boosting. Comprehensive proof of principle for this approach
has been demonstrated for vaccination against M. bovis, the cause
of bovine TB. A number of vaccination strategies have been evalu-
ated for their protective effect in a bovine challenge model
(reviewed in Ref. [31]). Currently the most effective vaccination
strategy against bovine TB is based on priming the immune system
with the live attenuated BCG vaccine followed by boosting with a
subunit vaccine containing protective antigens that are present in
BCG. A number of these heterologous prime-boost regimes have
conferred greater relative protection to cattle than immunization
with BCG alone. The most promising combinations combine a
prime with BCG followed by boosting with either modified vaccinia
virus Ankara strain (MVA) or attenuated adenoviruses expressing
the mycobacterial antigen Ag85A [32].

Another example is the comprehensive evaluation of heterolo-
gous prime-boost vaccination regimes against pseudorabies virus
(PRV) infection causing Aujeszky’s disease in pigs [33]. In this
study the efficacy of a conventional modified live vaccine was com-
pared with the efficacy of different prime-boost regimes. These
consisted of homologous prime-boost regimes (DNA-DNA
vaccination or parapox virus-virus vaccination) or heterologous
prime-boost regimes (DNA-virus or virus—DNA), all expressing
glycoprotein D of PRV. The different prime-boost regimes resulted
in variable levels of immunogenicity and protection against chal-
lenge infection. Most effective was the regime of priming with
DNA followed by boosting with the parapoxvirus vector. This
regime resulted in strong antibody responses comparable to the
responses obtained after prime-boost vaccination with the modified
live vaccine and a level of protection to challenge better than the
other prime-boost regimes. From a practical perspective, heterolo-
gous prime-boost approaches can suffer from the disadvantage that
two vaccines must be produced /administered in the place of one.
Furthermore, there is added practical complexity that the two
vaccines must be administered often in the correct sequence to
achieve the required protection.
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In this scenario two different vaccines to the same pathogen are
administered simultaneously, with the objective of enhancing pro-
tective immunity. There are numerous successful examples of this
approach. Typically the combination is against different strains of
the same pathogen using the same vaccine form. An example of
this is Poulvac IB Primer (Zoetis), a lyophilized vaccine containing
two attenuated strains of avian infectious bronchitis virus (IBV):
Massachusetts serotype H120 and Dutch variant strains D207/
D274. Alternatively, the combination may be based on different
vaccine types. For example, the simultaneous administration of live
and inactivated vaccines against NDV provides better protection
and has been used successfully in control programs in areas of
intense poultry production. In some cases the licensed vaccine
contains multiple vaccines against different pathogens, e.g., the
RECOMBITEK® C4 (Merial) vaccine comprises a modified live
virus and a canarypox vector to confer protection against canine
distemper, Adenovirus Type 2, Parainfluenza, and Parvovirus, and
the RECOMBITEK® C6 (Merial) vaccine adds a liquid suspension
of inactivated cultures of Leptospira canicoln and L. icterohaemor-
rhagine to confer additional protection against Leptospirosis.

4 Choice of Antigen

Many of the points relating to the choice of vaccine antigen have
been alluded to already. An essential consideration is whether suf-
ficient protective immunity can be produced using a single antigen
or whether multiple antigens are required. Indeed, it may not even
be known what the protective antigens are or the mechanisms of
protective immunity, which may guide an antigen identification or
evaluation strategy. Even if the protective antigen is known there
are still important considerations and constraints that often dictate
the type of vaccine that is developed; for example, the extent to
which the antigen varies naturally and whether it is necessary to
retain native antigen conformation to establish protective immu-
nity with the vaccine. Single-stranded RNA viruses, such as
influenza, lentiviruses including feline immunodeficiency virus
(FIV) and nidoviruses such as IBV and PRRSV evolve rapidly by
antigenic drift and shift meaning a vaccine developed to one variant
may provide limited cross-protection to heterologous variants,
presenting a major obstacle for vaccine development. In some
cases, vaccination with two genetically divergent vaccines to
broaden the protection against heterologous types can be eftfective,
as in the case of the Poulvac IB Primer (Zoetis) vaccine to avian
1BV, described above.

A novel experimental vaccine for leishmaniasis extends consid-
eration of the vaccine antigen to targets beyond the pathogen
itself. In this study, vaccination was to the bite of the sand fly
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vector. Immunity generated in a hamster model to a fly salivary
protein resulted in protection against Leishmania infantum,
suggesting a new approach to vaccination against infections trans-
mitted by ectoparasites [ 34].

5 Choice of Inmune Response To Be Targeted

This is frequently an aspect of vaccination that is poorly defined for
the pathogen and/or the target species. This is exacerbated if the
pathogen is difficult to work with experimentally or relatively little
is known about the immune response of the target species and suit-
able reagents for its study are lacking. Good examples for this are
the development of equine vaccines (reviewed in Ref. [35]) and
vaccines against avian influenza (AI) in Anseriformes, such as ducks
and geese [36, 37]. Only since 2004 has the full complement of
horse immunoglobulin heavy chain constant region genes been
described. The horse is atypical in that it expresses seven IgG
subclasses. To achieve maximal protection to infections mediated
by Fc receptor or complement-mediated elimination mechanisms,
it appears vaccines should elicit IgG antibodies of particular IgG
subclasses; other subclasses offering less effective protection [38].
Importantly, as the authors of this work point out, since IgG plays
key roles in both serum and mucosal compartments in the horse,
these considerations are applicable to both systemic and mucosal
vaccination strategies. Vaccination of Anseriformes with existing
Al vaccines requires a higher dose of antigen compared with chick-
ens or the addition of a strong stimulator for the immune response
to be effective. Differing immunoglobulin genetics is considered
to be a significant contributing factor to this [36].

This said it is debatable whether it is necessary to have a clear
understanding of the protective immune mechanisms before
vaccine development can proceed. However, a good understand-
ing of immunological correlates/surrogates of protection can
reduce the need for expensive challenge experiments as part of the
vaccine development process. Commercial vaccines, such as BCG
for TB and Fel-O-Vax FIV for FIV are widely used vaccines yet the
precise basis for their protection is unclear. This means we do not
know why they fail to protect certain individuals. Poor understand-
ing of the basis for protective immunity makes it hard to develop
improved vaccines on a rational basis.

Even when a significant amount is known about the nature of
protective immunity, the challenge may be that effective protection
requires stimulation of different elements of immunity at different
stages and in different anatomical locations. For example, antibod-
ies only protect at the initial site of influenza infection whereas
cellular responses, especially cytotoxic T-lymphocytes (CTL) are
needed once initial infection has occurred. These considerations
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dictate how the antigen is presented, e.g., vaccine-derived anti-
genic peptides must be processed and presented by MHC class 1
cytosolic or cross-presentation pathways for CTL responses to be
generated.

In addition, the immune response required to protect against
one pathogen may be antagonistic to the response required to
another type of pathogen. This is best exemplified by the difference
in protective immunity required against helminthic pathogens,
that is characterized by the type 2 immune response, compared to
the response required for intracellular pathogens, that is character-
ized by type 1 immune responses. This of course is a generalization
but it highlights how antagonism between the two broad arms of
immunity can be a hurdle to vaccination; underlying concomitant
infections may skew the immune response making redirection of
the immune response by vaccination a challenge.

As innate immunity is considered to be evolutionary primitive
compared to acquired immunity, many elements of the innate
response are common amongst veterinary species, such as the
universal existence of pattern recognition receptors (PRRs) able to
respond to pathogen-associated molecular patterns (reviewed in
Ref. [39]). Increasing our understanding of the innate immune
response to pathogens should result in the development of
molecular adjuvants to enhance and /or refine the host response to
vaccination.

6 Adjuvants

An adjuvant enhances the magnitude or duration of immunity, can
accelerate the onset of immunity, direct its nature, prolong immu-
nological memory, reduce the dose of antigen required to establish
immunity, or a combination of these actions. They do this by either
sequestering the antigen or targeting it to an antigen-presenting
cell (APC), by activating the APC, or modifying the behavior of
T-cells. Some vaccines contain inherent adjuvanticity due to their
ability to stimulate the innate immune system via engagement of
PRRs. Inactivated whole-virus or subunit vaccines invariably need
an adjuvant to boost delayed or weak protective immunity, e.g., for
swine influenza virus or PRRSV, especially where the pathogen
downregulates host immunity, e.g., PRRSV and to overcome the
effects of maternal antibodies on young animals (a form of vaccine
interference—see Subheading 9).

The choice of adjuvants is considerable. One advantage faced
by those developing vaccines for veterinary species compared to
human is that the use of adjuvants is currently less restricted. There
have been numerous reviews of adjuvants for use in humans and
animals over the last 20 years and we would refer readers to those
listed below in particular. In the following table (Table 1) we present
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Table 1

Summary of adjuvants available for veterinary vaccine development by type

Examples (incl. brand name where appropriate)

Type of adjuvant  Those underlined are in use in licensed vaccines Notes
Oil emulsion Freund’s Complete and Incomplete Adjuvants, May be W/O (water in
Montanide®, Titermax®, Ribi®, SAF®, MF59 oil) or O/W (oil in

Microparticle

(Immuno)-active
compounds

Microbial derived

Synthetic
polymers

water), or further
combinations, e.g.,

W,/0,/W

Aluminum hydroxide, potassium aluminum sulfate
(alum), aluminum phosphate (alhydrogel), calcium

phosphate, immune stimulating complexes of Quillaja
saponins (ISCOM:s), poly(lactide-co-glycolide) (PLG),
alginate, liposomes, non-ionic block copolymers,
virosomes, cochleates, poloxamers, virus-like particles
(VLPs)

Saponin (Quil A or QS-21), DDA, Monophosphoryl Cytokines have been
lipid A (MPL A), cytokines (IL-1, -2, -6, -8, -12, evaluated particularly
TNEF-a, GM-CSF, MIP-2, type I interferons), chitosan  in ruminants, pigs,

and birds

Heat-labile enterotoxin and cholera toxin (LT, CT) and
mutants thereof (LTK63, LTR72),
(lipo)polysaccharides, CpG oligonucleotides,
lipopeptides, flagellin and other Toll-like receptor
agonists

Polyanhydrides, polyesters, polyester amides, dextran

Information in this table was partly taken from data presented in the following reviews to which the interested reader is

directed: [40—44]

a synthesis of information described in these reviews and gleaned
from other published studies. It is almost certainly not exhaustive
but serves to describe the wide range and nature of adjuvants avail-
able or under development. Some adjuvants could be described
under more than one type but these, e.g., saponin and CpG oligo-
nucleotides, are listed only once for simplicity. Many veterinary
adjuvant-vaccine formulations are proprietary and their composi-
tions have not been disclosed. The reviews provide more detail for
the different adjuvants regarding their composition, structure,
mode of action, type of immune response they stimulate (where
known), target host species, and pathogen for which they have
been evaluated.

