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Abstract

Objectives Canine infectious respiratory disease (CIRD) is a disease of multifac-
torial aetiology, where multiple pathogens act sequentially or synergistically to
cause disease. It is common within large dog populations, such as those in
re-homing or training kennels. Vaccines are vital in its management of CIRD, but
they often fail to prevent disease. Recently, a number of novel pathogens have been
identified in CIRD outbreaks and represent new targets for vaccination.

Key findings Innate immune responses provide a vital first line of defence against
the infectious agents involved in the development of CIRD. Once breeched, adap-
tive mucosal immunity is necessary to prevent infection and limit spread. Current
vaccines target only a few of the agents involved in CIRD. Evidence, from the
limited amount of published data, indicates that although vaccinating against
these agents reduces infection rates, duration of shedding and severity of disease,
it does not induce sterilising immunity; and this has important consequences for
the management of the disease, and the future of CIRD vaccine development.
Summary In the process of considering the development of novel CIRD vaccines,
this paper focuses on the immunological mechanisms that provide protection for
the respiratory tract, the current reccommendations for canine vaccination, and the

challenges surrounding existing CIRD vaccines, and their future development.

Introduction: canine infectious
respiratory disease

Canine infectious respiratory disease (CIRD), also known
as ‘kennel cough), is a common disease syndrome that is par-
ticularly prevalent within large dog populations, such as
those in re-homing or training kennels. CIRD represents a
major welfare issue for kennel facilities, pet owners and vet-
erinarians globally, with outbreaks resulting in delays to
re-homing and training and expensive treatment costs. It is
characterised by clinical signs such as coughing, nasal dis-
charge and dyspnoea, which can persist for several weeks
and may result in severe disease, such as bronchopneumo-
nia, and even, on occasions, lead to death or euthanasia.!"
Akin to respiratory syndromes in cattle (bovine respira-
tory disease complex)? and pigs (porcine respiratory
disease complex),”! CIRD is a complex infection of multi-
factorial aetiology, where multiple pathogens act sequen-
tially or synergistically to cause disease. In addition,
environmental factors, age, stress and underlying health

problems can also contribute to disease spread and suscep-
tibility. Kennelled dogs are particularly at risk of CIRD
because of the high population density, and, in re-homing
shelters, there is often a constant influx of susceptible
animals and pathogens compounding the situation.

The pathogens traditionally associated with CIRD,
include canine parainfluenza virus (CPIV or PIV5),P!
canine adenovirus type 2 (CAV-2), canine herpes virus 1
(CHV-1)"" and Bordetella bronchiseptica (Bb).'*! They are
spread through aerosolised droplets from coughing and
sneezing, and by contact with fomites present on items such
as bedding, bowls and clothing. Methods for preventing
CIRD include both (1) good biosecurity such as quarantine
of new and sick animals, and high levels of sanitation and
(2) efficacious vaccination."” Often however, shelters do
not have the space for implementing quarantine pro-
cedures, and in busy kennel environments, maintaining
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Table 1

