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Abstract
Bovine respiratory syncytial virus (RSV) is a cause of respiratory disease in cattle worldwide. It has an integral role in enzootic
pneumonia in young dairy calves and summer pneumonia in nursing beef calves. Furthermore, bovine RSV infection can predispose
calves to secondary bacterial infection by organisms such as Mannheimia haemolytica, Pasteurella multocida, and Histophilus somni,
resulting in bovine respiratory disease complex, the most prevalent cause of morbidity and mortality among feedlot cattle. Even in cases
where animals do not succumb to bovine respiratory disease complex, there can be long-term losses in production performance. This
includes reductions in feed efficiency and rate of gain in the feedlot, as well as reproductive performance, milk production, and longevity
in the breeding herd. As a result, economic costs to the cattle industry from bovine respiratory disease have been estimated to
approach $1 billion annually due to death losses, reduced performance, and costs of vaccinations and treatment modalities. Human
and bovine RSV are closely related viruses with similarities in histopathologic lesions and mechanisms of immune modulation induced
following infection. Therefore, where appropriate, we provide comparisons between RSV infections in humans and cattle. This review
article discusses key aspects of RSV infection of cattle, including epidemiology and strain variability, clinical signs and diagnosis, experimental infection, gross and microscopic lesions, innate and adaptive immune responses, and vaccination strategies.
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Bovine Respiratory Syncytial Virus
Epidemiology and Strain Variability
Epidemiology
The first study to propose an involvement of respiratory syncytial virus (RSV) in respiratory disease in cattle was published
several years after the original isolation and characterization
of human RSV (hRSV). In 1968, Doggett et al16 determined
that bovine sera contained neutralizing antibody against hRSV,
which suggested that a similar virus might exist in cattle. Published reports from respiratory disease outbreaks in several
European countries39,63,91 in the early 1970s identified viruses
isolated from cattle that were closely related to hRSV. During
this time, Inaba et al38 isolated what appeared to be a new virus
from cases of acute bovine respiratory disease in Japan, initially referred to as Nomi virus but later identified as bovine
RSV (bRSV).37 Subsequently, bRSV was confirmed in bovine
respiratory disease outbreaks in the United States in published
reports in 197467 and 1975.75
Since these initial reports, bRSV has been detected in cattle
herds worldwide, with rates of infection likely affected by management practices. In fact, estimates from several countries
suggest that the frequency of bRSV exposure in some dairy and
beef herds exceeds 50%.23 Studies from Sweden have shown

that between 40% to 100% of animals in a herd were seropositive, depending on geographic location and animal density.61 A
high frequency of bRSV serum antibodies in cattle (>70%) was
reported in a sample of 50 Danish herds.84 There are fewer published reports on the prevalence of bRSV in Britain, although
results from a national survey in England and Wales suggest
that most adult cattle have been exposed to bRSV.64 In South
African feedlots experiencing outbreaks of respiratory infections, the seroprevalence to bRSV was found to be 43%.90 High
frequency of bRSV seroconversion during the first month after
arrival was found among feedlot calves in Canada.54 Similarly,
in the United States, results from a study of feedlot cattle
reported a high rate of seroconversion.12 Furthermore, the
authors found bRSV seropositive rates in range cattle of 28%
in calves, 49% in yearlings, and 70% in mature cows.
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Significant regional differences in the frequency of bRSV have
also been reported from studies in Mexico.70
bRSV-associated disease is most pronounced in calves less
than 6 months of age, and infection can occur even in the presence of maternal antibodies. It has been estimated in some geographic areas that more than 70% of calves have been exposed
by the age of 12 months.86 As with hRSV, reinfections in
calves are common. Viruses from recurrent bRSV infections
varied by up to 11% in sequence, even in closed herds.47 The
authors proposed that based on the high degree of diversity,
it is likely that recurrent infections result from reintroduction
of bRSV into the herd before each new outbreak. Transmission
of bRSV may occur via aerosol droplets from, or direct contact
with, infected animals or indirectly via contaminated surfaces.34
Seasonal periodicity is seen with bRSV, with most common
occurrences of infections in the fall and winter months in temperate environments.89
In addition to temperature fluctuations, additional stress factors that can increase the risk of bRSV infection include but are
not limited to weaning, handling, transportation, mixing of cattle from different sources, crowding, and dusty environments.
