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“He is able who thinks he is able.”

-Siddharta Gautama, “Buddha”
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General Introduction

Since the 1980’s, emerging and re-emerging infectious diseases
have made an enormous impact on public and animal health, food supply,
economies, and the environment. An estimated 75% of emerging infectious
diseases in humans are zoonotic (pathogens of non-human vertebrate animals
that may be transmitted to humans under natural conditions), mainly of viral
origin and often vector-borne *. Since 1980, more than 35 new infectious
agents have emerged in humans 2, including Severe Acquired Respiratory
Syndrome (SARS coronavirus) %4, West Nile Virus (WNV) %, Ebola virus ¢ and
Avian Influenza A Virus (AlV) 78, Although the recognition of emerging or re-
emerging infectious diseases can in part be attributed to increased interest or
attention and fo improved diagnostic methods, the foremost cause should be
sought in human behaviour: (1) demographic changes: exponential growth
of the human population, world-wide urbanisation, encroachment on wildlife
habitat; (2) generalised social changes: globalisation of trade, increased and
accelerated legal and illegal transport of animals, wildlife trade (live animal and
bushmeat markets); (3) ecosystem disturbance: deforestation, eutrophication
of waterways; and (4) climatic changes: global warming %2, Livestock has
been severely affected by direct mortality and depopulation policies, for
example: to date, highly pathogenic avian influenza (H5N1) has resulted in
culling of at least 220 million birds in 41 countries. The impact of emerging
infections is of special concern for endangered wild animal populations, which
can be pushed to the brink of extinction by such events 35,

Early detection of outbreaks, by improved surveillance in animals
for (zoonotic) pathogens is critical for managing these infections 8. Linking
comprehensive pathogen surveillance of wild and domestic animals with
public health surveillance will make an important contribution to the detection
and control of emerging zoonotic infections '®'. Current technological
capabilities facilitate a rapid response to emerging infectious diseases in
terms of rapid identification and diagnostic techniques and, to a lesser degree,
the development and use of vaccines and therapeutic agents.

Vaccination is one of the tools that can be used to combat infections
in individual animals, or large scale outbreaks. Vaccination is only one of the
factors (e.g., nutrition, parasite control, hygiene) associated with preventive
medicine, and vaccines can never be absolutely guaranteed to provide
adequate protection against emerging diseases.

The principal objective of vaccination is to induce a protective
immune response that mimics protection acquired after natural infection. The
ideal vaccine would: (1) induce a strong virus neutralising serum antibody
response with high titres, of long duration, and broadly reactive; (2) induce T-
cell mediated immunity, with a strong T-helper cell response and induction of
cytotoxic T-cell responses; (3) induce mucosal immunity; (4) induce a robust
protection; (5) be needle free; and (6) be safe. Obviously, no vaccine used
today fulfils all these criteria. This is certainly true for vaccines used in non-
domestic species.
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Historically there have always been two major types of viral vaccines
for non-domestic animals classified according to the nature of the antigens
used. (1) Modified live virus (MLV) vaccines use attenuated pathogens
which replicate in the vaccinated animal, thereby closely mimicking a natural
infection, and eliciting an immunologic response without causing severe clinical
disease signs (a “controlied” infection); (2) vaccines based on antigens that
are non-living or inactivated — often termed killed vaccines (KV), for which the
immunologic response they illicit is directed towards the inactivated antigen.
Vaccines are generally not approved for non-domestic species and thus their
use is always extra-label V7, and there is always a potential liability to such
use’s.

(1) MLV vaccines infect host cells, cause viral replication, and the
infected cells will process endogenous antigen. In this way immune responses
of both T-cells (CD8+ and CD4+) and B-cells are triggered. MLV vaccines have
been designed to be minimally virulent, while retaining maximal immunogenicity
in the domestic species for which they have been developed. When used in
other species or delivered by another route, residual virulence may cause
clinical disease or death '® which has occurred in numerous non-domestic
species after vaccination with MLV vaccines registered for domestic animals
(Table 1). Several viruses induce a suppression of the immune system, and it
is known that some attenuated virus strains may still be able to cause immuno-
suppression, like MLV canine distemper virus (CDV) and canine parvo virus
(CPV) vaccines ?°. Sometimes the individual vaccine strains are not detectably
immunosuppressive, but when used in a combination vaccine they may
induce e.g. suppression of blood lymphocyte counts 2!. Immune-suppression
caused by combination vaccines that contain live canine adenovirus type 1
(CAV-1) and canine corona virus (CCoV) may lead to clinical disease signs
attributed to the attenuated CDV component of the vaccine, and may lead to
CDV-encephalitis 2224,

(2) Inactivated vaccines are preferred in case of safety concerns of
the MLV vaccines, as they do not contain infectious virus and are therefore
incapable of causing an infection. However, inactivated vaccines act as
exogenous antigens, triggering an immune response dominated by CD4+
and often Th2 cells, which may not always be the most effective response to
the pathogen vaccinated against. Additionally, the process of inactivation may
dramatically reduce immunogenicity, usually resulting in an immune response
that is shorter in duration, narrower in antigenic spectrum, weaker in cell-
mediated and mucosal immune responses, and less effeciive in preventing
viral replication %.
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Virus Species Latin name Reference
CAV Domestic dog Canis lupus familiaris 201
Maned wolf Chrysocyon brachyurus 127
Ccbv African wild dog Lycaon pictus 85,202,203
Black-footed ferret Mustela nigripes 121,125
Bush dog Speothos venaticus 123
Domestic ferret Mustela putorius furo 143
European mink Mustela lutreola 126
Fennec fox Fennecus zerda 128
Gray fox Urocyon cinereoargentus 58
Kinkajou Potos flavus 122
Maned wolf Chrysocyon brachyurus 2t
Red panda Ailurus fulgens 120,204
RV Domestic cat Felis catus 208
Domestic dog Canis lupus familiaris 208
Striped skunk Mephitis mephitis 207
FeLV Cheetah Acinonyx jubatus 52
FHV Domestic cat Felis catus familiaris 208
Pallas’s cat Felis manul 29
FPV Cheetah Acinonyx jubatus 210

Table 1. Examples of vaccine-induced disease.

To maximise the efficacy of vaccines, especially inactivated vaccines,
adjuvants are usually added. These adjuvants can greatly enhance specific
immunological responses to vaccination by several mechanisms, including:
protecting the antigen from degradation, promoting efficient delivery of antigens
to antigen presenting cells, and enhancing cytokine production. However, the
use of adjuvants can also cause severe inflammation and systemic toxicity,
have an impact on growth of the animal or reproductive rate, and repeated
or high doses of antigen can induce hypersensitivity reactions . In both
domestic and non-domestic species, it is not unusual to observe side-effects
such as elevated temperature, swelling, and irritation at the site of injection,
or anaphylactic reactions like hyperaemia, hyper-salivation, or vomiting # and
these side-effects may in some cases be severe #. Anaphylactic reactions
may occur after the use of any vaccine, but are particularly thought to occur
following the use of multivalent, adjuvanted vaccines containing large amounts
of foreign proteins 2°. Adjuvanted inactivated vaccines are used more widely in
domestic cats than in dogs, as several MLV vaccines have shown a significant
association with upper respiratory tract infections in cats. However, a significant
association between the use of these usually aluminium adjuvanted vaccines
and local reactions (granulomas and sarcomas) has also been found . This
has led to recommendations such as alternating predisposed vaccination
sites, avoiding aluminium adjuvanted and polyvalent vaccines, and avoiding
over-vaccination 3%,
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Recent advances in immunology, molecular biology and biochemistry
have allowed the construction of subunit vaccines based on recombinant
viruses and bacteria, peptides, or bacterial and viral vectors, which may lead
to safer, and more efficacious vaccines that can also be used in non-domestic
species.

Effective vaccination should not only trigger cell-mediated responses,
but also elicit a high titre of neutralising antibodies (humoral immune response)
of the appropriate class: Immunoglobulin M (IgM), immunoglobulin G (IgG)
and/or immunoglobulin A (igA), directed against the relevant epitopes on the
virion. The immunity induced by vaccination has mainly been evaluated and
quantified in domestic animals by measuring the levels of serum antibodies.
For certain infections (e.g. CDV, CAV, CPV, feline panleukopenia virus (FPV)
or Borrelia burghdorferi) the level of the humoral response, although not the
only mechanism involved, tends to correlate with level of protection from
clinical disease, and therefore is a useful indicator of the immune status.
Other agents (e.g. CCoV, feline enteric coronavirus (FCoV), canine para-
influenza virus (CPIV), Bordetella bronchiseptica, and Chlamydophila psittaci)
all replicate and cause damage on mucosal surfaces, and might require a
mucosal immune response for protection. As a consequence, serum antibody
titres do not necessarily correlate with (adequate) protection against these
pathogens.

Effective vaccination induces not only a humoral and a cell-mediated
response but also memory T and B cells, which will remain for years after the
effector mechanisms have declined. These memory cells rapidly differentiate
during a subsequent infection into effector cells that can eliminate an infection
before clinical signs appear 3. Additionally, “memory effector B-cells” can
produce antibodies for years without overt antigenic stimulation 35%. In order
to obtain a complete view of the immunologic status of an animal one therefore
needs to look (ideally) at the humoral, cell-mediated, and local (mucosal)
responses. One can only know if the measured level of immunity is protective
by challenging the vaccinated animal with the pathogen. However, for non-
domestic endangered or otherwise irreplaceable species (IUCN Red list, hitp://
www.iucnredlist.org), challenge infection studies should not be conducted from
a conservation point of view, and humoral and/or cellular immune responses
have to be used as correlates of protection.

The recent debate concerning vaccine safety, efficacy and duration
of immunity in domestic cats (Felis catus familiaris) and dogs (Canis lupus
familiaris) ¥ resulted in the need for more objective and scientific data.
Vaccinated domestic dogs and cats have shown a range of protective antibody
titres after challenge infections with the viruses used in standard vaccines.
Additionally, these protective antibody titres may vary per virus due to the variety
of techniques and standards used in different laboratories. There is little or no
standardisation of serological assay methods, and this non-standardisation of
serologic tests can make comparisons between laboratories of questionable
use 6.

14
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Currently, several long-term vaccination/infection studies have shown
that protective immunity against certain viruses upon vaccination may last
for several years, and annual re-vaccination of domestic dogs and cats may
not always be required *¢. Recommendations based on these recent studies
are currently different for “core” vaccines (which are considered essential:
CDV, CPV, CAV, rabies virus (RV), FPV, FCV, FHV), and “non-core” vaccines
(all other vaccines, which should be given in high risk situations, but are not
considered essential). The vaccination schedule for carnivores should start
at the age of 6-8 weeks, with 3 week intervals so that the last dose is given
at the age of 12-14 weeks, then revaccination at 1 year, and then every 3
years for “core” vaccines. Antibodies induced against “non-core” vaccines
are detectable for a shorter period of time after vaccination, and should be
repeated yearly or more frequently *.

In non-domestic animals controlled vaccination studies are limited,
and their evaluation is largely restricted to evaluation of humoral responses
extrapolated to known challenge infection data from domestic animals 4773,
However, analytical tests are not standardised or validated for the different
non-domestic species, thereby hindering evaluation and comparison of
vaccine-induced immunity in the many different non-domestic species.

Recommendations for use in non-domestic mammals are generally
based on ftradition, anecdotal/personal experiences or taken from more
precise, published data. This has led to a plethora of differing opinions and
therefore the use of many different vaccination protocols (Table 2 for CDV
vaccination). However, there are some general rules for using extra-label
vaccines in non-domestic animals. Monovalent inactivated viral or bacterial
vaccines are preferred, and the use of polyvalent vaccines containing
unnecessary antigen should be avoided whenever possible. Animals with
active clinical iliness should preferably not be vaccinated. In the event of a
viral disease outbreak in an animal collection, all susceptible species should
ideally be vaccinated immediately and boostered 10-14 days later, regardless
of age and last time of immunisation ™. The use of some drugs, such as
tetracycline, chloramphenicol, dapsone, clindamycin, griseofulvin, nalidixic
acid and sulphamethoxypyradizine have been associated with an inadequate
response to vaccination “. Vaccination should also be avoided in animals
undergoing glucocorticoid therapy, although challenge studies have been
performed which show that “immuno-suppressive” doses given at the time
of vaccination do not significantly affect the level of post-vaccinal immunity to
CDV or RV 7. When using remote delivery systems one must be sure that a
full dose is delivered, as syringe darts may rebound quickly on impact and
fail to deliver the dose required to elicit a satisfactory immune response .
The type, serial number, and source of product should be recorded in the
veterinary records 7. Any vaccination programme should also take the current
local infection risk by the pathogen into account, upon which the decision can
be made if vaccination is warranted.
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Species Vaccine Regime Booster Reference
All susceptible MLV § Initial at 3-6 weeks, at 9 weeks Semii- 133
combination vaccine. Single annually
vaccination after 12 weeks
Mustelidae MLV § 10 weeks * 133
All susceptible KV or MLV# initial at 5-6 weeks repeat every  Annually 2%
2 weeks until 15 weeks
Mustelidae KV for Initial at 8 weeks, repeat after 2-3 * 208
black-footed weeks
ferret & initial,
then MLV
Procyonidae KV Initial at 6-8 weeks, repeat every  Annually 2
2-3 weeks until 14 weeks
All susceptible KV Initial  distemper/measles at Annually "®
(unavailable)  6-8 weeks, at 12-14 weeks
combination vaccine.
Procyonidae MLV # Initial at 8 weeks, repeat at 12 * 8
and 16 or 18 weeks of age
All susceptible KV preferred Single dose after weaning im, Annually ™
(unavailable)  monthly booster up to 4 months
thus MLV
(avian origin)*
All susceptible MLV Initial at 6-8 weeks, repeat Annuaily 72"
(avian origin}¥  every 2-3 weeks with a total of
3 vaccinations, in special cases
(ie early weaning, ill juveniles,
high probability of exposure to
disease) extended to 4 or 5.
All susceptible  ISCOM 8, 11, 14 weeks of age Annually Rotterdam
Zoo
All susceptible  Canarypox- 3 doses with 3 weeks interval Annually  AAZV
vectored

recombinant

Table 2. CDV vaccination regimes recommended for use in non-domestic species.
Vaccination with modified live virus (MLV) vaccines were recommended (§) until
the beginning of the 1980s, when a growing number of species were reported
with vaccine-induced CDV infections. Hereafter, inactivated (or killed’) virus (KV)
were recommended, or MLV vaccines of avian origin - usually due to KV being
unavailable (f). Currently, the use of MLV vaccines in non-domestic carnivores is
not recommended, although safe and effective CDV vaccines for non-domestic
species are not commercially available or legal to use in many countries.