Current canine vaccine (NOAH Compendium 2014) and VMD listings

Challenges in CIRD vaccine development

Core/Non-core

Manufacturer  Name Target C+=Core + CPIV  Possible Co-administration Administration
Merial Eurican DHPPi CDV, CAV, CPV, CPiV C Eurican L Subcutaneous
Eurican P CPV C Eurican L Subcutaneous
Eurican L Leptospira @ Eurican DHppi / Eurican P Subcutaneous
Rabisin Rabies subunit N N/A Subcutaneous
Eurican Herpes 205 CHV subunit N N/A Subcutaneous
MSD Animal  Nobivac KC Bordetella bronchiseptica, CPiV. N N/A Intranasal
Health Nobivac DHP CDV, CAV, CPV C Nobivac Rabies/ Nobivac L Subcutaneous
Nobivac DHPPI CDV, CAV, CPV, CPIV C+ Nobivac Rabies/ Nobivac L Subcutaneous
Nobivac Parvo-C CPV C Nobivac Rabies/ Nobivac L Subcutaneous
Nobivac Rabies Inactivated rabies N Nobivac DHP/ Nobivac DHPPI/ Subcutaneous
Nobivac Parvo-C
Nobivac L Killed Leptospira C Nobivac DHP/ Nobivac DHPPI/ Subcutaneous
Nobivac Parvo-C
Nobivac Lepto 2 Subunit Leptospira @ N/A Subcutaneous
Nobivac Pi CPiV N N/A Subcutaneous
Zoetis Animal  Bronchi- Shield Bordetella bronchiseptica N N/A Intranasal
Health Duramune DAP CDy, CAy, CPV C N/A Subcutaneous
Duramune DAP+L CDV, CAV, CPV, Leptospira C N/A Subcutaneous
Duramune DAPPI CDV, CAV, CPV, CPiV, C+ N/A Subcutaneous
Duramune DAPPi+L CDV, CAV, CPV, CPV, Leptospira  C+ N/A Subcutaneous
Duramune DAPPi+LC CDV, CAV, CPV, CPiV, CCoV, C+ N/A Subcutaneous
Leptospira
Duramune Puppy DP+C  CDV, CPV, CCoV C N/A Subcutaneous
DuramunePi CPivV N N/A Subcutaneous
DuramunePi +L CPiV, Leptospira C+ N/A Subcutaneous
DuramunePi +LC CPiV, CCoV, Leptospira C+ N/A Subcutaneous
Vanguard 7 CDV, CAV, CPV, CPIV, Leptospira  C+ N/A Subcutaneous
Vanguard CPV Cpv C N/A Subcutaneous
Vanguard CPV-L CPV, Leptospira C N/A Subcutaneous
Vanguard L Leptospira C N/A Subcutaneous
Vanguard Rabies Inactivated rabies N N/A Subcutaneous
Virbac Canigen KC Bordetella bronchiseptica, CPiV. N N/A Intranasal
Canigen DHP CDV, CAV, CPV C Canigen Rabies/ Canigen Lepto  Subcutaneous
Canigen DHPi CDV, CAV, CPV, CPiV C+ Canigen Rabies/ Canigen Lepto  Subcutaneous
Canigen ParvoC CPV C Canigen Rabies/ Canigen Lepto  Subcutaneous
Canigen Pi CPiV N Canigen Rabies/ Canigen Lepto  Subcutaneous
Canigen Rabies Inactivated rabies N Canigen DHP/ Canigen DHPi/ Subcutaneous
Canigen ParvoC/ Canigen Pi
Canigen Lepto 2 Killed Leptospira C Canigen DHP/ Canigen DHPi/ Subcutaneous
Canigen ParvoC/ Canigen Pi
Canixin DHPPi/L CDV, CAV, CPV, CPiV, Leptospira  C+ N/A Subcutaneous
CaniLeish Leishmania subunit C N/A Subcutaneous

CAV, canine adenovirus; CDV, canine distemper virus; CHV, canine herpes virus; CPiV, canine parainfluenza virus; CPV, canine parvovirus; NOAH,
National Office of Animal Health; VMD, Veterinary Medicines Directorate.

high levels of sanitation is challenging. Thus, vaccination is
vital in managing this disease, and as such, several mono-
and multivalent vaccines are available (Table 1).

There is, however widespread, if anecdotal, recognition
that current vaccines often fail to prevent CIRD, and this
has sparked a resurgence of interest in the prevention of this
disease. Stimulating studies centred on pathogen identifica-
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tion, surveillance and management, and the findings of
which have important implications for future CIRD vaccine
design. !

Perhaps the most important findings are the number of
newly emerging or re-emerging pathogens identified in
CIRD outbreaks. These novel agents include: canine res-

piratory coronavirus (CRCoV),!! canine pneumovirus

373



Challenges in CIRD vaccine development

(CnPnV), canine influenza virus (CIV),! pan-tropic
canine coronavirus,**! Streptococcus zooepidemicus'™ and
Mycoplasma cynos,™ all of which are the subject of a recent
review.””) With the exception of CIV (for which a vaccine
has been recently licensed in the USA), these novel agents
are not currently targeted by vaccination, and because they
are likely to play an important role in the development and
persistence of CIRD in otherwise well-vaccinated kennels,
they are obvious targets for future vaccine development.

