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Foreword

“Facts are the air of scientists. Without them you can never fly.”
-Linus Pauling

Foreign animal diseases such as foot-and-mouth disease, classical swine fever and African
swine fever pose a major burden on the livelihoods of millions of people around the world,
mostly in impoverished areas without adequate means to control them. Further, when these
diseases incur into disease-free countries their economic and social impacts are immense and
their control and eradication often involves the destruction of millions of animals, most of which
may not even be infected. The mission of the USDA-ARS Foreign Animal Disease Research
Unit (FADRU) at Plum Island is to carry out the research needed to understand the
pathogenesis and the host response to foreign animal disease agents, and to translate this
knowledge into useful interventions such as new diagnostic tools and vaccines for effective
outbreak response, control and eradication.

This mission is accomplished by carrying out basic and applied research directed toward:

e understanding the genomic structure, viral factors determining virulence

o determining the pathogenesis and mechanism of defense and host resistance in
livestock

e understanding the evolution and field epidemiology of Foreign Animal Disease (FAD)
agents

o developing effective disease control strategies including novel agent detection methods,
better vaccines, antiviral drugs and biotherapeutics

The collection of scientific publications presented here represents the product of FADRU
scientist’'s research efforts over the past year (2010). This scientific knowledge is needed to
develop better and more effective tools to prevent and control FAD. Other products include
patents for inventions and funded research grants obtained by several FADRU researchers.
Over the last year the FADRU also had a strong presence in international meetings and expert
forums on FAD, vaccines and animal health. Our international presence is also strong with
ongoing research collaborations with over a dozen countries including Argentina, Australia,
Cameroon, India, Israel, Mexico, Pakistan, R. Georgia, Russia, Spain, South Africa, Uganda,
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UK, and Vietnam. This is the result of increased effort to connect our scientific program to the
rest of the world, increase our international presence, leverage our resources and increase
opportunities to apply our research to provide solutions to real-world situations.

One of the most important components of the PIADC mission is technology transfer; that is,
translating our research into usable technologies that are adopted by the vaccine industry,
diagnostic labs and agencies responsible for disease control (e.g. APHIS). On this front, we are
very proud that two of our vaccines are now under advanced development in close collaboration
with Industry partners: the Ad5-FMD vaccine that is about to undergo field testing in US cattle in
three states with DHS leading this effort with ARS support; and the Flag-T4 CSF vaccine
starting advanced development with ARS leading and with DHS support. It is our hope that in
the next 2-3 years we will have two new licensed vaccines available for the National Veterinary
Stockpile for prevention and control of the two major foreign animal diseases.

As we look toward the future, | see amazing opportunities ahead. The FADRU have attained
great successes in 2010 in the form of patents, scientific manuscripts, vaccines, diagnostics,
training but most importantly new scientific knowledge that will help not only to protect our
Country’s agriculture and food security, but will also help rid the world from devastating
diseases that impose a huge burden particularly to those areas most vulnerable to poverty and
hunger.




2010 Research Highlights

The Early Pathogenesis of Foot-and-Mouth Disease in Cattle after Aerosol
Inoculation: Identification of the Nasopharynx as the Primary Site of Infection. The
purpose of this study was to characterize the important steps in virus-host interaction
associated with foot-and-mouth disease virus (FMDV) infection of cattle. The most important
findings were that the primary sites of infection are the mucosa associated lymphoid regions
of the nasopharynx (3-6 hours after inoculation) and that the lungs become infected at
somewhat later times (12-24 hours after inoculation). Additionally, it was found that at still
later times (24-48 hours after inoculation), FMDV enters the blood stream and causes
disseminated disease. This information will guide the development of more effective
countermeasures such as vaccines that can prevent primary infection and dissemination of
FMDV.

Porcine Type | Interferon Rapidly Protects Swine against Challenge with Multiple
Serotypes of Foot-and-Mouth Disease Virus. In the event of an FMD outbreak in a
disease-free country such as the US, it is necessary to induce immediate protection in order
to limit or inhibit disease spread prior to induction of vaccine induced immunity. Vaccines
can take up to seven days to induce protective immune responses. We have previously
shown that an adenovirus vector containing the gene for type | interferon (Ad5-pIFN alpha)
can protect swine from FMDV serotype A infection as early as 1 day after vaccination. In
this study, we have extended our experiments to show that Ad5-plFN alpha induces
protection in swine that are challenged with two additional serotypes (O and Asia) and by
contact exposure to infected animals, which is the natural route of FMDV infection. We also
showed that intramuscular inoculation at 4 sites in the neck induced protection with a 10-fold
lower dose as compared to intramuscular inoculation at 1 site, our previous method of
inoculation. These results demonstrate the utility of interferon pretreatment of swine as an
approach to rapidly protect against FMDV infection in an emergency outbreak situation.

Mutations in Classical Swine Fever Virus NS4B Affect Virulence in Swine. Finding
virulence determinants for Classical Swine Fever Virus (CSFV) is important not only in
understanding disease mechanisms, but also in devising better vaccines. NS4B is one of
the non-structural proteins of CSFV, a virus causing a severe disease in swine. Knowledge
of NS4B function is very limited. We discovered a particular amino acid sequence in NS4B
(called TIR) that is present in Toll-like-receptor (TLR) proteins. TLRs are host cell proteins
that play a critical role in the induction of early immune response. We showed mutation of
the TIR sequence in NS4B resulted in complete attenuation of CSFV in swine. This
attenuated virus could be used as an experimental vaccine, protecting pigs against the
challenge with virulent wild type virus. Additional results indicated that CSFV NS4B is able
to down regulate the host production of important cytokines, which regulates early events of
the anti-viral immune response, or chemokines, which regulate cell migration during the
inflammatory process. This mechanism may facilitate the spread of the virus during the
infection in swine.




Loss of Plasmacytoid Dendritic Cell Function Coincides with Lymphopenia and
Viremia During Foot-and-Mouth Disease Virus Infection. The pathogenesis of any
infection plays a key role in designing the most effective intervention to combat the disease.
In the case of foot-and-mouth disease (FMD), the causative virus, FMDV, has evolved to be
very contagious and induce a highly acute infection resulting in rapid onset of disease and
quick resolution. This new data, and a series of studies we have already published, clearly
indicate that the virus induces cellular responses that block cells from producing hormones,
called cytokines. An important class of these cytokines are the interferon proteins that are
so hamed because they interfere with viral infections. Interferons are nonspecific, antiviral
hormones that induce cellular responses making the cell resistant to infection. These
hormones are usually produced early in an infection and have a second role in addition to
interfering with viral replication, that of initiating the activation of cells involved in the
adaptive immune response. An important blood cell mediating this response, i.e. producing
IFN', is the plasmacytoid dendritic cell (pDC). Here we report an analysis of the function of
this important population isolated from the blood of animals infected with FMDV. Infection in
pigs leads to a block of the pDCs ability to produce interferon alpha. The paper discusses
the critical balance between interferon induction blocking virus replication and cellular
responses to viral infection that inhibit the animal’s interferon response. The information is
useful for further development of effective interventions for FMD.

Differential Gene Expression in Bovine Cells Infected with Wild Type and Leaderless
Foot-and-Mouth Disease Virus. To develop strategies necessary to control foot-and-
mouth disease (FMD), it is important to understand how the virus (FMDV) and the animal
host interact. Identification of mechanisms that the host can utilize to rapidly control and
contain virus replication may result in disease control approaches that are able to augment
current and potential new vaccine strategies. We have developed a weakened version of
FMDV, lacking an important virus protein (leader) involved in inhibition of host antiviral
response. This leaderless virus is highly attenuated when inoculated into cattle or swine
and remains localized and, in contrast to virulent virus, does not spread and cause disease.
To gain a more comprehensive understanding of the L protein role in inhibition of the host
antiviral response, we used a microarray analysis of bovine cells infected with wild type or
leaderless virus. We identified 39 genes that were selectively up-regulated in leaderless vs.
wild type virus infection. Most of the up-regulated genes corresponded to genes that
mediate antiviral responses such as interferons, chemokines or transcription factors.
Understanding the mechanism of FMDV inhibition of the host antiviral response at the
molecular level should be helpful in the development of specific antiviral strategies that can
rapidly inhibit or limit virus spread.

Spatial and Phylogenetic Analysis of Vesicular Stomatitis Virus Over-Wintering in the
United States. Vesicular stomatitis is an important disease of livestock caused by an
insect-transmitted virus; vesicular stomatitis virus (VSV) with two serotypes: New Jersey
and Indiana. From 2004 through to 2006, 751 outbreaks caused by vesicular stomatitis
virus (New Jersey serotype) (VSNJV) were reported in nine Southwestern U.S. states.
Outbreaks occurred during late spring and summer and it has been hypothesized that over-
wintering VSNJV strains that were introduced in 2004 from endemic areas of Mexico caused
the 2005 and 2006 epidemics. Our analysis indicated that clusters of cases were centered
in Colorado and Wyoming, respectively. Genetic analysis of the samples provide support to
our hypothesis. This information provides a useful tool for tracing VSNJV outbreaks.




The Region between the Two Polyprotein Initiation Codons of Foot-and-Mouth
Disease Virus is Critical for Virulence in Cattle. There is limited understanding of the
genetic sequences in FMDV that determine virulence. In this research, we describe the role
of a region of the viral genome where viral protein synthesis is initiated (Inter AUG region).
Mutant viruses containing mutations in the inter-AUG region did not cause disease in cattle
or spread to their blood or other organs. In summary, changes in the inter-AUG region of
FMDV result in decreased growth and attenuation in cattie. These findings can be applied to
further the understanding of disease mechanisms and rational development of more
effective vaccines against FMDV.

Effects of the Interactions of Classical Swine Fever Virus Core Protein with Proteins
of the SUMOylation Pathway on Virulence in Swine. Core is one of the four structural
proteins of Classical Swine Fever Virus (CSFV), a virus causing a severe disease in swine.
Knowledge of Core function is very limited. We identified two swine proteins that interact
with CSFV Core during the virus infection. The sites of the Core protein which actually
interact with the host proteins were also identified. CSFV harboring alteration of these Core
regions resulted completely attenuated in swine. Therefore, CSFV Core protein specifically
interacts with swine host protein during the cycle of virus replication and this interaction
appears to be critical in the mechanism of virus virulence. These results will be useful in
vaccine development against this important disease.