Vaccination of non-domestic species is especially useful in captive
collections, where the population density may be higher than in wild
populations, with an increased infection risk. Infection/exposure risks can

16
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be minimised by strict hygiene and quarantine protocols, proper fencing to
reduce contact with unvaccinated domestic and non-domestic species, and
vaccination. Vaccination of endangered species in conservation projects
can contribute to the survival of these species. African wild dog '® and black-
footed ferret ' conservation projects have been severely affected by CDV
outbreaks, and a safe and effective vaccine is much needed . Following the
phocine distemper virus (PDV) epidemic of 1988 8% in harbour seals (Phoca
vitulina) and the development of an experimental CDV-ISCOM vaccine ', all
rehabilitated seals from the Seal Rehabilitation and Research Centre (SRRC)
in Pieterburen, the Netherlands, are vaccinated upon arrival. The duration
of protective immunity following this vaccination in seals is unknown, but is
intended to last for at least the duration of stay in the rehabilitation centre.

The question is often raised whether free-ranging non-domestic
animals should be vaccinated. It is an interference with natural selection, and
therefore a topic under discussion. Re-introduced or translocated animals
may not have been challenged under natural conditions with the local
pathogens when young (and maternal immunity is still present), but can be
vaccinated while in captivity (prior to release) to obtain a level of immunity
against these pathogens. The World Conservation Union (IUCN) guidelines
for the reintroduction of captive animals into the wild include the description of
preventive vaccination strategies ®. A problem faced is the difficulty to boost
under field conditions, so that the level of immunity may not be sufficient
for prolonged periods of time. The vaccination regime should therefore be
completed before release when possible, to allow sufficient time to develop
the required immunity and detect possible adverse effects before release of
the animals.

Vaccination of a wild population of Mediterranean monk seals
(Monachus monachus) was considered during a morbillivirus epizootic on
the west coast of Africa in 1992 #, and this discussion flared up during the
recent PDV epidemic in North European harbour seals in 2002, but it was
generally not considered a viable option 3. Vaccination of seals with a MLV
vaccine should be considered contraindicated ®, as for all non-domestic
animals. When vaccinating free-ranging wildlife it is of utmost importance to
consider the fact that MLV vaccines may not be sufficiently attenuated for
exotic species, and that vaccine induced disease or shedding of virus may
occur, potentially infecting free-living populations.

The only examples of effective vaccination campaigns of free-ranging
carnivores are those against rabies. The zoonotic and economic aspects of
RV infection have resulted in prophylactic vaccination of free-ranging vector
species, which are much more difficult to vaccinate than captive specimens.
The development of oral MLV vaccines ¥ proved its value when an advancing
epidemic was stopped by the vaccination zone . This vaccine has since been
replaced by a poxvirus based recombinant vaccine, which has proven to be
efficacious and safe for the target species (the European fox, Vulpes vuipes),
as well as for numerous non-target species 8.

17
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This thesis focuses on the vaccination of non-domestic species
against two groups of viruses which have recently caused large outbreaks
with high mortality: morbilliviruses and avian influenza viruses.

MORBILLIVIRUSES

Morbilliviruses are relatively large (150-600 nm) negative sense
single stranded RNA viruses which belong to the family of Paramyxoviridae.
The viral RNA is associated with the nucleoprotein (NP), forming a helical
nucleocapsid. The matrix (M) protein forms a linkage between the glycoproteins
in the membrane and the nucleocapsid, thus stabilising the virus structure.
Two membrane proteins, the haemaggiutinin (H) and fusion (F) proteins
form projections on the viral membrane, and are involved in attachment of
the virion to receptors on target cells (H), and fusion of viral and target cell
membranes or between host cells (F). Both the H and F proteins are the major
immunogens for the induction of antibodies that play an important role in the
prevention of and the recovery from infection.

All families of the taxonomic order Carnivora are in principle
susceptible to CDV infection, which is among the most significant infections
of domestic dogs and many non-domestic species in terms of mortality.
infections with CDV and the closely related PDV have caused major outbreaks
in naive populations of terrestrial carnivores and marine mammals 3.1580,92-99
Transmission is mainly via droplet infection or direct and indirect contacts, and
the highly contagious virus may be excreted for up to 90 days by domestic
dogs. Morbidity and mortality varies per species, but case-fatality rates can be
as high as 100% in naive animals.

Pathogenesis of CDV infection has been best described in domestic
dogs, inwhich the clinical signs are dependenton the virus strain, environmental
conditions, host susceptibility and immune status. Acute infection is clinically
predominantly associated with catarrhaland respiratory infection (conjunctivitis,
pneumonia, diarrhoea, anorexia, and dehydration). Neurologic manifestation
of CDV infection often foliows 1-3 weeks after recovery from acute generalised
infection, and is most commonly seen in dogs with a poor immune response.
Neurologic signs may manifest themselves as a chronic progressive disease,
even if the infected dog has not shown systemic signs previously. In non-
domestic species, clinical signs may vary between species, but respiratory,
gastro-intestinal (Gl) tract, integumentary and central nervous (CN) systems
are most commonly affected.

Vaccination of susceptible species in zoos has been recommended
since 1963 . In general, CDV vaccination has always been recommended in
all members of the taxonomic families Canidae, Procyonidae and Mustelidae.
Vaccination of large cats is recommended in high risk situations 768210103 after
several outbreaks occurred among captive and free-ranging large felids®.99.104-

18
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16, Although clinical disease as a result of CDV infection is rare in ursids,
serologic surveys have shown the presence of CDV specific antibodies™"
™_ Clinical disease and presence of CDV specific antibodies have been
documented in spotted hyaenas (Crocuta crocuta) "?"'4 and a palm civet
(Paguma larvata) %, therefore vaccination is recommended in these species
by some authors 782101118118 However, the susceptibility, and therefore need
for vaccination of members of the Ursidae, Hyaenidae and Viverridae to CDV
is disputed by some 76103118,

All members of the taxonomic order Carnivora are potentially
susceptible, and vaccination of non-domestic carnivores with a safe and
efficacious vaccine is therefore recommended if local exposure is high, and
contact with infected animals can not be prevented.

A problem faced in the prophylaxis of CDV in non-domestic
carnivores is the variation between and within species in their reaction to MLV
vaccines, and many species have been documented with vaccine-induced
canine distemper with possible lethal consequences %2027 Currently the
majority of commercially available morbillivirus vaccines are MLV vaccines.
Between the different commercially available MLV vaccines there is a clear
difference in vaccine efficacy 2% and adverse effects. Chicken embryo-
attenuated MLV CDV vaccines specifically attenuated for domestic ferrets
(Mustela putorius furo)'® appear to be safe and efficacious in maned wolves
(Chrysocyon brachyurus), bush dogs (Speothos venaticus) and fennec foxes
(Vulpes zerda) %, but have caused disease in several species of minks,
ferrets, grey foxes (Urocyon cinereoargenteus) and red pandas (Ailurus
fulgens) 12124128132 \/accine virus attenuated by passages in canine kidney
cells has been responsible for vaccine-induced distemper in a much larger
number of species (Table 1). Until 1983 the use of MLV was mentioned
without warning of the adverse effects . After 1985 inactivated virus
vaccines were recommended for use in non-domestic species 76.117.118.134,135
even though the efficacy of inactivated vaccines against CDV infection has
been questioned ¥'%, Currently there are no monovalent inactivated CDV
vaccines commercially available, due to their limited efficacy in domestic dogs
compared to MLV vaccines, and the absence of a commercially interesting
market for non-domestic animals 38,

The large range of (highly susceptible) host species in zoos for which
vaccination is recommended underpins the need for the production of a safe
and efficacious vaccine for use in non-domestic carnivore species. Several
alternatives to MLV vaccines have been tried in non-domestic species.

(1) Non-domestic canine pups have previously (early 1980’s) been
vaccinated with a MLV measles vaccine 1% Measles virus and CDV are
antigenically closely related, but the measles virus is not neutralised by the
maternal antibodies in 6-week-old puppies of domestic dogs '*¢, therefore a
level of immunity is induced. However, the induced protection is not complete
%, and vaccination requires a booster vaccination with a modified live CDV
vaccine, and is currently not recommended anymore.
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(2) An experimental saponin-adjuvanted inactivated CDV vaccine
has been used in red pandas and giant pandas (Ailuropoda melanoleuca) in
several zoos. The vaccine appeared to be safe and efficacious, but produced
low titres with inadequate durability, requiring booster vaccinations two to
three times annually **. This vaccine is no longer produced. In Germany a
small amount of aluminium hydroxide adjuvanted inactivated vaccine was
previously produced for use in zoos (K. Frélich, pers. comm), although no
published data exists of its efficacy in different non-domestic species.

(3) An experimental subunit vaccine incorporating the F and H
surface proteins of CDV into immuno stimulating complexes (ISCOM) has
been developed and tested in domestic dogs and harbour seals, producing
humoral and cellular immunity 840, ISCOMS are stable complexes containing
cholesterol, phospholipids, saponin, and antigen, and can be used as an
adjuvant. Micelles can be constructed using protein antigens and a matrix
of a saponin mixture called Quil A. They are highly effective in targeting
antigens fo the antigen processing celis, while the saponin activates these
celis, promoting cytokine production and the expression of co-stimulatory
molecules. Depending on the antigen and adjuvant composition, Th1 or Th2
responses can be stimulated. Although the immunity achieved is not sterile
(infection of the upper respiratory tract occurs), CDV-ISCOM vaccinated seals
were protected from a potentially lethal challenge with the closely related
PDV®'. The ISCOM vaccine has since been used experimentally in several
European zoos (W. Schaftenaar, pers. comm), although no data on its efficacy
in different non-domestic species have been published.

(4) In 1997 a recombinant canarypox-vectored vaccine expressing
the H and F surface antigens of CDV was introduced' and tested in domestic
dogs for its safety and efficacy '“2. Recently a similar monovalent canarypox-
vectored vaccine has become commercially available in the US (Purevax®,
Merial, Duluth, Minnesota, USA). It is registered for use in domestic ferrets
in which its efficacy and safety have been demonstrated®. In black-footed
ferrets (Mustela nigripes) x Siberian polecat (Mustela eversmanni) hybrids the
use of this vaccine has produced a good immune response’#, and it has since
been used and evaluated in a large number of exotic species (R. Montali, pers.
comm.). Its extra-label use in all susceptible species in zoos is recommended
by the American Association for Zoo Veterinarians (AAZV) and the IUCN?#2,
although only limited published data on its efficacy in these non-domestic
species exist . In the EU its use is not permitted, as it is a non-registered
genetically modified organism (aithough currently several other recombinant
vaccines have been registered for domestic species™®).

The main advantage of recombinant canarypox-vectored vaccines
is their safety in mammals. Members of the Avipox genus (e.g. fowlpox and
canarypox) are non-pathogenic and replication-deficient in mammais due to
their natural host range restriction to avian species. However, they still have
the ability to enter mammalian cells, reach an early stage of morphogenesis,
and (importantly) express exogenous genes '#*8 Protective cellular and
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humoral immunity is induced in the absence of the complete virus, therefore
eliminating the possibility of infection with CDV. Canarypox virus generally
appears to be superior to fowlpox virus in the induction of immune responses
in mammals #°. Because the vector is replication deficient in mammalian cells,
the potential for dissemination of the vector within the vaccinate is eliminated
and therefore there is no spread of the vector to non-vaccinated contacts or
the environment %°. Currently there is no safe, commercially available CDV
vaccine that can be used in non-domestic carnivores in the EU.

AVIAN INFLUENZA VIRUSES

Avian influenza viruses (AlV) are type A influenza viruses and belong
to the Orthomyxoviridae family, which also contains the influenza virus B
and C types. The influenza A virion is a particle of approximately 120 nm in
diameter, and its genome consists of eight segments of negative sense single
stranded RNA. It can be classified according to the antigenicity of its surface
proteins haemagglutinin (H) and neuraminidase (N). Currently 16 H (H1-16)
and 9 N (N1-9) subtypes have been described in avian species . Individual
subtypes can theoretically be composed of any combination of one of the H
and one of the N proteins. Furthermore the subtypes can be classified on the
basis of their pathogenicity in chickens after intravenous inoculation.

Highly pathogenic avian influenza (HPAI, formerly termed fowl! plague),
an acute generalised disease in which mortality in chickens may be as high
as 100%, is restricted to subtypes H5 and H7, although most viruses of these
subtypes have low pathogenicity, and do not cause HPAI. All other AlV strains
are low pathogenic avian influenza (LPAI) virus strains which cause more
variable morbidity and mortality (ranging from sub-clinical to fatal) but are
generally associated in pouliry with mild, primarily respiratory disease with
loss of egg production *2, or mild enteric disease in wild birds. In certain cases
(in poultry flocks) the LPAI virus phenotype (of subtype H5 or H7) may mutate
into the HPAI virus phenotype by the introduction of basic amino acid residues
(arginine or lysine) at the cleavage site of the precursor haemagglutinin
(HAO)'3, which facilitates systemic virus replication. H5 and H7 subtypes with
an amino acid sequence at the HAO cleavage site comparable to those that
have been observed in virulent Al viruses are considered HPAI viruses, even
when mortality in chickens is low '34. However, the two forms of avian influenza
(HPAI and LPAI) are distinctly different and should be regarded as such.