In the process of considering novel CIRD vaccines, this is
the first review paper to focus on the immunological mecha-
nisms that provide protection for the respiratory tract, the
current recommendations for canine vaccination and, most
importantly, the challenges surrounding existing CIRD vac-
cines and their future development. We highlight within this
review how the lack of published data within the field has
hampered CIRD vaccine development, and hope to raise the
question about how best to address this in the future.

Innate and adaptive immunity at the
respiratory mucosa

The viral and bacterial pathogens associated with CIRD
infect dogs through the mucosal lining of the respiratory
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tract.?*?”) In addition to infection with pathogenic organ-
isms, the lower respiratory tract, which must remain sterile,
is constantly being challenged by the microbial flora that
exists in the upper airways (i.e. mouth, buccal cavity and
pharynx). There are two major mechanisms that provide
protection for the respiratory tract: the innate immune
system and the adaptive immune system. Both are critically
important, but have different roles to play.

Essentially, the innate immune system of the respiratory
tract provides the first line of defence and is comprised of
physical, chemical and cellular components. It is the subject
of recent reviews”>" and outlined in Figure 1. Briefly: (1)
physical protection is provided by the presence of an epithe-
lial barrier, and the action of mucociliary clearance mecha-
nisms. The epithelial barrier is composed of pseudo-
stratified columnar epithelial cells joined by tight junctions,
which regulate the movement of particulate matter across
the barrier. Mucociliary clearance occurs as a result of the
constant shedding of ‘sticky’ mucus (in which pathogens
become trapped) and the continual movement of this
mucus by the ciliated epithelial cells away from the lower
respiratory tract and into the pharynx. (2) Chemical com-
ponents of the innate immune system include antimicrobial
agents such as, defensins, lysozymes and proteins of the
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Figure 1 The epithelial barrier is composed of ciliated pseudo-stratified columnar epithelial cells joined by tight junctions, mucus containing a
range of antimicrobial agents traps pathogens that are transported out of the airways by cilia beating. Mucosal epithelial cells detect pathogens
using pattern recognition receptors and signal to epithelial DCs via cytokines and chemokines. DCs beneath the epithelium extend dendrites
between epithelial cells to sample the lumen. In the FAE of the MALT, M-cells transport antigen to DCs residing in M-cell pockets, which present
antigens to intraepithelial T and B lymphocytes. Activated DCs migrate to lymphoid follicles or nodes to initiate adaptive immune responses. Plasma
cells migrate from the lymphoid follicles and produce IgA, which is transported across the epithelium into the lumen.
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compliment cascade that inhibit or kill invading pathogens.
The elements are produced by epithelial cells and other cel-
lular components of the innate immune system, and they
modify the composition of the airway mucus. (3) A range of
cellular components are essential for effective antiviral or
bacterial responses and includes not only the epithelial cells,
but also the phagocytic immune cells (e.g. macrophage,
dendritic cells (DCs) and neutrophils), which engulf and
digest microorganisms using a range of lytic enzymes,
proteases and reactive oxygen and nitrogen species.
Macrophage and DCs also act as antigen presenting cells in
stimulating adaptive immune responses.

Innate immune responses require no prior exposure and
thus are particularly important when a dog encounters a
new pathogen for the first time. However many respiratory
pathogens have evolved strategies for overcoming these
primary defences and cause widespread damage to the epi-
thelium, resulting in loss of epithelial barrier integrity. This
may be characterised by morphological changes to the cell
(as a result of cytotoxic effects of viral replication, toxins,
induction of apoptosis) including the loss of cilia or cilia
function, disruption to tight junctions, increased mucus
production and the down regulation of the pro-
inflammatory cytokines responsible for the recruitment and
activation of phagocytic immune cells. Pathogens that can
compromise these innate mechanisms are likely to facilitate
deeper penetration of the airways by both itself and other
‘bystander’ microorganisms, and thus, appropriate adaptive
immune responses are also required.”'=*"