Mapping of Amino Acid Residues Responsible for Adhesion of Cell Culture-Adapted
Foot-and-Mouth Disease SAT Type Viruses. In this report novel amino acid residues
within the capsid proteins of Foot-and-Mouth Disease Virus (FMbpV) South African Territories
(SAT) serotype 1 and SAT serotype 2 viruses were identified that affect virus host range in
cell culture and plaque phenotype. We demonstrated that cell culture adaptation phenotype
is acquired following repeated passages of the field strains in cell cultures. Furthermore, we
illustrated that this phenotype can be transferred to an infectious copy DNA (cDNA) clone of
FMDV field strains from which viable cell culture adapted viruses were recovered. This
information is valuable for understanding the mechanism of FMDV adaptation to the host
cell in vitro and the identification of amino acid in the outer capsid region responsible for
binding to heparan sulfate psoteoglycan (HSPG).

Specific Detection of Rinderpest Virus by Real-Time Reverse Transcription-PCR in
Preclinical and Clinical Samples of Experimentally Infected Cattle. Rinderpest is a
devastating disease of cattle that until recently caused serious economic hardship to various
parts of the world, especially in Africa. Through a global vaccination effort we are at the
brink of eradicating the disease from the world. It is very important to have rapid and
sensitive diagnostic methods to detect any accidental or deliberate reintroduction of this
disease. Here we report the development and validation in the laboratory of a highly
sensitive detection test for Rinderpest virus (RPV), based on a real-time reverse
transcription-PCR (RT-PCR). The test was able to detect all 16 RPV strains representing
the genetic and geographic diversity of this virus. No cross-reactivity was detected with
closely related viruses or viruses that cause similar disease. In samples from experimentally
infected cattle, our test was able to detect the virus 2 to 4 days prior to the appearance of
clinical disease. This portable and rapid real-time RT-PCR has the capability of detecting
RPV before clinical disease is evident and provides differential diagnosis from look-alike
diseases of cattle. As RPV is declared globally eradicated, this test provides an important
rapid virus detection tool that does not require the use of infectious virus and allows the
processing of a large number of samples.
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Abstract

With few exceptions, the diseases that present the greatest risk to food animal production have been largely similar throughout
the modern era of veterinary medicine. The current trend regarding the ever-increasing globalization of the trade of animals and
animal products ensures that agricultural diseases will continue to follow legal and illegal trade patterns with increasing rapidity.
Global climate changes have already had profound effects on the distribution of animal diseases, and it is an inevitable reality that
continually evolving climatic parameters will further transform the ecology of numerous pathogens. In recent years, many
agricultural diseases have given cause for concern regarding changes in distribution or severity. Foot-and-mouth disease, avian
influenza, and African swine fever continue to cause serious problems. The expected announcement of the global eradication
of rinderpest is one of the greatest successes of veterinary preventative medicine, yet the closely related disease peste des petits
ruminants still spreads throughout the Middle East and Asia. The spread of novel strains of bluetongue virus across Europe is an
ominous indicator that climate change is sure to influence trends in movement of agricultural diseases. Overall, veterinary practi-
tioners and investigators are advised to not only maintain vigilance against the staple disease threats but to always be sufficiently
broad-minded to expect the unexpected.

Keywords
agriculture, climate change, disease, epidemiology, globalization, trends, transboundary, foot-and-mouth disease

International animal health is a public good. rapidity that the impact upon abilities to feed the world may
be affected with similar severity. The discussion that follows
—Dr. Bernard Vallat, Director General of the OIE is not an all-inclusive list of relevant agricultural diseases, nor

is it a thorough treatment of any disease. Rather, it is a brief
Infectious diseases of animals have constrained agricultural guide to the agricultural diseases that at present have indicated
endeavors for as long as humans have maintained animals for  distributional changes that are noteworthy for potential impact
food, fiber, and draft. Sheep are believed to have been first  on animal health, global food production, and commerce.
domesticated in the 10th century BCE in Iraq, and in the 4th In the interest of presenting the most current status of changes
century BCE, Aristotle wrote extensively on the subject of i, disease distributions, we cite selected, frequently updating
veterinary diseases.*” In the Old Testament, the fifth plague public databases, as indicated. These include ProMED-mail*
brought upon the pharaoh of Egypt was pestilence of cattle  (from the International Society for Infectious Diseases), the

(most similar to rinderpest), as sandwiched between beasts and  WAHID! interface (from the World Organization for Animal
boils and contextually in the league of severity of death of first-
born sons, thus clearly indicating familiarity with agricultural
diseases as part of the early human experience. Changes in the ' Foreign Animal Disease Research Unit, Agricultural Research Service, Plum
distribution and severity of the effect of such disecases have Island Animal Disease Center, USDA, Greenport, NY
surely occurred throughout the human agricultural experience 2Foreign Animal Disease Diagnostic Laboratory, APHIS, Plum Island Animal
and may be broadly separated as occurring owing to four main 3D isease Center, USDA, Greenport, NY
K K R . National Veterinary Services Laboratories, APHIS, USDA, Ames, 1A
influences: environmental or ecological change, changes in  « Department of Veterinary Pathology, College of Veterinary Medicine,
movements of humans and their domesticated animals, University of Georgia, Athens, GA
evolution of hosts and/or pathogens, and changes in wildlife
or vector distribution. These four influences upon agriculture ~ Corresponding Author:

. . . Dr Jonathan Arzt, PO Box 848, Plum Island Animal Disease Center, Foreign
were as relevant in prehistory as today. However, in the present Ani ) . i )

R X R nimal Disease Research Unit, Agricultural Research Service, USDA,

era, profound environmental changes in the form of climate Greenport, NY 11944

change and pan-societal globalization are occurring with such  Email: jonathan.arzt@ars.usda.gov
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Health, or OIE), Global Alert and Response! (from the World
Health Organization), and EMPRES?® (from the Food and Agri-
culture Organization, FAO). Although such sources are not
refereed in the manner of scientific literature, they do offer the
advantage of more expedient availability of data on rapidly
changing disease situations.

Foot-and-Mouth Disease

Foot-and-mouth disease (FMD) has for decades been, and con-
tinues to be, the exclusively agriculture-associated disease that
poses the greatest economic threat to developed FMD-free
nations. The cost of the 2001 epizootic in the United Kingdom
has been estimated at $11 billion,?” and estimated costs of an
incursion in the United States have been projected at $20 bil-
lion to $60 billion.”®* Intense vigilance against FMD incur-
sion is justified by this extreme expense, the ease with which
the disease could be introduced (accidentally or intentionally),
and the substantial difficulties associated with successful eradi-
cation. Current challenges in control of FMD are multifactorial
and include the extreme contagiousness of the virus, the ability
to spread over vast distances on wind-borne aerosols, the abil-
ity of the virus to infect numerous domestic and wild species,
and the multiple serotypes of the virus that (at present) require
distinct vaccine products. The significance of the last point is
that when an outbreak is suspected, FMD virus must not just
be confirmed but also serotyped and subtyped before an appro-
priate, type-specific vaccine can be disseminated in the field.
The complexities surrounding the global control of FMD are
reflected in the fact that even the most ambitious mitigation
plans project programs of at least 30 years’ duration.”

The disease itself is generally a syndrome of high morbidity
and low mortality, although, rarely, some viral strains cause
high mortality among certain hosts.** All domestic cloven-
hoofed livestock are susceptible, and several studies have char-
acterized susceptibility of American®® and African’ wildlife to
infection.®® FMD gets its name from the hallmark vesicular
lesions most frequently occurring on the oral and pedal epithe-
lium. Upon observation of such lesions, confirmatory diagnosis
is necessary because several other conditions may manifest
with indistinguishable clinical characteristics.

Although many FMD viruses have retained their established
geographic ranges, there are noteworthy exceptions over recent
years that serve as reminders that this disease may cause events
with great surprise as well as mundane predictability.

The most significant FMD occurrence over the last decade
has been the spread of the serotype O, PanAsia lineages of
FMD virus across Asia and Europe.>**** The PanAsia strains
have replaced previously enzootic viruses in numerous nations
but have also caused incursions into several FMD-free nations,
including Taiwan, the United Kingdom, Ireland, South Korea,
Russia, Japan, France, and the Netherlands. The economic
impact from these events has tallied well into the billions of
dollars (US) from the depopulation of millions of infected and
susceptible animals, trade losses, vaccine deployment, and lost
tourism revenues.*’*® Collectively, these outbreaks serve as a

stark reminder of the true transboundary nature of FMD and the
transcontinental impact that may occur subsequent to minimal
(and initially regional) viral genomic changes. The spread of
FMD virus serotype O (PanAsia) reinforces the general trend
indicating that changes in distribution of FMD in enzootic
regions typically follows legal and illegal movement of
infected animals, whereas incursions into FMD-free regions
is more commonly associated with illegal movement of animal
products.”*%2

In August—September 2007, the United Kingdom suffered
another outbreak of FMD that was determined to have origi-
nated at the Pirbright laboratories for FMD research and vac-
cine development.’®’> Rapid diagnosis and implementation
of mitigation plans made the management of this event a great
success, requiring the culling of only 1,578 animals’ and the
total cost of just £100 million.”® Compared to the costs of other
FMD outbreaks, this really was quite inexpensive. Overall, the
event must serve as a reminder to FMD-free nations that
regardless of the quality of biocontainment facilities, the risk
of working on exotic agents within domestic terrain is never
completely eliminated.

In the first 6 months of 2009, there were 122 FMD outbreaks
reported to OIE.'® These incidents span Asia, Africa, and the
Middle East and include reintroduction to Taiwan, which had
been FMD-free since at least 2001 (ProMED, archive
20090219.0689). FMD is also known to be enzootic or spora-
dically occurring in at least 9 South American nations,* and
it is enzootic in the Republic of Turkey. These statistics clearly
indicate that FMD is an agricultural disease of substantial
importance that requires continued vigilant surveillance and
preparedness.

Novel countermeasures to protect livestock against FMD
are currently under development and over the next decade will
likely improve the control and potential eradication of FMD
virus.*® Most notably, recombinant vaccine products offer sev-
eral advantages over the conventional, inactivated virus pre-
parations that are currently available. The holy grail of FMD
vaccinology is a rapid-protecting, multivalent, long-duration,
single-administration vaccine that allows differentiation of
vaccinated and infected animals. This panacea is still many
years away, however; but with the new approaches already in
motion, at least such a product can be envisioned.