Avian influenza viruses have a worldwide distribution and are in
principle infectious to all avian species (domestic and wild), with variable
morbidity per virus isolate and species. Aquatic avian species, mainly those
of the taxonomic orders Anseriformes (Anatidae: ducks, geese and swans;
Anhimidae: screamers; andAnseranatidae: magpie goose)and Charadriiformes
(Scolopaci: snipe-like waders; Thinocori: aberrant charadriforms; Larii: gulls
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and allies; Turnici: buttonquails; Chionidi: thick-knees and allies; Charadrii:
plover-like waders) are considered the main natural reservoir of all avian
influenza viruses, including the LPAI ancestral viruses of HPAI strains 15515,
Replication of LPAI viruses occurs mainly in the intestinal tract, with excretion
of high virus loads for up to 45 days %" and Al virus remains infectious in
faeces for 30 to 35 days '%8. In lake water Al virus remains infectious for 4 days
at 22°C to more than 30 days at 0°C ', and the relatively high prevalence
of AlV infection in birds living in aquatic environments may be due in part
to efficient fransmission via the faecal-oral route via surface waters 59160,
Migrating waterfow! are thought to carry LPAI viruses over long distances, and
can initiate outbreaks of HPAI by the introduction into poultry flocks of these
LPAI viruses, which subsequently can change into HPAI viruses . Recent
HPAI H5N1 viruses have been predominantly associated with oropharyngeal
shedding '¢'-152: the impact of this on environmental contamination, persistence
and transmission is yet unknown.

Terrestrial poultry species (e.g., chickens, turkeys, quail and ostriches)
are generally highly susceptibie to infection with HPAI virus, but waterfowl were
considered resistant until 2002. However, in 2002 an outbreak of HPAI H5N1
virus occurred in wild migratory avian species and resident waterfowl, and the
high pathogenicity in ducks was confirmed in laboratory infections %3, Since
2002, this particular HPAI virus subtype has made an unprecedented spread
from South East Asia throughout Asia and into the Middle East, Europe and
Africa, with morbidity and mortality not only in poultry, but in a large number of
other avian species. To date HPAI virus infection with the H5N1 subtype has
been confirmed in at least 105 species (spp.) from 14 orders: Anseriformes (33
spp. ), Charadriiformes (5), Ciconiiformes (6), Columbiformes (3), Faiconiformes
(11), Galliformes (10), Gruiformes (4), Passeriformes (22), Pelecaniformes (2),
Phoenicopteriformes (1), Strigiformes (4), Struthioniformes (1), Psittaciformes
(1), and Podicipediformes (2) '®. Qutbreaks along the recognised flyways
from South East Asia into Europe have suggested that this HPAI virus subtype
may be distributed directly by migrating waterfowl, and HPAI virus infections
have been detected in several migratory species %1%, However, domestic
waterfowl 182170171 gpecific farming practices, agro-ecological environments,
and transportation of domestic avian species or their products with trade at
local markets may all have played a key role in the ampilification and spread
of HPAI H5N1 virus in Asia 167172,

Several mammalian species (including ferrets, horses, pigs '°, seals
and humans 7'7%) had been reported with infections with the H5 and H7
subtypes of AlV up to 1997. The recent HPAI H5N1 virus subtype has caused
mortality in a large number of mammalian species (Table 3), and has caused
313 human cases with 191 deaths to date (30" of June 2007) ™. Noteworthy
are the fatal HPAI H5N1 virus infections with severe pneumonia of domestic
cats, tigers and leopards that fed on infected poultry carcasses, as felids had
previously been considered to be resistant to disease upon AlV infection 175,
Horizontal spread of infection was suspected '7¢, and has been demonstrated
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experimentally in domestic cats "7, with excretion from both the respiratory
and intestinal tracts 7.

Taxonomic

family Common name Latin name Reference
Canidae Domestic dog Canis lupus familiaris 2

Felidae Domestic cat Felis catus 177,178, 213,214
Felidae Clouded leopard Neofelis nebulosa 215

Felidae Tiger Panthera tigris 176216
Felidae Leopard Panthera pardus 218
Mustelidae American mink Mustela vison 164
Mustelidae Stone marten Martes foina 164
Viverridae g\\:vestton’s banded palm Chrotogale owstoni 218

Table 3. Mammalian species documented with natural infections with highly
pathogenic avian influenza virus (H5N1).

Documented outbreaks of Asian lineage H5N1 HPAI virus in zoo birds
have been limited to 5 cases: Penfold Park, Hong Kong, (People’s Republic
of China, 2002) and Kowloon Park, Hong Kong (People’s Republic of China,
2002), Ragunan Zoo, Jakarta (Indonesia, 2005), Dresden Zoo (Germany, 2006)
and Islamabad Zoo (Pakistan, 2007). Large felids with H5N1 infection have
been reported in Suphanburi Zoo (Thailand, 2003), and Sri Racha Tiger Zoo
(Thailand, 2004). To curtail these outbreaks, a combination of increased bio-
security measures (isolation and quarantine of infected animals, disinfection
of the area), feeding of cooked poultry only, treatment of infected animals in
quarantine areas, selective culling, extensive surveillance of migratory and
captive birds and vaccination were used.

Vaccination is a useful means of reducing the horizontal spread of
AlV in poultry 718, An inactivated vaccine (Nobilis Influenza H5, Intervet
International, Boxmeer, the Netherlands), using an H5N2 strain (A/Chicken/
Mexico/232-CPA/94) proved efficacious in chickens in Hong Kong under field
conditions and after high dose laboratory challenge with HPAI H5N1 viruses
81 Furthermore, other inactivated vaccines, H5N1 reverse genetics based
vaccines, and fowlpox recombinant vaccines with H5 inserts have been shown
to be protective in chickens 828, domestic ducks ®+'%, and domestic geese
86 against diverse HPAI H5N1 virus strains. Vaccination protects against
disease and mortality, but does not always prevent infection and virus spread.
However, the dose required for infection is much higher, and vaccinated birds
shed far less field virus after infection than unvaccinated birds 187:188,

Protective antibodies produced in response to infection or vaccination
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are directed against the H and N surface proteins. Vaccine-induced protection
is species-, dose-, and vaccine strain-dependent. The degree of homology
of the H protein will largely affect the level of cross-protection and therefore
efficacy of the vaccine "®°. Aso-called Differentiation of Infected from Vaccinated
Animal (DIVA) strategy, with a heterologous vaccine (using the same H
subtype as the field virus, but a different N subtype), is recommended to
differentiate between vaccinated and field-virus infected animals '*°. However,
in housing systems where birds are not housed permanently indoors (e.g., in
zoos), contact with free-ranging birds can result in LPAI virus infections that
go by unnoticed, but which may interfere with the DIVA principle.

Antibody responses upon AlV vaccination may vary between avian
species, being higher in chickens than in other poultry species '*'. Published
minimum serum antibody titres measured by HI test in vaccinated chickens
that correlate with protection after challenge with HPAl are 1:10 ' or 1:168.18¢,
However, domestic ducks with very low or undetectable antibody titres post
vaccination have been shown to be protected from HPAI virus challenge 18418
Duration of protection from HPAI virus challenge may vary between species:
chickens for up to 40 weeks after one dose of vaccine, domestic ducks for
more than 52 weeks after 2 doses, while domestic geese which received 3
doses were protected for 34 weeks 1.

In the EU there is currently a non-vaccination policy with regard to
routine vaccination of poultry against AlV due to interference with stamping-
out policies and international frade agreements. Instead, eradication measures
during an outbreak in poultry include (long-term) confinement, large-scale
culling and safe disposal of carcasses of all poultry on the infected farm, and -
depending on the poultry density in the area and the epidemiological situation
- pre-emptive culling of poultry on neighbouring farms (since 2003, more
than 220 million birds have been culled world-wide to eradicate H5N1 avian
influenza outbreaks), and emergency vaccinations (Directive 92/94/EEC).

The standard eradication measures used to prevent and eradicate
HPAI virus outbreaks in poultry would be detrimental to the welfare and
breeding programmes of avian species in zoos. Large scale culling in zoological
collections that include endangered species would be highly undesirable from
a conservation point of view. Directive 2005/94/EC foresees a derogation from
killing of birds provided the birds can be brought inside and are subjected to
virus detection tests that give negative results (after the last death/positive
finding, 2 tests at an interval of 21 days have to be performed according to
the diagnostic manual Decision 2006/437/EC). However, most zoos will not
have the facilities to suitably confine their entire bird collections for prolonged
periods of time, and many species will not be able to adjust to confinement and
increased stress with subsequent welfare problems and increased exposure
to pathogens resulting in disease (e.g. aspergillosis, bumblefoot) 92194,

Vaccination of zoo birds as an additional preventive measure against
HPAI virus infection (while reducing confinement measures) in Belgian, Dutch
and German zoos was first allowed during an outbreak of HPAI H7N7 virus
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in poultry in 2003 (Decision 2003/291/EC). In 2005, Decision 2005/744/
EC allowed vaccination in European zoos against the encroaching H5N1
subtype. Targeted preventive vaccination campaigns in poultry have since
been authorized in the Netherlands: voluntary vaccination of hobby poultry
and free-range laying hens as an alternative to the requirement that these
birds be kept indoors (Decision 2006/147/EC), and France: domestic ducks
and geese which cannot easily be kept indoors and be separated from wild
birds (Decision 2006/148/EC). These campaigns were subject to rigorous
surveillance and control requirements.

Surveillance of wild birds can provide early warning signs for the
introduction of HPAI virus %1% Several countries have initiated surveillance
campaigns of free-ranging wild birds. Wild bird populations that experience
high mortality rates should be submitted to national or regional reference
laboratories for testing (for a European listing see the EAZWV handbook of
infectious diseases '%). Birds showing clinical signs can be captured, isolated
and selectively culled when testing is positive to HPAI virus. There is no
scientific basis for large scale culling of free-ranging wild bird populations to
control outbreaks or their spread, and it would be highly undesirable from a
conservation perspective '¥. Instead, measures should be taken to prevent
contact between non-vaccinated captive and wild bird populations.

Increased bio-security remains the first line of defence during
outbreaks of HPAI, and can be complemented by vaccination. Accreditation of
zoos (e.g., by AZA, EAZA or other (inter-)national organisations) has resulted
in standardised high levels of bio-security, decreasing the risk of introduction
and increasing the likelihood of containment of infectious diseases. However,
in the face of an outbreak of HPAI, levels of bio-security should always be
raised immediately with hygienic measures impiemented accordingly to
prevent entrance or spread of the virus. Attention should be paid to both
exclusion (identification and elimination of possible routes of entrance [e.g.,
by live birds, cages, equipment, clothing]), and containment (reduction of the
risk of infection for neighbouring cages) of the virus, as described in guidelines
for zoos '981%°_ Derogations to bio-security measures (such as an alleviation
of confinement measures) can be made in zoos, when birds are vaccinated
(Decision 2005/94/EC), provided that such derogations do not interfere with
disease control.

N
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OUTLINE OF THIS THESIS

The last 20 years a growing number of (re-) emerging infectious
diseases have had an enormous impact on public and animal health. Early
detection of outbreaks, by improved surveillance in animals for pathogens is
critical for managing these infections. Preventive vaccination can be used in
individual animals to prevent morbidity and mortality from infectious agents,
butitis also one of the tools that may be used to combat outbreaks of emerging
infections in captive populations of non-domestic species.

The first part of this thesis (chapter 2) focuses on morbillivirus infections
of non-domestic carnivores and marine mammals. Morbilliviruses have caused
several large outbreaks in these animals, with high morbidity and mortality.
Clinical signs observed in juvenile harbour seals during an outbreak of PDV
are documented in chapter 2.1. To evaluate the prevalence of morbilliviruses
and other viral pathogens in free-ranging terrestrial carnivores and marine
mammals, hundreds of serum samples from Canada and France were tested
for antibodies to these pathogens (chapters 2.2.1 and 2.2.2), providing
important management implications for re-introduction of certain species like
the European mink. To protect susceptible species from CDV infection, they
can be vaccinated. However, commercial vaccines against CDV have caused
fatal infections in numerous non-domestic carnivore species, and currently
there is no safe, commercially available vaccine for use in non-domestic
species in the EU. An experimental CDV-ISCOM vaccine developed for seals
during a PDV epidemic was evaluated and compared to a canarypox-based
recombinant vaccine (which is authorised for use in ferrets in the USA) in
conservation projects of highly endangered European mink and African wild
dogs (chapter 2.3.1 and 2.3.2).

The second part of this thesis focuses on avian influenza A viruses
(chapter 3). In the past decade, HPAI outbreaks have occurred frequently,
and the current outbreaks of the HPAl H5N1 subtype are unprecedented in
their duration and spread. Standard eradication measures used in poultry
in the EU (e.g., long-term confinement and large scale culling) would be
detrimental to the welfare and conservation of the often endangered species
kept in zoological collections. Two separate EC Decisions allowed vaccination
in zoological collections to alleviate confinement measures and prevent large
scale culling. However, detailed information about the safety and efficacy of
vaccines for poultry against HPAI viruses in the large variety of bird species
in zoos was not available at the time of vaccination. During an outbreak of
HPAI H7N7 virus in poultry in the Netherlands, and due to the encroaching
threat of HPAI H5N1 virus, birds in zoos were vaccinated and the safety and
efficacy of these vaccination campaigns were evaluated (chapter 3.1 and
3.2). The longevity of serum antibodies after vaccination, and the effect of
one vaccination one year after the initial two vaccinations are discussed in
chapter 3.3. The susceptibility of pigeons and other species in the taxonomic
order Columbiformes to HPAI virus and the efficacy of vaccination has been
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questioned Therefore the effect of vaccination towards challenge with two
strains of HPAI H5N1 virus from different antigenic clades in pigeons was
studied (chapter 3.4.).

The findings presented in chapters 2 and 3 are evaluated and
discussed in chapter 4 in the light of additional data on CDV vaccination -in
Rotterdam Zoo, and additional data on Al vaccination in other European zoos.
The latter was presented in a recent EFSA report 2,
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Clinical signs of natural PDV infection

The Northern European harbour seal (Phoca vitulina) population
experienced a phocine distemper virus (PDV) epidemic with high mortality
(22.000) during the summer of 2002. Clinical signs were recorded for
20 harbour seal pups that were admitted to the Seal Rehabilitation and
Research Centre (SRRC) with clinical disease and were diagnosed
PDV infection positive by RT-PCR at necropsy, confirming that indeed
they had died from PDV infection. The most prominent clinical signs
were respiratory signs of varying extent in 100%, conjunctivitis in 70%,
and neurological signs developed in 50% of the infected seals. Severe
neurological signs were one of the euthanasia criteria during the
epidemic, and a large number of juvenile seals that were euthanised on
humane grounds and not admitted to the SRRC are not included in this
study, due to lack of complete data sets. Consequently, neurological
signs were among the most prevalent signs of fatal PDV infection in
harbour seal pups. Reported lymphoid depletion in dead seals collected
during the epidemic was not reflected in the total mononuclear leukocyte
count of seals upon admittance. Haematological tests further showed
absolute granulocytosis, thrombocytosis, anaemia, and an increase in
total white blood cell count. At time of admittance, 55 % had a positive
serum immunoglobulin G (IgG) titre, and IgM titres were positive in 20%.
High levels of PDV-specific IgG serum antibodies at admittance were not
correlated to absence of clinical signs or to longer survival.