The use of adjuvants in veterinary species has not been without
notable side effects. For example, the occurrence of vaccine-associated
malignant sarcomas in cats is attributed to the use of aluminum salt
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adjuvanted vaccines [45]. The hemorrhagic disorder; bovine neona-
tal pancytopenia (“bleeding calf syndrome”) that emerged in 2007 in
several European countries was reported to be linked to the use of
the BVDV vaccine PregSure®BVD. Moreover, this association was
attributed by some to the presence of significant amounts of biopro-
cess impurities within the vaccine combined with a powerful adjuvant
system [46]. This apparent association led to the withdrawal of the
product from the market in 2011.

7 Route of Vaccination/Efficacy of Delivery

Considerations over the most appropriate route of delivery for the
vaccine may be driven by practicality, concerns over local reactoge-
nicity, or attempts to enhance or direct the immune response in a
desired way. Since the route of entry for many pathogens is at
mucosal surfaces, the induction of immunity at mucosal surfaces is
critical to prevent infection. Therefore numerous attempts have
been made to deliver vaccines to mucosal surfaces (oral, ocular,
nasal). It is often generalized that a common mucosal immune
system exists whereby antigenic stimulation of immunity at one
mucosal site results in the secretion of IgA at a distant mucosal site.
However, in many cases this has shown not to be the case. Instead
there is functional compartmentalization and limited reciprocity
between sites. Basic understanding of the extent to which the target
species shares a common mucosal immune system is an essential
consideration in determining the most appropriate route of
immunization. For instance, whilst oral immunization may confer
protection in the respiratory tract, the converse may not be true.
The oral route is likely to be the favored route for targeting
populations or larger groups of animals, especially wildlife species
and poultry. However, in the case of vaccine delivery for wildlife it
is dependent on presentation in bait and the most suitable bait and
baiting strategy may differ between species and contexts, as
exemplified by rabies vaccination [47]. Automated % ovo vaccina-
tion is an emerging technology for poultry, e.g., using the
Inovoject® System (an Embrex® BioDevice from Zoetis) to deliver
Inovocox® vaccine against coccidiosis. The manufacturers claim
advantages for the system over oral or parenteral vaccination of
chicks such as consistent and uniform vaccine delivery, reduced
chick stress, earlier immune response and protection, and significant
labor savings. DNA vaccination may be improved through attempts
to improve transfection efficiency, such as transcutaneous injection,
biolistic particle delivery, or electroporation (reviewed in Ref.
[48]), but these methods are not yet in routine use with livestock.
For fish, the route of vaccine delivery is an important factor in
influencing efficacy. The most efficient delivery route at present is
intramuscular (IM) injection [49], but suitable delivery strategies
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for mass vaccination of small juvenile fish have yet to be developed.
Other methods evaluated for vaccination of fish include scarification
of the skin, intraperitoneal injection, intrabuccal administration,
cutaneous particle bombardment using a gene gun, or immersion
[50, 51]. The ideal approach would be oral or immersion delivery
of vaccine, but so far gene gun mediated delivery appears the most
promising alternative to IM injection although it remains at the
research stage.

8 lllustrative Examples

8.1 Porcine
Reproductive
and Respiratory
Syndrome (PRRS)

The challenges and the diversity of approaches taken to veterinary
vaccine development are well illustrated by a few examples for
which the authors have particular experience.

PRRS is arguably the most important disease impacting the swine
industry worldwide. Improving the efficacy of vaccination against
PRRS is a major challenge particularly since the PRRS virus
(PRRSV) is rapidly evolving and diversifying. Progress is hampered
by uncertainty over the viral targets of protective immunity and
significant knowledge gaps in the understanding of the mecha-
nisms of host protective immunity to PRRSV infection. The lack of
reliable correlates of immunity that mean novel vaccines need to be
tested empirically and the genetic diversity of PRRSV means
extrapolation of results between isolates is risky.

According to www.vetvac.org, there are currently 25 commer-
cially available PRRSV vaccines; 15 live attenuated and ten inacti-
vated vaccines, which are derived from both the North American
and European PRRSV genotypes. Modified live vaccines (MLVs)
were rapidly developed following the almost simultaneous
emergence of the two PRRSV genotypes in North America and
Western Europe some 25 years ago. The market leading MLV
(Ingelvac PRRS MLV, Bochringer Ingelheim) was based on a
North American genotype isolate and it has now been attributed as
being responsible for the introduction of North American PRRSV
to over eight countries outside of this continent [52]. This sharply
illustrates the capacity of attenuated PRRSV to revert to virulence,
a property facilitated by a high-mutation rate during PRRSV
replication. In addition, there are numerous reports of PRRS dis-
ease outbreaks being caused by “vaccine-like” isolates [53-58].
Despite these safety issues, MLVs continue to be widely used,
which is undoubtedly driven by the limited efficacy of inactivated
vaccines particularly against heterologous strains. Inactivated
PRRSV vaccines are therefore best suited as autogenous or “farm-
specific” vaccines as proposed by Geldhof et al. [59, 60].

PRRSV-specific antibody responses can be observed from 7 to
10 days post-infection [61], however, these antibodies often do
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not neutralize PRRSV infectivity [62]. Neutralizing antibodies
(nAbs) may not be observed until at least 4 weeks post-infection,
and titers, when measurable, are lower than those elicited by other
viral infections [61, 63, 64]. Passive transfer experiments have
shown that nAbs can provide a dose-dependent protection against
PRRSV [65-67] and whilst data on protection against heterolo-
gous strains by passive transfer is limited, these studies suggest that
vaccination strategies inducing high-titer nAbs may be efficacious.
Consequently, the majority of approaches to develop the next
generation of PRRSV vaccines have focussed on targeting the nAb
response. During PRRSV infection antibodies are directed against
a broad range of viral antigens and nAb responses have been
mapped to GP2, GP3, GP4, GP5, and M proteins [68-76]. The
early identification of highly conserved linear epitopes in the
ectodomain of the major glycoprotein GP5 [73, 74, 77, 78]
focussed vaccine development efforts on this antigen. However,
recombinant GP5 protein was poorly immunogenic, failed to
provide protection and could exacerbate disease upon challenge
[79-82]. Expression of GP5 by plasmid DNA or viral vectors,
alone or in conjunction with other PRRSV structural proteins,
showed better immunogenicity, but typically failed to induce high
titer nAbs and at best conferred only a degree of protection [83—
92]. Other studies have shed doubt on whether GP5 represents
the prime vaccine candidate, including: the observation that glyco-
sylation sites on GP5, proposed to mask antibody epitopes, are
highly variable amongst strains [93]; studies with chimeric viruses
have shown that GP5 is nonessential for infection of macrophages
[94]; pigs engineered to lack the GP5 receptor sialoadhesin show
an unaltered course of PRRSV infection [95]; and affinity purified
GP5-specific Ab fail to neutralize PRRSV infectivity in vitro [76,
96]. There is consequently an increased focus on the minor enve-
lope proteins, GP2, GP3, and GP4, which form a glycosylated
complex essential for infectivity [97-99]. The evaluation of the
neutralization of PRRSV strains by hyperimmune sera revealed
significant differences in the sensitivity to neutralization that did
not associate with the sequences of previously described linear nAb
epitopes nor to N-linked glycosylation sites [ 100]. Interestingly, a
proportion of sera exhibited significant neutralizing activity against
all isolates suggesting that these sera contain nAb specific for
conserved epitopes that may be poorly exposed and consequently
immunogenic in most PRRSV strains. This study highlights our
limited understanding of the nAb response to PRRSV but suggests
that the identification of the structures recognized by these broadly
cross-neutralizing Ab should be a priority for the PRRS research
community.

Since the resolution of viremia typically precedes the appear-
ance of nAbs, it is likely that T cell responses are more important
to the control and clearance of the virus. Upon PRRSV infection,
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8.2 Bovine Viral
Diarrhea (BVD)

virus specific IEN-y secreting T cells are typically detected in blood
after 7-14 days and continue to increase with time long after the
resolution of viremia [101], which may reflect the persistence and
delayed clearance of antigen in the lungs or lymphoid tissues. Few
studies have attempted to characterize the PRRSV-specific T cell
response in any detail. CD4 T cells are necessary to drive PRRSV-
specific proliferative responses in vitro [102], CD8 T cells are the
predominant population expanded by PRRSV stimulation in vitro
[103] and both CD4 and CD8 T cells contribute to PRRSV-
specific IFN-y responses [104]. While IFN-y is known to inhibit
PRRSV replication at least in vitro [105, 106], cytotoxic killing of
infected cells by CD8 T cell may represent a more effective
protective effector mechanism [107], although this has yet to be
shown convincingly for PRRSV [103]. CD8 T cells are the
dominant population infiltrating the lungs during PRRSV infec-
tion [108] and during resolution of infection they are the major
source of PRRSV-specific IFN-y (Graham et al. unpublished data).
Investigation into the PRRSV antigen-specificity of T cells is
limited and often the phenotype of responding T cells was not
discerned. T cell reactivity against both structural and non-
structural proteins has been described [104, 109-112]. However
more research is required to better define PRRSV T cell antigens
and to test whether they may be used to induce protective immune
responses.