Avian Influenza

The attention and concern of the general public regarding the
Asian-based highly pathogenic avian influenza (HPAI) H5SN1
virus, causing human fatalities, transcontinental disease, and
the potential emergence as a human pandemic virus, has put
avian influenza at the forefront of transboundary diseases. This
concern is understandable because avian influenza viruses are
believed to have played a significant role in the emergence
of the last three human influenza pandemics.'®”® As Asian
HPAI H5N1 virus continues to circulate within domestic poul-
try, there is continued human exposure and continued risk that
the virus may become more readily transmissible from human
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to human.”® Between 2003 and July 2009 Asian HPAI H5N1
has resulted in 262 laboratory-confirmed human deaths, with
65% of the fatalities occurring in Indonesia and Vietnam.’
During the first 6 months of 2009, Egypt reported 30 human
cases of disease with 4 fatalities, and there have been 8 human
deaths in Vietnam and China (4 each).®” A silver lining of this
awareness is that (1) the philosophy of one medicine has moved
forward and (2) veterinary and public health infrastructure
across the world has been strengthened, all of which has made
the international community more prepared for the next disease
threat—the 2009 pandemic influenza virus (HINI), for
instance.*! However, the human health risks associated with
HSNI1 should not diminish the fact that HPAI is foremost a
disease of poultry; as such, controlling the disease in poultry
is key to preventing human disease.'®"°

Avian influenza viruses are segmented, single-stranded,
negative-sense RNA, enveloped type A influenza viruses that
are further subtyped by their major surface glycoproteins,
which may be any combination of the 16 hemagglutinin anti-
gens and 9 neuraminidase antigens.®' Aquatic birds worldwide
are the reservoir hosts for influenza A viruses, and subclinical
infections are especially common in the orders of Anseriformes
(ducks, geese, and swans) and Charadriiformes (shore birds and
gulls).®! In poultry, the viruses are classified by the OIE as high
or low pathogenicity based on intravenous inoculations of
chickens; for HS and H7 viruses, the amino acid sequence at the
hemagglutinin cleavage site is a second method to evaluate the
potential virulence of these viruses.”® The majority of Al
viruses from any of the H1 through H16 subtypes cause subcli-
nical or mild disease, with a limited few H5 and H7 viruses
being highly pathogenic.®> When identified in poultry, all
HPALI viruses are reportable to OIE and so termed highly patho-
genic notifiable avian influenza.>® All low-pathogenicity H5
and H7 subtypes, termed low-pathogenicity notifiable avian
influenza, are also reportable, because these viruses may evolve
into highly pathogenic strains if allowed to circulate in
poultry.>®%

The number of HPAI outbreaks appears to be increasing.
Thirteen of the 24 HPAI outbreaks since 1959 have occurred
in the last 15 years."> In addition to the ongoing Asian HPAI
HSNI1 outbreak, there have been numerous other developments
around the world. For example there was an H7N7 outbreak in
England during 2008, two unrelated H7N3 outbreaks in Canada
in 2004 and 2007, a H7N7 outbreak in North Korea during
2005, two unrelated HS5N2 outbreaks primarily involving
ostriches in South Africa during 2004 and 2006, and an
H5N2 outbreak in the United States during 2004.%2>%%1 A
notable large H7N7 outbreak during 2003 started in the Nether-
lands and spread to Germany and Belgium, and it resulted in
the destruction of over 25 million birds.’

The ongoing Asian HPAI H5N1 outbreak in which hundred
of millions of birds have died or been euthanized has spread
across Asia, Europe, and Africa, illustrating how HPAI moves
around the world regardless of political borders.” The virus was
first identified in mainland China in 1996, then later in 1997
after causing mortality in poultry and humans in the Hong

Kong Special Autonomous Region.”®”® Between 1998 and
2002, new reassortant HPAI H5N1 viruses were identified in
the region that caused clinical and subclinical disease in
domestic ducks, which significantly changed the dynamics of
disease transmission.”” The rapid expansion of disease in nine
countries in Southeast Asia during 2003—-2004 was likely due to
movement of asymptomatic domestic ducks shedding high
levels of virus, in conjunction with ongoing legal and illegal
movements of domestic poultry and poultry products.” After
their initial introduction into a geographical area, these viruses
were readily dispersed by live bird markets and by movement
of contaminated poultry equipment, vehicles, and clothing.®

The following year, Asian HPAI HSN1 moved westward
across Asia possibly by a different, less common route of trans-
mission—namely, wild waterfowl. The role of wild waterfowl
in the spread of Asian HPAI H5N1 is incompletely understood
and controversial, but evidence suggests that wild waterfowl
were involved in the spread of the virus along migratory fly-
ways to countries in Eurasia in 2005 and in western Europe
in 2006.%° Also in 2006, Asian HPAI H5N1 was first identified
in eight countries in Africa. Epidemiology and phylogenetic
analysis of the African isolates suggests that there were three
distinct introductions of the virus into Africa and that the
viruses may have initially been introduced by wild migratory
birds and then spread further by domestic poultry.'® Meat prod-
ucts may have also played a role in dissemination. Recently,
disease transmission via commercially processed duck pur-
chased from grocery stores was the suspected cause of three
outbreaks of Asian HPAI H5N1 in backyard chicken flocks
in Germany.*® Asian HPAI H5N1 virus has been isolated from
duck meat imported into Japan and South Korea (from China);
experimentally, disease transmission occurs when chickens are
fed breast meat from previously inoculated chickens.?*:+%
Through these different mechanisms, the virus has been spread
to and reported by a total of 62 countries between 2003
and 2009.%° So far, in the first half of 2009, 10 countries in Asia
and Africa had identified the disease in poultry, with Egypt and
Indonesia disease status listed as endemic.'®" During this
period, isolated cases limited to wild birds have been identified
in Russia, Mongolia, and Germany.'*!

Avian influenza viruses pose a major challenge because of
their ability to cause disease in poultry, their inherent genetic
instability and worldwide distribution, and their ability to infect
many avian and mammalian species. These challenges and
solutions are examined in detail in several publications, includ-
ing The Global Strategy for Prevention and Control of HSNI
Highly Pathogenic Avian Influenza, by the Food and Agricul-
ture Organization of the United Nations and the World Organi-
zation of Animal Health, in collaboration with the World
Health Organization.'®*** In well developed countries, robust
biosecurity based on scientific advances and control methods
has assisted in excluding the virus from commercial poultry
production, and these countries also have the resources to rap-
idly identify and depopulate facilities should HPAI occur.®
Current control methods have been less successful in poorly
developed production systems such as those in villages and
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backyards around the world.?' Antigenic drift via point muta-
tions and antigenic shift via genetic reassortment produce an
ever-changing array of viruses, each with its own unique char-
acteristics.”” This genetic instability magnifies the difficulties
of understanding the pathogenesis and epidemiology in each
of the many susceptible species.”®

Rift Valley Fever

Rift Valley fever (RVF) may be the most neglected of the
important agricultural diseases. As a disease historically
limited to Africa, it has been insufficiently addressed by the
scientific communities of the developed world for decades.
However, the expansion of the range of RVF beyond historical
limits, into the Middle East and North and West Africa, indi-
cates that this disease is a substantial international concern in
the current era of globalization and climate change.

The RVF virus (RVFV) is a segmented, enveloped, single-
stranded RNA virus in the genus Phlebovirus, Bunyaviridae
family. Disease in ruminants appears most frequently as abor-
tion storms or deaths of neonates. The classic primary lesion is
massive hepatic necrosis owing to infection of hepatocytes;
hemorrhagic syndromes and lesions of other organs are uncom-
mon sequelae. RVF is zoonotic, and although many humans are
infected asymptomatically, there are cases of severe liver dis-
ease as well as other complications, mostly vascular. Human
case fatality rate with RVF is usually low, on the order of 1
to 5%, but it can be higher. Cases of the disease in humans
occur when there is a high level of RVFV in the vector popu-
lation, which would occur only if there are infected ruminants
in the vicinity. Serologic evidence of infection exists for a
range of animal species. It is likely that the virus is maintained
in the vector and possibly subclinically in various hosts, only to
emerge in epizootic (and/or epidemic) form after a heavy
rainfall, which allows for an increase of the mosquito vector.
Subsequently, infection of ruminants, which develop high vir-
emias, would amplify within the vector populations and spill
over to humans. For those unfamiliar with the disease ecology
of RVF, West Nile fever provides a suitable parallel. Substitute
crows for sheep and goats and the situation becomes similar.

At least 30 species of mosquitoes in eight genera can
effectively carry RVFV from one mammalian species to
another. Transovarial transmission occurs and the virus can
remain dormant for years in eggs oviposited in dry areas. With
rainfall, eggs hatch and mosquitoes can transmit the disease.
Endemicity becomes thoroughly established, but episodic
outbreaks of disease are decidedly sporadic, infrequent, and
dependent on the increases in rainfall.

RVF was first recognized in 1930 in an outbreak among
sheep on a farm near Lake Naivasha in Kenya’s Rift Valley.?
For more than 40 years thereafter, there were recurring reports
of isolated outbreaks in Africa but all restricted to the
geographic zone for which it is named, the Great Rift Valley,
a 6,000-mile fissure in the earth’s crust stretching along the
eastern border of Africa.