Clinical signs are frequently seen 7 to 10 days following a
stressful event (eg, transport to a feedlot) but may be seen as
late as 30 days or more after arrival. Respiratory viruses are
well recognized as primary pathogens, where even uncomplicated infections cause substantial production losses. However,
importantly, these viruses may predispose the calf to secondary
bacterial infections, such as Mannheimia haemolyica, Pasteurella multocida, Histophilus somni, or Mycoplasma bovis,
resulting in the bovine respiratory disease complex, the leading
cause of morbidity and mortality in US feedlots. Its economic
impact is considerable due to death losses, reduced performance, and costs of vaccination and treatment.

Strain Variability
bRSV belongs to the family Paramyxoviridae, subfamily
Pneumovirinae, and genus Pneumovirus. Pneumoviruses are
single-stranded, negative-sense RNA viruses with a genome
of approximately 15.2 kb. The RSV viral RNA is transcribed
into 10 major subgenomic mRNAs encoding 11 proteins,
because the M2 gene encodes 2 proteins. Associated with the
genomic RNA are nucleocapsid (N), phosphoprotein, large
polymerase, and associated proteins, as well as transcriptional
antitermination factor M2-1 and RNA regulatory protein
M2-2. There are 3 transmembrane surface glycoproteins: attachment (G), fusion (F), and small hydrophobic. A nonglycosylated
matrix or membrane protein (M) is associated with the inner face
of the envelope. Finally, there are 2 nonstructural (NS) proteins
that accumulate in infected cells: NS1, NS2.
RSV has been classified into 2 subgroups, A and B, based on
antigenic and genetic differences.1,13 bRSV isolates can be
classified into subgroups based on reactivity of mAb to the G
protein, although these may represent variants of a single major
antigenic group.15,19 The F protein is a type I viral fusion protein synthesized as a precursor that is proteolytically cleaved by

a furin into disulfide-linked fragments.57 Although bRSV isolates possess antigenically heterogeneous G proteins, a type
II integral membrane protein, the nucleotide sequences have
been shown to be less variable than for hRSV.19,87 The F and
G glycoproteins contain the main neutralization and protective
epitopes. For RSV, the attachment protein is a major target of
the host anti-RSV antibody response,22 and certain regions may
be under immune selection.95 However, immunologic pressures may differ between bRSV and hRSV, as suggested by differences in the variability of the central hydrophobic region of
the G protein of these viruses.65

bRSV Diagnosis, Experimental Infection, and Pathology
Clinical Signs and Diagnosis of Field Cases. The incubation time for
bRSV is estimated to be 2 to 5 days. Infection can be subclinical and involve the upper respiratory tract or both the upper and
lower regions of the respiratory tree.87 Clinical signs of bRSV
infections can range from minimal to severe with dyspnea and
death. Affected calves can have tachypnea, ocular serous secretions, dry muzzle, reduced activity, anorexia, and fevers up to
40 C. With severe infections, dyspnea can be pronounced and
marked. These signs coincide with bRSV infection, during
which viral replication is detectable beginning at 2 to 3 days
postinfection and continues until 7 to 10 days postinfection.
There has been a biphasic pattern of clinical signs noted following some BRSV infections.10 However, the mechanistic basis
underlying this phenomenon is not fully understood. In
grouped calves, individual animals can become infected, but
there can be spread involving multiple calves. With subclinical
infections, animals may have some loss of feed intake and,
thereby, a subtle reduction in weight gain and activity. With
severe infections, however, anorexia and reduced water consumption can result in weight loss and dehydration in just a few
days. Those animals that do survive severe infection lag to
varying degrees in weight gain and growth. They are also susceptible to secondary bacterial infections with pathogens such
as M. haemolytica, P. multocida, H. somni, and M. bovis that
further alter growth.
