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Abstract

The global human population is growing at a rapid rate leading to the need for
continued expansion of food animal production to meet the world’s increasing
nutritional requirements. As a consequence of this increased production demand,
the use of high volume, animal dense systems have expanded providing high quality
protein at reduced costs. Backyard animal production has also expanded. This
increased food animal production has facilitated the rapid spread, mutation, and
adaptation of pathogens to new hosts. This scenario continues to drive the
emergence and reemergence of diseases in livestock species increasing the
urgency for development and availability of vaccines for transboundary animal
diseases (TADs). Even though vaccines are widely recognized as being an essential
tool for control of TADs, there are many scientific, economic, political, and logistical
challenges to having vaccine available to control an outbreak. This article will focus
on examples of the challenges associated with having vaccines available for
emergency response, as well as the characteristics of “ideal” TAD vaccines, the need
for complementary diagnostic assays, and hurdles involved in bringing efficacious
veterinary TAD vaccines to market including regulatory constraints and
considerations for stockpiling vaccines for emergency use in non-endemic countries.
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Examples will also highlight the complicated interplay between animal health and
human health and demonstrate the lasting benefits that can be gained from an
efficacious vaccine.

Introduction

As the global human population is growing at an exponential rate and expected to
reach 9.8 billion people in 2050, there has been a corresponding, unprecedented
expansion and growth of food animal production to meet the increasing protein
demand to support human nutrition requirements (Roth, 2019). The United Nations
Food and Agriculture Organization (FAO) estimates that, to meet this increased
demand by 2050, food production must increase by approximately 70% compared to
2005 production levels (Figure 1) (FAO., 2009). As a consequence of the expansion
of both the global human and production animal populations, there has been an
increase in the emergence and reemergence of animal diseases (Hassell et al.,
2017). This increased demand has driven the trend towards high volume, animal
dense systems which provide ample opportunity for the rapid spread of disease, as
well as increased fitness pressure leading to mutation and adaptation of pathogens
to new host species or increased disease severity in historically susceptible
populations (Hassell et al., 2017). Livestock and poultry are a significant contributors
to the economy of many countries, accounting for over half of United States
agricultural cash receipts, often exceeding $100 billion per year. The increasing
human population is also leading to an increase in “backyard” animal production in
both rural and urban environments. This can be an important source of high-quality
protein and income for food insecure households (Roth, 2011). However, the
backyard animals typically do not benefit from biosecurity, vaccines or other
veterinary care and can be a source of infection with zoonotic diseases. The
increase in concentrated animal feeding operations and in backyard animal
production to feed the increasing human population increases the urgency for
development and availability of vaccines for transboundary animal diseases.

Transboundary Animal Diseases (TADs) are a major threat to agriculture animal
health, as well as human health, and are defined by the United Nations Food and
Agriculture Organization (FAO) as those diseases that have the potential meet a
combination of the following criteria: (1) they are highly contagious; (2) they have the
potential to spread rapidly, irrespective of national borders; (3) they are associated
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Figure 1. The United Nations Food and Agriculture Organization estimated world meat and
egg production will need to increase by 70% from 2005/2007 to 2050 to meet the needs of
the growing population. From Roth, 2019.

with high mortality and/or morbidity in affected species; (4) they have the potential to
affect food security and cause severe socioeconomic consequences; (5) they may
be associated with public health concerns (FAO, 1996; Rossiter and Al Hammadi,
2009). Historically, TADs have had devastating consequences on both human and
animal populations. Details of a few of these accounts will be discussed later in this
article.

With increased globalization, the introduction of TADs into non-endemic areas can
occur in a variety of ways. One of the most important translocation mechanisms
include the domestic and global movement of diseased animals and contaminated
animal products either as imports or food waste (Otte et al., 2004). Other means of
introduction can occur through the importation of contaminated biological products or
germplasm, the movement of people, and the migration of affected animal species.
Climatic changes can lead to the natural spread of insect vectors and, in the case of
some diseases, shifts in wind currents can lead to the spread of diseases (Jones et
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al., 2013). A TAD can rapidly become endemic in introduced areas threatening naive
contact countries, which increases the likelihood of continued spread and further
difficulty in gaining control of the outbreak, ultimately leading to greater impacts on
food security (Otte et al., 2004). This dire situation is exacerbated in situations in
which an efficacious and cost-effective vaccine is not available. A prime example of
how rapidly and widely a disease can disperse without an available vaccine to
implement as a control measure can be seen in the spread of African swine fever
(ASF) disease in eastern Europe and Asia. ASF will be discussed in detail later in
this review, as well as discussion on Foot-and-Mouth Disease (FMD), as these two
diseases will be compared in regards to strategies towards developing “ideal” TAD
vaccine platforms and their potential use as a component to control the impact of the
disease.

There are numerous tools and approaches utilized to control the spread and damage
created by the incursion of a TAD into a non-endemic area. These can include the
control of movement of animals and people between areas, implementing and
heightening biosecurity at the farm level, depopulation of infected and in-contact
herds, epidemiologic trace back and trace forward of cases, implementation of rapid
diagnostics, and mass vaccination. Implementation of vaccination campaigns are
based on the overall objective and can include vaccinate-to-kill, vaccinate-to-
slaughter, or vaccinate-to-live strategies (Barnett et al., 2015b; Grubman and Baxt,
2004). The availability of TAD vaccines is of paramount importance for maintaining
and advancing animal health, public health, and food production and security. They
serve as a cost-effective methods to control and prevent animal disease, lead to
increased high-quality protein availability, expand the efficiency of food production,
as well as functioning to reduce or prevent the transmission of zoonotic and
foodborne infections to people (Roth, 2011).

Even though vaccines are widely recognized as being an essential tool for control of
TADs, there are many scientific, economic, political, and logistical challenges to
having vaccine available to control a TAD outbreak. In this review we will discuss
three transboundary animal diseases as different examples of the challenges
associated with having vaccines available for emergency response to TADs (foot and
mouth disease, African swine fever, and Nipah virus infection). The review will also
focus on the characteristics of “ideal” TAD vaccines and the need for complementary
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diagnostic assays, hurdles involved in bringing efficacious veterinary TAD vaccines
to market including regulatory constraints, and considerations for stockpiling
vaccines for emergency use in non-endemic countries. The review will conclude with
the example of the use of a veterinary vaccine for the successful, global eradication
of rinderpest and its relation to increased food security and indirect impacts on
human disease and public health. This will highlight the complicated interplay
between animal health and human health and demonstrate the lasting benefits that
can be gained from an efficacious vaccine. The rinderpest example will also
demonstrate how introduction of a TAD can lead to famine, increased incidence of
indirectly related disease in humans, and ultimately lead to the death of people and
millions of animals.