In 1977, RVF was documented for the first time in a location
outside of the Rift Valley, when the disease was diagnosed in
Egypt in an extensive outbreak involving thousands of human
and animal cases.”® How it traveled across the Sahara to
become established in the Nile Delta is uncertain, but most
likely it was due to animal movement from Sudan.! However,
the Aswan Dam was built in the years before this outbreak to
allow for controlled flooding of agricultural lands, and this
resulted in an increase in the mosquito population, which
proved to be an important facilitating factor in the disease out-
break. Ten years later, an outbreak of RVF occurred again out-
side the Rift Valley, this time in Mauritania, in West Africa.
Here, factors pointed to construction of the Diama Dam on the
Senegal River.”> These two human endeavors of dam building,
creating increased water availability for vector expansion, were
followed decades later by climatic events with the same result.
Excessive rainfall, largely brought about by El Nifio—Southern
Oscillation effect, engendered moist, mosquito-enhancing
conditions that contributed to outbreaks in East Africa in
1997-1998 and again in 2006-2007.* RVF was recognized for
the first time outside of Africa in 2000, when reports surfaced
almost simultaneously from the Kingdom of Saudi Arabia and
from Yemen.’'”” In this Arabian Peninsula outbreak, the
human case fatality rate was an alarming 14%. The source of
the virus, as determined from genetic analysis of causative
strains, was most likely animals transported across the Red Sea
from the Horn of Africa.”” Annually, the religious festivals in
the Arabian Peninsula utilize 7 to 10 million live animals for
sacrifice, a number supplied primarily by East Africa, creating
concerns for recurring transmission of RVFV?* as well as other
agricultural diseases.¥ The greatest threat from RVF is that ani-
mal movements and changes in virus—vector—host dynamics
will facilitate extension of the disease’s range into Europe and
beyond, with calamitous veterinary and human public health
consequences. As has already occurred with bluetongue virus
(BTV) vectors, evolving climatic conditions may allow expan-
sion of the ranges of historical RVFV vectors and so promote
the development of competence of new vectors in new
regions.>>

RVF could serve as the poster child to represent (1) disease
threats associated with climate change and globalization and
(2) benefits achievable through the one-medicine philosophy.
Long neglected by the human and veterinary medical commu-
nities, the disease is now on the move through animal trade and
in facilitated transmission mode owing to climatic changes. In
many of the documented outbreaks, humans have been the sen-
tinels of infection; that is, activity of the virus is first noted as a
result of clinically ill humans presenting at medical facilities,
even though the disease in animals always precedes that in
humans.'®?® This scenario is a clear indication of the potential
advantages from the enhancement of veterinary infrastructure
and disease surveillance in developing regions. Without ampli-
fication in agricultural animals, the disease in humans does not
occur, because only ruminants have a sufficiently high viremia
to infect enough mosquito vectors for extensive transmission.
The limited capacity for diagnosis in the animal sector in many
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of the regions in which RVF occurs contributes to lack of an
early warning system for public health. However, even when
the disease has been documented in animal populations and
in humans, invariably the literature that follows the outbreak
is unequivocally stovepiped, with rare articles addressing the
outbreak in true ecologic and one-health fashion.

Countermeasures for RVF exist, but none are adequate.
Once a herd or flock of ruminants experiences disease, the virus
is readily amplified and spreads extensively through mosquito
vectors. Controlling an outbreak in animals requires rapid
depopulation and stringent insect control. Various vaccine for-
mulations are available for livestock, but each has benefits and
deficits, and none are approved for use in North America
or Europe. For humans, a formalin-inactivated vaccine, TSI-
GSD-200, has been used extensively to protect laboratory
workers and has excellent safety and efficacy.®®

The RVFV is classified between the Centers for Disease
Control and Prevention and the US Department of Agriculture
as a category A overlap select agent.'* This means that any
work with the agent has to be closely regulated and monitored,
thereby making investigative work challenging. However, the
designation may be warranted, given that intentional introduc-
tion into a geographic area that has ruminants and a competent
mosquito vector could lead to establishment of the disease with
immediate and long-term agricultural and public health con-
cerns. Overall, RVF is a disease for which sustained global
investment in improved surveillance, diagnostics, and counter-
measures is well justified. Although RVF is still largely a dis-
ease of developing regions, developed nations should
recognize the importance of investing in preparedness against
this potentially catastrophic zoonotic disease.

African Swine Fever

African swine fever (ASF) and classical swine fever (CSF)
have historically been the two most important transboundary
diseases of pigs. Although CSF is a more important disease
globally, ASF is treated in greater detail in this review owing
to the first-ever incursion into the Caucasus region” of Central
Asia in May 2007 and subsequent westward progression.
ASF was first documented in Kenya in 1921 as a cause of a
high-mortality disease syndrome among populations of domes-
tic pigs that had been exposed to wild suids;>® the disease was
subsequently recognized as enzootic in wild and domestic pigs
in most countries of sub-Saharan Africa. ASF virus (ASFV) is
the only known DNA arbovirus, and it is the sole member of the
genus Asfivirus, Asfarviridae family. Domestic pigs and wild
suids are the only species naturally infected with ASFV. ASF
is a serious threat to domestic pig populations worldwide
because of its high morbidity and mortality, high viral loads
shed into all secretions (therefore contagious and infectious),
extreme environmental resistance of the virus, and lack of any
commercial or experimental vaccine. In addition, ASF is an
important transboundary animal disease given the presence of
globally distributed argasid tick vectors of the Ornithodoros

genus and sizable naive domestic and wild pig populations in
most countries.

There are three distinct ASFV transmission cycles: an
ancient and recurring sylvatic cycle involving Ornithodoros
ticks and wild suids, including warthogs (Phacochoerus spp)
and bushpigs (Potamochoerus spp); an Ornithodoros tick and
domestic pig cycle; and a highly contagious domestic pig cycle
with direct horizontal transmission. Warthogs have low blood
and tissue titers and are rarely contagious to domestic pigs, but
they are important in maintaining the sylvatic cycle. However,
Ornithodoros ticks amplify and transmit the virus to wild or
domestic pigs and remain infectious for years through transsta-
dial, transovarial, and sexual transmission.

The most common route of incursion of ASFV into previ-
ously free countries or regions is through feeding uncooked
or partially cooked contaminated pork products. ASFV remains
infectious for 3 to 6 months in uncooked products, such as sau-
sage, chorizo, and dry hams.*® Once introduced, the virus is
usually maintained horizontally by direct or indirect contact
through infectious excretions and secretions. However, the
virus may also enter the tick—domestic pig or sylvatic cycles
if competent vectors are present. For example, in the 1960s dur-
ing the Spanish epizootic, 50 to 55% of the ASF outbreaks were
allegedly caused by O erraticus ticks.>°

ASF attracted international attention when it left Africa for
the first time in 1957, appearing in Lisbon, Portugal, causing
nearly 100% mortality.%® The disease persisted in Portugal and
Spain until 1995, when it was finally eradicated at great effort
and expense. This arrival of ASFV into Europe stimulated con-
siderable research, including unsuccessful attempts to develop
a vaccine and the discovery that Ornithodoros ticks maintained
the virus for long periods and were capable vectors of the
disease.®> Attempts to vaccinate with an attenuated vaccine
probably led to emergence of low-virulence strains and corre-
sponding subacute and chronic forms of the disease that have
higher survival rates.

ASF again left Africa to infect pigs in Malta, Sardinia
(Italy), Brazil, and the Dominican Republic in 1978; in Haiti
in 1979; and in Cuba in 1980. ASF has since been eradicated
from these countries and has remained enzootic only in sub-
Saharan Africa and Sardinia. In Malta, the entire population
of 80,000 pigs died or were slaughtered within 12 months of
diagnosis; this was the first time that any country had slaugh-
tered all members of a species of domestic animal to eliminate
a disease.”® In 1998, ASF was reported in Madagascar for the
first time and is now considered to be enzootic in domestic
pigs; at the end of 2007, ASF was introduced onto a second
Indian Ocean island, Mauritius.”?

The unforeseen incursion and subsequent spread of ASF
into the Caucasus in 2007 was a major event in the disease’s
epizootology. This was the first appearance of ASF north of
Spain, and various factors led to the failure to contain the dis-
ease. ASFV likely entered the Caucasus at the Port of Poti,
Republic of Georgia, through ship waste containing contami-
nated pork products that were disposed in local municipal
dumps. Molecular analysis has shown that the Georgia strain
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is most similar to isolates from Madagascar, which further rein-
forces the transboundary nature of this virus.”*

Nearly all pigs in the Republic of Georgia are family-
owned, free-range backyard animals that scavenge for food.
Once ASFV entered the Georgian pig population, this husban-
dry system facilitated the rapid spread of the virus eastward:
Approximately 60 days after the first cases were documented,
52 of 65 districts had been affected; more than 30,000 pigs had
died; and 3,900 pigs had been euthanized.® This incursion led
to cross-border spread to all of Georgia’s neighbors—Armenia,
Azerbaijian, and Russia. ASF entered Russia in November
2007 (ProMED, archive 20070607.1845) and has now been
reported to affect Chechnya, North Ossetia-Alania, Ingushetia,
Orenburg, the Stavropolskiy Kray (Stavropol), and the Krasno-
darskiy Kray (Krasnodar). Most recently, ASFV has spread fur-
ther westward into the Rostovskaya Oblast, which has common
borders with Ukraine (ProMED, archive 20090410.1376) and
puts ASFV in an excellent staging field for further westward
expansion into eastern Europe. ASF is moving rapidly within
Russia in areas bordering the Caucasus, and it will require more
than a modified stamping-out approach for eradication, given
that wild boar may be affected.

Socioeconomic aspects of ASF are disparate across nations
and largely defined by the regional presence of ASFV and the
economic role of swine production. Africa accounts for less
than 1% of the world’s pork supply. Nevertheless, in this part
of the world, pigs are invaluable at the village level, especially
in forested regions where cattle production is difficult. In these
areas, swine provide large supplies of high-quality protein from
low-grade nutritional sources.®> In addition, in Africa, pigs
often serve as a “piggy bank,” with the sale of an animal pro-
viding for school fees, medical expenses, and clothing for spe-
cial occasions. Traditional pig farming and ASF have coexisted
for centuries in Africa, and the establishment of ASF-resistant
pig populations has occurred in areas where introduction of
naive pigs would result in 100% mortality.®* ASF still remains
the most important constraint to pig production in much of
Africa. By contrast, exporting countries are concerned with
maintaining or expanding market share and with protecting
their domestic livestock population from disastrous introduc-
tion of a transboundary animal disease. When first introduced,
ASF-associated mortality can be nearly 100% in naive herds,
and near-permanent loss of export markets can be expected.