INTRODUCTION

Phocine distemper virus (PDV), a single stranded RNA virus belonging
to the genus Morbillivirus, is a highly contagious pathogen that has caused two
rapidly progressing epidemics with high mortality in naive seal populations.
The Northern European harbour seal (Phoca vitulina) population was struck
by a PDV epidemic in 1988 ¥, resulting in the death of 18 000 seals. During
the summer of 2002 this population was struck by another PDV epidemic, and
22 000 seals died 2'°. A nucleotide sequence analysis of this virus showed a
close match (>97% homology) to the virus from 1988 *. Canine distemper
virus (CDV), the closest relative of PDV 22, has a wide host range including
all terrestrial carnivores, and has also caused epidemics among pinnipeds:
Baikal seals (Phoca sibirica) ?*'%? and Caspian seals (Phoca caspica) %522,

Clinical signs of PDV infected seals are usually compared to those seen
in dogs with CDV infection, focussing on the respiratory (coughing, dyspnoea)
and catarrhal aspects (oculo-nasal mucopurulent discharge, conjunctivitis),
but also fever, diarrhoea, abortion and with a small number of infected seals
exhibiting neurological signs 5224, CNS involvement in CDV infected dogs
is dependent on the host’s immune response 2. Lymphocytic depletion has
been reported in PDV infected seals, and the subsequent immune suppression
increases the susceptibility to secondary infections 2222, These secondary
infections (viral, bacterial and parasitic) contributed in part to the large variety
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of clinical signs seen in 1988. Main necropsy findings in PDV infected seals in
1988 were pulmonary congestion and emphysema, atrophy of lymphoid tissue
resulting in secondary bacterial infection, and degenerative changes in the
mucosa of the airways, while only 1/29 seals showed evidence of encephalitis
27_Clinical signs of CDV infected seals have included debilitation, ocular and
nasal exudation, muscle spasms and tremors; and main necropsy findings
were severe pneumonia, lymphoid depletion, and microscopic lesions of non-
suppurative demyelinating encephalitis %522,

The clinical signs alone are not sufficiently characteristic to make
the diagnosis of PDV or CDV infection of marine mammals, and therefore
laboratory examinations are essential ®. Paired sera demonstrating a rise in
PDV-specific immunoglobulin G (IgG) titre, or a single high immunoglobulin M
(IgM) titre are used to diagnose infection 4. Seals are routinely vaccinated
against morbilliviruses upon admittance to the SRRC &', therefore testing
of paired sera cannot be used for diagnostic purposes in this setting. A fast
diagnosis of PDV infection is essential in seal rehabilitation centres to ensure
that the necessary precautions are taken to minimise the dramatic effect of
this highly contagious pathogen.

The objective of this study was to obtain an improved picture of clinical
signs of harbour seals with natural PDV infection, and to assess diagnostic
methods which may assist in future diagnosis of PDV infected seals admitted
to rehabilitation centres.

MATERIALS AND METHODS

We used data collected from 20 juvenile harbour seais that were
admitted with clinical disease signs suggestive for morbillivirus infection to
the Seal Rehabilitation and Research Centre (SRRC) in Pieterburen, the
Netherlands during the PDV epidemic in 2002, and later diagnosed with fatal
PDV infection by RT-PCR analysis of tissues collected at necropsy. importantly,
we did not include seals that were euthanised on humane grounds outside the
rehabilitation centre. Severe neurological signs were one of the euthanasia
criteria used during the outbreak, and a large majority of these euthanised
seals had severe respiratory and neurological signs. However, no detailed
descriptions of clinical signs or haematology and serum biochemistry data of
these animais were available.

On arrival at the SRRC, a clinical examination was performed,
and clinical signs were monitored daily, together with body temperature
measurements twice daily. The seals were manually restrained, and blood
was collected from the epidural vertebral vein using a 20 gauge x 38mm
needle and vacutainer, into ethylene diamine tetra-acetic acid (EDTA) tubes
and serum separator tubes.

Haematological parameters (platelet count, total leukocyte count,
granulocyte count (neutrophils, eosinophils and basophils), mononuclear
leukocyte count (lymphocytes and monocytes), percentage granulocytes,
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and percentage mononuclear leukocytes) were determined in duplicate using
a Quantative Buffy Coat analyser (QBC®, Becton Dickinson, USA), then
averaged. No further differentiation was done. The haematocrit (HCT) was
determined by centrifugation of blood in a microhaematocrit tube. A Reflotron®
(Hoffmann- La Roche, Switzerland) was used to analyse serum chemistry:
serum glutamate pyruvate transaminase / alanine aminotransferase (SGPT or
ALT), serum glutamic oxaloacetic tfransaminase / aspartate aminotransferase
(SGOT or AST), glucose, creatinin and urea levels were determined.

Two-sample t-tests were used to compare mean blood values of the
confirmed PDV infected seals with those of juvenile harbour seals which had
all tested negative to PDV infection when admitted to the SRRC during the
same time of year in 2001. A significance level of P<0.05 was used for all
statistical tests.

An indirect enzyme-linked immunosorbent assay (ELISA) was used
to determine IgG titres, and IgM titres were determined using an antibody
capture ELISA, as previously described ?%. These tests were done on serum
taken at admittance only, as CDV-ISCOM vaccination would interfere with
further diagnostic tests for PDV.

Necropsies were performed following a standard protocol, and tissues
(brain, lung, kidney and urinary bladder) were collected for detection of nucleic
acid by reverse transcriptase-polymerase chain reaction (RT-PCR) 2%, with a
set of universal morbillivirus primers, P1 (5-ATGTTTATGATCACAGCGGT-3)
and P2 (5-ATTGGGTTGCACCACTTGTC-3"), that are based on conserved
sequences in the phosphoprotein gene, for viral antigen by means of
immunohistochemistry (IHC) with rabbit-a-Measles as primary antibodies 2%,
and bacteriologic testing.

Treatment

All seal pups (bodyweight 8-10kg) were tube-fed 300-400 ml oral
re-hydrating solution (ORS) before fransport to the SRRC. On arrival, the
seal pups were vaccinated with a CDV-ISCOM vaccine #', given ORS, and
housed in single quarantine units. All seals were treated with a bronchodilator,
Clenbuterol (Ventipulmin® syrup, Boehringer Ingelhiem Vetmedica Inc.), a
mucolytic, N- Acetylcysteine (Fluimicil®, Zambon Group), and broad-spectrum
antibiotics (enrofloxacin [Baytril®, Bayer] and/or amoxicillin-clavulanic acid
[Synulox®, Pfizer]). Seizures were controlled symptomatically with diazepam
(0,1-0,2 mg/kg i.m.) or phenobarbitone (0,03-0,04 mg/kg i.m.). Anti-parasitic
medication was given following standard protocols, and additional fluid therapy
was given as needed.
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RESULTS

Respiratory signs of varying severity were seen and heard in 100%
(20/20) of the pups examined, conjunctivitis in 70% (14/20), and a combination
of neurological signs in 50% (10/20) of the pups. Further specifications of
the clinical signs are given in table 1. Occasional peaks in body temperature
above 38°C were seen in 35% (7/20), and in general the animals became
hypothermic a few days prior to death (to as iow as 33.4°C). Eighty percent
(16/20) of the seal pups died or had to be euthanised on humane grounds
within 14 days after admittance to the SRRC. On the day of admittance to the
SRRC, 45% (9/20) had detectable IgG antibody titres, while 20% (4/20) had
IgM antibody titres.

Clinical signs %

=

Conjunctivitis 14 70
Myoclonus (flipper or facial muscles) 10 50
Productive cough 8 40
Depression 8 40
Nasal mucopurulent discharge 7 35
Laboured breathing 7 35
Dyspnoea 6 30
Oculo-nasal mucopurulent discharge 6 30
Cranial nerve deficits: uni- or bilateral blindness 6 30
Head tremors 5 25
Seizures 5 25
Tachypnoea 5 25
Palpable subcutaneous emphysema 3 15
Nystagmus 2 10
Paresis and ataxia 1 5
Skin lesions 1 5
Auscultation

Ronchi 10 50
Wheezing 10 45
Crackling 7 35
increased respiratory sounds 5 25
Decreased respiratory sounds 2 10

Table 1. Clinical signs recorded in 20 PDV infected juvenile harbour seals during
their stay at the SRRC.
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Haematology and serum chemistry

Ofthe haematological parameters, total granulocyte count, percentage
granulocytes, and thrombocyte count were statistically higher than mean
values of PDV-negative pups admitted the previous year (Table 2.). The total
WBC was higher compared to wild pups, but not statistically higher than that
of PDV-negative pups from the previous year. Serum chemistry values were
statistically lower for AST/GOT and ALT/GPT compared to PDV-negative pups
from the previous year.

Bacteriology

Bordetella bronchiseptica was cultured from the lungs of 35% (7/20)
of the seals at necropsy. Escherichia coli was cultured from the lungs of 25%
(5/20) at necropsy.

Parasitology

Otostrongylus circumlitis infections were found in 25% (5/20) of the
lungs at necropsy. Sporadic infections with Parafilaroides gymnurus (5% -
1/20) and Dipetalonema spirocauda (5% - 1/20) were also seen.

RT-PCR and IHC

All animals were positive in at least one organ tested by means of
RT-PCR, and 80% (16/20) by means of IHC. Lung tissue was positive in 50%
(10/20) and 55% (11/20) of seals with respiratory signs by RT-PCR and IHC
respectively. Brain tissue was positive in 40% (8/20) and 10% (2/20) of animals
with-, but also 40% (8/20) and 20% (4/20) of animals without neurological
signs by RT-PCR and IHC respectively.
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Admit pups, PDV Admit pups, PDV negative, Wild pups, PDV
infected, 2002 2001 negative
Mean Mean Mean
Range n Range n P Range
+ 8D +8D + 8D
474 % 22.8- 515+ 314 - 61.0 £ 42 4~
HCT (%) 20 80  0.066
11.8 69.8 7.9 70.85 6.78 78.8%
Thrombocyte 4451+  284.5- 368.3 44- 373-
20 80 0.012 ND
count (1091) 10.8 631 +136.2 805 1164 *
18.7 3- 14.2 5.4~ 8.7+ 4.6—-
WBC (10°/1) 20 80  0.055
9.1 34.5 7.9 43.8 328 20.8¢%
Granulocytes 152+  2.15- 10.3 ¢ 3.4~
20 80 0.022 ND ND
(10%1) 8.2 28.2 7.4 412
Mononuclear 3.8+ 0.85- 40 % 0.8-
20 80 0.682 ND ND
leukocytes (10%1) 23 11.1 1.7 11.5
76.9 = 50.5— 68.6 + 44 .5~
% Granulocytes 20 80  0.006 ND ND
11.1 95.5 12.0 95.5
%Mononuclear 244 + 4.5- 319+ 45—
20 80 0.072 ND ND
leukocytes 14.1 64 12.1 55.5
AST/GOT 96.8 £ 56.4- 139.0 13.8- 133 70—
19 80 0.034
un 29.2 164 +83.7 471 45 * 241 #
ALT/GPT 324+ 13.6— 91.3 % 13.4- 216 % 12.0—-
19 80 0.000
uny 11.3 61.3 76.7 421 778 43.08
5.55 %
Glucose 79+ 3- 7.8+ 0.78- 2.28-
16 78 0.538 10.23
(mmol/l) 2.6 13.6 3.25 26.6 R 9.02 *
Urea 13.2 % 5.6- 1.4 3.3- 155+ 8.7-
19 78 0.232
(umolfl) 57 28 4.9 28.5 348 2278
Creatinin 529+  44.3- 504+  26.6- 616+ 35.2—
31 0.598
(mmol/l) 78 67.3 7.1 66.1 176 % 123.2%




Clinical signs of natural PDV infection

Table 2 (left). Mean and standard deviation (SD), range, and sample size (n) for
juvenile harbour seal pups on day of admittance to the SRRC (Admit), in 2002:
with PDV infection, and at the same in 2001, without PDV infection. In bold are
given significant differences between the groups (P< 0.05). In the last column,
published values for wild harbour seals are given (§ = %7; # = 2%0),

Figure 1. Dorso-ventral thoracic radiograph of a juvenile harbour seal (Phoca
vitulina) exhibiting diffuse interstitial pneumonia (X), and mediastinal, pericardial
(black arrows) and subcutaneous emphysema (white arrows).
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DISCUSSION

In the present paper we have shown that although there are many
similarities, there are certain differences in the clinical signs observed during
the PDV epidemic of 2002 compared to those previously described for the
1988 outbreak. The respiratory signs (100% of the seals: 20/20) and catarrhal
aspects (conjunctivitis in 14/20 or 70%, and mucopuruient oculonasal
discharge in 7/20 or 35%) were prominent as in 1988. Pulmonary emphysema
was heard as crackles on auscultation in 7 animals (35%), and in severe cases
(3/20) it tracked via the mediastinum to subcutaneous cervical and thoracic
regions (figure1.), where it could be palpated, causing a crackling sensation.
Subcutaneous emphysema can have patho-physiological consequences
for seals by affecting their diving ability, and it is thought to be extremely
uncomfortable for the animal (in anaiogy with humans), therefore attempts
were made to remove air with a large gauge needle, but a relapse was seen
soon afterwards. A more effective method in humans is by subcutaneous
catheter 2°, and this may be useful in seals. Seals with laboured breathing
had an abnormal posture - with an arched back, and front-flippers stretched
out at right angles to facilitate breathing. The prominent respiratory signs are
in accordance with necropsy findings during the epidemic of 2002, where
approximately 80% of stranded seais in the Netherlands had pulmonary
consolidation #1°.