Foot-and-Mouth Disease

As a transboundary animal disease, Foot and Mouth Disease (FMD) is perhaps the
most important pathogen of livestock worldwide. It is a highly contagious, clinically
acute, viral disease affecting members of Artiodactyla (cloven-hoofed animals),
caused by the Foot and Mouth Disease Virus (FMDV), a member of the Apthovirus
genus in the family Picornaviridae (Rweyemamu et al., 2008). The effects of this
disease are of greatest concern, at least to the production livestock industry, in cattle
and domestic swine, though disease has been reported in at least 70 species of wild
animals, including wild ruminants and feral swine, which can play a significant role in
its epidemiology (Alexandrov et al., 2013; Knight-Jones et al., 2016; Lee et al., 2017;
Thompson et al., 2002; Thomson et al., 2003).

FMDV is a complicated virus with seven serotypes all having varying geographic
distribution (O, A, C, Asia 1, SAT 1, SAT 2, and SAT 3) (Figure 2) (Grubman and
Baxt, 2004; Rweyemamu et al., 2008). Globally, serotype O is the most common and
was responsible for a pan-Asian outbreak that began in 1990 and has subsequently
engulfed many countries throughout the world. Serotype C is considered to be
eradicated, but is still utilized in the formulation of some multivalent vaccines (Jamal
and Belsham, 2013). There are inconsistent levels of variability between the FMD
serotypes and they collectively contain more than 60 viral strains with novel strains
arising regularly. Continued circulation of the virus in the field and the quasispecies
nature of the virus genome leads to the continued rise of new strains, which can
continue to evolve to break-through vaccine-induced immunity (Grubman and Baxt,
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2004; Haydon et al., 2001; Jamal and Belsham, 2013). The vast majority of strains
affect all susceptible species, yet some have more restricted host ranges (Arzt et al.,
2011a). For instance, the O Cathay strain appears to only affect pigs. Immunity to
one serotype does not reliably convey protection from other serotypes and intra-
serotype strain protection varies with the level of antigenic similarity (Lee et al., 2017;
Rodriguez and Grubman, 2009).

The FMD virus can be found in most secretions and excretions from acutely affected
animals, including expired air with animal species and virus strain accounting for
differences in the amount of virus shed by each route. Animals are typically infected
by inhalation, ingestion, or through abrasions in the skin or mucous membranes
(Bartley et al., 2002; Grubman and Baxt, 2004). Pigs tend to produce large amounts
of aerosolized virus, and the presence of a large, high-density swine herd may
increase the risk of airborne spread to other animals. As pigs require much higher
doses to be infected by inhalation, they are typically infected via ingestion of virus-
contaminated material, while cattle are particularly susceptible to infection by the
inhalation route (Arzt et al., 2011b; Stenfeldt et al., 2016). Mechanical transmission
via fomites plays an important role in spread of this virus and people can also act as
mechanical vectors by transporting the virus on their skin or clothing (Amass et al.,
2004).

FMD is characterized by high morbidity and low mortality, though it does occasionally
cause a fatal acute myocarditis that is typically limited to young animals. The
hallmark clinical signs in affected species include a rapidly spreading acute onset,
febrile illness with the formation of vesicular lesions on the tongue, dental pad,
coronary band and teats (Arzt et al., 2011a; Stenfeldt et al., 2016). Though animals
can and do recover from this disease, secondary bacterial infections of the vesicles
can lead to chronic lameness, wasting, and mortality (Grubman and Baxt, 2004). As
it affects production species, the presence of this disease in a domestic herd can
lead to drastically lower yields and have devastating economic consequences.
Resulting chronic lameness and permanent hoof damage can have direct impacts on
the use of draft animals in many parts of the world where crop yields are dependent
on animal labor (Knight-Jones and Rushton, 2013). Although adult animals typically
recover, the associated morbidity is significant in naive populations, including the
presence of significant pain and distress in some animal species. Sequelae may
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Figure 2. Geographic distribution of the seven serotypes of foot-and-mouth disease virus
with the proposed disease status of individual countries in 2018 (A) and the major FMD
events from that year (B). From King et al., 2018.
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include decreased milk yield, permanent hoof damage, heat-intolerance syndrome,
and chronic mastitis (Grubman and Baxt, 2004).

After once being found nearly worldwide, FMD has now been eradicated from 70
countries (including North America, most of South America, Australia, Greenland,
Iceland, and western Europe) through the control of movement of susceptible
species and animal by-product movement and through the use of intricate mass
vaccination and culling campaigns (Brito et al., 2017; Jamal and Belsham, 2013).
FMD has not been reported in North America for more than 90 years, with the last
outbreak occurring in 1929 (Bachrach, 1968). Even with the success of elimination,
there are still over a hundred countries considered endemically or sporadically
infected with the disease. Where FMD is endemic, animal production and
performance are affected and these countries suffer major economic constraints
secondary to trade embargoes that drastically reduced access to international
markets. The potential effects of disease on smallholder farms can be significant.
Nampanya et al estimated that losses associated with FMD could approach 60% of
annual farm-based household income in Laos (Nampanya et al., 2016). Across all
FMD-endemic countries, it is estimated that the disease costs $6.5-$21billion US
dollars (USD) annually in production losses (Knight-Jones and Rushton, 2013).

Outbreaks of FMD in countries that have previously eliminated the disease can be
economically devastating due to the loss of trade and the cost of eradication with
direct and indirect losses reaching into the billions of US dollars. The 2001 outbreak
in the United Kingdom was estimated to cost $12 billion USD and more than four
million cattle and sheep were destroyed in order to reestablish disease free status
and regain access to international markets (Thompson et al.,, 2002). A risk
assessment estimated the hypothetical economic consequences of FMDV in the US
to be up to $140 billion USD with most of the cost impacting agricultural firms and
consumers (Pendell et al., 2015).