ASFV entered Spain in 1960 when the Spanish economy
was relatively undeveloped and its swine industry was predo-
minated by family holdings and outdoor pig raising (similar
to the current era of swine rearing in the Caucasus). When
introduced to Spain in 1960, clinical disease was acute and
mortality approached 100%. However, by 1985, when Spain’s
eradication program began, the economy had changed mark-
edly, and swine production had become industrial and inten-
sive.” Through the years, ASF had become endemic, and the
disease had changed to mild and subclinical forms, with less
than 5% mortality. In addition, Spain’s pig population contin-
ued to increase from 6.0 million to 16.7 million animals in
1960 and 1989, respectively. Although eradication took

10 years (1985-1995) and occurred at great economic cost, it
was successfully completed without a vaccine, in the presence
of infected soft tick vectors (O erraticus), and with relatively
simple diagnostic serological tools. This disease eradication
model might be applicable to the Caucasus and certain regions
of sub-Saharan Africa with substantial technical and financial
support from the international community. Eradication from
such regions is unlikely to be successful without restructuring
of swine industries, as proved to be an essential component
of eradication in Spain.

Classical Swine Fever

CSF is more important globally than ASF because of its much
wider geographic distribution and greater cumulative economic
impact, causing disease outbreaks on all the major continents.
CSF virus (CSFV) is a member of the Pestivirus genus of
Flaviviridae family and thus belongs to a genus of important
viruses that cross-react on diagnostic tests, including bovine
viral diarrhea virus and border disease virus. CSF has some
similarities to ASF, including high- and low-virulence forms
and high degree of contagion. Both CSFV and ASFV are envir-
onmentally stable and are found in all secretions, excretions,
and tissues, including meat. There are also important differ-
ences: The highly virulent viruses of CSF seldom circulate;
effective vaccines are available for CSF but not for ASF; and
there is no tick transmission of CSF.*?> Moderate- to low-
virulence strains of CSF predominate globally, with most epi-
zootics today caused by moderately virulent strains of virus.*®

Because of the prevalence of low-virulence strains, in which
animals may not appear clinically ill but still carry and transmit
the virus, it is easy for CSFV to enter a free country or region
and spread before the establishment of a diagnosis. Such a sce-
nario resulted in the severe consequences of the epizootic in the
Netherlands in 1997-1998, which resulted in losses of $2 bil-
lion.>> In such instances, clinical surveillance is unreliable
because the mild or subclinical disease course (when it does
occur) can resemble many other common diseases of swine.
When CSF returned to the United Kingdom in 2000 after a
14-year absence, diagnosis was complicated by lack of “typi-
cal” clinical signs and by clinical similarities to porcine derma-
titis and nephropathy syndrome, which had become a serious
problem in Great Britain one year earlier.®*

In addition, because CSFV is immunosuppressive, antibo-
dies form late (2 to 3 weeks postinfection); thus, serological
surveillance has drawbacks in detecting early infection. Tissue
surveillance by swabbing tonsils and testing with real-time
reverse-transcription polymerase chain reaction is the most
sensitive system for detecting early infection; however, imple-
mentation of this surveillance strategy on a sufficiently large
scale is an expensive and time-consuming process that would
require implementation of robotic high-throughput techniques.
Overall, owing to the widespread distribution of CSF and abun-
dance of low-virulence strains, this disease can readily cause
unexpected incursions into disease-free regions.
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Peste Des Petits Ruminants and Rinderpest

Peste des petits ruminants (PPR) is a severe viral disease of
goats and sheep with variable but usually high morbidity and
mortality. It is considered the most economically important
viral disease of these species in enzootic regions.”' Given that
sheep and goats are more economically important than cattle in
many regions of the world that rely on pastoralism, PPR has a
major impact on the food supply in these regions.'? Since the
disease was first described in 1942, the distribution has steadily
expanded to include large regions of Africa, the Middle East,
and Asia. PPR is a high-priority disease for the FAO Emer-
gency Preventive System, and mitigation of the disease’s
impact is considered an important step to help alleviate poverty
in enzootic regions.”® The disease readily crosses national
boundaries, and it is now considered the most constraining
disease of small ruminant production in sub-Saharan Africa
and the Indian subcontinent.®® Additionally, the eradication
of rinderpest (RP) in Africa and Asia has elevated the relative
economic importance of PPR.

PPR occurs in acute and subacute forms characterized by
variable extents of fever, conjunctivitis, erosive stomatitis,
enterocolitis, and pneumonia. It closely resembles RP clini-
cally and pathologically except for the frequent occurrence of
pneumonia with PPR. PPR virus (PPRV) is a distinct member
of the Paramyxoviridae family, Morbillivirus genus, which
includes RP virus (RPV), canine distemper virus, measles
virus, phocine distemper virus, and cetacean morbillivirus of
dolphins and porpoises. Each of these viruses has only one ser-
otype, and they are all closely related phylogenetically, which
generally facilitates vaccination strategies. Transmission of
PPR is mainly by oronasal contact with secretions from
infected animals, with nearly all outbreaks traced to movement
of livestock.

There are four known phylogenetic lineages of PPRV. Line-
age IV is a more recently emerged group of viruses occurring in
Asia and the Middle East, in contrast to the other three PPRV
lineages, which are of African origin. Lineage I and II viruses
have been found exclusively in West Africa, whereas lineage
III viruses occur in East Africa, Arabia, and southern India. The
source of the “new” lineage IV virus is unknown, although it is
most closely related to African lineage 1.5

PPR was first discovered in the Ivory Coast in 1942; further
investigations led to knowledge of its widespread occurrence in
sub-Saharan and Sahelian Africa, including Egypt, Sudan, and
Ethiopia. For over three decades, there was no clinical evidence
that PPR had extended south of the line from Cameroon to
Ethiopia, although such a transgression had been widely pre-
dicted. In Asia, PPR was first discovered in southern India in
1987. Subsequently, epizootic PPR spread across the Arabian
Peninsula, the Middle East, and the remaining parts of the
Indian subcontinent in 1993-1995, where it has since remained
endemic. The last three decades have seen a considerable
extension in worldwide distribution of PPR. This trend is likely
multifactorial, with indeterminate contributions from increased
transportation of live animals, better diagnostic tests, increased

vigilance of surveillance systems, and greater awareness of
PPR after eradication of RP. The recent spread of PPR can
be correlated with the increase of animal movement for
commercial and trade purposes (eg, the massive imports of
small ruminants to the Middle East), transhumance and
nomadic customs, and the extensive farming practices in the
Saharan regions.?® In recent years, PPR has expanded across
international borders and has been repeatedly diagnosed in
known enzootic regions. More recently in Asia—specifically,
2007—Tibet (China), Nepal, and Tajikistan reported their first
cases of PPR. In Africa, PPR has now spread south of the equa-
tor to Gabon (1996), the Congo (2006), Kenya (2006), and
Uganda (2007) and has now spread north of the Sahara to
Morocco (2007) (ProMED, archive 20090314.1056).

The chronological spread of PPRV, as recorded by detection
in previously unaffected countries, gives the impression that
the geographical spread of PPR occurred eastward, from West
Africa to Bangladesh. However, this does not necessarily mean
that PPR originated in West Africa. Sequence analyses and
lineage typing of historical and new PPRYV isolates have pro-
vided interesting perspectives on the origin of the virus. For
example, PPRV probably originated in Eurasia (as did RPV)
and spread to Africa on multiple occasions via trade of live-
stock (ProMED, archive 20081016.3282). In addition, there
is reasonable molecular evidence that PPR existed in India
before being “discovered” in West Africa. In Asia, diagnosis
may have been delayed owing to misdiagnoses of RP (oral ero-
sions and diarrhea), contagious caprine pleuropneumonia, or
pasteurellosis (bronchopneumonia), which is a common super-
infection associated with primary PPR-induced pneumonia.
Thus, PPR might have been transported to West Africa by sail-
ing ship from India long ago. This would mean that lineage IV
or a precursor was the parental lineage of PPR and that each
time PPRV was transported to a new continent, a new lineage
arose.

The Moroccan outbreak may illustrate the same fundamen-
tal pathway—that is, the movement of lineage IV out of Asia
Minor to Africa. Preliminary results of sequencing the nucleo-
capsid N gene of viruses from this outbreak indicate that the
PPR isolate is a lineage IV virus that is closely related to the
Saudi Arabian and Iranian strains. This suggests that the virus
entered Morocco from the Middle East by trade in live infected
animals and not by nomadic movement across its open borders,
as originally speculated. Considering the evidence that the
emergence of new lineages of PPRV has historically been
correlated with intercontinental movements of the virus, it has
been proposed that the birth of a new African lineage may
presently be occurring in Morocco (ProMED, archive
20081016.3282).

The continuing outbreaks of PPR in Morocco (as of this
writing) should be of great concern for neighboring countries,
especially Algeria, in which there are approximately 19 million
sheep and 3 million goats. The risk is also high for southern
European countries that historically have had substantial trade
with Morocco. Of these countries, Spain seems to be
particularly vulnerable, given its geographic proximity and the
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importance of its vulnerable livestock of 23 million sheep and
3 million goats.*’

Enhanced surveillance for PPR is justified for all African
and Asian countries; vigilance is indicated in PPRV-free
regions as well. When outbreaks occur, regional PPR eradication
is a complex task leading to the need for mass vaccinations.
The homologous live-attenuated PPR vaccine is commercially
available; it is efficacious; and it creates long-lasting immunity.
Perhaps with the imminent global eradication of RP, a renewed
interest in PPR control and eradication will follow. A macro-
economic study in Niger found that control of PPR by vaccina-
tion was highly beneficial to the national goat industry.*® In
addition, the FAO believes that eradication of PPR is achievable
with education of local governments and stakeholders, creation
of sound global and regional strategies, understanding of PPR
epidemiology and ecology, and use of thorough vaccination
campaigns.>® However, socioeconomic factors will ultimately
dictate if eradication is pursued, and the lesser relative impor-
tance of small ruminant production to many developed nations
may foster a degree of apathy. International funding and support
will surely be necessary to control and possibly eradicate PPR
and alleviate the immense economic and social problems it
causes.