An important secondary infection after CDV infection in dogs 2% and
seals %% is Bordetella bronchiseptica, an opportunistic pathogen commonly
carried in the upper respiratory tract of dogs, but which may cause suppurative
pneumonia 2%2, B.bronchiseptica was isolated from the lungs of 35% (7/20) of
the seals in this study during necropsy. In another study B.bronchiseptica was
isolated from 60% of dead seals in the Netherlands during the 2002 PDV
epidemic (Wagenaar, pers.comm), making it the most common secondary
bacterial infection, as in 1988 %2, It should be noted that the seals used in this
study were treated with antibiotics, to which B.bronchiseptica strains previously
isolated had proven to be sensitive, although most of these seals died before
the therapy could be compieted. Other pathogens that will have contributed to
the respiratory signs seen are Escherichia coli and Ofostrongylus circumlitus,
which were both found in 25% of these seals at necropsy.

Lethargy/depression was seen in 40% of the seals, possibly as a result
of exhaustion and malnourishment, or with a neurological cause. Neurological
signs were observed in 50% (10/20) of the pups, more often than was expected
from publications and experiences from the 1988 outbreak, where “a small
number of seals exhibited nervous signs” 8. The percentage of pups with
neurological signs reported in the current study would have been higher if
animals that were euthanised outside the rehabilitation centre were included,
but no exact data of these animals were available. Morbilliviruses are known
to be highly neurotropic and capable of causing chronic persistent infections
of the CNS 2%, and experimental PDV and CDV infections of harbour seals
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have shown neurological signs in 2/2 and 1/9 seals respectively 22%2%,

Neurological signs we observed in PDV infected seals correlate with
those seen in dogs with acute CDV encephalitis (myoclonus, seizures, ataxia)
and chronic / multifocal CDV encephalitis (uni- or bi-lateral menace deficits,
head tilt, head tremors, nystagmus, weakness / paralysis of pelvic limbs). A
myoclonus, or muscle spasm of the flippers or facial muscles was seen in 50%
(10/20) of seal pups, and is also the most common sign of acute distemper
encephalitis in dogs ?*. Grand mal seizures were recorded for 24% of the
seals. As in dogs with CDV infection 27, neurological signs of PDV-infected
seals became more frequent and severe over time.

Neurological signs were varied and suggest a spread of the virus
throughout the CNS. PDV could be detected by RT-PCR in the brains of
only 40% (8/20) of animals with neurological signs, but also in 40% (8/20) of
animals without neurological signs. Although IHC is recognised as a sensitive
and specific method, PDV was detected in the brain by IHC in only 10%
(2/20) of animals with, and 20% (4/20) of animals without neurological signs.
Although the neurological signs should reflect the distribution of the virus and
lesions in the central nervous system, a clinico-pathological correlation is
often lacking in dogs with CDV infection 2%, and variation with virus strains
in the extent of encephalomyelitis, and therefore the clinical signs has been
shown #*°, Also, IHC was only performed on one section of cerebrum and one
section of cerebellum, therefore PDV antigen expression in a large part of the
CNS was not detected. Whereas PDV infected seals exhibited a combination
of neurological and catarrhal signs, in dogs with CDV infection neurological
signs typically follow catarrhal signs after about 2-3 weeks.

Differentially, neurological signs in pinnipeds have been associated
with electrolyte imbalances associated with renal disease and / or nutritional
deficiencies 24° and domoic acid intoxication 2*'. Encephalitis has been
attributed to infections with herpes viruses %%, West Nile virus 2%, bacteria
(Enterococcus spp., Escherichia coli, Klebsiella spp., Pseudomonasspp., and
Salmonella spp. 2*), fungi 2%, and protozoa (Toxoplasma gondii ?*® Sarcocystis
neurona #7 and Eimeria phocae 2%,

Haematological parameters showed an absolute granulocytosis,
anaemia, thrombocytosis compared to PDV-negative seals from the previous
year, and increased total WBC count (compared to healthy wild seals, not
significant with pups at admittance the previous year). Granulocytosis or
neutrophilia (the most abundant granulocytes) is most commonly associated
with bacterial infection. In the later stages of canine distemper with secondary
bacterial infection, the total WBC count may be normal or increased with
neutrophilia, lymphopenia, and sometimes increased band neutrophils 2.
Physiological neutrophilia may occur with epinephrine and corticosteroid
release during exercise, excitement, or stressful situations 2%°, but levels
were significantly higher than those of seal pups undergoing similar stressful
situations without PDV infection. A decrease of the haematocrit was seen
instead of the expected haemoconcentration, although a possible effect of
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ORS administered prior to transport to the SRRC can not be excluded. Virus-
induced immune mediated haemolytic / haemophagocytic anaemia (resulting
in a neutrophilia, anaemia and thrombocytopenia) has been described for CDV-
infected dogs, and measles infected humans 2525, The thrombocytopenia
is thought to reflect megakaryocytic damage by the virus, or be the result
of immunologic components on the thrombocytes (eg phagocytosis and
peripheral depletion). However, thrombocyte count of PDV infected seals was
significantly higher than PDV-negative seals in the previous year. Physiologic
mobilisation from splenic and non-splenic platelet poois occurs following
epinephrine release, but this stress-related thrombocytosis is expected
be found in the control seals from 2001 as well, and the thrombocytosis is
therefore more likely to have been secondary to virus-induced endothelial or
inflammatory changes 2%,

Extended periods of lymphopenia and haemoconcentration were
previously reported in harbour seals with phocine or canine distemper 97:235.256),
The described lymphopenia (£ 10%/1) after experimental CDV infection of seals
starts 5 days post-infection (dpi), and lasts for about 3 weeks #*. Marked
lymphoid depletion was found in dead PDV-infected seals during the 2002
epidemic in Germany 2%, However, this previously described lymphopenia
was not reflected in the total mononuclear leukocyte counts of PDV-infected
seals in 2002.

ALT/GPT and AST/GOT levels were significantly lower than in PDV-
negative pups admitted the previous year, and comparabile (in the case of ALT/
GPT) to values of healthy wild pups. The serum levels of these liver enzymes
have been documented to be significantly lower in wild pups compared to
pups admitted for rehabilitation 2%7.

A PDV-specific igG titre = 30 was found in 55% (11/20) of the seals
on the day of admittance. In a naive population, as the northern European
harbour seals had been for at least 10 years * a single 1gG fitre can be of
diagnostic value, although these may be of maternai origin in juvenile seals.
There was no correlation between IgG titre and severity of clinical signs, or
duration of survival. In (experimentally) infected seals neutralising antibodies
appear 10-20 dpi. However, Duignan et al reported the absence of IgG titres
in harbour seals with natural morbillivirus infection, especially in those with
respiratory infection 2%. Dogs that succumb to infection between 2-4 weeks
post infection have little or no circulating antibodies and the antibody response
is inversely correlated with the severity of disease 2%,

IgM titres have proven to be more useful for diagnosis in the past,
as these are produced sooner after infection (7 dpi) (Harder 1992) but false
negative results may also occur in this assay. In the present study on the day
of admittance, only 20% of the seals in this study had a positive IgM antibody
titre, making it a less useful method of detection of PDV infection in juvenile
harbour seals admitted to a rehabilitation centre than IgG titre. Caspian seals
with CDV infection had a lower percentage IgM positive animals at necropsy
(61%), compared to IgG antibody titres (92%) 2.
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Pyrexia was occasionally recorded in only 33% of the pups during
their stay at the SRRC. Although the time of infection and duration of clinical
disease of the seals before admittance to the SRRC is unknown, the onset
of clinical signs usually coincides with the second peak of pyrexia (for CDV
infection of harbour seals 7-9 dpi %, suggesting that 66% of the seals had
been infected more than 7 days prior to being taken to the SRRC.

In conclusion, it can be said that the clinical signs observed were similar
to those seen in 1988, however with some striking differences. In 2002 the
virus caused clinical signs of respiratory and catarrhal infection in the majority
of seals, with a higher prevalence of neurological signs than in 1988. Fifty-five
percent (11/20) of the seals had serologic responses on admittance to the
SRRC, and the percentage of seals with a positive 1gG titre was higher than
for IgM. No correlation between level of IgG titres and presentation of clinical
signs were seen. The most prominent changes in haematological parameters
were total granulocytosis, anaemia, thrombocytosis and an increase of total
WBC count. Previously described lymphocytic depletion was not reflected in
total mononuclear leukocyte counts.
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We determined antibody titres to selected pathogens [canine
adenovirus (CAV-2), feline herpesvirus (FHV), phocine herpesvirus (PHV-
1), canine distemper virus (CDV), dolphin morbillivirus (DMV), phocine
distemper virus (PDV), canine para-influenzavirus (CPIV), rabiesvirus
(RV), dolphin rhabdovirus (DRV), canine coronavirus (CCoV), feline
coronavirus (FeCoV), feline leukaemiavirus (FelV), Borrelia burghdorferi,
and Toxoplasma gondii] in whole blood or serum samples collected
from selected free-ranging terrestrial carnivores and marine mammals,
including cougars (Felis concolor), lynxes (Felis lynx), American badgers
(Taxidea taxus), fishers (Martes pennanti), wolverines (Gulo gulo),
wolves (Canis lupus), black bears (Ursus americanus), grizzly bears
(Ursus arctos), polar bears (Ursus maritimus), walruses (Odobenus
rosmarus), and belugas (Delphinapterus leucas). These samples had
been collected at several locations in Canada between 1984 and 2000.
The results show, among other findings, the presence of antibodies
against a number of viruses in species in which these infections have
not been reported before, e.g. antibodies to CAV-2 in walruses, to PDV
in black bears, grizzly bears, polar bears, lynxes, and wolves, to DMV in
grizzly bears, polar bears, walruses and wolves, to CPIV in black bears
and fishers, and to DRV in belugas and walruses.

INTRODUCTION

Mass mortalities due to virus infections may occur in previously
unaffected, and therefore susceptible populations of free-ranging terrestrial
and aquatic carnivores. Epizootics resulting in mass mortalities caused by
infections with morbilliviruses %1% herpes viruses #*2 and influenza viruses
%1 have raised considerable public interest. Besides such high-profile epizootic
infections, several other pathogens may influence population dynamics with
less dramatic effects or infect species that act as intermediate reservoirs,
e.g. infections with canine adenovirus ', canine coronavirus 22, dolphin
rhabdovirus %3, Borrelia burghdorferi %4 and Toxoplasma gondii 2%,

Introduction of “new” pathogens in populations may result from
ecological changes in relation to the host, pathogen or both. A shrinking or
fragmented wildlife habitat has changed population numbers and in some
areas has caused increased population densities. These population changes
can result in increased inter- and intra-species contacts, and exposure to
new pathogens. The ability of a pathogen to infect multiple hosts, including
hosts in other taxonomic orders, poses a direct threat of the “spill-over” of
infectious agents from reservoir animal populations. By means of reverse
spill-over, or “spill-back”, these pathogens may represent a threat to sympatric
populations of domestic animals. Domestic carnivores like dogs and cats may
be maintenance hosts and sources of virulent pathogens to free-ranging
carnivores 2%, The risk of interspecies transmission is likely to depend on both
the intensity of inter-species contact rates and the possible modes of pathogen
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transmission. The translocation of wildlife for conservation, agriculture, or
hunting brings an additional inherent risk of exposure of wildlife species to
exotic infectious agents. This form of emergence is of particular concern to
conservation programmes that bring allopatric species into close proximity
or that alter host-infectious agent variables such as population density 2.
Examples of this are certain rehabilitation centres where the risk of spill-
over and spill-back of infections includes transmission of possible zoonotic
infections present in wildlife populations.

This study aims to determine the prevalence of antibodies to selected
pathogens, and to estimate the possible biological importance of intra- and
interspecies transmission of infections (including zoonotic infections) on
population dynamics and health status in different species of free-ranging
Canadian carnivores and marine mammals.

MATERIALS AND METHODS

Samples

The survey was conducted on serum and whole blood samples
collected at several locations where they were banked in -20°C freezers. The
terrestrial carnivore blood and/or serum samples were taken from animals
that had been involved in biological research projects during which they were
caught and manually restrained, or were chemically immobilised prior to blood
collection, after which they were released. Between 1994 and 2001, 23 black
bears (Ursus americanus), 11 grizzly bears (Ursus arcfos), 8 wolves (Canis
lupus) and 8 cougars (Felis concolor) were sampled in Banff National Park,
Alberta. Between 1996 and 2001, 15 badgers (Taxidea taxus), 15 black bears,
25 grizzly bears, 15 cougars, 28 fishers (Marfes pennanti), 1 wolf and 20
wolverines (Gulo gulo) were sampled in various locations in British Columbia.
In 1997, 60 polar bears (Ursus maritimus) were sampled in Resolute Bay,
Nunavut. The 5 lynxes (Felis lynx) were hospitalised at the veterinary faculty
on Prince Edward Island after they were taken from Cape Breton Island and
Nova Scotia mainland in 2000.

The marine mammal samples: 54 belugas (Delphinapterus leucas)
and 102 walruses (Odobenus rosmarus), were obtained from hunter-killed
animals from Nunavut and the Northwest Territory between 1986 and 1993.

None of the animals had a known history of vaccination.

Serology

Serum samples were centrifuged for 5 minutes at 10 000 x G, heat
inactivated at 56°C for 30 minutes and screened for antibodies against
selected viral and protozoan pathogens using an indirect enzyme-linked
immunosorbent assay (ELISA), as previously described 2%, In short, anti-dog
immunoglobulins were used for species belonging to the Canidae, anti-cat
immunoglobulins were used for the species belonging to the Felidae, and
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horseradish-peroxidase conjugated Protein A was used for all other species
to detect the pathogen-specific immunoglobulins bound to the antigen coated
wells (European Veterinary Laboratory, Woerden, the Netherlands). After the
addition of a tetramethylbenzidine solution and the development of the colour
reaction, the reaction was stopped by the addition of a sulphuric acid solution
(2M), and the resulting optical density was read at 450 nm. Dilutions of whole
blood or serum (1:50 and 1:100) were made using a buffer consisting of
phosphate buffered saline solution + 0.2% bovine serum albumin + 0.1% milk
powder + 5% NaCl. Control sera of known positive and negative animals were
included in the test. An optical density of three times the background optical
density in both dilutions was considered positive.