Immunofluorescence stains have been used to identify
bRSV antigens in frozen lung samples; however, cellular and
structural resolution is difficult with fluorescent images, and
tissues can have endogenous (background) fluorescence. In
many laboratories, the virus is detected with immunohistochemistry (IHC) of lung tissue fixed in formalin and processed
(Fig. 1). IHC sections allow excellent assessment of cellular
structures and lesions compared to immunofluorescence,
although in practical terms, many samples submitted to diagnostic laboratories have some degree of autolysis due to the
time that it takes for samples to be collected from cattle in the
field or in feedlots and for immersion into formalin. Autolysis
can affect fluorescence and IHC staining and assessment of histopathologic lesions.
Additional diagnostic tests include polymerase chain reaction (PCR), to identify the simple presence of viral genome,
or real-time reverse transcription PCR (RT-PCR), to determine
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Figure 1. Lung; calf of indeterminate age. Immunohistochemical detection of respiratory syncytial virus (RSV) antigen in the lung of a calf in which a
bronchiole is somewhat dilated and variably filled with cell debris, macrophages, and occasional neutrophils. There are areas of ulceration and erosion,
and remaining epithelial cells have viral antigen within the cytoplasm. Around this airway, the lung is consolidated and contains moderate infiltrates of
lymphocytes, macrophages, and occasional neutrophils. Figure 2. Lung; 3-month-old calf; 7 days after experimental infection with bovine RSV (bRSV).
Note multifocal to coalescing areas of plum-red consolidation cranial and ventral aspects of right cranial and middle lobes, and cranial aspect of caudal
lobes Consolidated areas surround and divide foci of pale pink hyperinflated lung. Figure 3. Lung; 3-month-old calf; 7 days after experimental infection
with bRSV. Alveolar septae are thickened due to cellular infiltrates of macrophages, lymphocytes, and lesser numbers of neutrophils. Hematoxylin and
eosin. Figure 4. Lung; 3-month-old calf; 7 days after experimental infection with bRSV. Bronchioles are filled with neutrophils, sloughed epithelial
cells, and necrotic cell debris. Hematoxylin and eosin. Figure 5. Lung; 3-month-old calf; 14 days after experimental infection with bRSV. Bronchiolitis
obliterans is characterized by bronchiolar lumens partially occluded by a polypoid fibrocellular mass composed of mononuclear inflammatory cells,
epithelial cells, fibrin, and multinucleated syncytial cells, all supported by a fine fibrovascular stroma. Inset: Fibrocellular mass protrudes into bronchiolar lumen partially lined with epithelial cells. Hematoxylin and eosin.

the relative level of bRSV mRNA of either F protein or nucleoprotein. A commercial kit detects all bRSV strains assessed
with 99.3% efficiency and a detection limit of 0.1 TCID50
(50% tissue culture infective dose).83 This kit had much higher
sensitivity than that of fluorescent antibody assays. A 1-step
multiplex real-time RT-PCR assay for bRSV, bovine herpesvirus 1, and bovine parainfluenza virus 3 was also found to
be more sensitive than immunofluorescence (and virus isolation).81 Intranasal vaccination (Rispoval RS with PI3 IntraNasal, Pfizer) can result in bRSV detection by an RT-PCR kit
(Taqvet BRSV, Laboratoire Service International) for beyond
14 days in some calves.82
Viral isolation and titers can be determined from lung samples as well. Unfortunately, bRSV is somewhat labile and can
be difficult to isolate and titrate from tissue samples. This is
especially true for samples from the field or tissues that are

packaged and shipped to diagnostic laboratories. A 1-step
enzyme-linked immunosorbent assay has been developed
recently and appears to have advantages in terms of sensitivity
in comparison to an antigen-capture enzyme immunoassay. A
strip test designed for detection of human strains of RSV can
detect bRSV in experimentally infected calves.76
At the diagnostic and pathology laboratories at Iowa State
University, bRSV cases are routinely assessed by postmortem
examination, histopathology, IHC, RT-PCR, and, less frequently, viral isolation. In 2012, the diagnostic laboratory had
45 bovine respiratory disease cases diagnosed with bRSV.
Cases originated from not only Iowa but also Nebraska,
Illinois, Minnesota, Ohio, and Virginia, and the average age
of affected calves was 6 to 7 months. Peak numbers of cases
were seen in the fall, primarily in November and December.