In contrast to innate responses, adaptive immune
responses are antigen specific and result in an immunologi-
cal memory that helps to prevent recurrent infections by the
same pathogen. Importantly, it is also able to differentiate
between antigens that enter the body through mucosal sur-
faces (such as those involved in CIRD) and those that enter
via injection or injury, and tailors its response accordingly.
During infection, CIRD pathogens trigger both mucosal
and systemic immune responses. In terms of disease pre-
vention, it is thus safe to assume that preventative immunity
for respiratory pathogens is highly dependent upon both
mucosal and systemic immunity, and both should be care-
fully considered during CIRD vaccine development. It is
however predominantly the mucosal immune response that
provides protection against pathogen adherence, colonisa-
tion and invasion at the mucosal surface, whereas the sys-
temic response is more largely involved in containing and
clearing infection once an infection takes hold, suggesting
that vaccines that preferentially stimulate mucosal immun-
ity may be of greater benefit.

Mucosal-associated lymphoid tissues

Immunity at the mucosal surface is mediated by the
mucosa-associated lymphoid tissue (MALT), where strategi-
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cally placed lymphoid follicles serve as the principle
immune induction sites.*" The MALT is distinct from the
systemic immune system, although immune cells activated
at the mucosa can trigger a systemic response. The main
function of MALT is (1) to protect mucus membranes
against pathogenic microbes, (2) to distinguish and tolerate
innocuous antigens (e.g. ingested food, airborne matter and
commensal organisms) and (3) to prevent the development
of harmful immune responses to antigens that cross the
mucosa and enter the body.” The MALT is subdivided
according to the mucosal tissue with which it is associated
(i.e. gastro-intestinal, respiratory, cervical), and its composi-
tion differs between species. In dogs, the palatine, lingual
and nasopharyngeal tonsils are the most clearly identified
components of the respiratory MALT.?**¢!

There are a number of ways in which mucosal immune
responses may be initiated, but all entail pathogen sensing,
and the engagement of specialised mucosal DCs, which help
govern the nature of the ensuing mucosal immune response
(details of which can be found in the following reviews !
and outlined in Figure 1).

Briefly, DC activation may occur as follows: (1) Mucosal
epithelial cells may detect pathogens using pattern recogni-
tion receptors such as Toll-like receptors and RNA-sensing
molecules. Toll-like receptors are integral membrane proteins
that recognise a variety of pathogen-associated molecular
patterns and play a crucial role in the initiation of immune
responses in the respiratory epithelium through the activa-
tion of several transcription factors (e.g. nuclear factor kappa
beta (NK-kB), Interferon regulatory factor 3 (IRF-3) and
Interferon regulatory factor 7 (IRF-7)). These in turn induce
the production of pro-inflammatory cytokines and Type I
interferons (IFN o and B). These are the principal mediators
of the innate immune response and signal to the underlying
epithelial DCs. (2) In areas of the respiratory mucosa where
lymphoid follicles are absent, motile DCs residing beneath
the epithelium migrate into the epithelial layer, or extend
dendrites between epithelial cells into the lumen to capture
antigens. (3) Where the mucosal lymphoid follicles are
present, the epithelium is differentiated into the follicle-
associated epithelium (FAE), which contains specialised
M-cells. M-cells transport antigens and bacteria across the
FAE where they are captured by DCs residing in special
pockets situated on the basal side of the M-cell.

Once activated, DCs migrate to adjacent lymphoid folli-
cles or draining lymph nodes where they present antigen
to T and B lymphocytes to initiate adaptive immune
responses. In the FAE of the MALT, DCs may also present
antigens to intra-epithelial T and B lymphocytes, which
co-reside with DCs in the pockets of M-cells. Depending on
the initial stimulus (i.e. viral or bacterial) DCs will direct
either cell-mediated (T-lymphocytes) or humoral (B lym-
phocytes) responses.”*” This is achieved through the activa-
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tion of T-helper (Th) cells (a subset of T-lymphocytes),
which produce cytokines that act accordingly on B- or
T-lymphocytes and other immune cells.