In contrast to PPR, there is convincing surveillance evidence
in cattle and wildlife that the last remaining focus of RP, the
Somali Pastoral Ecosystem, is free of clinical disease and the
etiologic agent.*' Declaration of global eradication in 2010 is
expected to occur as planned. As of early 2009, the FAO’s
Global Rinderpest Eradication Program indicated that RPV has
been eliminated from Europe, Asia, Middle East, Arabian
Peninsula, and all of Africa; in effect, it has been eradicated
globally.®' This is an exceptional accomplishment for a disease
that may have been circulating since the time of Aristotle (384—
322 BCE) and has been described as the most dreaded of all
animal diseases, causing terrible destruction of cattle and
wildlife and bringing famine to rural human populations.®' The
notion that the last focus of RP has been eradicated is supported
by the fact that (1) the last definitive detection of RPV occurred
in 2001,7° (2) all subsequent investigations of a possible “mild
form™ of circulating RPV in cattle have not been positive (by
either virus detection or serology), and (3) repeated serological
testing of wildlife in the region has been negative since 2002.
Final declaration of RP freedom will be jointly declared by the
FAO and OIE once remaining countries have completed the
“OIE rinderpest pathway” (described in the OIE’s Terrestrial
Animal Health Code ") and been officially declared disease-
free by the OIE.

Bluetongue

Bluetongue (BT) is a disease of ruminants caused by BTV and
transmitted predominantly through feeding of biting midges of
the genus Culicoides.”® BT is enzootic in the United States®**>
and many other nations and it has made occasional incursions
into southern Europe®” through much of the 20th century. How-
ever, recent changes in BT epizootology indicate that this

disease is very much on the move.®”*” The changes in Europe
are most noteworthy in that since 1998 at least seven distinct
strains of BTV have been detected across 12 nations, causing
the deaths of millions of sheep and cattle.®” Most significantly,
in 2006 BTV serotype 8 caused the first outbreaks of BT ever
detected in northern Europe. The virus was first identified in
the Netherlands, and it subsequently spread across most north-
ern European nations. The northernmost detection thus far has
been within Vest-Agder county of Norway in February 2009
(ProMED, archive 20090402.1278).

Although the deaths of millions of animals are always of
great concern, this situation is noteworthy because it is the most
convincing example of a substantial change in the distribution
of a veterinary disease attributed to the current, ongoing global
climate changes. The spread of BTV in Europe is closely linked
to the northern expansion of Culicoides imicola, the most
important vector of BTV in Africa and Asia, and it is the
warming temperatures and changes in humidity across Europe
that have allowed this expansion.®’ Furthermore, these same
climatic alterations have allowed indigenous European
Culicoides spp to serve as competent BTV vectors. The situa-
tion in the United States has some similarities in that BTV-1
was first detected in Louisiana in 2004 and was suspected to
be associated with a novel Culicoides spp vector.*> Overall,
this scenario provides a practical indication that climate change
is already substantially affecting the host—vector—pathogen
dynamics of veterinary diseases. It would be profoundly short-
sighted to view this as an isolated set of circumstances rather
than as a preview of additional climate-driven changes in agri-
cultural disease distributions, some of which likely have
already occurred but have not yet been detected.

Newcastle Disease

Newecastle disease, caused by avian paramyxovirus type 1, is
one of the most significant diseases for poultry producers
around the world.® Most birds are susceptible to infection, with
the outcome varying from subclinical to severe, depending on
the strain of the virus, the species of the bird, and other factors.*
For international trading purposes, strains of virulent Newcas-
tle disease virus (VNDV) are reportable to the OIE.®® The def-
inition of VNDV is based on intracerebral pathogenicity testing
of the virus in day-old chicks and/or the presence of multiple
basic amino acids at the cleavage site of the fusion protein.®
The disease is widely distributed throughout the world; in
2008, 73 countries reported presence of the disease to the
OIE.”® Additionally, numerous nations in Asia, Africa, Central
America, and South America have endemic or frequent out-
breaks caused by vNDV, and there are sporadic outbreaks of
the virus worldwide.®® Disease transmission between countries
occurs through a variety of methods, such as the movement of
poultry, pet birds, and fomites and, to a much lesser extent, via
wild birds such as double-crested cormorants (Phalacrocorax
auritus) and Columbiforme birds (pigeons and doves). 174244

Virulent Newcastle disease virus causes significant losses
in highly developed commercial production systems and in
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village poultry, a major reservoir of the virus. During the 2002—
2003 US outbreak in which backyard and commercial poultry
were infected, disease eradication efforts cost an estimated
$180 million, in addition to loss of export markets.” The nega-
tive effects of disease on income and food security provided by
village poultry production are substantial, and vINDV is consid-
ered one of the major limiting factors in raising poultry in small
flocks within developing countries.®'" Newcastle disease out-
breaks, which cause regular episodes of 50 to 100% mortality
in village poultry, confound the identification of HPAI out-
breaks because both diseases have similar clinical signs and
high mortality.® Greater research into methods of disease con-
trol are needed not only to decrease worldwide disease preva-
lence and thus risk of transboundary transmission but also to
combat poverty and hunger in developing nations.

Ebola Reston in Pigs

In October 2008, during an investigation of unexplained
increased mortality among pigs in the Philippines, researchers
discovered that in addition to being infected with porcine
respiratory and reproductive syndrome virus, some pigs were
positive for Ebola-Reston virus (ERV).'*?” Subsequently,
humans with histories of direct contact with ERV-infected pigs
were found to be positive for anti-ERV antibodies (ProMED,
archive 20090203.0482)."% Unlike other strains of Ebola virus,
ERV may cause fatal infection in monkeys, but it has been
known to cause only mild flu-like illness in humans. None of the
serologically ERV-positive humans reported any significant
illness, and there was no evidence of human-to-human transmis-
sion. Although it is unclear if there is any significance to these
discoveries for pigs or humans, it is clear that this is a novel
pathogen—host combination that merits further observation.

Conclusions

The continuously increasing population of the earth, combined
with the commensurate progressive decrease of land available
for agriculture, ensures that the balance of available and neces-
sary food for human consumption will be tenuous in decades to
come. This balance will be most precarious in developing
nations, whereas richer, developed nations will undoubtedly
be involved in the moral decisions regarding how to mitigate
regional deficits in the developing world. Although politicians
will ultimately be making such decisions, veterinary scientists
will surely be tasked to generate some of the data that will form
the basis for these decisions. The most important role for
veterinary scientists in this scheme will be to monitor, assess,
predict, and prevent (when feasible) the movements of diseases
of food animals. Numerous subdisciplines of veterinary medi-
cine and investigative science are crucial to the multidisciplin-
ary understanding and control of transboundary diseases.
However, in the context of this topic, emphasis must be placed
on the importance of the roles of pathologists and regulatory
field veterinarians, who often are the first individuals exposed
to novel disease incursions.

That this “top 10 list of agricultural diseases on the move
includes, exclusively, conditions of viral etiology is not coinci-
dental. Viruses have the most rapid mutation rates and, as such,
are generally expected to adapt most rapidly to changing
environments. Clearly, other classes of diseases with direct or
indirect effect on agriculture are on the move. Among bacterial
diseases, bovine tuberculosis is on the rise in North America
and Europe, and since 2005 there has been a sustained and
unprecedented increase in Q fever cases in the Netherlands
among goats and humans, which has resulted in regional man-
datory vaccination of small ruminants.’® Decimation of amphi-
bians worldwide by chytridiomycosis may presently be serving
as the prototype of the spread of fungal diseases associated with
global climate change. And the still idiopathic conditions of
colony collapse disorder and white nose syndrome are deplet-
ing populations of honey bees and bats, respectively. This only
scratches the surface of the full complement of diseases on the
move.

New, previously unknown diseases will surely continue to
emerge. And, it is nearly certain that the trends described for
the diseases discussed herein will progress, thus ensuring that
FMD, ASF, HPAI, BT, RVF, and other catastrophic diseases
are all but a stone’s throw away from our doorsteps. It is also
true that certain types of key events (or scenarios) that facilitate
the movement of pathogens will always be unstoppable. This is
a reality for human-initiated events, such as the presumed sin-
gle action of swill feeding that brought ASF to the Caucasus
and beyond. But it is just as relevant in considering the effect
of waterfowl migration on HPAI or the effect of climate change
on BT spreading through Europe. How the world will respond
to these challenges is uncertain. Nations and international orga-
nizations that proactively invest in preparedness will be more
successful and economical than reactive strategies that simply
hope a new disease incursion will not occur. Reactive
approaches often seem economical in the short term but in the
long run may be far more expensive and may lead to irreparable
consequences, such as enzootic establishment of previously
exotic diseases.

The extreme consequences associated with the 2001 epizoo-
tic of FMD in the United Kingdom led to the increased aware-
ness, diagnostic throughput capacity, and availability of first
responders, which minimized the impact when the disease
appeared again in 2007. Similarly, the profuse media attention
given to the pandemic potential of HPAI contributed to a trans-
boundary influenza preparedness that has helped to monitor
and mitigate the current, ongoing HIN1 pandemic. Clearly,
policy makers will have to pick and choose how to best invest
in control of agricultural diseases; but, ultimately, it is the com-
binatorial breadth of that investment that will determine the
global community’s capacity to deal with the inevitable
breaches of integrity. Globalization and global climate change
make it evermore likely that agricultural diseases will emerge
in new locations with greater frequency. Whether the resur-
gence of a historical disease such as tuberculosis or a novel dis-
covery such as Ebola in swine, the agricultural, veterinary, and
political communities are well advised to be prepared.
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Notes

*ProMED-mail is a global electronic reporting system for outbreaks of
emerging infectious diseases and toxins (http://www.promedmail.org).
tWorld Animal Health Information Database Interface provides
access to all data within OIE’s animal health database (http:/
www.oie.int/wahis/public.php?page=country).

iGlobal Alert and Response is an integrated global alert and response
system for epidemics of disease in humans and other public health
emergencies (http://www.who.int/csr/en/).

SEmergency Prevention System for Transboundary Animal and Plant
Pests and Diseases livestock program seeks to promote the effective
containment and control of the most serious epidemic livestock
diseases and transbounday animal diseases (http://empres-i.fao.org/
empres-i/home).

IExclusively agriculture-associated disease is a distinction from
disease that affects agriculture but has substantial impact on human
public health, such as avian influenza or Rift Valley fever.
TNumerous diseases could be spread in this manner, but in the context
of the current review, transmission of foot-and-mouth disease virus,
bluetongue virus, and peste des petits ruminants virus should be
considered.

*The region between the Black and Caspian seas, divided by the
Caucasus Mountains along the border between the Russian
Federation, Georgia, and Azerbaijan.