BVD is an economically important infectious disease of cattle
caused by infection with the pestivirus BVD virus (BVDV). BVD
is characterized by leucopoenia, fever, depression, diarrhea, dehy-
dration, anorexia, salivation, nasal discharge, gastrointestinal
erosions, and tissue hemorrhages. However, clinical presentation is
dependent on a number of factors including virus strain, immune,
reproductive, and age status of the host, as well as the presence of
co-infections. The majority of BVDV strains cause a transient acute
infection in healthy animals that is cleared within 10-14 days.
Transient immunosuppression, thought to be a consequence of
immune cell death within lymph nodes and gut-associated
lymphoid tissue and reduced numbers of circulating leukocytes,
increases susceptibility to secondary infection resulting in respira-
tory and enteric disease [113]. BVDV infection has a major impact
on the reproductive success of the host and may result in abortions
or the birth of persistently infected calves that play a key role in the
epidemiology of BVD [114].

Reflecting its commercial impact BVD neatly illustrates the
range of approaches available for vaccine development. There are
around 140 registered BVD vaccine products currently in use
around the world (www.vetvac.org). These are culture attenuated
modified live virus (MLV) or inactivated /killed virus vaccines,
formulated as either monovalent BVDV preparations or multiva-
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lent vaccines including other pathogens implicated in the bovine
respiratory disease complex [115]. Whilst good cross protection is
observed against BVDV type 1 strains, the failure of existing
BVDV-1 based vaccines to protect against some emerging BVDV
type 2 strains has resulted in inclusion of the latter in new vaccine
preparations [116]. MLV vaccines are generally thought to be
more efficacious since they evoke stronger virus-specific T cell
responses, induce high titers of virus neutralizing antibodies and
provide a longer duration of protection from clinical disease than
inactivated vaccines. However, there are safety concerns over the
potential for MLVs to revert to virulence or recombine with field
viruses and cause disease. In addition, MLV-vaccinated animals
may develop transient viremia and shed vaccine virus [117, 118]
and in the case of pregnant animals, MLVs pose the risk of vertical
transmission of the vaccine strain that can result in fetal complica-
tions or persistent infection [20]. Consequently, MLVs are not
licensed in a number of countries including the UK. Neither MLV
nor inactivated vaccines allow for differentiation between infected
versus vaccinated animals (DIVA), which limits their utility in
efforts to eradicate BVDV [119].

The development of next-generation BVD vaccines have
primarily focussed on the delivery of the E2 glycoprotein since it
represents the major target of the neutralizing antibody response.
A variety of approaches have been experimentally evaluated in
cattle. These include DNA plasmids [120-122], eukaryotically
expressed recombinant protein to preserve conformational epit-
opes [123-125], or combined heterologous DNA prime-protein
boost regimes [126, 127] or via live viral vectors [128-131].
Whilst many of these studies have shown encouraging results, to
date none of these vaccines has been licensed.

Salmonelln are an economically important cause of diarrhea and
systemic infections in animals. Furthermore, they are a zoonotic
pathogens and a major cause of diarrhea and systemic disease in
humans world-wide, most commonly as a result of consumption of
contaminated foodstuffs of animal origin. In the European Union
(EU), over 100,000 human cases are reported each year. The
European Food Safety Authority (EFSA) has estimated that the
overall economic burden of human salmonellosis could be as high
as EUR 3 billion a year. Poultry meat, eggs, and egg products are
frequently associated with Salmonella outbreaks as is pork and
contact with infected animals.

Salmonelln Enteritidis, Typhimurium, Virchow, Hadar, and
Infantis are the most commonly implicated serotypes in human
disease in Europe. They are also the most commonly isolated
serotypes from poultry. Moreover, Salmonella Enteritidis (SE) and
to a lesser extent, Salmonella Typhimurium (ST) are commonly
associated with egg related outbreaks [132]. More recently the
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emergence of monophasic strains has complicated diagnosis and
indeed vaccination programs [133]. Despite these challenges the
use of Salmonelln vaccines in laying flocks has contributed to a
significant reduction in human cases of salmonellosis in the UK. It
is widely accepted that vaccination of laying hens confers protection
against Salmonella infection and results in decreased level of on
farm contamination [134] and has contributed to the decline of
the Salmonelln Enteritidis epidemic [135]. Interestingly, in some
European countries (Austria, Belgium, The Czech Republic,
Germany, and Hungary) vaccination of laying flocks is compulsory.
In other countries it is permitted and often recommended
(Bulgaria, Belgium, Cyprus, Estonia, France, Greece, Italy, Latvia,
Lithuania, The Netherlands, Poland, Portugal, Romania, Slovakia,
Slovenia, Spain, and the UK). Conversely, in a few countries
vaccination is prohibited (Denmark, Finland, Sweden and Ireland)
[136]. In the UK, the majority of commercial scale egg producers
subscribe to the British Egg Industry Council (BEIC) Quality
Assurance Scheme that provides a code of practice (Lion Code) on
farm hygiene and welfare standards, including Sa/monella vaccina-
tion. Vaccination against Salmonella began in laying flocks in the
UK in 1998 for farms that subscribe to the BEIC Lion Code
Scheme [137-139].

At present, both live and inactivated vaccines are commercially
available to vaccinate laying flocks [ 140]. Live vaccines generally confer
better protection than the inactivated ones, as they are able to induce
both cell mediated and humoral immune responses [136, 141].
However, they may persist in the environment and can present issues
for the clinical diagnostic microbiology laboratory. As SE and ST are
considered to be the most important serovars for public health in
Europe, existing commercially available live and inactivated Salmonelln
vaccines for poultry are generally targeted against one or both of these
serovars. In the UK, three live vaccines and two inactivated vaccines are
currently available [141-143]. These vaccines are used singularly or
combined. To maximize protection, vaccination programs that com-
bine live and inactivated vaccines are sometimes used [144]. Within
these vaccination programs, oral vaccines are administered in two or
three doses during the rearing period of the pullets and are comple-
mented by one or two injections of killed vaccine (normally close to
point of lay) [140]. Currently used vaccination programs are licensed
for use against biphasic variants of ST, that is expressing two different
flagellar antigenic specificities. Their efficacy against monophasic
Salmonella Typhimurium (mST), which only express a single flagellar
antigenic specificity, has not yet been fully investigated [133, 144]. Itis
likely that ST vaccines have a similar protective effect for mST as for
biphasic ST. However, there are no data available concerning the ethi-
cacy of current vaccination programs [ 145].

Along term goal is to develop vaccines for broiler chickens and
also to investigate the use of vectored vaccines that could be used
to protect layers, broilers and breeders against a number of patho-
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gens, including Campylobacter, E. coli, Salmonelin, Brachyspira,
and Clostridia through the use of a single economically viable
commercial vaccine.

Bovine tuberculosis (bTB) is a major challenge for livestock glob-
ally, a zoonosis, and a significant threat to the cattle industry of
England and Wales. Efforts to eradicate the disease from the bovine
population are hampered where there is a wildlife reservoir of
infection. In England and Wales, the primary wildlife reservoir is
the European badger (Meles meles), a species protected under
national law. In these countries it will take a combination of
measures targeting both cattle and wildlife to eradicate bTB. One
of the disease control measures being pursued is vaccination, both
of badgers and cattle.

At present, the developed vaccine agent for tackling bTB in
both cattle and badgers is the live attenuated BCG strain of M.
bovis. It has been administered to humans since 1927 and is one of
the most widely used of all current human vaccines. BCG was
licensed for intramuscular vaccination of badgers against bTB by
the UK Competent Authority (Veterinary Medicines Directorate)
in 2010, following 10 years of studies carried out by the Animal
and Plant Health Agency (APHA; formerly the Animal Health and
Veterinary Laboratories Agency, AHVLA and the National Wildlife
Management Centre of the Food and Environment Research
Agency, FERA, now also part of APHA). The licensed vaccine
“BadgerBCG” (APHA) has a Limited Marketing Authorization
and is currently available for use in the UK by vets and trained lay
vaccinators under prescription from a veterinary surgeon.

Use of BadgerBCG over large geographical areas is restricted
by the need to trap badgers and inject them, an approach that is
relatively expensive and labor intensive. More practical would be
an oral form of BCG that could be delivered to badgers in baits.
The efficacy of BCG given orally has been demonstrated for cattle,
brushtail possums (T7ichosurus vulpeculn) [146], wild boar (Sus
scrofa) [ 1471, and white-tailed deer (Odocoslens virginianus) [ 1481,
as well as badgers [149]; each following experimental M. bovis
infection of captive animals, but also against natural infection in
wild possums [150]. However the dose for effective oral adminis-
tration of BCG is higher than that given parenterally because BCG
is killed and degraded in the gut and uptake is relatively inefficient
[151]. Experimental studies in possums have suggested that in
order to generate immunity it is necessary for oral BCG to retain
viability to the point of delivery to the intestine [152]. This has
been facilitated through formulation of BCG in a lipid matrix that
provides a stable storage and delivery vehicle that protects the live
attenuated bacillus during passage through the stomach [146].
Recent success using heat-inactivated M. bovis to experimentally
vaccinate wild boar orally has increased the number of candidate
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oral vaccines for bTB [153, 154]. The Governments of England
and Wales have funded research into the development of an oral
vaccine for badgers since 2005. Candidate vaccine baits for badgers
have been identified and are being evaluated for palatability and
efficacy (degree of protection afforded to badgers that consume a
vaccine bait), but the formulation of the vaccine itself is only one
element. Linked to this is the need for a practical deployment
strategy which will maximize uptake among the target badger
population and, as far as possible, minimize consumption by other
wildlife species or cattle [155].