The cytokines and chemokines produced by epithelial
and DCs also promote the recruitment and activation of
the other innate immune cells including neutrophils,
macrophage and natural killer cells, which are crucial for
mounting an efficient immune response.

Humoral immunity at the mucosa

The majority of pathogen-specific protective immunity at
the mucosa is mediated through the humoral branch of the
adaptive immune response, and specifically, through the
secreted antibody: IgA (sIgA).*!) The production of Th2
type cytokines (e.g. interleukin (IL)-4, IL-10 and transform-
ing growth factor ) by Th cells stimulates the maturation
of IgA-committed B lymphocytes, which migrate from the
lymphoid follicles to the effector sites (typically the laminar
propria or the epithelium of the mucosal surface) where
they differentiate into IgA-producing plasma cells. At the
effector sites, IgA is processed by epithelial cells into secre-
tory IgA and transported across the epithelium into the
lumen where it elicits its effects in multiple ways: (1) traps
antigens and pathogens in the mucus, (2) inhibits bacterial
adhesion to the mucosal surface, (3) neutralises virus (both
intra- and extracellular) and toxins, (4) eliminates antigens
in tissues via immune complex receptor-mediated transport
mechanisms through epithelial cells and (4) enhances
innate immune responses through antibody dependent cell-
mediated cytotoxicity.

In addition to sIgA, locally produced antibodies, IgM and
IgG in the lower respiratory tract, and serum-derived IgG
(derived from activation of the systemic adaptive immune
response) may also contribute to immune defences.*!!

Cell-mediated immunity at the mucosa

Although cytotoxic T-lymphocytes do not prevent pathogen
entry, they are crucial in the clearance and containment of
viral pathogens once they have infected cells. Cytotoxic
T-lymphocytes monitor the cells in the body and are able to
recognise viral antigens when presented on the cell surface
coupled to specialised T-lymphocyte binding protein
(MHC class 1 molecules). In the presence of Thl type
cytokines (e.g. IFN-y, IL-2); cytotoxic T-lymphocytes
induce the apoptotic destruction of infected target cells,
thereby also destroying the pathogen.>*!

Current canine vaccines

There is currently a range of single and multivalent vaccines
available for use in dogs (Table 1), which facilitate different
vaccination regimes depending on the dogs’ environment
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and risk factors.""'? They are classed as either ‘Core’ vac-
cines (recommended for all dogs; in the UK, this includes
canine distemper virus (CDV), canine parvovirus (CPV),
canine adenovirus (CAV 1+42), Leptospira canicola and
Leptospira icterohaemorrhagiae) or ‘Non-Core’ Vaccines
(Optional, depending on lifestyle (vacation kennels for
overseas holidays) and risk factors. In the UK, this includes
rabies and the respiratory vaccines including CPIV and Bb).

Live attenuated vaccines

The majority of canine vaccines are live attenuated vaccines,
although some killed or subunit vaccines (rabies, Leptospira,
parenteral Bb vaccines) are available (Table 1). Live attenu-
ated vaccines contain a version of the virus or bacteria that
has been altered so it is unable to cause serious or clinical
disease; they are however able to replicate in the host and, as
such, are processed by the immune system in much the
same way the pathogen would be during natural infection.
They elicit strong cellular and antibody responses, with a
long duration of immunity and, for this reason, they are
often superior to inactivated or subunit vaccines, especially
in young dogs, where maternally derived antibody (MDA)
may be present.[*?!

Live attenuated vaccines for many viruses are relatively
easy to create as they only have a small number of genes
that can be easily manipulated. Attenuated vaccines are
most often generated through the continuous culture of the
virus in established laboratory cell lines (for typically
50-100 passages depending on the virus). As the virus
grows and adapts to its new environment, it mutates into a
strain that can then replicate only poorly its natural host.
Because live attenuated vaccines replicate within the host,
they do not require adjuvants, and in some situations, shed-
ding of the vaccine strain by recently vaccinated animals,
may be useful for generating herd immunity where vaccina-
tion of all individuals is challenging, but has the risk of
inducing vaccine-derived disease in immunocompromised
contacts.!*’!