A confirmatory screening was done by a virus neutralisation (VN)
test using a serum dilution of 1:40, and 50-100 TCID,, of the respective
viruses, essentially as previously described #°. Specific cell lines were used
for the different viruses: Vero cells for the dolphin rhabdovirus (DRYV, 263%)
and morbilliviruses [canine distemper virus (CDV Brussel strain), dolphin
morbillivirus (DMV-16a, 2'°), phocine distemper virus (PDV-1 /88/NL)], Madin-
Darby canine kidney cells (MDCK, ATCC CCL-34) for canine adenovirus (CAV-
2 Manhattan strain), and Crandell feline kidney cells for the herpesviruses
(feline herpesvirus (FHV): F1134, phocine herpesvirus (PhHV-1): PB-84). The
serum antibody titres of samples considered positive (equal to or larger than
40) were subsequently determined by means of a VN test using 2-log dilution
series of the pre-diluted samples (1:10-1:1280). The end point titre of each
serum was expressed as the reciprocal of the highest dilution that completely
inhibited cytopathic effect (CPE) after 5 days incubation. The VN assay proved
unsuitable for the whole blood samples due to cytotoxicity of the samples.

Serum samples of animals belonging to the Canidae, Mustelidae, or
Ursidae familieswere analysedforantibodies against CAV-2, canine coronavirus
(CCoV), morbilliviruses (CDV, DMV and PDV), canine parainfluenza virus type
3 (CPIV), rabiesvirus (RV) and Toxoplasma gondii.

Serum samples of members of the Felidae family were analysed for
antibodies against Borrelia burghdorferi, morbilliviruses, feline coronavirus
(FCoV), FHYV, feline leukemiavirus (FelLV), and T. gondii.

Serum samples of the waluses and belugas were analysed for
antibodies against CAV-2, morbilliviruses, PhHV-1, CPIV and DRV.

RESULTS

Canine adenovirus

The total prevalence of CAV-2 specific antibodies in certain species is
comprised of the prevalences found in different areas: 8% in black bears (9%
from Banff National Park, 7% from British Columbia), 17 % in walruses (15%
from lgloolik, 2% from Hall Beach) and 89% in wolves (88% from Banff, 1/1
from BC). Six of the polar bears with antibodies to CAV-2 also had antibodies
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to at least one of the respective morbilliviruses. One of the black bears also
had antibodies to CPIV.

Herpes viruses
In cougars, the prevalence of antibodies to FHV ranged from 38% in
BC to 57% in Banff, making the total prevalence 47%.

B. T
n CAV ) CCoV JFeCoV§ CDV § DMV | PDV JFHV] PhHV | FelV § CPIV RV | DRV
burgh gondii

badger 15 X [¢] 0 X 7 0 0 X X X 0 0 X 0
beluga 54 X 0 X X 0 0 [¢] X 2 X 0 X 7 X
black bear § 38 x 8 0 X 3 0 3 X X X 5 0 X 13
cougar 15 0 X X 0 0 0 o] 47 X 0 X X X 11
fisher 28 X 4 4 X 0 0 0 X X X 4 4 X 18
grizzly bear | 36 X 0 0 x 28 33 47 X X X 0 0 x 0
lynx 5 0 X X 0 20 0 20 860 X 0 X x x 20
polar bear § 60 X 17 0 x 39 13 35 x X X 0 0 2 0
walrus 102 X 17 X X 14 13 6 X 0 X 0 X 15 X
wolf 9 X 89 0 X 67 22 33 X X X 0 0 X 0
wolverine 20 x 0 0 X 0 0 o] X X X 0 0 X [¢]

Table 1. Overall prevalences of antibodies to the different pathogens tested for,
samples taken from one species from several locations are depicted as one
total percentage. For the percentages per location see text. X: Not tested. 0: All
samples negative

Morbilliviruses

The total prevalence of antibodies to at least one of the three
morbilliviruses tested for were comprised of the prevalences found in different
areas: 3% of the black bears (Banff 0%, BC 13%), 64% of the grizzly bears
(Banff 55%, BC 68%), 53% of the polar bears, 18% of the walruses (18%
Igloolik; 15% Hall Beach), and 77% of the wolves (Banff 75%, BC 1/1).

Para-influenza virus

None of the black bears from BC, compared to 9% of the black bears
from Banff, showed antibodies to CPIV, making the total prevalence 2%. One
of the black bears also had a positive titre to CAV,
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Figure 1 and 2. Antibody titres to the different morbiiliviruses in polar bear (figure
1, left hand panels) and walruses (figure 2, right hand panels). The sizes of the
bubbles are related to the number of samples. Only samples which tested positive
to at least one of the three morbilliviruses tested for are plotted on the graphs,
samples depicted in a graph as having titres of <10 on both axes are therefore
positive to the third morbillivirus tested for.

Toxoplasma gondii

None of the samples taken from Banff showed antibodies to 7. gondii.
In BC 33% of the black bears tested were positive (including one Kermodie
bear, Ursus americanus kermodie). The only cougar with antibodies to T.
gondii was 1 of 8 cougars (13%) tested in BC, making the total prevalence
7%. One of the 2 T. gondii positive lynx samples (40%) came from the Nova
Scotia mainland, the other from Cape Breton Island.
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Figures 3 and 4. Serum antibody titres to the different morbilliviruses in grizzly
bears (3, left hand panels) and wolves (4, right hand panels). The sizes of the
bubbles are related to the number of samples.Only samples which tested positive
to at least one of the three morbilliviruses tested for are plotted on the graphs,
samples depicted in a graph as having fitres of <10 on both axes are therefore
positive to the third morbillivirus tested for.
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DISCUSSION

In the present paper we have shown, among other findings, the
presence of antibodies against a number of viruses in species in which the
infections have not been reporied before. This includes the presence of
antibodies to CAV-2 in walruses; antibodies to DMV in grizzly bears, polar
bears, walruses and wolves; antibodies to PDV in black bears, grizzly bears,
lynxes, polar bears and wolves; antibodies to CPIV in black bears and fishers,
and antibodies to DRV in belugas and walruses. These infections, or infections
with closely antigenically related viruses, may either be endemic in these
species or result from interspecies transmission.

The humoral immune response to virus infections (e.g. CDV, CAV,
FPV), although not the only mechanism involved, tends to correlate with the
level of protection from disease and sometimes infection. it may be an indicator
of immune status: a high concentration of virus neutralising antibodies usually
implies that an animal is protected from infection or disease, but protective
antibody titres may differ between viruses and animal species, and cannot
generally be extrapolated from those known to correlate with these parameters
in domestic animal species.

Antibodies to morbillivirus were found in sera from all locations,
suggesting a wide-spread presence among Canadian free-ranging carnivores.
There have been no mass-mortalities related to CDV infection in free-ranging
animals in Canada. CDV specific antibodies have been documented in
wolves? ! and lynxes ?7?, and clinical infections of river otters, raccoons, and
coyotes ?’® have been reported. The only two animals in this survey reported
with clinical symptoms correlating with a distemper infection (emaciation,
neurological signs and abnormally tame) were the two lynxes with a positive
morbillivirus titre (Daoust pers. comm.).

In several species the antibody response was directed at more than
one of the morbilliviruses tested for. Figure 1 suggest that production of
antibodies in polar bears is probably caused by two different viruses: CDV
and PDV. Figure 2 suggest that the antibody response in walruses is caused
mainly by infection with CDV and DMV. In grizzly bears (Figure 3) titres to
CDV are generally higher, with incomplete cross-reactivity to DMV and PDV.
Most of the positive samples had a titre to PDV, often in combination with
a titre to DMV. Antibody titres suggest that morbillivirus infection in wolves
is mainly by CDV with cross reactivity to PDV. One of the wolves only had
antibodies to DMV. The only positive badger had a much higher titre to CDV
than to the other morbilliviruses. The antibody reaction in black bears was to
CDV in one bear, and PDV in the other. In the lynx samples there was a high
level of cross-reactivity between CDV and PDV. The presence of antibodies to
PDV and DMV in terrestrial species may be explained as a result of infection
by a closely antigenically related virus, or interspecies transmission.

A possible explanation for the presence of antibodies to PDV and
DMV in polar bears, and to PDV in walruses may be predation, which provides
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a means of direct contact with subsequent production of antibodies. Polar
bears are the top predator in the Arctic marine ecosystem and rely largely on
seal blubber as their main energy source. They are also known to predate
on larger cetaceans at breathing holes when food is scarce. Walruses feed
almost entirely on bottom dwelling, or benthic shellfish, supplemented by an
assortment of other invertebrate species. Onrare occasions certain adult males
display a shift in food preference and start feeding on pinnipeds. They feed
mainly on carrion, but have reportedly attacked and kilied young pinnipeds 2.
However, these antibodies were also found in species in which contact with
phocids and cetaceans is unlikely or virtually impossible (black bear, grizzly
bear, lynx and wolf). All the morbilliviruses cross-react serologically, but titres
are highest against the homologous virus 29, therefore suggesting infection by
a closely antigenically related (PDV- or DMV- like) virus, as well as CDV.

The results for morbillivirus specific antibodies in walruses, which
suggest infection mainly by CDV, but also DMV, are not consistent with those
reported in walruses in arctic Canada over the time period 1984-1993 275,
where 50% had PDV neutralizing antibodies, versus 16% CDV. In their study,
however, a titre of 16 was considered positive, and specific antibodies to DMV
were not tested.

The low prevalence of CAV-2 specific antibodies found in black bears
is in agreement with those found in black bears in Florida '%. Previously
reported serological surveys in grizzly bears in Alaska showed a prevalence of
12% 2% and 14% 277, but grizzly bear sera collected from both British Columbia
and Alberta in this survey did not have CAV-2 specific antibodies. Previous
surveys among wolves from Canada have shown a prevalence of less than
40% 2. More recent studies conducted in the USA have shown prevalences
of 81% 27® and 94.7% ?’°, which are more in agreement with those found in
our survey.

One adult black bear from Banff National Park tested positive to both
CAV-2 and CPIV, a combination that causes infectious tracheo-bronchitis
(kennel cough) in domestic dogs. The only other species that tested positive
to CPIV was the fisher. The fisher was also the only species to have antibodies
to CCoV, indicating its susceptibility to a large number of virus infections found
in domestic carnivores.

The prevalence of antibodies to FHV in cougars (46%) and lynxes
(60%) is higher than those from previous studies, which have shown 19%
prevalence among free-ranging cougars in California 2°, and 0,5% among
free-ranging lynxes in Canada 2"2. Our results show that FHV is widely present
in the free-ranging Canadian feline species, on the east and west coast.

The polar bear with an antibody titre against DRV did not have a titre
above the threshold for RV neutralizing antibodies, suggesting that the polar
bear has been exposed to a rhabdovirus that is antigenically distinct from
RV. These titres might result from an interspecies infection with DRV, or an
infection by a virus that is closely antigenically related to the DRV. There has
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been one documented case of RV infection in polar bears %', but arctic foxes,
a species which shares the polar bear’s habitat and relies on food left over by
polar bears, are the primary reservoir species in the Arctic 22. The walrus and
beluga samples were not tested for rabies specific antibodies.

The results obtained from this survey show that T. gondii infections
occur among free-ranging felids in the Western and Eastern regions of Canada.
None of the samples collected in Banff had T. gondii specific antibody titres.
The infection is being sustained in BC, as it is seen in its primary host (felidae),
as well as various secondary hosts. A previous survey conducted by Aramini
and others % on Vancouver Island, BC, showed a much higher prevalence
(92%) among cougars than this survey (13%). The cougar population density
on Vancouver island is much higher than that of the BC mainland, a possible
explanation for the higher prevalence. In the United States studies have
shown prevalences ranging from 9-58% 280284 A previous study among lynxes
in Alaska showed a prevalence of 15% 2%. In our survey all grizzly bears were
negative, and only 13% of the black bears from BC had antibodies to T. gondii.
Previous serosurveys of antibodies to T. gondii among bears in the United
States have shown titres ranging from 8-84% in black bears 27728628 and
between 9-37% in grizzly bears 27728, The only other species with an antibody
titre was the fisher, with a prevalence of 18%.

Regional differences in the prevalences of the different pathogens
may be related to differences in population densities, and the distribution
of other species (including domestic species) that may act as sources of
infection. For example, wolverines were sampled in very remote areas, where
a lower exposure to sources of infection may be a possible explanation for the
absence of antibodies to any of the pathogens tested for.

In conclusion, our data provide information on the prevalence of a
number of infectious diseases among different species of free-ranging wildlife
throughout Canada. The morbidity or mortality of these infections is often not
known in these species. Therefore serologic surveys such as these may be
useful in directing further studies on the impact of infectious diseases on free-
ranging populations.
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In order to investigate the possible role of selected pathogens in
the decline of-, and the threat posed to the survival of the endangered
European mink (Mustela lutreola), a serologic survey was conducted
using serum samples collected from March 1996 to March 2003 in
eight departments of south-western France. In total, 481 free-ranging
individuals of five mustelid species (including the European mink) were
tested, as sympatric mustelids can serve as ‘sentinels’ to determine the
presence of antibodies to viruses in the study area and could potentially
be a source of infection. Antibodies to canine distemper virus (CDV)
were detected in all species, i.e., in 9% of 127 European mink, 20% of 210
polecats (Mustela putorius), 5% of 112 American mink (Mustela vison),
33% of 21 stone marten (Martes foina) and 5% of 20 pine marten (Martes
martes). Seroprevalence was significantly higher in stone marten and
polecats, possibly because their ranges overlap more closely with that
of domestic species than that of the other species tested. Antibodies to
canine adenovirus were detected in all species but the pine marten, with
seroprevalence ranging from 2 to 10%. Seroprevalence of canine para-
influenza virus was 1% in European mink, 1% in American mink and
5% in polecats, and was not detected in Martes species. Antibodies to
rabies virus (RV) detected in three animals may be due to inter-species
transmission of bat lyssaviruses as the sampling area is considered to
be free of RV, or to a lack of specificity of the test, as titres measured
were borderline. Higher prevalence of the potentially lethal CDV than that
of the other viruses suggests that this pathogen could have significant
effects on the free-ranging populations, and has implications for the
conservation efforts for the endangered European mink.