African Swine Fever

Similar to FMD, African swine fever (ASF) is another high-consequence,
transboundary animal disease causing great concern throughout the world swine
industry. African Swine Fever Virus (ASFV) is a tick-borne Asfivirus, the sole member
of the Asfarviridae family, and is the only known DNA arbovirus. The virus is large
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and complicated, containing over 170 proteins (Figure 3) (Chapman et al., 2008;
Dixon et al., 2013; Dixon et al., 2005). ASFV is currently causing an unprecedented
outbreak after its introduction and spread from the country of Georgia in both
domestic and wild pigs, through Western Europe, and into Russia, ultimately leading
to introduction into China, affecting the world’s largest swine population and leading
to the death of millions of domestic pigs (Dixon et al., 2005). It has been predicted
this outbreak has resulted in a deficit of 25 million metric tons of pork in China in
2020, equivalent to 55 billion pounds, which is approximately twice the annual
production in the US and eight times the US pork exports for the same year (Speer,
2019).

ASFV is endemic in sub-Saharan Africa where it is hypothesized to have originated
in warthogs but has since been established as a common virus of domestic pigs in
the area. Outbreaks have occasionally occurred outside of Africa, but the virus was
almost always brought under control and eradicated. One exception has been the
persistence of the virus on the ltalian island of Sardinia where uncontrolled
movement of pigs, free-range production systems, and socioeconomic factors have
complicated the situation (Gogin et al., 2013). There are more than 20 genotypes of
ASFV and isolates demonstrating a full spectrum of virulence ranging from highly
pathogenic strains to less virulent ones (Achenbach et al., 2017; De Villiers et al.,
2010; Quembo et al.,, 2018). Depending on the strain, ASF can present with
extremely high case-fatality, killing nearly the entire herd, or it can cause milder,
nonspecific illness that can be extremely difficult to recognize. ASF only affects
members of the pig family, Suidae, including domestic swine and wild boar. Wild
suids, particularly warthogs, giant forest hogs, and bushpigs, serve as reservoirs and
maintenance in Africa is via a complex sylvatic cycle involving transmission between
the wild suids, argasid ticks, and domestic pigs (Costard et al., 2009; Dixon et al.,
2019).

Even though ASFYV is tick-borne, it can be effectively transmitted with or without a
tick intermediate. Domestic pigs can shed virus in all secretions and excretions and,
complicating recognition and control, a significant amount of shedding can occur
prior to onset of clinical signs. As a high titer viremia results, massive environmental
contamination is probable during necropsies, fighting between pigs, or if a pig
develops melena (bloody stool). The ASF virus is resistant to many environmental
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conditions and persists in contaminated soil for long periods (Dixon et al., 2019).
Outside of areas with the reservoir species, ASFV is most often transmitted directly
between pigs via oral and nasal routes, but the pathogen can also be transmitted by
iatrogenic means (Colgrove et al., 1969; Dixon et al., 2019; McVicar, 1984). Although
all Ornithodoros species tested to date show susceptibility to infection with the virus,
there appears to be varying degrees of vector competence. As a TAD, ticks play a
limited role in ASF transmission when compared to the role played by movement of
infected animals and animal products (EFSA, 2010).

Non-tickborne infection occurs after virus penetrates the animal’s mucous membrane
through direct contact with infected pigs or the environment, but most infections are
thought to occur after either inhalation or ingestion. As ASFV can persist in tissues
after death, significant spread can occur by feeding uncooked or undercooked,
contaminated pig swill. Virus can also spread on fomites, including vehicles, feed,
and equipment and the virus has been reported to persist for days to weeks in feces
or urine under virus-favorable conditions (Costard et al., 2009; Dixon et al., 2019).

African swine fever causes a hemorrhagic disease in domestic pigs and can occur in
varying forms from highly lethal, with case-fatality rates reaching 100%, to subclinical
disease (Rock, 2017; Villeda et al., 1995; Villeda et al., 1993). It can present as
peracute, acute, subacute, or chronic illness and the progression is generally
correlated with the virus isolate. Sudden death without overt signs of disease
(peracute presentation) can be the first sign of infection in a herd. Acute cases
typically present with high fever, anorexia, lethargy, and recumbency with a
reluctance to move. Pigs may have erythema and/or cyanotic blotching of the skin
predominately affecting the ears, tail, and lower limbs and pigs can also present with
diarrhea, constipation, vomiting, signs of abdominal pain, or hemorrhagic signs
(including epistaxis and petechial/ecchymotic skin lesions). Subacute disease has
similar signs with decreased severity, while chronic disease can present as an
intermittent low-grade illness accompanied by depression and decreased appetite.
Host and viral factors responsible for the variation in disease remain poorly
understood. From a disease control perspective, it must be noted that ASFV can
establish long-term persistent infections in warthogs and domestic pigs that survive
acute infection (De Kock et al., 1940; DeTray, 1957; Mebus and Dardiri, 1980; Rock,
2017; Thomas et al., 2016; Wilkinson et al., 1983).
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Currently, there are no effective vaccine candidates available to combat ASF. The
history and progress towards the development of effective biologic countermeasures
will be discussed in the next section. Without an effective vaccine, ASF control is
based on early detection, isolation, and culling of infected herds, and strict
biosecurity measures to prevent introduction of the virus onto new farms. Depending
on the situation, these measures can have varying success rates.

The “ideal” livestock TAD vaccine

The basis of vaccination is to simulate the development of naturally acquired
immunity by inoculation of immunogenic components of a target pathogen, or similar
surrogate, while not causing disease (Meeusen et al., 2007). Both veterinary and
human vaccinology has made immense progress since its inception when Edward
Jenner’s inoculation with cowpox, a zoonotic disease, as a surrogate for prevention
of smallpox disease in humans (Adams et al., 2011). This humble beginning
demonstrates the close relationship between both human and animal infectious
disease research, but even with the shared beginnings and close relationship, the
criteria for what is considered successful vaccination and the “ideal” vaccine can be
drastically different for veterinary and human biologics. Within veterinary vaccinology,
there can be diverse benchmarks between target animal groups being considered.
For instance, human vaccines share similar goals as companion animal (“pet”)
vaccination where the health and well-being of the individual animal are of chief
concern. While for the livestock industry vaccination aims to safeguard and expand
the economic benefit to the farmer with the main objective being to improve
production of the animal and protect the herd and, therefore, maintain food security.
In the case of zoonotic diseases affecting livestock, vaccination can also be used to
reduce or eliminate the risk of transmission to humans involved in production and the
end consumer, while also improving animal productivity. Vaccination of livestock also
contributes to the welfare of animals and to the reduced need for antibiotics to treat
infection (Adams et al., 2011; Meeusen et al., 2007; Roth, 2011).