Regarding cattle, BCG was first demonstrated to be an effica-
cious vaccine against bTB in 1911 (reviewed in Ref. [156]).
Extensive work has been carried out since to optimize the dose
and route of administration of BCG vaccine to cattle. Whilst no
single vaccine currently offers equal or superior performance to
BCG, when used in combination with BCG several offer enhanced
protection, e.g., recombinant human adenovirus-vectored myco-
bacterial antigens [157, 158]. Further assessment of this adenovi-
rus-based strategy as well as development of other approaches
should result in vaccine protocols that impart better protection
than with BCG alone, and in particular could prolong the dura-
tion of immunity. For the foreseeable future, vaccine strategies for
bTB in cattle will need to include BCG. The problem with this is
that vaccination with BCG sensitizes cattle to tuberculin-based
diagnostic tests, including the single intradermal comparative cer-
vical skin test (SICCT). This sensitization is the reason a diagnos-
tic test is needed that will allow accurate detection of infected
cattle amongst the vaccinated animals (a so-called DIVA test) and
so allow use of a BCG-based vaccine for bTB control alongside a
test and slaughter program [159]. A longer-term research goal is
the development of vaccines that do not sensitize cattle to tuber-
culin-based diagnostic tests. This would allow the SICCT to be
used alongside vaccination. Close communication and collabora-
tion with research groups working to develop novel human TB
vaccines means there is a route to evaluate promising bTB candi-
dates in cattle (embracing a “One Health” approach to vaccine
development).

9 Conclusions, Issues, and Needs

Vaccination of veterinary species has a long and successful history
and remains an extremely active area of research. Review of
PubMed.gov shows that since 2004 there have been an average of
over 500 publications each year on veterinary vaccination, reaching
their peak over the last 3 years. In writing this overview we have
only been able to dip our toe into this vast sea of literature. However,
we identified a number of particular issues and cross-cutting needs
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that require further attention by the research community, compa-
nies, government, and regulators. We summarize these here.

Vaccine interference is an aspect of veterinary vaccination that
requires further evaluation and discussion. The term itself is
confusing and is variably interpreted as either referring to the situ-
ation where vaccination against one pathogen may compromise
the protective immunity induced by vaccination to another, or
where the presence of maternally derived antibodies interfere with
vaccination in newborn animals. The reader is referred to a helpful
review of this subject [160]. The review focuses on experience
from human vaccine development and considers vaccine interfer-
ence in the contexts of the nature and dose of the individual vaccine
components, the presence of preexisting immunity, the stage of
immunological maturation, genetic and environmental back-
ground, vaccine schedule, and mode of vaccine delivery.

The presence of interfering maternal antibodies is a significant
consideration in a variety of veterinary vaccine settings. They cause
problems for the vaccination of young piglets against influenza,
they are the most important obstacle in the establishment of
control programs against IBD, they are the primary cause of failure
of canine parvovirus type 2 vaccination, and interference by high
titers of maternal antibodies prevents the development of an
antibody response following vaccination with either a killed or
attenuated BVDV vaccine. In countries where control of FMD
relies predominantly on vaccination, newborn animals ingest
specific anti-FMDYV antibodies in the colostrum. This maternally
derived antibody provides immediate protection against infection
with FMDV but also interferes with the development of active
immunity following vaccination leaving young animals susceptible
to FMDV infection when maternal antibodies wane. Currently
available vaccines for FMD cannot overcome this effect.

Vaccines rarely produce sterilizing immunity and in some cases
exert a powerful selective pressure on pathogens, resulting in the
emergence of variants for which the vaccine no longer provides
adequate protection. This does not have to arise from the emer-
gence of a new variant but could simply arise from the use of a
vaccine that does not provide sufficient cross-protection from one
pathogen geno/sero-type to another resulting in the dominance of
one type already in circulation. This may be part of the explanation
of the failure to control canine distemper virus (CDV) infection in
Korea, where at least two different CDV genotypes are in circula-
tion that differ significantly from the genotypes present in vaccine
strains [161]. Ensuring a vaccine is effective against a range of
circulating strains or variants can be secured by including multiple
types in the same vaccine preparation but there is a significant cost
to such a strategy. Alternatively autogenous vaccines can be used.
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9.3 Mass Application
of Vaccines

Autogenous vaccines are derived directly from the variant(s)
responsible for the disease outbreak, e.g., for Mycoplasma bovis.
However, this approach cannot prevent the emergence of new
variants that escape vaccine-induced immunity through mutation.
This is particularly the case for viral pathogens where a high
infectious load combined with a low fidelity of genome replication
provide an environment for the selection of new variants. There are
some good examples of this. First is the TJ strain of PRV, which is
a variant of PRV that appears to be emerging along with others in
China’s pig population in the face of vaccination with the live
attenuated vaccine strain, Bartha-K61, which until now has played
a critical role in the control of Aujeszky’s disease in China [162].
Sequence analysis indicates that these emerging PRV variants
cluster to a relatively independent clade in the phylogenetic tree
and that protection against these variants with the Bartha-K61
vaccine is incomplete [163]. Second is IB in poultry. IB is caused
by an RNA virus that readily undergoes mutation and recombina-
tion so that important antigenic variants appear which evade exist-
ing vaccine protection. While conventional vaccines work well
against homologous types, new strategies are needed to counter
this instability. The simple use of two genetically different vaccines
to protect against a wide range of heterologous types is now a
widespread practice that has been very effective thus far (reviewed
in Ref. [164]).

Mass application of vaccines can be an important consideration in
reducing the cost of vaccination by avoiding the need to vaccinate
individual animals manually and as a tool in combating disease
outbreaks. Mass vaccination of poultry is already performed regu-
larly against a variety of respiratory and gastric pathogens using
application by aerosol/spray or in drinking water. Mucosal
vaccination has the advantage of inducing both local and systemic
immune responses. In ovo vaccination offers the advantage of
reduced labor costs, mass administration and the induction of an
earlier immune response, as described in Subheading 7. For rapid
intervention with vaccine during a disease outbreak such as Al,
mass application of vaccine is desirable in order to achieve rapid
coverage of susceptible birds. An Al vaccine that could be applied
by spray or aerosol would be ideal, but aerosol vaccination using
live virus is not desirable because of its zoonotic potential and
because of the risk for virus reassortment. The next generation of
Al vaccines based on recombinant vectors holds out hope for
safe and efficacious mass vaccination of susceptible birds as an
alternative to preemptive culling in an outbreak [165].

The success of rabies vaccination in the European continent
was undoubtedly the result of a safe, effective, and cost-effective
vaccine combined with the ease of mass distribution of millions of
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edible vaccine baits over large geographical areas. However, there
can be a naive assumption that successful disease eradication is
simply a matter of vaccinating enough susceptible animals. The
successful eradication of Rinderpest required detailed consider-
ation of the principle of herd immunity and careful application of
the vaccine based on detailed epidemiological information. Readers
are directed to the excellent review of Roeder and Taylor that sets
out the principle of herd immunity and some of the factors which
militate against mass vaccination achieving effective levels of herd
immunity [166].

Before embarking on the lengthy and costly road towards a
licensed vaccine, initial impact assessment is necessary in order to
assess the relative merits of different disease intervention options,
including vaccination. This is most likely to be meaningful when
it is done in partnership between policy-makers, vaccine manufac-
turers, funders, and stakeholders. Even when a compelling bene-
fit—cost ratio is found it does not mean a vaccine will necessarily
follow [167]. Disease control programs that utilize vaccination
but rely on its voluntary uptake are at risk of failure if willingness
to vaccinate is too low to reach satisfactory vaccination coverage
to stop the spread of the disease. There have been a number of
interesting studies exploring the willingness of stakeholders (typi-
cally livestock farmers) to vaccinate and the factors that influence
this decision. These include studies on Bluetongue in the
Netherlands [168], poultry vaccination in developing countries
[169] and farmers’ confidence in vaccinating badgers as a means
to controlling bTB in cattle in the UK [170]. Important lessons
emerge from these studies, such as the importance of financial
incentives and when they should be applied during a disease
control program, the characteristics of the disease, farmers' per-
ceptions of disease risk, the efficacy of the vaccine and other avail-
able control options, the availability of resources, and the existence
and effectiveness of the veterinary infrastructure, and the wider
social and political context. Where there is little incentive to use a
vaccine, the best endeavors can fail. An excellent example of this is
the vaccination of cattle against E. colz O157:H7, reviewed
recently by Matthews et al. [171]. These authors point out that in
Canada, where the first E. coli O157:H7 vaccine was developed
and fully licensed, uptake of the vaccine is currently less than 5 %
of the market. The authors suggest that this is a likely consequence
of the fact that the infection causes no clinical disease in cattle.
Therefore, there is little economic incentive for the farmer who
bears the cost of vaccination, but receives no direct perceived ben-
efit. For a wider consideration of the economics of veterinary vac-
cination, the reader is also referred to the review of McLeod and
Rushton [172].
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9.5 Harmonization

The separation of licensing bodies for human and veterinary medicines
has been cited as a reason for delays in the licensing of veterinary vaccines
[171]. Whilst the International Conference on Harmonisation of
Technical Requirements for Registration of Pharmaceuticals for Human
Use (ICH) and its veterinary counterpart, VICH, have been pivotal over
the last two decades in harmonizing technical requirements for
human and veterinary product registration respectively across Europe,
Japan, and the USA there needs to be greater join up between the
human and veterinary sectors, not least regarding how the cost might
be shared across stakeholders if the conceptual benefits of a “One
Health” approach are to become a reality [173]. Progress is being
made. For example, STAR-IDAZ (http://www.star-idaz.net/) is a
recently established network of 24 partners in 18 countries brought
together with funding from the European Commission for the pur-
pose of sharing information, improving collaboration on research
activities and working towards common research agendas and coor-
dinated research funding on major animal diseases affecting livestock

production and/or human health.

References

1.