Concurrent infections with infectious bovine rhinotracheitis,
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bovine viral diarrhea virus, P. multocida, M. haemolytica,
M. bovis, H. somni, Arcanobacterium pyogenes and Bibersteinia trehalosi were diagnosed in many of these cases. Although
bacterial pathogens were not always isolated, the majority of
cases had microscopic evidence of concurrent bacterial bronchopneumonia. The routine postmortem tissue work up in the
diagnostic laboratory includes gross and histopathologic evaluations, routine bacterial culture of lung, IHC staining of lung
sections, and a multiplex RT-PCR assay which detects multiple
bovine viral respiratory pathogens and was developed at Iowa
State University.35 In the early stages of clinical disease, tissue
from lesions typical of bRSV in the cranioventral lung fields is
frequently the best sample to use for virus detection.10,48
Experimental Infection. Clinical signs of respiratory disease
observed following experimental infection of calves with bRSV,
while similar to those seen in field cases, have been of varying
degrees of severity. Plausible reasons for the variable results
between studies include differing routes of inoculation, dose of
inoculum, number of times that inoculum was administered, age
of calves, or complicating factors such as secondary bacterial
infection. In comparing a sample of experimental infection studies, routes of inoculation have included intratracheal, intranasal,
aerosol, or a combination of challenge routes, given once or multiple times on consecutive days.30,49,69,94,96 In addition, doses of
inocula utilized in these studies have ranged from 102 to 105
tissue culture infective doses and, in others, up to 105 plaqueforming units. Experimentally infected calves have been shown
to have an elevated temperature beginning at day 2 that persists
until approximately day 7 postinfection. Additionally, increased
respiration rates, nasal discharge, and coughing have been
observed for several days following infection.
Gross and Microscopic Lesions. Lesions observed in field cases or
following experimental infection with bRSV are of a similar
nature. In the lungs of affected animals, gross lesions of bRSV
infection have a cranioventral distribution and are characterized by atelectatic, collapsed, deep red-purple lesions that are
rubbery upon palpation. Consolidated lesions can be present
throughout the cranial, middle, and accessory lobes or lobular
in distribution with areas of consolidation distributed multifocally and surrounded by lobules of pink, overinflated lung
(Fig. 2).68 The nasal meatus, trachea, bronchi, and bronchioles
can contain foamy to mucopurulent discharge. In contrast,
caudodorsal lobes are often distended with interlobular,
lobular, or subpleural emphysematous and edematous lesions.
Caudodorsal lung regions may fail to collapse and, due to
emphysema, may be pale. The demarcation between cranioventral consolidation and caudodorsal edematous and emphysematous changes can be well delineated. Variations in gross
lesions may occur with a generalized red discoloration to all
lung lobes and rubbery texture in both cranioventral and caudodorsal regions. Animals that exhibit severe respiratory distress
may present with emphysematous lesions in interlobular or
subpleural locations, resulting in pneumothorax, pneumomediastinum, or pneumopericardium.8,44 In some cases,

subcutaneous emphysematous bullae may develop along the
shoulders, back, neck, or perineum.8,44 Pulmonary lymph
nodes (ie, mediastinal and tracheobronchial) may be enlarged,
edematous, or even hemorrhagic.