The process of developing and bringing veterinary vaccines to market can be time
consuming and expensive. Since most private companies are profit driven, research
and development investment decisions in the veterinary industry are based on the
potential of products to generate sales and recuperate costs in a given target market,
this can be difficult to accomplish with many emerging infectious diseases and TADs
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(Hardham and Lamichhane, 2013; Heldens et al., 2008). The potential financial
returns to the manufacturer on animal biologics are typically much less than their
human counterparts due to lower prices and smaller market sizes, yet their
complexity and range of potential hosts and pathogens are greater. This ultimately
results in lower overall investment in research and development. However,
compared to human vaccine development, veterinary vaccines generally have less
stringent regulatory requirements and shorter market to launch times with quicker
return on investments. Animal vaccine development has the advantage of the ability
to do challenge studies in the intended species. In addition, legal liabilities for
manufacturers are less for animal vaccines compared to human vaccines. Aside
from the safety and efficacy profiles, the predominate factor that determines the
success of a vaccine is an effective commercialization plan resulting in its use in the
field (Heldens et al., 2008; Meeusen et al., 2007).

The following characteristics of an “ideal” TAD vaccine are desirable, but not all are
necessarily essential or currently even considered scientifically feasible:
* Shown to be pure, safe, potent, and efficacious in the target species
* Provide rapid onset with long duration of immunity with a single dose
* Are effective in the presence of maternal antibody
* Show lack of interference with other vaccines used in livestock
¢ Safe for manufacturing under BSL2 conditions when produced in a disease-
free country
* The organism used to produce the vaccine is not considered a select agent in
the U.S.
* Can be produced with cost-effective manufacturing — the cost of the product
must be beneficial to the manufacturer as well as the consumer
* Are safe for use in food production animals with no, or reasonably short,
withdrawal time for animal products for human consumption
* Are considered non-hazardous for humans accidentally exposed to the
vaccine
* Safety and efficacy demonstrated in multiple species (where applicable)

An important consideration for TAD vaccines is the availability of a companion

diagnostic assay that allows detecting infection in vaccinated animals (DIVA). This is
typically accomplished by discriminating the antibody responses that are vaccine-
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induced from those induced during infection with the wild-type virus. For example,
FMDV vaccination induces the development of antibodies to virus capsid structural
proteins, whereas infection induces antibodies to both structural and non-structural
proteins. The non-structural proteins are required for FMDV replication and are
conserved across all serotypes and strains. To be able to utilize a DIVA diagnostic for
post-vaccination surveillance, the vaccines utilized must be purified to the point that
they are free of the non-structural proteins (Barnett et al., 2015b; Clavijo et al.,
2004). For several TADs of livestock, effective conventional vaccines are available
but their use is restricted due to their interference with disease surveillance that is
dependent on determining animal infection status based on serological assays. DIVA
companion diagnostics may not be required in situations when vaccinated animals
are intended to go directly to slaughter as these animals are removed from the
national herd. Use of non-DIVA vaccines in non-endemic countries in animals not
intended for slaughter has the potential to result in loss of the country’s disease-free
status from the World Organization for Animal Health (OIE). FMD in cattle is a classic
example of this. Even though efficacious inactivated FMD vaccines have been
available for decades, they are not used in non-endemic countries as this would
forfeit the country’s OIE disease free without vaccination status and, therefore,
compromise continued international trade (Barnett et al., 2015a, b). The following
subsections will discuss more of the specifics concerning available FMD vaccines
and the importance of DIVA capability in regards to eradication after introduction to a
non-endemic area as well as the historical attempts at producing an efficacious
vaccine for ASF and why an effective vaccine has remained elusive.

Foot-and-Mouth Disease Vaccines

Vaccination for FMDV is an essential component of planning for emergency
response control measures and is also routinely used to control the disease in
endemic countries. Historically, FMD vaccination has been used to successfully
eliminate the disease throughout most of the western hemisphere. The presence of
numerous serotypes compounds the complicated nature of vaccination as
vaccination of animals with one serotype does not necessarily confer protection
against other serotypes (Grubman and Baxt, 2004). In actuality, the vaccine used
can even fail to provide adequate protection against other subtypes within the same
serotype. Traditional FMDV vaccines are produced from live, infectious virus grown
in mass quantities in cell culture that is then inactivated, purified, and adjuvanted
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(Robinson et al., 2016; Rodriguez and Grubman, 2009). These traditional inactivated
vaccines have fostered the successful elimination of this disease from many areas of
the world and have allowed for the control and re-elimination after incursion into non-
endemic areas. This formulation is the standard vaccine type for stockpiling in all of
the FMD Vaccine Banks as vaccine antigen concentrate (inactivated, non-adjuvanted
antigen concentrate) which can be stored over liquid nitrogen for extended periods of
time and allows for rapid emergency formulation into finished vaccine (Lombard and
Fussel, 2007; Robinson et al., 2016). Though these traditional vaccines have been
used successfully for eradication, they have their disadvantages, including the
requirement of cold chains when deploying the vaccine, the need for high-
containment vaccine production facilities capable of working with infectious virus,
time required to finish the concentrate into final vaccine, and the possibility of release
of live or inadequately inactivated virus from manufacturing sites (Grubman and
Baxt, 2004; OIE, 2013).

The concerns posed by traditional, inactivated vaccines have given rise to research
into numerous novel FMDV vaccine platforms. Historically, there have been
problems associated with the development of attenuated vaccines including unstable
phenotypes, differences in pathogenesis between target species, and development
of attenuation to the point that the virus does not consistently produce a protective
immune response (Rodriguez and Grubman, 2009). Advances in cDNA technology
have allowed some progress towards a phenotype stable attenuated virus, including
the engineering of a serotype A12 strain lacking the leader protein coding region that
demonstrated attenuation in cattle but only partially protected the animals from
subsequent wild-type FMDV challenge (Brown et al.,, 1996; Mason et al., 1997).
Inoculation of swine with the same candidate virus prevented clinically apparent
disease, lack of transmission to naive swine, and provided partial protection from
wild-type challenge. When produced as a chemically inactivated and adjuvanted
finished vaccine, the resulting biologic induced protection similar to that produced by
finished vaccine utilizing the wild-type virus (Chinsangaram et al., 1998). Vaccines
produced from viruses engineered in this fashion may provide a means of
overcoming the risk of production using their highly virulent wild-type parent strains
(Cao et al., 2016).
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Without effective vaccination, traditional tools to control FMD in a previously FMD-
free country are limited to preventing the movement of animals, heightened on-farm
biosecurity, stamping out of affected populations (depopulation of all infected herds
and in-contact herds as soon as possible), trace back and trace forward of cases 28
days prior to the start of the outbreak, and the rapid deployment of effective
diagnostics. Other components of effective control programs are discussed later in
this review (Barnett et al., 2015a; Grubman and Baxt, 2004).