The major disadvantage with live attenuated vaccines is
the possibility that they may revert to a virulent form and
cause disease, and may be unsafe for use in either
immunocompromised or pregnant animals.**! For some
viral and bacterial pathogens, their fastidious growth char-
acteristics or complex genomes make live attenuated vac-
cines difficult to create and control, and as a result, killed or
subunit vaccines are preferred. However, advances in tech-
nology are helping to address many of these issues.!*>*!

Route of inoculation

With a few exceptions, canine vaccines are injected
subcutaneously (Table 1). This is not surprising because the
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majority of vaccine research in both human and veterinary
medicine is based largely on injected vaccines, which offer
the benefit of delivering a known quantity of antigen and
result in the generation of specific immune responses that
can be easily measured in blood or serum samples.

By contrast, intranasal vaccination faces many challenges;
in particular, they need to overcome many, if not all of the
innate immune mechanisms present in the upper airways.
For live vaccines, many of the inherent properties of the
pathogen, which facilitate infection, may help to overcome
this. In addition, recent advances in vaccine delivery vehi-
cles are also proving to be promising,">*! but the situation
remains far from ideal, and studies continue to be ham-
pered by the inability to accurately deliver or quantitate the
amount of delivered antigen. In veterinary medicine, there
is the added issue of delivering mucosal vaccines both safely
and correctly. Delivering an oral or intranasal vaccine to a
defensive, if not aggressive, large dog is not a trivial
problem. Delivery of an intranasal vaccine also has the fre-
quent and unpleasant outcome, of being snorted back out
immediately after delivery. Therefore subcutaneous vaccina-
tion is both surer and safer for the veterinarian. Neverthe-
less, mucosal immunity is of paramount importance in the
prevention of many respiratory agents. Although published
data relating to canine vaccine development and efficacy is
limited, the increased efficacy of mucosal over parenteral
vaccination for Bb and CPIV has been shown (discussed
later in this review),'*”*! furthermore, in the face of MDA, a
CAV-2 vaccine administered intranasally was also shown to
be superior to parenteral vaccination.*’!

Core vaccinations

In guidelines published by the World Small Animal Veteri-
nary Association (WSAVA),*! it is recommended that
puppies are vaccinated with core vaccines at 8-9, 11-12 and
14-16 weeks old, followed by a booster at 12 months of age
and every 3 vyears thereafter. This intensive vaccination
regime during the first year of life is aimed at overcoming
problems surrounding vaccine efficacy due to divergent
levels of MDA in individual dogs. In general, dogs
responded well to this regime, and numerous experimental
studies have shown that antibodies to CDV, CPV and
CAV-1 & 2 are maintained for three or more years.*** In
the context of CIRD, dogs receiving regular core vaccina-
tions from puppyhood should therefore be adequately pro-
tected from CDV and CAV-2 infection, two pathogens
traditionally associated with canine respiratory disease.
However, for those entering kennel facilities where no vacci-
nation history is provided, and a rapid onset of immunity is
vital, the WSAVA recommendations are to administer 1
dose of core vaccine before or upon arrival, with a booster 2
weeks later.[*!

Challenges in CIRD vaccine development

Non-core canine infectious respiratory
disease vaccinations

The non-core vaccines that are relevant to this paper are
those against respiratory disease caused by Bb and CPIV.
Vaccines against these pathogens are administered either
subcutaniously or intranasally, although the choice of intra-
nasal vaccines is limited (Table 1). WSAVA recommenda-
tions are to administer CPIV and Bb subcutaneous vaccines
at various time points throughout puppyhood, and in adult
dogs, two doses should be administered 3—4 weeks apart. In
many instances, CPIV is now also included as a component
of the multivalent core vaccines (Table 1). Whether admin-
istered as a monovalent or multivalent vaccine, the limited
duration of immunity offered means booster vaccines are
recommended every 12 months."*? Intranasal formulations
may be administered as early as 3 weeks of age with a
second dose 3—4 weeks later, followed by another at 1 year.
In adult dogs, two doses 3—4 weeks apart are recommended.
Boosters are recommended annually or more frequently as
required. 2>+

Importantly for CPIV and Bb, the WSAVA recommends
the use of intranasal over and above subcutaneous vaccina-
tion."?! It is generally considered that although subcuta-
neous vaccines are good at inducing systemic immunity,
they tend to be relatively poor inducers of mucosal immun-
ity; conversely, mucosal vaccines have been shown to be
good at inducing both mucosal and systemic immune
responses.