Oxford Analytica (2012) The costs of animal
disease —a report produced for the International

eradication. Philos Trans R Soc Lond B Biol
Sci 368:20120139

Federation for Animal Health. http://www. 8. Cliquet F, Aubert M (2004) Elimination of
star-idaz.net/wp-content/uploads /2012 / terrestrial rabies in Western European coun-
12 /TFAH-Report-Costs-of-Animal-Disease- tries. Dev Biol 119:185-204
2012.pdf 9. Shirley MW, Smith AL, Tomley EM (2005)
2. Animal and pandemic influenza: a framework The biology of avian Eimeria with an emphasis
for sustaining momentum. Fifth Global on their control by vaccination. Adv Parasitol
Progress Report (2010) United Nations 60:285-330
SBystlemNInﬂuYenTa Coordination & The World 10. La Ragione RM, Woodward MJ, Kumar M
ant, New tork et al (2013) Efficacy of a live attenuated
3. National Audit Office (2002) The 2001 out- Escherichia coli O78:K80 vaccine in chickens
break of foot and mouth disease — report by and turkeys. Avian Dis 57:273-279
the c9ntroller 'and auditor general 11. Meeusen EN, Walker J, Peters A et al (2007)
4. Watkiss P, Smith A (2011) CBA of foot and Current status of veterinary vaccines. Clin
moutfi chscasc colntrol/ /strat)cglcgs environ- Microbiol Rev 20:489-510
mental impacts. http://webarchive.nation- . .
alarchives.gov.uk /20130402151656, 12+ Knight-Jones TJ, Edmond K, Gubbins S ct al
. - - (2014) Veterinary and human vaccine evalua-
http:/ /archive.defra.gov.uk /foodfarm/farm- tion methods. Proc Biol Sci 281:20132839
animal /diseases /atoz/fmd/documents/ ! ’ ! ! -
environmental_report.pdf 13. News and Reports (2015) Developing the next
5. Baynes RE, Riviere JE (eds) (2014) Strategies geneL.'atlon of vaccines. Vet Rec 176:297-298
for reducing drug and chemical residues in 14. Garcia JL, Innes EA, Katzer F‘(2014) Current
food animals: international approaches to res- progress toward vaccines against Toxoplasmu
idue avoidance, management, and testing. gondii. Vaccine Dev Ther 4:23-37
Wiley, New York, USA 15. Varela NP, Dick P, Wilson J (2013) Assessing
6. Wellington EM, Boxall AB, Cross P ctal (2013) the existing information on the efficacy of
The role of the natural environment in the bovine vaccination against Eschgmchm coli
emergence of antibiotic resistance in gram-neg- 0157fH7 — 4 systematic review and meta-
ative bacteria. Lancet Infect Dis 13:155-165 analysis. Zoonoses Public Health 60:253-268
7. Roeder P, Mariner J, Kock R (2013) 16. Lemesre JL, Holzmuller P, Goncalves RB

Rinderpest: the veterinary perspective on

et al (2007) Long-lasting protection against


http://www.star-idaz.net/
http://www.star-idaz.net/wp-content/uploads/2012/12/IFAH-Report-Costs-of-Animal-Disease-2012.pdf
http://www.star-idaz.net/wp-content/uploads/2012/12/IFAH-Report-Costs-of-Animal-Disease-2012.pdf
http://www.star-idaz.net/wp-content/uploads/2012/12/IFAH-Report-Costs-of-Animal-Disease-2012.pdf
http://www.star-idaz.net/wp-content/uploads/2012/12/IFAH-Report-Costs-of-Animal-Disease-2012.pdf
http://webarchive.nationalarchives.gov.uk/20130402151656/http://archive.defra.gov.uk/foodfarm/farmanimal/diseases/atoz/fmd/documents/environmental_report.pdf
http://webarchive.nationalarchives.gov.uk/20130402151656/http://archive.defra.gov.uk/foodfarm/farmanimal/diseases/atoz/fmd/documents/environmental_report.pdf
http://webarchive.nationalarchives.gov.uk/20130402151656/http://archive.defra.gov.uk/foodfarm/farmanimal/diseases/atoz/fmd/documents/environmental_report.pdf
http://webarchive.nationalarchives.gov.uk/20130402151656/http://archive.defra.gov.uk/foodfarm/farmanimal/diseases/atoz/fmd/documents/environmental_report.pdf
http://webarchive.nationalarchives.gov.uk/20130402151656/http://archive.defra.gov.uk/foodfarm/farmanimal/diseases/atoz/fmd/documents/environmental_report.pdf

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Challenges in Veterinary Vaccine Development

canine visceral leishmaniasis using the
LiESAp-MDP vaccine in endemic areas of
France: double-blind randomised efficacy
field trial. Vaccine 25:4223-4234

Jalava K, Hensel A, Szostak M et al (2002)
Bacterial ghosts as vaccine candidates for veteri-
nary applications. ] Control Release 85:17-25

Lund A, Bratberg AM, Naess B et al (2014)
Control of bovine ringworm by vaccination in
Norway. Vet Immunol Immunopathol 158:
3745

Garrido JM, Vazquez P, Molina E et al (2013)
Paratuberculosis vaccination causes only limited
cross-reactivity in the skin test for diagnosis of
bovine tuberculosis. PLoS One 8:¢80985

Ficken MD, Ellsworth MA, Tucker CM et al
(20006) Effects of modified-live bovine viral
diarrhea virus vaccines containing either type
1 or types 1 and 2 BVDV on heifers and their
offspring after challenge with noncytopathic
type 2 BVDV during gestation. ] Am Vet Med
Assoc 228:1559-1564

Huang JM, La Ragione RM, Cooley WA et al
(2008) Cytoplasmic delivery of antigens, by
Bacillus subtilis enhances Thl responses.
Vaccine 26:6043-6052

Coppo MJ, Noormohammadi AH, Browning
GF et al (2013) Challenges and recent
advancements in infectious laryngotracheitis
virus vaccines. Avian Pathol 42:195-205

Layton SL, Morgan MJ, Cole K et al (2011)
Evaluation of Salmonelin-vectored Campylo
bacter peptide epitopes for reduction of
Campylobacter jejuni in broiler chickens. Clin
Vaccine Immunol 18:449-454

Blake DP, Tomley FM (2014) Securing poul-
try production from the ever-present Ezmeria
challenge. Trends Parasitol 30:12-19

La Ragione RM, Patel S, Maddison B et al
(2006) Recombinant anti-EspA antibodies
block Escherichin coli O157:H7-induced attach-
ing and effacing lesions 77 vitro. Microbes Infect
8:426-433

Kuhne SA, Hawes WS, La Ragione RM et al
(2004) Isolation of recombinant antibodies
against EspA and intimin of Escherichin coli
0157:H7. ] Clin Microbiol 42:2966-2976
Loza-Rubio E, Rojas-Anaya E (2010) Vaccine
production in plant systems — an aid to the
control of viral diseases in domestic animals: a
review. Acta Vet Hung 58:511-522

Jacob SS, Cherian S, Sumithra TG et al
(2013) Edible vaccines against veterinary par-
asitic diseases — current status and future pros-
pects. Vaccine 31:1879-1885

Phan HT, Floss DM, Conrad U (2013) Veterinary
vaccines from transgenic plants: highlights of

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

29

two decades of research and a promising
example. Curr Pharm Des 19:5601-5611
Howard JA (2004) Commercialization of
plant-based vaccines from research and devel-
opment to manufacturing. Anim Health Res
Rev 5:243-245

Vordermeier M, Hewinson RG (2006)
Development of cattle TB vaccines in the
UK. Vet Immunol Immunopathol 112:38—48

Vordermeier HM, Villarreal-Ramos B, Cockle
PJ et al (2009) Viral booster vaccines improve
Mycobacterium bovis BCG-induced protection
against bovine tuberculosis. Infect Immun
77:3364-3373

van Rooij EM, Rijsewijk FA, Moonen-Leusen
HW et al (2010) Comparison of different
prime-boost regimes with DNA and recombi-
nant Orf virus based vaccines expressing gly-
coprotein D of pseudorabies virus in pigs.
Vaccine 28:1808-1813

Gomes R, Teixeira C, Teixeira MJ et al (2008)
Immunity to a salivary protein of a sand fly
vector protects against the fatal outcome of
visceral leishmaniasis in a hamster model.
Proc Natl Acad Sci U S A 105:7845-7850
Lunn DP, Townsend HG (2000) Equine vac-
cination. Vet Clin North Am Equine Pract
16:199-226

Magor KE (2011) Immunoglobulin genetics
and antibody responses to influenza in ducks.
Dev Comp Immunol 35:1008-1016

Koch G, Steensels M, van den Berg T (2009)
Vaccination of birds other than chickens and
turkeys against avian influenza. Rev Sci Tech
28:307-318

Lewis MJ, Wagner B, Woof JM (2008) The dif-
ferent effector function capabilities of the seven
equine IgG subclasses have implications for vac-
cine strategies. Mol Immunol 45:818-827
Beutler B, Rehli M (2002) Evolution of the
TIR, tolls and TLRs: functional inferences
from computational biology. Curr Top
Microbiol Immunol 270:1-21

Lofthouse SA, Andrews AE, Elhay MJ et al
(1996) Cytokines as adjuvants for ruminant
vaccines. Int J Parasitol 26:835-842

Cox JC, Coulter AR (1997) Adjuvants — a
classification and review of their modes of
action. Vaccine 15:248-256

Aucouturier J, Dupuis L, Ganne V (2001)
Adjuvants designed for veterinary and human
vaccines. Vaccine 19:2666-2672

Singh M, O'Hagan DT (2003) Recent
advances in veterinary vaccine adjuvants. Int
J Parasitol 33:469-478

Wilson-Welder JH, Torres MP, Kipper M]J
et al (2009) Vaccine adjuvants: current chal-



30

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Mark A. Chambers et al.

lenges and future approaches. J Pharm Sci
98:1278-1316

McEntee MC, Page RL (2001) Feline
vaccine-associated sarcomas. J Vet Intern Med
15:176-182

Mastelic B, Garcon N, Del Giudice G et al
(2013) Predictive markers of safety and
immunogenicity of adjuvanted vaccines.
Biologicals 41:458—468