African Swine Fever Vaccines: hurdles and progress

Despite being first described in 1921, effective vaccines protecting against ASF still
remain elusive, leaving mass culling the only effective disease control option (Bellini
et al., 2016; Montgomery, 1921; Rock, 2017). As ASF is one of the most significant
emerging disease threats for the swine industry worldwide, development of
vaccination strategies is paramount to limiting the potential devastation this disease
may cause. It is thought that vaccination against this virus will be possible in the
future based on knowledge that pigs that do recover from infection develop
protection against reinfection with a homologous strain of the virus (King et al., 2011;
Lacasta et al., 2015; Leitéo et al., 2001; Mebus and Dardiri, 1980).

Typical of viral infections, both humoral and cellular immunity have been shown to be
important for protection in ASFV infected pigs, but there is a lack of understanding of
the specific mechanisms mediating anti-ASFV immunity and there have been no
definitive correlates of protection established (Argilaguet et al., 2012; King et al.,
2011; Lacasta et al.,, 2015; Oura et al.,, 2005). Viral proteins that function as
protective antigens need to be identified, along with an understanding of the
circulating strain variations, further understanding of viral pathogenesis, and to be
able to produce broadly-effective vaccines offering cross-protection against relevant
ASFV strains (Rock, 2017). As this is a large, complicated DNA virus, there are many
proteins to evaluate. To be suitable for use under emergency conditions in non-
endemic countries, the eventual vaccines must be DIVA compatible.

In pigs that have been naturally infected with low virulent strains of ASFV and for
pigs inoculated with viruses attenuated by traditional methods, protective immunity is
induced against homologous (rarely heterologous) virus challenge, but the conditions
of cross protection are not well understood. Some strains produce levels of cross
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protection while those that appear to be closely related do not (King et al., 2011;
Lacasta et al., 2015; Leitdo et al., 2001; Mebus and Dardiri, 1980; Mulumba-Mfumu
et al., 2016). Because of this, traditional live-attenuated vaccines are characterized
by absent clinical signs and reduction in viremia and are thought to be protective due
to early control of virus replication (Rock, 2017). Production processes involving live,
infectious virus leads to similar hurdles as those described for FMDV, particularly
regarding concerns of inadvertent release from a manufacturing facility. Attempts at
engineering attenuated viruses for the purpose of vaccination has provided some
progress towards a viable vaccine, but the effects of gene deletion on attenuation
and immunogenicity appear to be strain dependent and inconsistent (Abrams et al.,
2013; Afonso et al., 1998; Neilan et al., 2002; O'Donnell et al., 2015a; O'Donnell et
al., 2015b; O’Donnell et al., 2016). Significant safety concerns have also been a
major issue for live-attenuated ASFV vaccines, as shown by the first ASF vaccine
study that lead to the development of chronic ASF after the originating virus had
been attenuated by serial passage in bone marrow cell culture (Manso-Ribeiro et al.,
1963). In general, the suitability of a live-attenuated approach to vaccination against
ASFV is hindered by issues concerning efficacy, residual pathogenicity and reversion
to virulence, and the development of long-term viral persistence. So far, attempts at
conveying protection using a variety of inactivated vaccines have failed after
numerous attempts. Future development of a vaccine using this approach appears
unlikely (Abrams et al., 2013; Blome et al., 2014; Forman et al., 1982; Kihm et al.,
1987; Mebus, 1988; Reis et al., 2016; Rock, 2017; Stone and Hess, 1967).

The potential use of subunit vaccines utilizing only specific protective viral antigens
against ASFV within an optimized delivery or vector system may show the most
promise towards a suitable vaccination approach. For these vaccines to be
designed, the relevant protective antigens against ASFV and their natural antigenic
diversity must be established. Results of attempts at producing an effective subunit
vaccine so far indicate that additional unknown ASFV proteins are required for
inducing full protective immunity (Argilaguet et al., 2013; Borca et al., 1998; Borca et
al., 1994a; Borca et al., 1994b; Burmakina et al., 2016; Gomez-Puertas et al., 1996;
Neilan et al., 2004; Rodriguez et al., 1993). Even though there are several viral
proteins known to be correlated with protection, there is no single protein known to
be sufficient for induction of sufficient protection in pigs to be utilized in an effective
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vaccine. This supports the conclusion that multiple viral antigens will be required for
protection.

Recently, progress has been made towards the antigen selection critical for
development of a subunit ASFV vaccine. Previously, using viral-vectored antigen
pools, researchers tested the immunogenicity of twenty-eight different genes and
demonstrated induction of antigen-specific cellular responses (Netherton et al,
2019). Goatley et al (2020) have determined that different combinations of antigens
and doses could successfully induce cellular and humoral immune responses
capable of whole virus recognition, yet there were no clear correlates of protection
that could be used to predict outcomes after challenge with virulent ASFV. Recent
work describes the induction of both antigen and ASFV-specific antibody and cellular
responses with different viral-vectored pools of antigen that were selected based on
their immunogenicity in pigs. One of the tested pools that consisted of eight viral-
vectored genes provided 100% protection in pigs after an otherwise fatal challenge
with ASFV. The surviving animals did develop a viremia as well as clinical signs post-
challenge. Further studies were recommended to determine the ability of the animals
to clear virus and, importantly, if the vaccinates are able to shed infectious virus
capable of transmission to naive animals (Goatley et al., 2020). Even though this
study utilized genotype | antigens and challenge, other studies have suggested that
there may exist some level of cross-protection between the two genotypes with
possible differences in T-cell or antibody epitopes (Gallardo et al., 2018; Goatley et
al., 2020; Mur et al., 2013). There is still the need to define correlates of protection,
the requirement for reimmunization with booster vaccination, and if other antigens
may be utilized to improve the efficacy of the vaccine (Goatley et al., 2020). This
work further validates the attractiveness of viral vector vaccine platforms as a
potential mechanism for ASF control and continues to provide encouragement that
there will one day be successful countermeasures to combat this terrible disease.
Even with the significant amount of progress and expansion of knowledge
concerning ASFV and the disease that it causes, there still remain significant
challenges before an effective vaccine becomes a reality and can be incorporated
into disease control measures.
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Nipah virus