*See http://www.oie.int/eng/normes/Mcode/en_sommaire.htm (accessed
October 26, 2009).
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Chapter 2

Foot-and-Mouth Disease

MARvVIN J. GRUBMAN, Luis L. RODRIGUEZ, AND TERESA DE LOS SANTOS

INTRODUCTION
The Agent

Foot-and-mouth disease (FMD) is a highly infec-
tious viral disease of domestic cloven-hoofed animals,
including cattle, swine, goats, and sheep, as well as
some species of wild animals (6). The viral agent,
FMD virus (FMDV), is the type species of the Aph-
thovirus genus of the Picornaviridae family. FMDV
is an antigenically variable virus consisting of seven
serotypes (A, O, C, Asia 1, and South African Territo-
ries 1, 2, and 3 [SAT 1 to 3]) and multiple subtypes.
Recently, two new members of the Aphthovirus ge-
nus, equine rhinitis A virus and bovine rhinovirus
type 2, were identified (72, 73). FMDV contains a
single-stranded, positive-sense RNA genome that
codes for four structural and 10 nonstructural (NS)
proteins (Fig. 1). The viral mRNA is translated into
a polyprotein that is processed by virus-encoded pro-
teinases LP*° and 3CP™, as well as the 18-amino-acid
2A peptide, into the mature structural and NS pro-
teins (36, 80, 101, 138, 156). In addition, L™ and
3C™ also cleave a number of host cell proteins (19,
46, 54, 63, 154).

While all picornaviruses follow the same general
replication strategy, each has a number of unique ge-
nomic features. Aphthoviruses and cardioviruses are
the only members that contain an NS leader protein-
coding region, L, which is located upstream of the
capsid protein-coding region (Fig. 1). In addition, only
aphthoviruses contain two in-frame AUG codons at
the beginning of the polyprotein, potentially coding
for two L proteins, Lab and Lb (beginning at the first
or second AUG, respectively) (37, 72, 73), but stud-
ies by Cao et al. (29) suggest that the Lb protein of
FMDV is the predominant form synthesized in vivo.
The FMDV L autocatalytically cleaves itself from
the growing polypeptide, cleaves the translation ini-
tiation factor eukaryotic initiation factor 4G (elF4G)

(46, 80, 146), and either directly or indirectly cleaves
the transcription factor nuclear factor kB (NF-kB)
(44), while the cardiovirus L protein has no known
proteolytic activity (120). Nevertheless, both of these
L proteins play a significant role in evasion of the
host cell innate immune response (66, 82,158) (see
“Virulence Factors,” below). Another major differ-
ence in the genome of FMDV compared to the other
picornaviruses is the presence of multiple, nonidenti-
cal but highly conserved 3B-coding regions. Protein
3B, also termed VPg, is a small 23- to 24-amino-acid
protein that is covalently linked to the 5’ end of vi-
rion RNA and plays a role in the initiation of RNA
synthesis (64, 160).

The Disease

FMD is present in many areas of the world, in-
cluding large parts of Africa and Asia and some coun-
tries in South America. The disease can be spread by
direct animal contact, indirect contact via airborne
transmission, or by contaminated material, including
contaminated personnel, vehicles, and fomites (2). In-
fection mainly occurs by the respiratory tract through
aerosolized virus but also through abrasions on the
skin or in the mucous membranes. Airborne transmis-
sion can occasionally occur over long distances when
climatic and meteorological conditions are appropri-
ate (2). Studies have demonstrated that ruminants are
more susceptible than pigs to infection by the respira-
tory route, while pigs excrete larger amounts of virus
than cattle or sheep (2). Virus is also excreted in se-
men, urine, and feces, as well as the milk of lactat-
ing cows (6, 27). After slaughter the virus can remain
infectious for quite some time in various tissues of
the body, including bone marrow and lymph nodes if
refrigerated, and in muscle if the fresh meat is rapidly
frozen (6, 24). However, virus is inactivated during
the process of postmortem acidification in meat (41).
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Figure 1. Schematic representation of the FMDV genome. The coding region of the genome is represented by shaded rectangles,
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sary for maximum virulence are indicated; their roles are further discussed in various sections of the text. PKs, pseudoknots.

FMDV rapidly replicates and spreads, and dis-
ease signs can appear within 2 to 3 days after expo-
sure and can last for 7 to 10 days (65). The major
consequence of FMD is a high degree of morbidity,
including fever, lameness, and vesicular lesions on the
tongue, feet, snout, and teats, but there is generally
low mortality in infected animals except when the
discase affects the young. For example, in the initial
phase of the 1997 FMD outbreak in Taiwan, the fatal-
ity rate in suckling pigs was almost 100% (162). The
disease has considerable debilitating effects, including
weight loss, reduction in milk production, and loss
of draught power, resulting in a loss of productivity.
While cattle and pigs show overt clinical signs of dis-
ease, in sheep the disease may be mild and if lesions
occur they are small and heal quickly, making it dif-
ficult to distinguish FMD from other common condi-
tions (61). In goats the disease may even be milder
(11). In addition, other vesicular diseases, including
swine vesicular disease, vesicular stomatitis, and ve-
sicular exanthema of swine, present very similar clini-
cal disease signs, so that differential diagnosis may be
challenging (6).

An important aspect of FMD is that follow-
ing the acute phase of disease or after subclinical
infection ruminants can become persistently infected,
1.e., the carrier state, with no clinical signs (1, 142,
143). In addition, vaccinated ruminants exposed to
live virus can also become persistently infected. The
role of carrier animals in the spread of disease is con-
troversial, but the presence of carrier animals has had

a significant negative impact on the use of vaccina-
tion as part of the disease control strategy (see “Car-
rier State,” below, and Chapter 20).

The initial site of infection is still somewhat un-
clear. Most studies suggest that the pharyngeal area,
more specifically the dorsal soft palate, is the initial
site of replication (2, 28), but other studies, includ-
ing experiments using an attenuated strain of EMDV,
have suggested that the lungs can also serve as a pri-
mary replication site after aerosol infection of cattle
(25, 150) (see “Dissemination in the Host,” below).

Disease Control

To control FMD outbreaks, countries initiate
a number of measures, including culling of infected
and in-contact susceptible animals, restriction of sus-
ceptible animal movement, and vaccination with a
chemically inactivated whole virus. However, coun-
tries that had previously been FMD-free often hesi-
tate to use vaccination to control an outbreak be-
cause of the difficulty in differentiating infected from
vaccinated animals. To participate in international
trade the World Organization for Animal Health
requires countries to document serological evidence
demonstrating the absence of FMDV-seropositive
animals for 6 months after vaccination, but only for
3 months after slaughter. Therefore, the economic
incentive for meat-exporting countries is not to vac-
cinate but to slaughter or to vaccinate and slaughter
all vaccinated animals.
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DISSEMINATION IN THE HOST

FMD affects a wide variety of cloven-hoofed
animals, both domesticated and wild. Cattle, swine,
sheep, and goats are the most economically impor-
tant susceptible species, but over 70 species of wild
animals, including deer, elk, antelope, impala, camel,
llama, giraffe, and elephant, can also be affected (6).

Viral Entry

There have been extensive studies of the mecha-
nism of FMDV entry into cells (see reference 65 and
references therein). In tissue culture FMDV binds to
four members of the o, subgroup of cellular integ-
rins, &, B, &, By, a By, and o, Bg, via a highly conserved
RGD motif located on the BG-BH loop of 1D (VP1)
(Table 1) (14, 21, 22, 53, 76, 77, 107, 112). In addi-
tion to cellular integrins, FMDV is able to utilize other
membrane-bound receptors. Antibody-complexed vi-
rus can bind to Fc receptors on macrophages, fol-
lowed by internalization and viral replication (185,
93, 96). A recombinant artificial receptor expressing
a single-chain monoclonal antibody against FMDV
fused to the intracellular domain of intercellular ad-
hesion molecule 1 can also be used by FMDV to at-
tach, enter, and replicate in cells (128). However, the
biological importance of the utilization of these al-
ternative receptors remains to be determined. Some
FMDV serotypes can be adapted to tissue culture by
acquiring the ability of using cell surface heparan
sulfate (HS) as a receptor (9, 75, 90, 107). Interest-
ingly, these viruses display reduced virulence in host
species (139). With respect to the mechanism of viral
entry, studies in cells in culture expressing o B, inte-
grins have demonstrated that FMDYV serotypes A, O,
and C use clathrin-dependent endocytosis followed
by acidification of endosomes that leads to capsid
disassembly and release of viral RNA (22, 89, 112).
O’Donnell et al. (111) showed that internalization of

FMDV bound to the HS receptor involves caveola-
mediated endocytosis, indicating that the mechanism
of entry of FMDV into cells depends on specificity of
receptor usage.

In vivo studies have demonstrated that in naive
cattle the a B, integrin is expressed constitutively at
high levels on the surface of epithelial cells in tis-
sues susceptible to FMDV infection (26, 105, 113).
Furthermore, this integrin is also expressed on the
surface of FMDV-infected epithelial cells, suggesting
that it acts as the major viral receptor and might be
one of the determinants for viral tropism (105, 113).
Monaghan et al. (105) did not detect expression of
a,B; in epithelial cells at sites of lesion formation,
while O’Donnell et al. (113) detected expression
of this integrin in the epithelium of most FMDV-
susceptible tissues except for the tongue. Both
groups detected «,B; in endothelial cells of blood
vessels, suggesting that this integrin may also play a
role but as a secondary receptor, probably contrib-
uting to viral spread to secondary sites of infection
(107, 113).