In cranioventral lobes, microscopic lesions are those of a
bronchointerstitial pneumonia, necrotizing bronchiolitis, syncytia formation, type II pneumocyte hyperplasia, and exudative
or proliferative alveolitis (Figs. 3, 4).10 Alveolar lumens often
contain seroproteinaceous fluid, fibrin casts, cell debris, few
alveolar macrophages, and occasional neutrophils. Nearby
alveoli can contain air and be modestly dilated due to hyperinflation. The most consistent feature, necrotizing bronchiolitis,
is characterized by degenerative or necrotic ciliated and nonciliated bronchiolar epithelium. Epithelial cell necrosis leads to
ulcerated foci covered by necrotic cell debris with nearby
degenerate cells exhibiting rounded cell borders. Erosion and
ulceration of the epithelial layer may also lead to attenuation
of epithelial cells as they extend over exposed basement membrane. This results in bronchioles lined by flattened cells that
sometimes have a squamous morphology. IHC may reveal viral
antigen in bronchiolar epithelial cells.23 Multinucleated syncytial cells can often be found projecting from the bronchiolar
wall or free in the lumen. Syncytial cells may also be found
in alveoli. Uncommonly, eosinophilic intracytoplasmic viral
inclusions may be seen in syncytial cells as well as mononuclear cells or epithelia. Neutrophilic exudates may be present
within bronchi, bronchioles, or alveoli. Lobular to diffuse interstitial thickening of alveolar septae is seen and is the result of
alveolar capillary congestion, infiltration of inflammatory cells
(ie, lymphocytes, macrophages), and type II pneumocyte
hyperplasia. Interlobular septae are often widened or expanded
by edema and dilation of lymphatic vessels. Lesion severity
does not often correlate with viral load or viral distribution,
suggesting that much of the tissue damage is the result of host
response rather than primary viral infection.23 Tracheobronchial lymph nodes of affected cattle are often characterized
by enlarged cortical areas with prominent follicles and
expanded parafollicular areas and medullary cords due to lymphocytic hyperplasia. Medullary sinuses often contain macrophages, with variable numbers of lymphocytes, plasma cells,
and hemosiderin-laden macrophages and occasional neutrophils and eosinophils. With secondary bacterial infections or
bovine respiratory disease complex, tracheobronchial lymph
nodes can have a variety of additional histologic features, ranging from suppurative to lymphocytic and granulomatous.
As the infection progresses, an attempt to repair necrotic airways may result in epithelial hyperplasia and bronchiolitis
obliterans, also known as bronchiolitis fibrosa obliterans, obliterative bronchiolitis, or organizing bronchiolitis (Fig. 5).10
Bronchiolitis obliterans can result after damage to the bronchiolar epithelium and has been characterized as ‘‘wound healing
gone awry.’’10 Persistent inflammation with fibrinous exudates
results in attempts to heal through fibroblast infiltration and
neovascularization.10 In as little as 10 days after infection, the
result may be fibrous polyps, covered by respiratory epithelium, extending into the airway lumen, and resulting in
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permanent decreases in airflow and alveolar ventilation.
Bronchiolitis obliterans can be induced by various agents (eg,
viral, bacterial, parasitic, toxic) and is not specific for bRSV.
Ultrastructurally, changes in ciliated and nonciliated epithelial
cells, as well as type I and type II pneumocytes, can range from
acute cell swelling to necrosis.44 Intercellular areas can be
expanded, and epithelial cells may lose intercellular junctions.

Immune Responses to RSV
Innate Immunity. The initiation of an innate immune response is
dependent on the recognition and binding of evolutionarily conserved pathogen-associated molecular patterns (PAMPs) to pattern recognition receptors (PRRs). Recognition of viral PAMPs
involves at least 3 distinct classes of PRRs: toll-like receptors
(TLRs), retinoic acid–inducible gene I–like receptors, and
nucleotide-binding oligomerization domain–like receptors. Recognition of RSV infection involves several TLRs, including
TLR2, 3, 4, 7, and 8.4,98 TLR3, which recognizes doublestranded RNA, and TLR7, which recognizes single-stranded
RNA, are endosomal receptors that are key for the innate recognition of RNA viruses. It has been shown that RSV stimulates
airway epithelial cells via signaling through TLR3 and retinoic
acid–inducible gene I–like receptors, which have been linked
to distinct pathways controlling NF-kB activation.50 The F protein of bRSV has been reported to bind to TLR4 and, in concert
with MD2 and CD14, also mediate NF-kB activation.51
Recognition of viral infection through PRRs results in production of type I IFN and induction of IFN-stimulated genes,
including MxA protein, protein kinase R, ISG15, and 20 -50 oligoadenylate synthetase. Paramyxoviruses are known to utilize
different mechanisms to affect IFN signaling. hRSV and bRSV
have evolved strategies to inhibit the IFN-induced cellular
response that are dependent on NS proteins. As is characteristic
of pneumoviruses, these viruses have 2 genes that encode for
NS proteins. It has been shown that NS1 and NS2 proteins
cooperatively mediate resistance of bRSV and hRSV to IFNstimulated responses in a species-specific manner.6,71 In fact,
the precise mechanism whereby type I IFN responses are
altered varies between these viruses. In the case of bRSV,
NS proteins block phosphorylation and activation of IRF3.7
By comparison, hRSV NS1 and NS2 modulation of type I IFN
responsiveness involves inhibition of Stat2 expression.52
In addition to induction of the IFN response, ligation of
PRRs by viral PAMPs stimulates the early release of inflammatory chemokines and cytokines that are important in the
initiation of adaptive immunity. In particular, activation of
antigen-presenting cells such as dendritic cells and macrophages is critical for this function. Stimulation of bovine dendritic cells with bRSV in vitro results in increased expression
of transcripts for the chemokines RANTES, MIP-1a, MIP2a,
MIP3a, and MCP-2 and the cytokine receptor CCR3.92 Our
laboratory has demonstrated that bRSV infection also induces
inflammatory cytokine production by alveolar macrophages.