Nipah virus (NiV) is a member of the family Paramyxoviridae, genus Henipavirus that
emerged in dramatic fashion in Malaysia and Singapore in 1998, initially being
mistaken for an atypical presentation of another viral disease, Japanese
encephalitis. Nipah virus-induced disease in humans was characterized by severe
febrile encephalitis that led to a case fatality rate of approximately 40% during the
first outbreak. Although Pteropus bats are considered to be the predominant natural
reservoir of the virus, human infections in Malaysia were found to be from zoonotic
transmission from domestic pigs (AbuBakar et al., 2004; Chua et al., 2002; Clayton
et al., 2013). Even with a quick national response and international assistance, the
first outbreak ultimately led to the death of 105 people and the mass culling of almost
half of the country’s national pig herd, approximately 1.1 million head were lost. NiV
is also suspected to be the causative agent of an outbreak in horses in the
Philippines with subsequent transmission to humans (Ching et al., 2015). Since
2001, a different genotype of NiV has emerged with near annual outbreaks occurring
in Bangladesh where sustained human to human transmission is responsible for
continued spread of the disease with a case fatality rate reaching above 75%. In the
case of this virus, NiV-Bangladesh, transmission is associated with bat urine-
contaminated date palm sap that is consumed by people (Broder et al., 2016;
Homaira et al., 2010a; Homaira et al., 2010b; Luby et al., 2009; Rahman et al.,
2012).

Natural infection of pigs can present with a spectrum of clinical signs, ranging from
asymptomatic to mild-moderate respiratory diseases and, occasionally, encephalitis
as part of a “porcine respiratory and encephalitis syndrome” (Nor et al., 2000). These
mild, non-specific clinical presentations in pigs are problematic as they can easily go
unnoticed until consequent human infections begin to surface.

Nipah virus, as recognized by the Coalition of Epidemic Preparedness Innovations
(CEPI), is one of the viral threats of greatest concern for a human pandemic. It has
also been proposed as one of the priority diseases of interest to the United States
Department of Agriculture and the Department of Homeland Security, as well as
being listed as a US Public Health Service Category A agent, due to its potential for
use for intentional release as a component of bioterrorism. Due to the susceptibility
of humans, high case-fatality rates for NiV disease, absence of human vaccines or

caister.com/cimb 18 Curr. Issues Mol. Biol. Vol. 42



Vaccines for Transboundary Diseases Lewis and Roth

therapeutics, this virus is classified as a Biosafety Level 4 (BSL4) pathogen
(Chosewood and Wilson, 2009). Vaccine development, production, and efficacy
testing are made even more complex due to the heightened regulation and strict
constraints for biosafety and containment when working with this classification of
pathogens, ultimately leading to a reluctance for the biologics industry to invest in
products without government support, culminating in delays in research and in
bringing an effective vaccine to market (Hardham and Lamichhane, 2013)

CEPI has allocated $460 million (USD) for development, licensing, and stockpiling of
human vaccines for what they have determined are the three highest pandemic
threat agents (Nipah virus, Lassa Fever virus, and Middle Eastern Respiratory
Syndrome coronavirus), this includes no provisions for prevention or control of Nipah
virus in swine (Sifferlin, 2017). Due to the nature and consequences of NiV virus
outbreaks in Southeast and South Asia, as well as the potential for unintentional or
intentional introduction into other areas of the world, a swine vaccine able to
eliminate viral shedding is of paramount importance and should be considered as an
important control measure in pigs to ultimately control disease emergence in
humans. If NiV should emerge or reemerge in a swine dense region, a highly
efficacious vaccine for use in domestic swine would serve as a critical protective
measure for both human and animal health, as well as a means of protecting the
affected nation’s food supply and economy. If cost-effective and available, a vaccine
could also serve to protect small-holder investments in swine and maintaining food
security, which is critical in the areas of likely reemergence.

The foundation of scientific knowledge based on many years of experimental work
with NiV has provided the framework that should support successful development of
a domestic swine vaccine. Numerous active and passive immunization approaches
have been explored in a variety of species, as reviewed by Broder et al, 2016,
including live-recombinant virus platforms, protein subunit, virus-like particles, and
DNA vaccines (Broder et al., 2016). Most of these attempts have been focused on
the development of NiV-specific neutralizing antibodies, however, some have
evaluated both the ability to illicit an immune response as well as efficacy against
challenge utilizing pigs. Initially, use of a recombinant canarypox virus with NiV F and
G glycoprotein genes inserts was evaluated in piglets with vaccination followed by
intranasal challenge with live NiV. This approach demonstrated that prevention of
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NiV-mediated illness was achievable with minimal detection of viral nucleic acid
being shed and, critically, live virus was not recoverable from vaccinated animals
(Broder et al., 2016; Weingartl et al., 2006). It was then demonstrated that both arms
of the immune response, cell-mediated and humoral, are critical for the protection of
domestic swine against NiV infection (Pickering et al., 2016). Despite the promising
results with the canarypox vector platform in swine and the numerous platforms
evaluated in other species, a swine vaccine for NiV is still not available even with the
continued threat of new spillover into this widespread species (Broder et al., 2016).

The desirable characteristics of a NiV vaccine to aid in the control of an outbreak in a
swine dense region should be considered similar to other vaccines for use in
combating transboundary animal diseases. There must be rapid onset of immunity,
ideally through a single dose, and the induced immunity should be protective and
long lasting. The vaccine should not interfere with booster vaccination or other
vaccines being used in swine for endemic diseases and it should induce effective
immunity in the face of maternal antibody so that it can be utilized in young animals.
It should be safe to manufacture in BSL2 conditions. There should be a companion
diagnostic assay available to determine infection versus vaccination status (DIVA).
The product should be safe for use in food producing animals with a reasonably
short withdrawal period for products for human consumption. Importantly, the
vaccine should not be hazardous for humans that may be accidently exposed. To
have sufficient product available to rapidly respond to an outbreak in swine that is
either too large and/or too widespread to effectively stamp out through culling, a safe
and efficacious NiV vaccine must be a component of a national or international
veterinary stockpile. These countermeasures could be finished vaccine that is ready
to deploy, stocks of vaccine antigen concentrate which can be readily converted into
finished vaccine, and there must be the capability of rapidly producing large volumes
of new vaccine.