Beasley JC, Atwood TC, Byrne ME et al
(2015) A behaviorally-explicit approach for
delivering vaccine baits to mesopredators to
control epizootics in fragmented landscapes.
PLoS One 10:¢0113206

van Drunen Littel-van den Hurk S, Babiuk SL,
Babiuk LA (2004) Strategies for improved for-
mulation and delivery of DNA vaccines to veteri-
nary target species. Immunol Rev 199:113-125

Plant KP, Lapatra SE (2011) Advances in fish
vaccine delivery. Dev Comp Immunol 35:
1256-1262

Corbeil S, Kurath G, LaPatra SE (2000) Fish
DNA vaccine against infectious hematopoi-
etic necrosis virus: efficacy of various routes of
immunisation. Fish  Shellfish Immunol
10:711-723

von Gersdorff Jorgensen L, Sigh J, Kania PW
et al (2012) Approaches towards DNA vacci-
nation against a skin ciliate parasite in fish.
PLoS One 7:¢48129

Shi M, Lam TT, Hon CC et al (2010)
Molecular epidemiology of PRRSV: a phylo-
genetic perspective. Virus Res 154:7-17

An TQ, Tian ZJ, Zhou Y] et al (2011)
Comparative genomic analysis of five pairs of

virulent parental /attenuated vaccine strains of
PRRSV. Vet Microbiol 149:104-112

Cha SH, Choi EJ, Park JH et al (2000)
Molecular characterization of recent Korean
porcine reproductive and respiratory syn-
drome (PRRS) viruses and comparison to
other Asian PRRS viruses. Vet Microbiol
117:248-257

Chen J, Liu T, Zhu CG et al (2006) Genetic
variation of Chinese PRRSV strains based on
ORF5 sequence. Biochem Genet 44:425-435

Frossard JP, Hughes GJ, Westcott DG et al
(2013) Porcine reproductive and respiratory
syndrome virus: genetic diversity of recent
British isolates. Vet Microbiol 162:507-518

Grosse Beilage E, Nathues H, Meemken D et al
(2009) Frequency of PRRS live vaccine virus
(European and North American genotype) in
vaccinated and non-vaccinated pigs submitted
for respiratory tract diagnostics in North-
Western Germany. Prev Vet Med 92:31-37

58.

59.

60.

6l.

62.

63.

64.

65.

66.

67.

68.

LiB,Fang L, Xu Z etal (2009) Recombination
in vaccine and circulating strains of porcine
reproductive and  respiratory  syndrome
viruses. Emerg Infect Dis 15:2032-2035

Geldhof MF, Van Breedam W, De Jong E
et al (2013) Antibody response and maternal
immunity upon boosting PRRSV-immune
sows with experimental farm-specific and
commercial PRRSV vaccines. Vet Microbiol
167:260-271

Geldhof MF, Vanhee M, Van Breedam W et al
(2012) Comparison of the efficacy of autoge-
nous inactivated Porcine Reproductive and
Respiratory Syndrome Virus (PRRSV) vac-
cines with that of commercial vaccines against
homologous and heterologous challenges.
BMC Vet Res 8:182

Loemba HD, Mounir S, Mardassi H et al
(1996) Kinetics of humoral immune response
to the major structural proteins of the porcine

reproductive and respiratory syndrome virus.
Arch Virol 141:751-761

Yoon IJ, Joo HS, Goyal SM et al (1994) A
modified serum neutralization test for the
detection of antibody to porcine reproductive
and respiratory syndrome virus in swine sera.
J Vet Diagn Invest 6:289-292

Diaz I, Darwich L, Pappaterra G et al (2005)
Immune responses of pigs after experimental
infection with a European strain of Porcine
reproductive and respiratory syndrome virus.
J Gen Virol 86:1943-1951

Meier WA, Galeota J, Osorio FA et al (2003)
Gradual development of the interferon-
gamma response of swine to porcine repro-
ductive and respiratory syndrome virus
infection or vaccination. Virology 309:18-31

Lopez O], Oliveira MF, Garcia EA et al
(2007) Protection against porcine reproduc-
tive and respiratory syndrome virus (PRRSV)
infection through passive transfer of PRRSV-
neutralizing antibodies is dose dependent.
Clin Vaccine Immunol 14:269-275

Lopez O], Osorio FA (2004) Role of neutral-
izing antibodies in PRRSV protective immunity.
Vet Immunol Immunopathol 102:155-163
Osorio FA, Galeota JA, Nelson E et al (2002)
Passive transfer of virus-specific antibodies
confers protection against reproductive failure
induced by a virulent strain of porcine repro-
ductive and respiratory syndrome virus and
establishes sterilizing immunity. Virology
302:9-20

Ansari TH, Kwon B, Osorio FA et al (2006)
Influence of N-linked glycosylation of porcine
reproductive and respiratory syndrome virus
GP5 on virus infectivity, antigenicity, and abil-



69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Challenges in Veterinary Vaccine Development 31

ity to induce neutralizing antibodies. ] Virol
80:3994-4004

Costers S, Vanhee M, Van Breedam W et al
(2010) GP4-specific neutralizing antibodies
might be a driving force in PRRSV evolution.
Virus Res 154:104-113

Kim WI, Lee DS, Johnson W et al (2007)
Effect of genotypic and biotypic differences
among PRRS viruses on the serologic assess-
ment of pigs for virus infection. Vet Microbiol
123:1-14

Kim WI, Yoon KJ (2008) Molecular assess-
ment of the role of envelope-associated struc-
tural proteins in cross neutralization among
different PRRS viruses. Virus Genes
37:380-391

Meulenberg JJ, van Nieuwstadt AP, van Essen-
Zandbergen A et al (1997) Posttranslational
processing and identification of a neutraliza-
tion domain of the GP4 protein encoded
by ORF4 of Lelystad virus. J Virol 71:
6061-6067

Ostrowski M, Galeota JA, Jar AM et al (2002)
Identification of neutralizing and nonneutral-
izing epitopes in the porcine reproductive and
respiratory syndrome virus GP5 ectodomain.
J Virol 76:4241-4250

Plagemann PG (2004 ) The primary GP5 neu-
tralization epitope of North American isolates
of porcine reproductive and respiratory syn-

drome virus. Vet Immunol Immunopathol
102:263-275

Vanhee M, Costers S, Van Breedam W et al
(2010) A variable region in GP4 of European-
type porcine reproductive and respiratory
syndrome virus induces neutralizing antibod-
ies against homologous but not heterologous
virus strains. Viral Immunol 23:403—413

Vanhee M, Van Breedam W, Costers S et al
(2011) Characterization of antigenic regions
in the porcine reproductive and respiratory
syndrome virus by the use of peptide-specific
serum antibodies. Vaccine 29:4794-4804
Pirzadeh B, Dea S (1997) Monoclonal anti-
bodies to the ORF5 product of porcine repro-
ductive and respiratory syndrome virus define
linear neutralizing determinants. J Gen Virol
78:1867-1873

Wissink EH, van Wijk HA, Kroese MV et al
(2003) The major envelope protein, GP5, of
a European porcine reproductive and respira-
tory syndrome virus contains a neutralization
epitope in its N-terminal ectodomain. ] Gen
Virol 84:1535-1543

Chia MY, Hsiao SH, Chan HT et al (2010)
Immunogenicity of recombinant GP5 pro-
tein of porcine reproductive and respiratory

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

syndrome virus expressed in tobacco plant.
Vet Immunol Immunopathol 135:234-242

Prieto C, Martinez-Lobo FJ, Diez-Fuertes F
et al (2011) Immunisation of pigs with a
major envelope protein sub-unit vaccine
against porcine reproductive and respiratory
syndrome virus (PRRSV) results in enhanced
clinical disease following experimental chal-
lenge. Vet J 189:323-329

Wang S, Fang L, Fan H et al (2007)
Construction and immunogenicity of pseudo-
type baculovirus expressing GP5 and M pro-
tein of porcine reproductive and respiratory
syndrome virus. Vaccine 25:8220-8227

Xu XG, Wang ZS, Zhang Q et al (2012)
Baculovirus as a PRRSV and PCV2 bivalent
vaccine vector: baculovirus virions displaying
simultaneously GP5 glycoprotein of PRRSV
and capsid protein of PCV2. ] Virol Methods
179:359-366

Barfoed AM, Blixenkrone-Moller M, Jensen
MH et al (2004) DNA vaccination of pigs
with open reading frame 1-7 of PRRS virus.
Vaccine 22:3628-3641

Cao J, Wang X, Du Y et al (2010) CD40
ligand expressed in adenovirus can improve
the immunogenicity of the GP3 and GP5 of
porcine reproductive and respiratory syn-
drome virus in swine. Vaccine 28:7514-7522
Jiang W, Jiang P, Wang X et al (2008)
Enhanced immune responses of mice inocu-
lated recombinant adenoviruses expressing
GP5 by fusion with GP3 and/or GP4 of
PRRS virus. Virus Res 136:50-57

Jiang Y, Fang L, Xiao S et al (2007)
Immunogenicity and protective efficacy of
recombinant pseudorabies virus expressing
the two major membrane-associated proteins
of porcine reproductive and respiratory syn-
drome virus. Vaccine 25:547-560
LiB,XiaoS,Wang Y etal (2009) Immunogenicity
of the highly pathogenic porcine reproductive
and respiratory syndrome virus GP5 protein
encoded by a synthetic ORF5 gene. Vaccine
27:1957-1963

Pirzadeh B, Dea S (1998) Immune response in
pigs vaccinated with plasmid DNA encoding
OREF5 of porcine reproductive and respiratory
syndrome virus. J Gen Virol 79:989-999

Roques E, Girard A, St-Louis MC et al (2013)
Immunogenic and protective properties of
GP5 and M structural proteins of porcine
reproductive and respiratory syndrome virus
expressed from replicating but nondissemi-
nating adenovectors. Vet Res 44:17

Shen G, Jin N, Ma M et al (2007) Immune
responses of pigs inoculated with a recombinant



32

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

Mark A. Chambers et al.