Early Events in Pathogenesis

In cattle the main route of infection is through
the respiratory tract, while pigs are less susceptible
to aerosol infection but are readily infected by direct
contact with infected animals (2). A hallmark of most
FMDYV strains is the establishment of a viremia that
follows replication at the primary site(s) and allows
viral spread to selected tissues and development of
clinical disease. A clear understanding of early events
preceding the onset of viremia is relevant to develop-
ment of effective preventive methods. However, de-
spite many studies, consensus has not been reached as
to the location of the primary sites(s) of replication.
To attempt to simulate natural infection, investigators
have used various methods of experimental expo-
sure, including contact exposure, inoculation into the

Table 1. Integrin receptors for FMDV

FMDV receptor references

Integrin Recognition motif(s) Tissue and cell distribution
In vitro In vivo
N: RGD Malignant cells, smooth muscle, 53,76
central nervous system
B, RGD, RLD/KRLDGS Vascular endothelium, smooth 21, 53,107 107,113
muscle, osteoclasts, epithelial
cells
B RGD Epithelial cells 22,53,89,112 26,105,113
o By RGD Epithelial cells, human airways, 77

central nervous system
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nasal cavity, acrosol exposure via a nebulizer within a
chamber covering the head, direct nasal nebulization
with a mask, etc. A significant factor in these studies
is the size of the aerosol particles generated. Particles
smaller than 3 um in diameter are deposited in the
lower respiratory tract, while particles of 3 to 6 pm
in diameter are deposited in the middle and upper
respiratory tracts (2, 118). Brown et al. (25) infected
cattle by aerosol with a nebulizer (the authors did not
mention the size of the particles generated) and found
that within 24 h virus was detected in areas of the
lung by in situ hybridization.

More recently Pacheco et al. (118) used aero-
sol exposure with a jet nebulizer (average size of
particles, 5 pwm in diameter) to infect cattle. At 24 h
postinfection these authors found, by virus isola-
tion, real-time reverse transcription-PCR, and im-
munohistochemistry, that the dorsal soft palate, the
nasopharynx, and to a lesser extent the lungs are
implicated as sites of early virus infection. The con-
flicting observations of these two studies may reflect
the virus strain used, the size of the aerosols gener-
ated, etc. In recent experiments it was shown that
in cattle exposed to infectious aerosols with a jet
nebulizer, FMDV was first detected, by real-time re-
verse transcription-PCR and immunohistochemistry,
in the nasopharynx at 6 h postexposure , followed
by lung infection at 12 h and onset of viremia by
24 h postexposure (Color Plate 27) (4a). After 24 to
48 h postexposure the virus is distributed through-
out the body, and although virus reaches all organs
and tissues through the bloodstream, high-titer viral
replication occurs only at sites where lesions appear,
namely, the coronary bands of the hooves, the mouth
(lips, tongue, and gums), the heart muscle, and the
adrenal glands (137).

HOST IMMUNE RESPONSE
Immunosuppression

FMDV infection of susceptible animals results in
an acute disease with a rapid induction of viremia
by 1 to 3 days after infection that is correlated with
a transient lymphopenia (12, 49). In swine most T-
cell subsets as well as B cells are affected, and the
functional capacity of T cells is significantly reduced
in blood (12, 49) and secondary lymphoid organs
(49). Similarly, Joshi et al. (78) recently reported that
bovine T-cell subsets infected in vitro with FMDV
serotypes A, O, or Asia are functionally impaired.
Thus, FMDV infection rapidly induces a transient
immune-depressed state in pigs and cattle, potentially
providing favorable conditions for the virus to spread

systemically and to be shed into the environment. T-
cell numbers and function begin to return to normal
levels 4 to 7 days postinfection. Evidence suggests
that virus is cleared by phagocytosis of opsonized vi-
rus by 5 to 7 days postinfection (97, 98).

The mechanism of lymphocyte depletion is still
unclear, but it is not the result of apoptosis. Bautista
et al. (12), using three strains of FMDV serotype O,
did not detect direct infection of swine T-cell sub-
sets, while Diaz-San Segundo et al. (49) used FMDV
serotype C and detected both the presence of viral
NS proteins as well as active virus replication both
in lymphocytes from infected pigs and in cell culture
with peripheral blood mononuclear cells from naive
pigs. Joshi et al. (78) also found FMDV RNA and NS
protein 3A after in vitro infection of lymphocytes
isolated from naive cattle with serotypes A, O, and
Asia. It has been proposed that interleukin-10 (IL-
10), a cytokine that has potent immunosuppressive
functions in vivo, may be involved in the impaired
activation of T cells in FMDV-infected swine (48,
116).

In spite of the lymphopenia, FMDV infection
results in a rapid humoral response. An FMDV-
specific neutralizing antibody response is detect-
able as early as 4 days postinfection and increases
at 7 to 14 days. In general, protection induced by
vaccination (50, 97) correlates with high levels of
neutralizing antibodies and is serotype specific, al-
though animals with low levels of neutralizing anti-
body can sometimes be protected (10). Borea et al.
(23) and Ostrowski et al. (116, 117), using an adult
mouse model system, demonstrated a rapid thymus-
independent production of neutralizing antibody af-
ter infection with FMDV serotype O1 Campos. They
reported that innate-like B cells located in the spleen
were the main B-cell subset involved in the rapid pro-
duction of protective antibodies (117). Additional re-
search with naturally susceptible animals is necessary
to understand the mechanism of immunosuppres-
sion FMDV has developed and to identify the viral
protein(s) that participates in this process (see “Viru-
lence Factors,” below).

Interaction with Dendritic and Natural Killer Cells

As already mentioned, some vaccinated animals
are protected from FMDV challenge even in the pres-
ence of low levels of neutralizing antibody, suggesting
a role for cell-mediated immunity in protection. Until
the past few years, however, very little was known
about the interaction of FMDV with cells of the host
innate immune system, except for reports of abortive
in vitro infection of swine macrophages, especially in
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the presence of antibodies (15, 131, 147). Recently a
number of groups have examined the effect of FMDV
infection on swine dendritic cells (DCs), which are
the major antigen-presenting cells (13, 48, 70, 109).
There are contradictory results regarding the abil-
ity of FMDV to infect DCs. Summerfield et al. (147)
and Diaz-San Segundo et al. (48) demonstrated that
in vitro FMDV can infect swine monocyte-derived
DCs (MoDCs), but the infection is abortive. How-
ever, Nfon et al. (109) and Bautista et al. (13) did not
detect infection of monocyte-derived or skin DCs in
vitro, but virus exposure induced a strong alpha in-
terferon (IFN-a) response.

In contrast, FMDV infection in vivo modulated
the innate response by decreasing the secretion of
IFN-a by both skin and MoDCs, but it did not af-
fect the adaptive response, so that antigen uptake
and processing were not compromised and expres-
sion of major histocompatibility complex (MHC)
class II molecules and costimulatory molecules were
maintained (48, 109). Diaz-San Segundo et al. (48)
reported productive replication of FMDV serotype C
in immature MoDCs in vitro and an increase in IL-
10 production. While this cytokine has been shown
to induce immunosuppression in vivo, it stimulates
B-cell activation and proliferation (7). Cocultivation
of MoDCs derived from FMDV-infected swine with
T cells resulted in an inhibition of T-cell proliferation
which could be reversed with antibody against [L-10.
Furthermore, sera from FMDV-infected animals had
increased levels of IL-10 compared to naive animals
(48). These authors suggested that IL-10 plays a criti-
cal role in impairing activation of T cells during acute
infection and, in addition, promotes the activation
and proliferation of virus-specific B cells and the pro-
duction of neutralizing antibodies.

In vitro infection of plasmacytoid DCs, a class
of DCs that can produce high levels of IFN-a, with
FMDV was only detectable when complexed with
FMDV-specific immune serum (70). The infection
was abortive but resulted in the production of IFN-a.

Natural killer (NK) cells play an important role
in the innate response against viral infections, but
only recently have swine and bovine NK cells been
partially characterized. The ability of FMDV to in-
fect NK cells has not been examined, but the swine
NK cell response declines soon after infection (58). In
vitro studies by Toka et al. (155) demonstrated that
swine NK cells stimulated with inflammarory cyto-
kines induced efficient lysis of FMDV-infected target
cells. Furthermore, they showed that cocultivation of
NK cells with accessory cells, consisting of DCs as
well as other cells, enhanced the killing activity of NK
cells.

CARRIER STATE
History

FMDV, like several other vertebrate viruses, has
developed mechanisms for long-term persistence
in its natural hosts (see Chapter 20). Following the
acute phase of infection in ruminants, some animals
experience a long asymptomatic persistent infec-
tion, which can occur following clinical or subclini-
cal infection in both vaccinated and nonvaccinated
animals (1). Carrier animals are defined as those
from which infectious virus can be recovered from
the esophageal-pharyngeal fluids at 28 days or later
after infection (151). For many years field observa-
tions suggested virus persistence in animals that had
recovered from FMD, but it was not until 1959 that
the presence of infectious virus was detected in sa-
liva and esophageal-pharyngeal fluid from cattle that
had recovered from FMD (157). Since then it has
been widely demonstrated that a large proportion
of ruminants continue to harbor infectious FMDV
in their pharyngeal tissues for long periods of time
and become chronic carriers. Whether these animals
are infectious to others or not and the mechanisms
mediating the establishment and maintenance of the
persistent infection remain unclear and have been the
subjects of much debate and extensive reviews (1,
106, 142, 148, 149 161).

Some authors have pointed out the need to make
a distinction between persistently infected carriers,
whose role as a source of infection to other animals
remains unclear, and subclinically infected animals
that show little or no clinical disease yet shed virus
and have been clearly shown to be capable of trans-
mission to susceptible animals (149). Here we only
discuss carriers as the result of persistent infections.
The carrier state has been well documented for cattle,
African buffalo, and water buffalo and to a lesser ex-
tent in sheep and goats as well as a few other wild ru-
minant species (148). Pigs, however, clear the infection
in 3 to 4 weeks, and virus is no longer detectable (1),
except in one study in which viral RNA was detected
in serum samples after 28 days postinfection (102).

Location of Persistent Virus

In cattle and buffalo, viral infection during per-
sistence is associated with the nasopharyngeal region
(38, 39, 47, 164). In cattle after aerosol or indirect
contact exposure the virus initially replicates in the
nasopharynx and lungs and subsequently general-
izes through the bloodstream and increases to high
titers at lesion sites in the feet and mouth (28, 150).
After 2 weeks virus has cleared from blood and all
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affected sites and infectious virus is only found in the
nasopharynx associated with the basal layers of the
epithelia (164). A recent study suggested that FMDV
persists in the light zones of germinal centers in lymph
nodes associated with the pharyngeal region (79).
The authors proposed that FMDV maintained in a
nonreplicating form at these sites serves as a source
for the persistent infection. Further studies, utilizing
new techniques, such as laser-capture microdissec-
tion, are needed to localize and characterize the cells
associated with persistent infections.

Mechanism of Establishment and
Maintenance of Carriers

Despite many years of research effor