INTRODUCTION

The European mink (Mustela lutreola), a small semi-aquatic mustelid, has
retracted dramatically from its former ferritory during the last century 2°0-2%
and is currently listed as endangered (i.e., facing a very high risk of extinction
in the wild in the near future) by the International Union for the Conservation
of Nature and Natural Resources %4, Presently, the remaining population is
spread out over two distinct areas: a relatively large Eastern population (in
the Russia, Belarus, Kazakhstan, and Romania) and a very small Western
population located in south-western France and northern Spain 24, In France,
there are probably no more than a few hundred individuals, and population
density seems to be low. Possible reasons for the decline include excessive
trapping, change or loss of habitat and competition with the larger introduced
American mink (Mustela vison), and infectious diseases 2°°?%, Recent studies
in the western population of European mink have shown the presence of
Aleutian disease virus (ADV), that could contribute to the decline because
of its persistent nature and its potential negative effects %27, So far, the
incidence of other infectious diseases has not been investigated in free-ranging
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European mink. A number of other viruses have been reported in captive or
free-ranging mustelids, which could potentially damage free-ranging European
mink populations: canine distemper virus (CDV) 5128.288-300  rabies virus (RV)
301, canine adenovirus (CAV) 110302304 canine parainfluenza virus (CPIV) 110305
%07, parvoviruses, including feline panleukopenia, mink enteritis and canine
parvoviruses %83 corona virus associated epizootic catarrhal enteritis 319,
SARS corona virus ", feline leukaemia virus, rotavirus, Powassan virus, and
herpes viruses including Aujeszky’s disease virus, and a alpha herpes virus
(herpes necrotizing encephalitis) 312,

In order to investigate the potential threat of viruses to the western range
of European mink, a serologic survey was conducted in several mustelid
species, including European mink, feral American mink, polecat (Mustela
putorius), stone marten (Martes foina) and pine marten (Martes martes). All
of these mustelids have much larger ranges than the European mink, and co-
inhabit certain habitats with European mink, therefore providing opportunities
for interspecies transmission of infections. American mink were introduced
in Europe for the fur trade, but subsequent escapes from fur farms and
successful colonisation of habitats have led to the establishment of populations
in large parts of Europe 3'. Polecats are found throughout most of Europe,
pine martens are found throughout central/northern Europe and as far East
as Siberia, while stone martens are found throughout central and southern
Europe *“. There are no current studies on population sizes and densities of
these four mustelid species in the sample area.

Serological surveys can be used to determine prevalence of antibodies
to different pathogens, and to gain knowledge on whether these pathogens
are endemic in the region tested, if repeated infections occur from an external
source, or if an epidemic has occurred. Differences in prevalences should
furthermore be atiributed to differences in population density, or differences in
host-virus interaction. However, prevalence of antibodies should be interpreted
with caution, as it does not necessary equate to the prevalence of exposure.
Exposed animals that died from the infection, that have not yet seroconverted,
or that no longer have detectable antibody titres will not be detected in such
ad hoc surveys. Furthermore, serum antibody tests are usually produced for
use in domestic species, and have not been validated for use in non-domestic
species.

To our knowledge, free-ranging mustelids in Europe have previously
only been tested for the presence of antibodies to RV 35, ADV 2%:318317 gnd
CDV 28300318320 Apart from recent data on prevalence of ADV 2%, there is no
knowledge of the infection status of the mustelid populations in south-western
France.

We tested forantibodies against four viruses which are common in domestic
animals (CDV, CAV, CPI1V, and RV) and for which serological tests are readily
available. Although ADV is seen as a potential threat to the European mink,
this virus was not included in this survey, as the data on ADV prevalence in
this population have been published recently 2°6.
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Mustelids are known to be very susceptible to CDV infection %222, |n the
highly endangered black-footed ferret (Mustela nigripes) of Wyoming, CDV
has contributed to the decline of free-ranging and captive populations .
Effects of CDV on European mink is poorly documented, but fatal vaccine-
induced distemper has been published 6% The endangered European
mink is therefore expected to be very susceptible to infection with virulent
CDV. Members of the Canidae, Ursidae and Mustelidae (including striped
skunks (Mephitis mephitis), American mink, and ferrets) are susceptible to
CAV-1 infection, and transmission among domestic and wildlife species is
well documented 2, but reports of clinical disease in free-ranging species
associated with natural infection are limited 3%. Experimental intranasal
infections with CPIV in ferrets usually cause mild respiratory symptoms 2%, but
its prevalence and significance in free-ranging mustelids is largely unknown.
The zoonotic potential of RV has initiated effective vaccination programmes
of domestic dogs and free-ranging vector species, which have eradicated it in
many areas, including our study area.

The objectives of this study were (1) to determine the prevalence of
antibodies to CDV, CAV, CPIV and RV in free-ranging European mink from
south-western France as a measure of exposure to these major pathogens;
and (2) to determine antibodies in sympatric mustelids which co-inhabit home
ranges of the European mink and which can serve as sentinels to determine
the presence of these four viruses in the study area or could potentially pass
virus to them.

MATERIALS AND METHODS

Serum sampies were collected from 127 European mink, 112 American
mink, 201 polecats, 20 pine martens and 21 stone martens trapped during
several studies 2% in eight departments of south-western France (42°47 to
46°22'N and 0°54’ to 4°7°'W) between March 1996 and March 2003 (Figure
1). Most animals (n=327) were caught in live traps, between September and
April to avoid birth and nursing periods. Some animals (n=154) were also
accidentally captured in live traps during pest control campaigns. Individuals
were sometimes caught several times.

Animals were anaesthetised with an intramuscular injection of 150 ug/
kg medetomidine (Domitor® 1 mg/ml, Pfizer Sante Animale, Paris, France) and
7.5 mg/kg ketamine (Ketamine UVA 500° 50 mg/ml, Laboratories UVA, Ivry-
sur-Seine, France) and a detailed clinical exam was performed 2%. All animals
were marked by a cut on the ear and received a subcutaneous transponder
(Injectable Trovan®, Eid Aalten B.V., Aalten, The Netherlands) between the
shoulders. Blood was taken from the jugular vein using a disposable syringe
with a 0.6 x 25mm disposable needle (Terumo®, Terumo Europe N.V., Leuven,
Belgium), and transferred into a plain silicone coated glass tube (Venoject,
Terumo). When the procedures were completed, anaesthesia was reversed
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with 750 pg/kg Atipamezole (Antisedan®, 1 mg/ml, Pfizer Santé Animale), and
the animal was placed back in the trap to recover, and released at the capture
site 2-3 hr after recovery. Blood was centrifuged at 3000 g for 5 minutes on the
same or the next day and serum was stored at —20°C.
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Figure 1 : Geographic distribution of 480 free-ranging mustelids tested for
antibodies to canine distemper virus, canine adenovirus, parainfluenza A virus
and rabies virus in southwestern France.
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Serum was centrifuged for 5 minutes at 10 000 g, heat-inactivated at
56°C for 30 minutes, and screened for antibodies against CDV, CAvV, CPIV
and RV using an indirect ELISA, as described #%. In short, horseradish-
peroxidase conjugated protein A was used to detect the pathogen-specific
immunoglobulins bound to the antigen coated wells (European Veterinary
Laboratory, Woerden, the Netherlands). An optical density (OD) read at 450nm
of three times the background OD was considered positive. Dilutions of serum
were made in a buffer consisting of phosphate buffered saline solution, 0.2%
bovine serum albumin, 0.1% milk powder and 5% sodium chioride. Positive
and negative control sera were included in the tests. Positive samples in the
screening dilution of 1:50 were then retested using 2-log dilution series (1:10
— 1:1280) to determine the titre. CAV-1 and CAV-2 are closely related viruses
(CAV-2 causes milder, predominantly respiratory disease in domestic species)
and antibodies against these viruses can not be distinguished with the
methodology used. Results are therefore given for CAV (without specification
of the subtype).

The CDV-specific serum antibody titres of samples considered positive
by ELISA were subsequently determined by means of a virus neutralisation
(VN) test as previously described %° using 2-log dilution series of the pre-diluted
samples (1:10-1:1280). The end point titre of each serum was expressed as
the reciprocal of the highest dilution that completely inhibited cytopathic effect
(CPE) in Vero cells after 5 days incubation.

Twenty European mink, four polecats and two American mink were
sampled repeatedly, two to four times (one European mink three times and
one four times), with a mean interval of 48 weeks (6 to 123 weeks). For
determination of antibody prevalence and for all statistical tests, re-sampled
animals were represented once (the first sample that tested positive). Cytotoxic
sera in the VN test (n=11) were excluded from calculations of prevalence.

For each virus, we used the chi-square test to compare the prevalence
of antibodies between sex within species, or a Fisher exact test when the
contingency table contained an expected frequency of less than 1.0 in any
cell 325. For CDV, the same tests were used to compare, within species, the
difference between prevalences measured by ELISA and VN test. Difference
of prevalence of antibodies between species was tested using a Chi-square
test followed by a multiple comparisons test %2532, For all statistical tests P <
0.05 was considered significant.

RESULTS

Clinical Examination
None of the animals sampled showed clinical signs of disease upon
capture and sampling.
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Canine distemper virus

Antibody tifres to CDV were detected in all species (Table 1 and
Figure 2), without significant differences in prevalence between sexes, tested
per species. For each species, the difference of prevalence between the
ELISA and the VN test was not significant. Prevalence tested by ELISA was
significantly different between species (x¥=26.8, p<0.005) and the multiple
comparison test (with o’= 0,0051) revealed that for both polecat and stone
marten, prevalence was significantly higher than in European mink (x3=8.0
and x#=10.3, respectively), and than in American mink (}3=14.6, and x2=17.9,
respectively). Prevalence tested by VN was also significantly different between
species (x®=18.8, p<0.005) and multiple comparisons test only revealed
significantly higher prevalence for both polecat and stone marten versus
American mink (x=10.2 and ¥?=12.1, respectively).

CDV by ELISA CDV by Virus neutralisation
Positive Prevalence Positive Prevalence
ftested (95% confidence ftested (95% confidence
es interval) interval)
0, 0,
Mustela lutreola  11/127 57 (3.4-14.0) g6 3% (17110
0, [}
Mustelaputorius 41201 204%  (q46062)  sone2  198% (102210
0, 0,
Mustelavison 5112 +5% (0258 s 8% 007
c,d hi
0, 0,
Martes foina  7/21 8B3%  (1aes70) sp0  220% (57494
5.0% \
Martes martes 1120 ° (0.1-24.9) 1120 50%  (0.1-24.9)

Table 1: Antibody prevalence to canine distemper virus (CDV) in free-ranging
small mustelids from south-western France using indirect ELISA and virus
neutralisation tests. »bcdefani: Mean values with the same superscript are
significantly different between species (P < 0.05).

VN titres ranged from 40 to 640 in European mink and polecat, 20 to
160 in American mink, 80 to 160 in stone martens and was 320 in the positive
pine marten.

No seroconversion was observed in 21 negative re-sampled
individuals. One European mink had an increased titre when recaptured 48
weeks later (320 — 640). One other, positive in ELISA test only, was negative
in both tests 13 months later. Three polecats with an antibody titre of 80 were
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negative (< 20) 12, 42 and 44 weeks later, respectively.
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CAV (ELISA) CPIV (ELISA) RV (ELISA)

Positive Prevalence Positive Prevalence Positive Prevalence

/tested (95% ClI) ftested (95% CI) Jtested (85% CI)
Mustela o (0.0- o (0.0- o (0.0-
lutreola 3/126 2.4% 5.5) 1126 0.8% 2.7) 1/126 0.8% 2.7)
Mustela o (0.1- o (1.4- o (0.0-
putorius 5/201 2.5% 4.9) 9/201 4.5% 7.6) 21201 1.0% 2.6)
Mustela o (0.7- o (0.0- o (0.0-
vison 6/112 5.4% 10.0) 1112 0.9% 3.1) 0/112 0.0% 0.4)
Martes o (1.2- o (0.0- o (0.0-
foina 2/21 9.5% 30.4) 0721 0.0% 16.1) 0/21 0.0% 16.1)
Martes o (0.0- o (0.0- (0.0-
martes 0/20 0.0% 16.8) 0/20 0.0% 16.8) 0/20 0.0% 16.8)

Table 2: Antibody prevalence to canine adenovirus (CAV), parainfluenza virus
(CPIV) and rabies virus (RV) in free-ranging small mustelids from southwestern
France using an indirect ELISA test.

Canine adenovirus

Antibody titres to CAV were detected in all species except pine marten
(Table 2 and Figure 2), without any significant difference in prevalence between
sexes. No significant difference was observed between species (x3=5.4). All
re-sampled individuals were negative without any serologic conversion.

Canine parainfluenza virus

Antibody titres to CPIV were only detected in one European mink, 9
polecats and two American mink, without any significant difference between
these three species (x*=5.9) (Table 2 and Figure 2). One negative polecat was
positive 12 weeks later. All other re-sampled animals were negative without
any serologic conversion.

Rabies virus

Low “borderline” antibody titres to RV (< 50) were only detected in one
European mink, and two polecats (Table 2). All re~sampled individuals were
negative without any serologic conversion.

Multiple exposures

One stone marten and two polecats were positive to both CDV and CAVY,
three polecats were positive to both CDV and CPIV, and one European mink
was positive to both CDV and with a low, possibly non-specific titre to RV.
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DISCUSSION

In the present study we showed the presence of antibodies to CDV in all
species investigated, to CAV in all species but the pine marten, and to CPIV
and possibly RV in all Mustela sp. Serological evidence of exposure to CDV
occurred in all five mustelid species tested and throughout the sample area.
The significantly higher prevalence observed in polecats and stone martens
(33% and 20%, respectively, versus 9 and 5 % in European mink and American
mink, respectively) correlates with previous prevalence found in stone martens
from Germany 2%%2%°_ The high prevalence of CDV is possibly related to the
natural habitat of these species. They live in close proximity to humans 327:328,
making it more likely that they have come into direct or indirect contact with
CDV-infected domestic dogs, which can act as an external source of virus for
free-ranging populations. Studies have shown that CDV strains in dogs and
free-ranging carnivores in Germany are identical, suggesting transmission of
the virus between these populations #°2%_ |n the study area, hunting with
hounds is widespread in rural regions, and CDV infection probably occurs
regularly in these hounds. Although European mink is strongly specialised
in aquatic habitats, generally far from humans, they have very large home
ranges 2°, occasionally resting near rural human habitation 3°. American
mink are known to cause damage to hen houses and pouliry farms. Therefore
interspecies contact with domestic species is also likely to occur, but less
frequently than the polecat or stone marten. High prevalence was observed in
free-ranging polecats, while CDV has a very high mortality rate in naive ferrets
321 A CDV epidemic could not be demonstrated, as the numbers of animals
sampled were too small to perform statistical tests between years in the study
period to determine a peak in prevalence. This therefore indicates that CDV
may be endemic in this species or these species collectively, or that repeated
infections occur from an external source. Whatever the source of infection of
polecats, this species is known to have close contact with European mink, as
hybrids have been found in the wild 3, and the high prevalence in this species
suggests that CDV poses a serious threat to the European mink.