fowlpox virus coexpressing GP5/GP3 of
porcine reproductive and respiratory syn-
drome virus and swine IL-18. Vaccine 25:
41934202

Wang X, Li J, Jiang P et al (2009) GM-CSF
fused with GP3 and GP5 of porcine repro-
ductive and respiratory syndrome virus
increased the immune responses and protec-
tive efficacy against virulent PRRSV chal-
lenge. Virus Res 143:24-32

Zheng Q, Chen D, Li P et al (2007)
Co-expressing GP5 and M proteins under dif-
ferent promoters in recombinant modified
vaccinia virus ankara (rMVA)-based vaccine
vector enhanced the humoral and cellular
immune responses of porcine reproductive
and respiratory syndrome virus (PRRSV).
Virus Genes 35:585-595

Murtaugh MP, Genzow M (2011)
Immunological solutions for treatment and
prevention of porcine reproductive and
respiratory syndrome (PRRS). Vaccine 29:
8192-8204

Dobbe JC, van der Meer Y, Spaan W] et al
(2001) Construction of chimeric arteriviruses
reveals that the ectodomain of the major gly-
coprotein is not the main determinant of
equine arteritis virus tropism in cell culture.
Virology 288:283-294

Prather RS, Rowland RR, Ewen C et al (2013)
An intact sialoadhesin (Sn/SIGLEC1 /CD169)
is not required for attachment/internalization
of the porcine reproductive and respiratory syn-
drome virus. ] Virol 87:9538-9546

Li J, Murtaugh MP (2012) Dissociation of
porcine reproductive and respiratory syn-
drome virus neutralization from antibodies
specific to major envelope protein surface epi-
topes. Virology 433:367-376

Das PB, Vu HL, Dinh PX et al (2011)
Glycosylation of minor envelope glycopro-
teins of porcine reproductive and respiratory
syndrome virus in infectious virus recovery,
receptor interaction, and immune response.
Virology 410:385-394

Vu HL, Kwon B, Yoon KJ et al (2011)
Immune evasion of porcine reproductive and
respiratory syndrome virus through glycan
shielding involves both glycoprotein 5 as well
as glycoprotein 3. J Virol 85:5555-5564

Wissink EH, Kroese MV, van Wijk HA et al
(2005) Envelope protein requirements for
the assembly of infectious virions of porcine
reproductive and respiratory syndrome virus.
J Virol 79:12495-12506

Martinez-Lobo FJ, Diez-Fuertes F, Simarro I
etal (2011) Porcine reproductive and respira-

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

tory syndrome virus isolates differ in their
susceptibility to neutralization. Vaccine 29:
6928-6940

Mateu E, Diaz I (2008) The challenge of
PRRS immunology. Vet J 177:345-351

Bautista EM, Molitor TW (1997) Cell-
mediated immunity to porcine reproductive
and respiratory syndrome virus in swine. Viral
Immunol 10:83-94

Costers S, Lefebvre DJ, Goddeeris B et al
(2009) Functional impairment of PRRSV-
specific peripheral CD3 + CD8high cells. Vet
Res 40:46

Mokhtar H, Eck M, Morgan SB et al (2014)
Proteome-wide screening of the European
porcine reproductive and respiratory syn-
drome virus reveals a broad range of T cell
antigen reactivity. Vaccine 32:6828-6837
Bautista EM, Molitor TW (1999) IFN gamma
inhibits porcine reproductive and respiratory
syndrome virus replication in macrophages.
Arch Virol 144:1191-1200

Rowland RR, Robinson B, Stefanick J et al
(2001) Inhibition of porcine reproductive
and respiratory syndrome virus by interferon-
gamma and recovery of virus replication with
2-aminopurine. Arch Virol 146:539-555
Graham BS (2013) Advances in antiviral vaccine
development. Immunol Rev 255:230-242

Samsom JN, de Bruin TG, Voermans JJ et al
(2000) Changes of leukocyte phenotype and
function in the broncho-alveolar lavage fluid
of pigs infected with porcine reproductive and
respiratory syndrome virus: a role for CD8(+)
cells. J Gen Virol 81:497-505
Burgara-Estrella A, Diaz I, Rodriguez-Gomez
IM et al (2013) Predicted peptides from non-
structural proteins of porcine reproductive and
respiratory syndrome virus are able to induce
IFN-gamma and IL-10. Viruses 5:663-677

Diaz I, Pujols J, Ganges L et al (2009) In silico
prediction and ex vivo evaluation of potential
T-cell epitopes in glycoproteins 4 and 5 and
nucleocapsid protein of genotype-I (European)
of porcine reproductive and respiratory syn-
drome virus. Vaccine 27:5603-5611

Parida R, Choi IS, Peterson DA et al (2012)
Location of T-cell epitopes in nonstructural
proteins 9 and 10 of type-1I porcine repro-
ductive and respiratory syndrome virus. Virus
Res 169:13-21

Vashisht K, Goldberg TL, Husmann RJ et al
(2008) Identification of immunodominant
T-cell epitopes present in glycoprotein 5 of
the North American genotype of porcine
reproductive and respiratory syndrome virus.
Vaccine 26:4747-4753



113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

Challenges in Veterinary Vaccine Development

Bolin SR (2002) Bovine viral diarrhea viruses
in mixed infections. In: Brogen KM,
Guthmiller JM (eds) Polymicrobial diseases.
ASM Press, Washington, DC, pp 33-50

Fray MD, Paton DJ, Alenius S (2000) The
effects of bovine viral diarrhoea virus on cattle
reproduction in relation to disease control.
Anim Reprod Sci 60-61:615-627

Allen JW, Viel L, Bateman KG et al (1992)
Serological titers to bovine herpesvirus 1,
bovine viral diarrhea virus, parainfluenza 3
virus, bovine respiratory syncytial virus and
Pastenrelln haemolytica in feedlot calves with
respiratory disease: associations with bacterio-
logical and pulmonary cytological variables.
Can J Vet Res 56:281-288

Ridpath JF (2005) Practical significance of
heterogeneity among BVDV strains: impact
of biotype and genotype on U.S. control pro-
grams. Prev Vet Med 72:17-30

Fulton RW, Saliki JT, Burge LJ et al (2003)
Humoral immune response and assessment of
vaccine virus shedding in calves receiving modi-
fied live virus vaccines containing bovine herpes-
virus-1 and bovine viral diarrhoea virus la. J Vet
Med B Infect Dis Vet Public Health 50:31-37

Grooms DL, Brock KV, Ward LA (1998)
Detection of cytopathic bovine viral diarrhea
virus in the ovaries of cattle following immuni-
zation with a modified live bovine viral diarrhea
virus vaccine. Vet Diagn Invest 10:130-134
van Oirschot JT, Bruschke CJ, van Rijn PA
(1999) Vaccination of cattle against bovine
viral diarrhoea. 0378-1135 (Print) Comparative
Study Journal Article Research Support,
Non-US Gov’t 64:169-183

Harpin S, Hurley DJ, Mbikay M et al (1999)
Vaccination of cattle with a DNA plasmid
encoding the bovine viral diarrhoea virus
major glycoprotein E2. J Gen Virol 80(Pt
12):3137-3144

Liang R, van den Hurk JV, Zheng C et al
(2005) Immunization with plasmid DNA
encoding a truncated, secreted form of the
bovine viral diarrhea virus E2 protein elicits
strong humoral and cellular immune
responses. Vaccine 23:5252-5262

Nobiron I, Thompson I, Brownlie ] et al
(2003) DNA vaccination against bovine viral
diarrhoea virus induces humoral and cellular
responses in cattle with evidence for protec-
tion against viral challenge. Vaccine 21:
2082-2092

Bolin SR, Ridpath JF (1996) Glycoprotein E2
of bovine viral diarrhea virus expressed in
insect cells provides calves limited protection
from systemic infection and disease. Arch
Virol 141:1463-1477

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

33

Chimeno Zoth S, Leunda MR, Odeon A et al
(2007) Recombinant E2 glycoprotein of
bovine viral diarrhea virus induces a solid
humoral neutralizing immune response but
fails to confer total protection in cattle. Braz
J Med Biol Res 40:813-818

Thomas C, Young NJ, Heaney ] et al (2009)
Evaluation of efficacy of mammalian and bac-
ulovirus expressed E2 subunit vaccine candi-
dates to bovine viral diarrhoea virus. Vaccine
27:2387-2393

Liang R, van den Hurk JV, Babiuk LA et al
(2006) Priming with DNA encoding E2 and
boosting with E2 protein formulated with
CpG oligodeoxynucleotides induces strong
immune responses and protection from
Bovine viral diarrhea virus in cattle. ] Gen
Virol 87:2971-2982

Liang R, van den Hurk JV, Landi A et al
(2008) DNA prime protein boost strategies
protect cattle from bovine viral diarrhea virus
type 2 challenge. ] Gen Virol 89:453-466

Baxi MK, Deregt D, Robertson J et al (2000)
Recombinant bovine adenovirus type 3
expressing bovine viral diarrhea virus glyco-
protein E2 induces an immune response in
cotton rats. Virology 278:234-243

Elahi SM, Shen SH, Talbot BG et al (1999)
Recombinant adenoviruses expressing the E2
protein of bovine viral diarrhea virus induce

humoral and cellular immune responses.
FEMS Microbiol Lett 177:159-166

Mehdy Elahi S, Bergeron J, Nagy E et al
(1999) Induction of humoral and cellular
immune responses in mice by a recombinant
fowlpox virus expressing the E2 protein of

bovine viral diarrhea virus. FEMS Microbiol
Lett 171:107-114

Toth RL, Nettleton PF, McCrae MA (1999)
Expression of the E2 envelope glycoprotein
of bovine viral diarrhoea virus (BVDV) elicits
virus-type specific neutralising antibodies. Vet
Microbiol 65:87-101

EFSA Panel on Animal Health and Welfare
(2013) Scientific opinion on field trials for

bovine tuberculosis vaccination. EFSA J 11:
3475

Martelli F, Gosling R, Kennedy E et al (2014)
Characterization of the invasiveness of mono-
phasic and aphasic Salmonella Typhimurium
strains in 1-day-old and point-of-lay chickens.
Avian Pathol 43:269-275

Van Immerseel F, Methner U, Rychlik I et al
(2005) Vaccination and early protection
against non-host-specific Salmonelln sero-
types in poultry: exploitation of innate immu-
nity and microbial activity. Epidemiol Infect
133:959-978



34

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

Mark A. Chambers et al.