Interestingly, the kinetics of induction following bRSV stimulation differs between cytokines. For example, we found

peak induction of IL-1b and IL-12p40 mRNA in alveolar
macrophages occurs on day 3 postinfection in the neonatal
ruminant RSV model, whereas IL-6 mRNA was higher at day
5 than day 3 of infection.18
In addition to antigen-presenting cells, another cell type
thought to be important in bridging the innate and adaptive
immune response is the gd T cell. Recently, our laboratory
demonstrated that stimulation of bovine gd T cells with TLR3
or TLR7 agonists or with in vitro or in vivo bRSV infection
results in robust production of message and protein for the chemokines MIP-1a, GM-CSF, and MCP-1.55 Bovine gd T cells
can express the workshop cluster 1 (WC1) receptor and can
be further divided serologically into WC1.1þ and WC1.2þ subsets. Production of proinflammatory mediators following
bRSV stimulation was primarily restricted to WC1.1 and
WC1neg gd T-cell subsets, with the WC1.2þ gd T-cell subset
producing regulatory cytokines, including IL-10 and TGF-b,
suggesting a unique functional difference amongst bovine gd
T-cell populations following bRSV infection.
Recently, our laboratory has shown a significant upregulation
of the innate chemokine IL-8 in areas of lungs with lesions of
RSV-infected calves on day 7 postinfection.69 While the source
of IL-8 in our model is not clear, Gershwin has suggested that
bRSV-infected bovine respiratory/turbinate epithelial cells upregulate transcripts for the proinflammatory cytokines IL-6 and IL8.24 Interestingly, our results fit well with data showing that IL-8
is elevated in the respiratory tract of children with RSV bronchiolitis. Rodents lack a bona fide homologue of IL-8, although mice
have what are considered to be functional homologues, CXCL1
(GRO/KC), CXCL2 (MIP-2), and CXCL5-6 (LIX), which belong
to the same major cluster of chemokines. Thus, it is important to
note that the calf can prove useful as an in vivo model for future
exploration into pathways that specifically regulate innate
immune responses during RSV infection.
Adaptive Immune Responses. The development of an adaptive
immune response is required for the control and clearance of
established RSV infections. Following infection, cattle mount
virus-specific antibody and T-cell responses; however, these
responses are weak and transient, as animals can be continuously
reinfected throughout life. It is clear from work in mice and
humans that CD4 and CD8 ab T cells mediate elimination of
a primary RSV infection. T-cell responses are directed at epitopes within several RSV proteins, including the N, M, NS2,
M2-1, F, and G.58 The F and G proteins are the major histocompatibility antigen class II–restricted targets in humans and cattle,9,58 with the F protein of hRSV being the most thoroughly
studied and described to contain multiple antigenic regions.88
To our knowledge, there are currently no specific bovine leukocyte antigen class II epitopes defined for bRSV in the bovine.