Stockpiling vaccines for emergency response

Vaccine banks are typically stock of vaccine antigen concentrate, ready to be
formulated into finished vaccines or ready-to-use products able to be rapidly
deployed for emergency response with the overall goal of reducing the time between
detection of disease and vaccination response. Vaccine banks were historically
developed by FMD-free countries to control unexpected incursion of disease after
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vaccination campaigns end and disease-free status is gained (Barnett et al., 2010;
Lei and McKercher, 1979; Lombard and Fussel, 2007). In fact, the first mention of
this approach was following a devastating FMD outbreak in Great Britain in
1967-1968 after a commission charged with examining the outbreak made the
recommendation to enhance preparedness for future control. Following the
commission report, the British government purchased finished vaccine annually to
cover several hundred thousand head of cattle for serotypes O, A, and C (Lombard
and Fussel, 2007). This established the first known strategic antigen bank. Since this
was finished, fully formulated vaccine, the shelf-life of the product required frequent
replacement. In the 1970s, manufacturers developed novel methods to purify,
concentrate, and store inactivated FMD antigen that allowed for resistance to
freezing at ultra-low temperatures (liquid nitrogen). This process ultimately led to an
extension of shelf-life when product was stored as vaccine antigen concentrate
(VAC) (Barnett et al., 2010; Lombard and Fussel, 2007). A major drawback for the
storage of VAC is the time required to take the VAC and finish (blending, formulating,
filling) into a final vaccine that was ready for field deployment. Banks were principally
established to combat inadvertent incursions of disease, but, in recent years, there
has been an increased recognition of the possible consequences of deliberate use in
agroterrorism (Barnett et al., 2010).

Regardless of the diseases to which the countermeasures are maintained, vaccine
banks face many issues including strain or serotype selection, as well as the
regulation of the manufacturing, storage, formulation, and testing of stored products,
security, maintenance, monitoring, and disposal of products (Barnett et al., 2010).
This regulation is even more complex when banks represent multiple countries, as
each countries regulation and licensing requirements typically differ. Most vaccines
utilized to combat TADs are produced for endemic country use and are made to
order for a specific need by their manufacturer and provided formulated and ready to
use. This typically occurs without surplus product and provides little flexibility to
accommodate revisions to specifications at short notice (Barnett et al., 2010). This,
of course, emphasizes the need for the vaccine banks. There are shared, desirable
characteristics of vaccines and VAC meant for emergency use and kept in strategic
reserves that should be considered when stockpiling a vaccine:
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* The vaccine should meet as many of the desirable characteristics for that
agent as possible.

* There should be ongoing manufacture and sale of the products in endemic
countries. This enables indefinite delivery and indefinite quantity contracts for
just-in-time delivery, reducing the need for storage in traditional banks.

* The product should be based on antigen that is stable when stored as bulk
VAC.

* Finished vaccine should have an established long shelf-life and stability of
the finished product.

* The finished vaccine should be heat stable to reduce the need for extensive
cold-chain management during deployment.

* There should be rapid scale up and manufacture processes in the regions of
concern.

Vaccination as a component of an effective Control Program
This review, thus far, has focused on the need for efficacious vaccines for TADs, but
vaccination is only one part of what is required for an effective Control Program in
response to disease incursion. These programs must be designed and carried out by
the competent veterinary authority for specific countries or regions, as there is no
“one size fits all’ response and every outbreak is different. Even with these
differences, there are similar, overarching components that include the following:
* Biosecurity
* Surveillance and the ability to trace-back and trace-forward from known
cases, to include:
o Animal identification
o Premises identification
o Movement records
* Vaccination protocols (species, age, frequency, monitoring of the
development of immunity, matching of vaccine to the outbreak strain; for
example, with FMDV)
* Vaccine quality control from production through administration (including cold
chain maintenance, proper administration, records)
* The need to understand the characteristics of the vaccine:
o Expected efficacy in a naive population
o Efficacy in the presence of maternal antibody

caister.com/cimb 22 Curr. Issues Mol. Biol. Vol. 42



Vaccines for Transboundary Diseases Lewis and Roth

o Duration of immunity
* Diagnostic assays capable of use for post-vaccination surveillance (DIVA)
* Ultimately, the ability to suppress transmission (the “reproduction ratio”) in a
population.

Eurasian African Swine Fever Outbreak: uncontrolled spread of a TAD due to
lack of a vaccine

ASF emerged in the country of Georgia in 2007 where it was hypothesized that the
virus

was introduced from contaminated pork products originating from a ship being fed to
pigs in the region of the Port of Poti (Rowlands et al., 2008). After rapid spread
involving both domestic pigs and wild boar into Armenia, Azerbaijan, and Iran, the
outbreak reached the Russian Federation in early 2008. Since 2014, the virus has
also been circulating in eastern Europe, including Estonia, Latvia, Lithuania, and
Poland. The incursion in the Russian Federation brought the virus into a bordering
country, putting the outbreak in close proximity to the People’s Republic of China
(Gogin et al., 2013; Sanchez-Vizcaino et al., 2013).

Pig production and pork consumption are important to China for cultural and
economic reasons as over 500 million pigs are produced within its borders annually,
representing over half of the global pig population (Vergne et al., 2017). The
proportion of pigs being produced in small, backyard farms raising less than 30 sows
is estimated to be around 40% of the country’s total production (Gilbert et al., 2015;
McOrist et al., 2011). The factors that were proposed to put China at greatest risk for
ASF introduction were discussed by Vergne et al, 2017. The risks specific to China
included (1) the international movements of people in and out of the country and the
potential for carrying contaminated or infected goods, (2) the significant increase in
the demand for pork leading to large volumes of pork and pork products being
imported into the country — both legally and illegally, (3) the widely distributed
practice of raw swill feeding to subsidize and support pig production, and (4) the
widespread population of wild boar throughout most of the country (Vergne et al.,
2017).

In August, 2018, an incursion of ASF into Shenyang in northeastern China quickly
spiraled into an unprecedented disaster and challenge to the Chinese swine industry
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(Wang et al., 2018; Zhou et al., 2018). The sequence of the circulating outbreak
strain shares high homology with the Georgia 2007/1 strain and it is suggested that
introduction occurred via smuggled pork originating from an Eastern European
country (Ge et al., 2018; Wang et al., 2018). Since its introduction, ASF has been
confirmed in numerous provinces across the country (Figure 3). The complexity of
pork production and the fact that a major proportion of China’s pigs are raised in
smallholder farmyards with minimal biosecurity makes epidemiologic tracing a
monumental task, but investigators have proposed that the virus has been circulating
in country since at least March, 2018 (FAO, 2020; Normile, 2018).