Lane CR, LeBaigue S, Esan OB et al (2014)
Salmonelln  enterica  serovar  Enteritidis,
England and Wales, 1945-2011. Emerg

Infect Dis 20:1097-1104

Galis A, Marcq C, Marlier D et al (2013)
Control of Salmonella contamination of shell
eggs — preharvest and postharvest methods: a
review. Compr Rev Food Sci Food Saf
12:155-182

Cogan TA, Humphrey TJ (2003) The rise
and fall of Salmonelin Enteritidis in the UK. J
Appl Microbiol 94(Suppl):1145-119S
O’Brien SJ (2012) The “Decline and Fall” of
Nontyphoidal Salmonelln in the United
Kingdom. Clin Infect Dis 56:705-710

Ward LR, Threlfall J, Smith HR et al (2000)
Salmonella  enteritidis  epidemic.  Science
287:1753-1754

EFSA (2004) The use of vaccines for the
control of Salmonelln in poultry. EFSA
J114:1-74

Gantois I, Ducatelle R, Timbermont L et al
(2006) Oral immunisation of laying hens with
the live vaccine strains of TAD Salmonelln vac
E and TAD Salmonella vac T reduces internal

egg contamination with Sa/monella Enteritidis.
Vaccine 24:6250-6255

Clifton-Hadley FA, Breslin M, Venables LM
et al (2002) A laboratory study of an inacti-
vated bivalent iron restricted Salmonelln
enterica serovars Enteritidis and Typhimurium
dual vaccine against Typhimurium challenge
in chickens. Vet Microbiol 89:167-179

Springer S, Lindner T, Ahrens M et al (2011)
Duration of immunity induced in chickens by
an attenuated live Salmonelln enteritidis
vaccine and an inactivated  Salmonelin
enteritidis/ typhimurinm vaccine. Berl Munch
Tierarztl Wochenschr 124:89-93

Arnold ME, Gosling RJ, La Ragione RM et al
(2014 ) Estimation of the impact of vaccination
on faecal shedding and organ and egg contam-
ination for Salmonella Enteritidis, Salmonelln
Typhiumurium and monophasic Salmonelin
Typhimurium. Avian Pathol 43:155-163

Davies R, Mueller-Doblies D (2013) Obser
vations on the occurrence and persistence of
monophasic Salmonelln Typhimurium (S. 4, 5,
12:i:-) in poultry farms. In: I3S International

Symposium Salmonella and Salmonellosis, St
Malo, France, pp 281-282

Cross ML, Henderson RJ, Lambeth MR et al
(2009) Lipid-formulated BCG as an oral-bait
vaccine for tuberculosis: vaccine stability, effi-
cacy, and palatability to brushtail possums

(Trichosurus vulpeculn) in New Zealand.
] Wildlife 45:754-765

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

Ballesteros C, Garrido JM, Vicente ] et al
(2009) First data on Eurasian wild boar
response to oral immunization with BCG and
challenge with a Mycobacterium bovis field
strain. Vaccine 27:6662-6668

Nol P, Palmer MV, Waters WR et al (2008)
Efficacy of oral and parenteral routes of
Mycobacterium bovis bacille Calmette-Guerin
vaccination against experimental bovine tuber-
culosis in white-tailed deer ( Odocoileus virginia-
nus): a feasibility study. ] Wildlife 44:247-259
Murphy D, Costello E, Aldwell FE et al
(2014) Oral vaccination of badgers (Meles
meles) against tuberculosis: comparison of the
protection generated by BCG vaccine strains
Pasteur and Danish. Vet J 200:362-367

Tompkins DM, Ramsey DS, Cross ML et al
(2009) Oral vaccination reduces the incidence
of tuberculosis in free-living brushtail pos-
sums. Proc Biol Sci 276:2987-2995

Mortatti RC, Maia LC, Fonseca LS (1987)
Absorption of Mycobacterium bovis BCG admin-
istered by the oral route. Vaccine 5:109-114

Buddle BM, Aldwell FE, Keen DL et al (2006)
Oral vaccination of brushtail possums with
BCG: Investigation into factors that may influ-
ence vaccine efficacy and determination of
duration of protection. N Z Vet J 54:224-230
Beltran-Beck B, Romero B, Sevilla TA et al
(2014) Assessment of an oral Mycobacterium
bovis BCG vaccine and an inactivated M. bovis
preparation for wild boar in terms of adverse reac-
tions, vaccine strain survival, and uptake by non-
target species. Clin Vaccine Immunol 21:12-20
Garrido JM, Sevilla TA, Beltran-Beck B et al
(2011) DProtection against tuberculosis in
Eurasian wild boar vaccinated with heat-
inactivated Mycobacterium bovis. PLoS One
6:¢24905

Robertson A, McDonald RA, Delahay RJ et al
(2015) Exposure of nontarget wildlife to can-
didate TB vaccine baits deployed for European
badgers. Eur ] Wildl Res 61:263-269

Waters WR, Palmer MV, Buddle BM et al
(2012) Bovine tuberculosis vaccine research:
historical perspectives and recent advances.
Vaccine 30:2611-2622

Buddle BM, Wedlock DN, Denis M et al
(2011) Update on vaccination of cattle and
wildlife populations against tuberculosis. Vet
Microbiol 151:14-22

Dean G, Whelan A, Clifford D et al (2014)
Comparison of the immunogenicity and pro-
tection against bovine tuberculosis following
immunization by BCG-priming and boosting
with adenovirus or protein based vaccines.
Vaccine 32:1304-1310



159.

160.

161.

162.

163.

164.

165.

Challenges in Veterinary Vaccine Development

Vordermeier M, Jones GJ, Whelan AO (2011)
DIVA reagents for bovine tuberculosis vaccines
in cattle. Expert Rev Vaccines 10:1083-1091

Vidor E (2007) The nature and consequences
of intra- and inter-vaccine interference.
J Comp Pathol 137(Suppl 1):S62-S66

Bae CW, Lee JB, Park SY et al (2013) Deduced
sequences of the membrane fusion and attach-
ment proteins of canine distemper viruses iso-
lated from dogs and wild animals in Korea.
Virus Genes 47:56-65

Wang CH, Yuan J, Qin HY et al (2014) A
novel gE-deleted pseudorabies virus (PRV)
provides rapid and complete protection from
lethal challenge with the PRV variant emerg-
ing in Bartha-K61-vaccinated swine popula-
tion in China. Vaccine 32:3379-3385

An TQ, Peng JM, Tian ZJ et al (2013)
Pseudorabies virus variant in Bartha-K61-
vaccinated pigs, China 2012. Emerg Infect
Dis 19:1749-1755

Jones RC (2010) Viral respiratory diseases
(ILT, aMPV infections, IB): are they ever
under control? Br Poultry Sci 51:1-11

van den Berg T, Lambrecht B, Marche S et al
(2008) Influenza vaccines and vaccination
strategies in birds. Comp Immunol Microbiol
Infect Dis 31:121-165

166.

167.

168.

169.

170.

171.

172.

173.

35

Roeder PL, Taylor WP (2007) Mass vaccina-
tion and herd immunity: cattle and buftalo.
Rev Sci Tech 26:253-263

Kristjanson PM, Swallow BM, Rowlands GJ et al
(1999) Measuring the costs of African animal try-
panosomosis: the potential benefits of control
and returns to research. Agr Syst 59:79-98

Rat-Aspert O, Fourichon C (2010) Modelling
collective effectiveness of voluntary vaccination
with and without incentives. Prev Vet Med
93:265-275

Alders RG, Bagnol B, Young MP et al (2007)
Challenges and constraints to vaccination in
developing countries. Dev Biol 130:73-82
Enticott G, Maye D, Ilbery B et al (2012)
Farmers’ confidence in vaccinating badgers
against bovine tuberculosis. Vet Rec
170:204

Matthews L, Reeve R, Gally DL et al (2013)
Predicting the public health benefit of vacci-
nating cattle against Escherichia coli O157.
Proc Natl Acad Sci U S A 110:16265-16270
McLeod A, Rushton J (2007) Economics of
animal vaccination. Rev Sci Tech 26:313-326
Zinsstag ], Schelling E, Wyss K et al (2005)
Potential of cooperation between human and

animal health to strengthen health systems.
Lancet 366:2142-2145



	Chapter 1: Challenges in Veterinary Vaccine Development and Immunization
	1 Introduction
	2 Choice of Target Species
	3 Choice of Vaccine Approach
	3.1 Inactivated Whole-Pathogen
	3.2 Live Attenuated Pathogens
	3.3 Protein Subunit
	3.4 Recombinant  Vector
	3.5 DNA Vaccine
	3.6 Plant-Based/Edible Vaccines
	3.7 Heterologous Approaches
	3.7.1 Heterologous Prime-Boost
	3.7.2 Combination Vaccines


	4 Choice of Antigen
	5 Choice of Immune Response To Be Targeted
	6 Adjuvants
	7 Route of Vaccination/Efficacy of Delivery
	8 Illustrative Examples
	8.1 Porcine Reproductive and Respiratory Syndrome (PRRS)
	8.2 Bovine Viral Diarrhea (BVD)
	8.3 Salmonella
	8.4 Bovine Tuberculosis (Mycobacterium bovis)

	9 Conclusions, Issues, and Needs
	9.1 Vaccine Interference
	9.2 Incomplete Protection and Vaccine Escape Variants
	9.3 Mass Application of Vaccines
	9.4 Economics and Incentives
	9.5 Harmonization

	References