Although published studies for canine vaccines are
extremely limited, in one study comparing intranasal and
subcutaneous Bb vaccinations, dogs receiving intranasal
vaccinations had higher sIgA levels (in nasal secretions) and
were significantly better protected from challenge with a
virulent Bb strain at 9 weeks postvaccination, when com-
pared with dogs receiving a subcutaneous Bb or placebo
vaccines.”! In an experimental study where dogs were vac-
cinated with different doses of an intranasal Bb vaccine,
shedding of the vaccine strain was detected up to 4 weeks
postvaccination. Following challenge with virulent Bb, clini-
cal signs of disease and shedding of the challenge strain
were reduced in a vaccine dose-dependent manner."® In
another study, comparing CPIV intranasal and parenteral
vaccines, dogs vaccinated via the intranasal route had sig-
nificantly reduced clinical signs of disease following chal-
lenge. Furthermore, viral shedding was reduced from 70%
in control dogs, to 50% in dogs vaccinated via the paren-
teral route, and to 1% in dogs vaccinated intranasally.!*

In kennel situations, where speed of immunity is para-
mount, mucosal vaccines are also preferred.*? Unfortu-
nately, no detailed studies relating to onset of immunity
following subcutaneous Bb vaccination have been pub-
lished; however, in one study examining intranasal Bb
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vaccination, a steady increase in agglutinating antibody
titres were observed 1-4 weeks postvaccination, with no sig-
nificant difference observed in dogs receiving different vac-
cination doses.® In another study, the vaccine was shown
to induce protective immunity 72h postvaccination.®”!
Although the reason for the rapid onset of immunity was
not determined within the scope of that study, studies
within the field of TB vaccination have shown that mucosal
vaccines are able to provide non-specific immunity
immediately after vaccination by stimulating innate
immune responses at the mucosal surface (reviewed in
Beverly et al **'), and it is possible that similar mechanisms
were at play.

To date, published data relating to CPIV vaccine efficacy
remain extremely limited;"” its assessment is hampered by
difficulties in reproducing disease in laboratory models
(often mild or negligible) and by uncontrollable influences
in field studies, such as the presence of other disease-
causing agents. Although results vary greatly, the general
consensus from published data suggests that although vac-
cinating against CPIV or Bb reduces the rate of infection,
the duration of shedding and the severity of disease, they do
not induce sterilising immunity; and animals may still
become infected.[*#*+%-%4 Although there are obvious ben-
efits to the use of these vaccines, the incomplete protection
elicited has important ramifications for the control and
eradication of this disease, particularly within kennel popu-
lations, by assisting in maintaining a reservoir for these
pathogens.

An example of this was seen in a study carried out in a
large re-homing facility over three consecutive years. In this
study, all dogs were vaccinated against CPIV upon arrival.
However, despite vaccination, CPIV remained endemic
within the kennel, and significant numbers of dogs become
infected with CPIV 2-3 weeks postentry.*! In busy kennel
environments with a high turnover of dogs and the pres-
ence of other risk factors, underlying CPIV and Bb infec-
tions, may contribute to the development of more severe
diseases. An additional issue arising from the efficacy
and safety perspectives is the vaccination of immuno-
compromised individuals. Particularly in the re-homing or
rescue kennel environment, dogs may be immuno-
compromised as a result of stress, malnutrition, disease or
other underlying conditions. Trying to induce a rapid pro-
tective immune response in such animals poses additional
challenges and leaves the animal susceptible to infection in
the intervening period between booster vaccinations,
increasing the demand for quarantine measures. From a
safety perspective, the use of live attenuated vaccines in
immunocompromised individuals may result in vaccine-
associated disease. Thus, the degree of protection elicited by
vaccination versus the potential problems arising should be
carefully considered.
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Canine parainfluenza virus infection
and immunity