Although specific data on longevity of antibody titres are unknown for
these species, three polecats which were CDV-positive at the time of their first
capture, were negative when recaptured, illustrating that serologic studies like
this document the prevalence at particular points in time. The neutralisation
titres of 20 to 640 are higher than those previously reported 2%, although
differences in methodology impedes direct comparisons.

Antibodies to CAV were detected in all species, except pine marten, and
throughout the sample area. In our study, prevalence ranged from 2 to 10%.
Previous serological surveys of Canadian mustelids have shown prevalences
of 4% in 28 fischers (Martes pennanti), and 0% in 15 American badgers
(Taxidea taxus) "'°, but 62% prevalence was observed in striped skunks, and
two cases of fatal disease have been described in this species 302, Disease
caused by CAV infection is generally not severe in carnivores and our results
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probably reflect a relatively low exposure to the virus.

Antibodies to CPIV were found mainly in polecats (5% of 201 individuals).
Of all other species, only one positive American mink and one positive
European mink were detected. Our resuits probabiy reflect a iow exposure
to the virus, particularly in minks, and suggest that CPI1V infection is a lesser
threat for free-ranging mustelids.

The detection of antibodies against RV is surprising, as the sampling
areas are considered rabies-free. There are two possible explanations. First,
it may be attributed to a lack of specificity of the test method used, as the titres
detected were low (= 50). Usually a higher cut-off (=100) is used for positivity
in this ELISA. Second, the antibodies detected may be directed against
European bat-lyssa virus type-2 (EBLV-2), since there is a high level of cross-
reaction between the closely related rabies and bat-lyssa viruses, and it is
difficult to distinguish the antibodies to either of these viruses by the serologic
method used. Spill-over of bat-origin lyssa virus type-1 has been documented
in stone martens in Germany 32, although these spill-over infections do not
occur frequently, are supposed to be fatal, and mustelids are dead-end hosts,
so the infection is self-limiting 3. 1t is interesting to note that experimental
infection of ferrets with EBLV-2 has induced high neutralising tifres, and all
ferrets survived 3, although no natural infections have been documented.
A VN test could confirm the specificity of the borderline titre against RV.
However, insufficient volumes of serum of these animals wouid not allow this
confirmation.

We have shown that free-ranging mustelids of South-western France
are exposed to all the viruses investigated (possibly except RV). The high
prevalence of antibodies against the potentially lethal CDV suggests that
this pathogen could have significant effects on the free-ranging populations
and its contribution to the decline of the weakened population of endangered
European mink cannot be excluded. This has several implications for the
conservation of the species. Strict sanitary protocols should be implemented
during (pest-) trapping programs - European mink are occasionally accidentaily
captured in live-traps used for pest control -, to exclude live-traps as sources
of infection. Recently a breeding program has been set up in Spain, with the
intention to eventually release European mink, and a similar program may
also be set up soon in France. Virus burdens in the release areas may be
reduced by vaccination campaigns of domestic dogs in the region, as is done
to protect endangered free-ranging carnivores in Africa 3353, or by restrictive
dog-hunting measures. Vaccination of immunologically naive European mink
(especially against CDV) before release into endemic or epidemic areas is
recommended (and the vaccine should be administered early enough to allow
for the development of protective immunity prior to release) in order for these
programmes to be maximally successful. Vaccines against the viruses reported
in this study are commercially available for domestic dogs, but unfortunately
contain a modified-live CDV component, among other modified-live viruses.
Only inactivated vaccines (or other vaccines that have proven to be safe and
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effective in the targeted species) should be used in non-domestic animals, as
fatal vaccine-induced diseases have occurred in several non-domestic species,
including vaccine-induced CDV infections in European mink. Currently there
is no safe and effective CDV vaccine commercially available for non-domestic
species in the European Union, and the safety and efficacy of (the extra-
label use of) vaccines against other pathogens have not been described in
European mink.

In conclusion, this study has shown that free-ranging mustelids in south-
western France have been exposed to CDV, CAV and CPIV. Future studies
should focus on isolation and identification of these viruses in order to improve
our understanding of their epidemiology and impact in these species, and on
the development and evaluation of preventive measures like vaccination with
safe and effective vaccines.
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CDV vaccination of European mink

The endangered European mink (Mustela lutreola) is highly
susceptible to infection with canine distemper virus (CDV}), and live
vaccine-induced CDV infections have been reported in this species.
Currently there is no safe and efficacious commercially avaiiable CDV
vaccine for use in highly susceptible non-domestic species like the
European mink. We evaluated the safety and efficacy of an experimental
CDV immuno-stimulating complex (ISCOM) and a canarypox-vectored
recombinant vaccine which is commercially available in the USA, but
which is not authorised for use within the European Union. Both vaccines
were inoculated in six European mink each, and proved to be safe and
induced antibodies to CDV. However, compared to the recombinant
group, CDV-specific antibody titres in the ISCOM group appeared sooner
after first vaccination, peaked at higher levels, and remained higher one
year after the third vaccination. These results indicate that while both
CDV vaccines are effective, using virus neutralising serum antibody
titres as correlate of induced protection, the CDV-ISCOM vaccine is more
immunogenic than the recombinant vaccine in European mink.

INTRODUCTION

All families of the order Carnivora are susceptible to infection with
canine distemper virus (CDV), a ubiguitous and potentially fatal pathogen
which has caused outbreaks in several species. Mustelids (black-footed ferret
[Mustela nigripes], Siberian polecat [Mustela eversmanni], and the domestic
ferret [Mustela putorius furo]) are extremely susceptible and exhibit almost
100% morbidity and mortality after experimental and natural infections.

Domestic dogs and domestic ferrets can be protected against canine
distemper by vaccination with a modified live virus (MLV) vaccine. However,
other carnivores show a large variation (between and within species) in reaction
to MLV vaccines. Vaccines approved for domestic ferrets and dogs which use
MLV attenuated via passage in avian- or primate cell lines, are generally safer
for use than those of canine kidney cell origin %7. However, MLV vaccine-
induced disease and mortality have been reported in several non-domestic
carnivore species, including highly endangered mustelid species like the
European mink (Mustela lutreola) %632 and black-footed ferret 121125,

Safer alternatives are inactivated virus vaccines, subunit vaccines, or
recombinant vaccines. Monovalent inactivated virus vaccines do not induce
disease after vaccination, although the process of inactivation may affect
their immunogenicity, usually resulting in an immune response that is shorter
in duration, narrower in antigenic spectrum, weaker in cell-mediated and
mucosal immune responses 2. Recombinant poxvirus-based CDV vaccines
have proven to be safe and efficacious in Siberian polecats, a species closely
related to the European mink, and in other carnivore species 7. In the USA,
a canarypox-vectored recombinant CDV vaccine is commercially available
for use in domestic ferrets (Purevax™, Merial, Duluth, GA, USA), and is
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recommended for use in exotic species by the American Association of Zoo
Veterinarians (AAZV). However, the use of this recombinant CDV vaccine
is currently forbidden in the European Union, and monovalent inactivated
vaccines are no longer commercially available. An experimental CDV
immuno-stimulating complex (ISCOM) vaccine was developed and tested
in harbour seals (Phoca vitulina) during an outbreak of the closely related
phocine distemper virus 3, This vaccine protects seals and domestic dogs
against challenge infection %%, and has since then been used in several
non-domestic carnivore species in zoos, aithough little published data exist
of its use in these species. Currently there are no safe and effective CDV
vaccines registered and available for use in highly susceptible non-domestic
species within the EU.

The European mink, a small semi-aquatic mustelid, has withdrawn
dramatically from its former territory during the last century 29°2% and is
currently listed as endangered by the international Union for the Conservation
of Nature and Natural Resources (IUCN, 2006). Presently, the population is
spread out over two distinct areas: a relatively large eastern population (in
Russia, Belarus, Romania, Kazakhstan and the Ukraine) and a very small
western population located in South-western France and northern Spain.
Reasons implicated for the decline inciude excessive frapping, change or loss
of habitat and interspecies competition by the larger American mink (Mustela
vison), but the role of diseases has been also suggested %02, An EU LIFE
project (2001-2004) was set up together with Foundation Lutreola in Estonia
for the recovery of the species and the preservation of biclogical diversity,
both in situ and ex situ. The ex situ project includes a breeding facility at
the Tallinn zoo with a capacity of 100 animals as the core of the European
endangered species breeding programme (EEP) and fo serve as a source
of animals to eventually re-establish a population on two Estonian islands. A
similar breeding programme has recently been started in Spain.

The impact of CDV infections in captive breeding and re-introduction
programmes has been devastating for endangered species like the black-
footed ferret '® and African wild dogs *3. A safe and effective vaccination
campaign is therefore essential for the protection (and therefore survival) of
valuable and endangered susceptible species in breeding centres and re-
introduction projects. The endangered status of the European mink preciudes
challenge infections, but serum antibody titres measured by virus neutralisation
(VN) test, which is regarded as the gold standard method for determination of
immunity to morbilliviruses 3 can be used as correlate of protection. Survival
rates after challenge infection with CDV increases with vaccine-induced VN
titre ™ in polecats - closely related mustelids, which may be regarded as
sympatric sister species of the European mink 34, The goal of the present
study was to evaluate and compare the humoral immunogenicity and safety
of a commercial recombinant CDV vaccine and an experimental CDV-ISCOM
vaccine in European mink.
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CDV vaccingtion of Curopean mink

MATERIALS AND METHODS

Previously unvaccinated captive European mink housed in a breeding
centre in Tallinn Zoo, Estonia were used for this study, which was conducted
in the summer of 2003. Six mink were vaccinated with one ml of a commercial
canarypox-vectored recombinant CDV vaccine (Purevax®, Merial, Duluth, GA,
USA) and six mink were vaccinated with one ml of an experimental immuno-
stimulating complex (CDV-ISCOM, Erasmus MC, Rotterdam, the Netherlands)
with an antigen content of 10 pg/ml, produced as previously described 0. As
a negative control group, five mink were injected with a phosphate buffered
saline solution. The mink were vaccinated three times intramuscularly at three
week intervals, monitored daily for the development of adverse reactions or
CDV-like disease, and clinically examined at times of vaccination.

Blood was collected from the jugular vein prior to each vaccination,
and at 3 weeks and 1 year after the third vaccination. To collect blood, the
European mink were manually restrained in a cloth bag, and anaesthetised
with an intramuscular injection of 150 pg/kg medetomidine (Domitor® 1 mg/
ml, Pfizer Animal Health, Capelle a/d ljssel, the Netherlands) and 7.5 mg/kg
ketamine (Ketamine 10%, Alfasan, Woerden, the Netherlands). Anaesthesia
was reversed using 750 pg/kg atipamezole (Antisedan®, 1mg/ml, Pfizer Animal
Health, Capelle a/d ljssel). Initial dosage was based on estimated weight, and
subsequently on weight measured during previous anaesthesia.

Study design

The VN test is regarded as the gold standard test for determination
of immunity against morbilliviruses. The enzyme-linked immunosorbent assay
(ELISA), is easy and rapid to perform, conducted in most veterinary diagnostic
labs, and commercially available as kits. Future evaluation of vaccine-induced
antibody titres would be more practical if the ELISAtest can be used. Therefore
serum antibody titres were determined by both methods and compared.

Blood was centrifuged for five minutes at 10 000 g, serum was
separated and stored at -20°C. Serum was then heat-inactivated at 56°C for
30 minutes and tested for CDV-specific antibodies by means of a VN test using
2-log dilution series (1:10 to 1:1280), and 100 median tissue culture-infectious
doses (TCID, ) of CDV in Vero cell culture, essentially as previously described
2% The end-point titre of each serum was expressed as the reciprocal of the
highest dilution that completely inhibited a cytopathic effect after five days
incubation. We considered a high serum antibody titre (= 80) protective,
based on published protective antibody titres to CDV infection in polecats
which varied between = 3 and = 152, and showed higher survival rates with
increasing VN serum antibody titres .

Serum antibody titres were then determined by an indirect ELISA %%,
using 2-log. dilution series. An optical density of three times the background
optical density in both dilutions, read at 450 nm was considered positive.
An ELISA using uninfected Vero cell lysate was used as a negative control
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antigen for each sample tested, providing the background optical density
using 2-log dilution series, and control sera from known positive and negative
animals were included in the tests. Undetectable titres were regarded as 5 for
calculation of geometric mean titres (GMT).

For comparison, three Asiatic small-clawed otters (Aonyx cinerea)
and two European otters (Lutra lutra) that had been vaccinated three times
with three week intervals with the same batch of CDV-ISCOM in Rotterdam
Zoo were also tested for the development of VN serum antibody titres.

RESULTS
None of the vaccinated animals showed clinical signs of CDV
infection, and no local or systemic side effects that could be attributed to

vaccination were noticed. Control animals did not produce serum antibody
titres throughout the study.

ELISA Virus Nevtralisation
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Figure 1. Antibody titres induced in European mink by CDV-ISCOM and a
canarypox-vectored recombinant CDV vaccine, measured by ELISA and virus
neutralisation. Mink were vaccinated three times with three weeks interval,
and blood was collected on days of vaccination, three weeks after the third
vaccination, and one year later. White circles depict CDV-ISCOM vaccinated
animals, black circles depict canarypox-vectored vaccinated animals. Dotted
line connects geometric mean titres of CDV-ISCOM vaccinated animals (n=6)