Without a vaccine, control of ASF relies on early detection and rapid, local
eradication efforts (Wang et al., 2018). The governmental response has been strong,
involving the culling of sick and exposed animals; isolating infected farms; controlling
the movement of live pigs and pig products; conducting extensive epidemiologic
tracing; and disinfecting farms, processing facilities, and markets (Normile, 2018).
Importantly, this response has also included trying to earn the cooperation of
producers through immediate compensation for culled animals with the ultimate goal
of preventing the slaughter of sick pigs and the sale and transport of contaminated
meat that could perpetuate the continued spread of the virus (Normile, 2018; Wang
et al., 2018). Even with this tremendous effort, ASF has spread rapidly throughout
China and into neighboring countries (FAO, 2020; Zhao et al., 2019).

Researchers found that the particular ASF virus causing the outbreak in China is
highly virulent, causing acute disease in 3-5 days in experimentally inoculated pigs
with death occurring within 9 days and acute disease in contact animals in 9 days
with death occurring within two weeks (Zhao et al., 2019). Further complicating the
situation, a novel variant of the virus has begun spreading in the wild boar population
representing the possibility of the introduction of a new strain into China or the
evolution of a pre-existing strain (Li et al., 2019). This will only serve to further
complicate the situation, as well as any potential actions taken towards eradication.

Given the massive scale of the Chinese pork sector, the impact of ASF has the
potential to be devastating. Introduction of this TAD has put a crucial protein source
at risk and caused income insecurity for many families that are dependent on their
household farms. There are many less obvious, indirect consequences of the
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Figure 3. A map of the People's Republic of China showing the widespread distribution of
African swine fever virus across numerous Chinese provinces and the spread to neighboring
countries. From FAO, 2020.

outbreak that are beginning to be noticed. For instance, most of the unfractionated
and low-molecular weight heparins used worldwide are produced in China from
porcine mucosa. This outbreak and the consequent losses to the Chinese pig herd
are jeopardizing the global availability of this critically important pharmaceutical
(Vilanova et al., 2019).

Though various vaccines against ASF are being developed, there are no commercial
products currently available for use (Wang et al., 2018). A safe and effective product
must be considered a priority for cost-effective control measures to be a possibility in
areas with similarly extensive swine populations. Emergence of ASF in Chinese pigs
is an unprecedented disaster for China, as well as the rest of the world pork
producers. If this virus remains in China, it will continue to pose a major threat to the
rest of the world. ASF is a formidable TAD and its threat must not be taken lightly. All
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of these factors have set the stage for a costly, long-lasting, and challenging
outbreak that will involve significant socioeconomic impacts and investment by the
associated governments involved and the swine industry as a whole.

Rinderpest: a complex interplay between animal and human health and a
vaccination success story

Rinderpest is an example of how a TAD that only affects animals can have a
devastating impact on human health, but can ultimately be brought under control
through the successful use of efficacious vaccines. Rinderpest virus is a member of
the genus Morbillivirus with only one serotype, but three genetically distinct lineages
that were found in different geographic areas. This virus causes acute, highly
contagious disease of cattle, domesticated buffalo, and a variety of species of
wildlife. The impact of Rinderpest led to the establishment of the first veterinary
school in France in 1762 with the direct purpose of training specialists in the disease
(Gilbert, 2009). In the 1880s, infected cattle originating in India introduced the virus
to the African continent via the port of Massawa, Eritrea. This led to the death of 90%
of the cattle in sub-Saharan Africa with widespread death in sheep and goats, as well
as decimating many wildlife species. Mass human starvation ensued after the death
of domestic livestock and draft animals, killing a third of the human population in
Ethiopia and two-thirds of the Maasai people of Tanzania. With the drastic reduction
in numbers of grazing animals, thickets formed in the savannah that served as
breeding grounds for tsetse flies, the predominant vector for human African sleeping
sickness (Moutou, 2014; Normile, 2008; Roth, 2011). The Great Ethiopian famine
was not caused by a shortage of meat, it was caused by a shortage of grain
secondary to the reduced draught power and reduced availability of manure caused
by rinderpest (Pankhurst, 1966).

The first tissue culture produced vaccine against rinderpest was developed in 1960
(Plowright and Ferris, 1962). This vaccine was a success in that it conferred lifelong
protective immunity to all lineages of the virus and had no reported adverse
reactions, as well as being relatively inexpensive and easy to mass produce.
Unfortunately, this vaccine required strict maintenance of cold chain, requiring
logistically difficult refrigeration that is especially limiting in remote areas of Africa.
This obstacle was overcome in 1981 by the modification of the lyophilization process
of the same vaccine that resulted in a thermostable product with a shelf-life of 8
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months at 37°C, which was sufficient to recommend its use in the field for up to 30
days without refrigeration. This allowed the vaccine to be delivered to remote areas
and marginalized communities (Mariner et al., 2012). Although this improved vaccine
continued to confer life-long immunity, it posed a challenge as it is impossible to
differentiate between infected and vaccinated animals, complicating the overall goal
of eradicating the disease. Due to this, the only option for monitoring the success of
the local vaccination campaign was to halt the use of vaccine locally and monitor the
area for resurgence of the virus. If the disease resurfaced, the campaign had to be
reinstated (Gilbert, 2009).

The Global Rinderpest Eradication Program was established 1994 by the Food and
Agriculture Organization of the United Nations (FAO) and the World Organization for
Animal Health (OIE) as a large-scale international collaboration charged with
coordination of vaccination campaigns, local and international trade restrictions, and
disease surveillance. This new charge incorporated earlier, regional efforts with a
focus on widespread vaccination and long-term, epidemiologic monitoring (Gilbert,
2009). After seventeen years, rinderpest was declared eradicated by both the FAO
and the OIE in May, 2011 (Mariner et al., 2012; Njeumi et al., 2012). Rinderpest is
only the second disease, following smallpox in humans, to be successfully
eradicated through a coordinated, international campaign. This effort is one of
veterinary medicine’s greatest achievements and would not have been possible
without the availability of an efficacious vaccine.

Conclusion

The global human population is growing at an exponential rate leading to the need
for continued expansion of intensive food animal production to meet the world’s
increasing nutritional requirements. As a consequence of this increased production
demand, the use of high volume, animal dense systems have expanded providing
high quality protein at reduced costs. However, it also provides the opportunity for
the rapid spread of disease, increased fithess pressure leading to mutation and
adaptation of pathogens to new host species or increased disease severity in
historically susceptible populations. This continues to drive the emergence and
reemergence of diseases. The increase in “backyard” animal production in both rural
and urban areas provides a critical source of high-quality protein and income to
many, while also providing further opportunity for uncontrolled spread of disease and
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increasing the difficulty in pathogen control measures. The increase in all types of
animal production to feed the increasing human population increases the urgency for
the development and availability of efficacious vaccines for transboundary animal
diseases
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