The challenges associated with CPIV vaccine efficacy are
not limited to vaccine design and delivery. Despite the lack
of experimental data, it has long been recognised that the
immune response to natural CPIV infections are slow and
do not result in sterilising or long-lasting immunity, leaving
the dog susceptible to repeat infections. Indeed similar find-
ings have been shown for human parainfluenza virus (PIV)
infections, where multiple repeat infections occur and
immunity correlates with higher (and likely more broadly
cross-reactive) neutralising antibody titres.** Although
experimental intranasal vaccine studies in dogs support the
idea that local mucosal immunity in CPIV infections is
important, there is no published data characterising the
mucosal immune response to CPIV in the canine host, and
there are very little data relating to the characterisation and
duration of cell-mediated immune responses or CPIV
serum antibodies following either natural or experimental
infection, or vaccination.

There has also been very limited exploration of the
genetic and antigenic diversity of circulating CPIV strains.
PIV species possesses two major spike glycoproteins, one
involved in cell attachment (hemagglutinin-neuraminidase)
and the other involved in mediating the fusion of viral host
cell membranes (Fusion). It is against these two proteins
that neutralising antibodies are targeted in convalescent
serum.7! Studies conducted in the 1960s using polyclonal
serum revealed few antigenic differences; however, the study
was limited to only three canine isolates.”” In a 1980s
study, the use of monoclonal antibodies revealed minor dif-
ferences in the HN and F proteins, although of the five PIV5
isolates used, only two were derived from dogs.”* To date,
only six complete CPIV genome sequences have been pub-
lished, and very little additional sequence data for individ-
ual viral genes are available, much of which is based on cell
culture passaged isolates.” In 2014, a study comparing the
six CPIV genomes and nine additional PIV5 genomes from
different species (six human, one simian and two porcine),
revealed a remarkably low-level diversity in the HN and F
genes, regardless of host, year of isolation or geographic
origin.” Interestingly, however, the highest degree of diver-
sity was seen among the canine isolates,”! and by analogy
with human and bovine parainfluenza species, it is possible
that the diversity among CPIV strains may be greater than
current studies indicate.” Nevertheless, the authors sug-
gested that the low level of variation observed was an indi-
cation that the virus is either not particularly immunogenic
or that cell-mediated immunity is more important.”!

Indeed PIVs have evolved numerous mechanisms for
suppressing host immune responses, thus promoting their
survival within the cell and surrounding environment.
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Although this has not been studied for CPIV specifically, for
other PIV species, this includes the suppression of type 1
IFN, and the potential masking of HN and F protein
epitopes due to glycosylation.”” As mentioned above, Type
1 IFN are the principal mediators of innate antiviral
responses, and PIVs have evolved a range of mechanisms for
suppressing its activity by hijacking and modifying cellular
regulatory pathways through the activity of virally encoded
IFN-antagonist proteins (Reviewed in Audsley and Moseley,
and Parks and Alexander-Miller”®7").

With such little knowledge about the natural course of
CPIV infection and immune responses to the virus in the
canine host, it is not surprising that vaccines capable of pro-
ducing long-lasting and protective immunity to CPIV con-
tinue to elude us. As the number of novel agents associated
with CIRD continue to increase, all with differing character-
istics and modes of pathogenicity, the need to comprehen-
sively investigate the role of each agent within the CIRD
complex and the host—pathogen interactions taking place
become increasingly important to ensure that (1) the appro-
priate pathogens are targeted for vaccination and (2) vaccines
stimulate appropriate and effective immune responses.

Future development

There are a number of challenges for future dog respiratory
vaccines, possibly some shared by vaccines for other veteri-
nary species and human medicine.

First, there is now increasing evidence that there are a
number of newly emerging (newly discovered may be more
accurate) pathogens that can contribute to multicomponent
disease complexes such as respiratory diseases. Although
this may appear overwhelmingly complicated for future
vaccine designs, we are aware from our own research that
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