RSV infection in humans induces a mixed Th1- and Th2-type
cytokine response.62 Production of IL-12 by dendritic cells and
early IFNg are required for the priming of an effective
Th1-type cytokine response; however, hRSV has been shown to
interfere with dendritic cell cytokine production and its ability
to initiate the development of a Th1 response.3,9,31 The ensuing
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Th2 polarized response leads to increased disease severity and
lung injury and is thought to block the development of an effective
CD8 T-cell response during primary and secondary
challenge.5,9,17,36
Like humans, calves infected with bRSV develop a mixed
cytokine response but favor the development of a Th2-type
immune response following infection. Studies of the cells and
lymph fluid from bRSV-infected calves reveal enhanced IL-4
and IL-13 production in the serum and tissues as early as
day 4 postinfection and increased serum levels of virusspecific IgE, indicating the establishment of a Th2-type
response.59,77,78 Calves develop IFNg-producing cells and
levels of the cytokine increase in the serum, but neither cell
numbers nor IFNg levels correlate with positive disease outcome.26 Evidence from humans has suggested that due to the
Th2 nature of the antiviral immune response, hRSV infection may predispose children to the development of allergies
and asthma later in life.73,74 Interestingly, bRSV infection in
calves has also been shown to predispose to allergic sensitization.25,27 Gershwin et al demonstrated that exposure to
the model allergen ovalbumin during bRSV infection
resulted in significantly increased levels of IL-4, IL-13, and
ovalbumin-specific IgE compared to uninfected control
calves.25
Cytotoxic CD8 T cells play a critical role in the control and
clearance of RSV infection. Bovine CD8 T cells target the M2,
F, N, and G proteins of bRSV.20,79 Calves infected with bRSV
exhibit increased CD8 T-cell infiltration in the lungs, trachea,
and nasopharynx,56 with cytotoxic T-cell activity peaking
between 7 and 10 days postinfection.97 As evidence of their
importance during infection, depletion of CD8 T cells from
bRSV-infected calves results in more severe disease and
increased and sustained viral shedding compared to nondepleted control animals.80 Although bRSV elicits a cytotoxic
T-cell response, it is weak and transient.21,97 Anecdotally, this
is evidenced by the recurring infections that occur commonly
in humans and calves.29,89 Calves infected with bRSV exhibit
limited bRSV-specific cytotoxicity during primary infections
and impaired memory responses following challenge or vaccination.21,97 This may be due to the strong Th2 skewing that
occurs during RSV infection, which acts to inhibit the development of an efficient CD8 T-cell response and prevent the establishment of long-lived memory.9
Humoral immunity plays an important role in defending the
host from RSV infection. While not fully effective, maternal
antibodies may provide some level of protection from severe
bRSV infection;46 however, their presence has also been
described to suppress the development of antibody and T-cell
responses during acute infection.14,45 Calves mount antibody
responses to several bRSV antigens, but the primary targets for
protective humoral responses are the F, G, and NP proteins.79
bRSV-specific IgM and IgA can be detected in the nasal secretions and serum of bRSV-infected calves as early as 8 days
postinfection.45 BRSV-specific IgG2 is not detected in the
serum until 1 to 3 months postinfection, while virus-specific
IgG1 is detectable starting at 13 days postinfection.45 In a

separate study, virus-specific IgE, another antibody associated
with Th2 skewing and airway hyperresponsiveness, was detectable in the serum concurrent with the development of clinical
signs.77,78

BRSV Vaccines
There are multiple vaccines currently marketed for bRSV
(killed and modified live) that are generally provided as part
of multivalent products. In the 1960s, a formalin-inactivated
RSV vaccine was developed that not only failed to protect
against hRSV disease but also induced an exaggerated clinical
response to RSV infection in infants who were RSV näive
before vaccination, and 2 infants died.11,41,42 Similar vaccineenhanced disease has been reported from 2 cases of natural
bRSV infections in calves.43,72 In the former case, an outbreak
of respiratory tract disease among 5- to 7-month-old calves on a
beef-fattening farm in the Netherlands started 2 days after
administration of a modified-live bRSV vaccine.43 The disease
was severe among vaccinates but absent in nonvaccinated
calves 8 months of age or older. In the latter case, 30% of 8month-old Belgian blue calves vaccinated with a b-propiolactone inactivated bRSV vaccine died during a naturally occurring bRSV outbreak. Interestingly, no deaths were recorded
among younger calves not vaccinated.72 Experimentally,
vaccine-enhanced disease has been reproduced in some studies
of calves vaccinated with formalin-inactivated bRSV preparations2,28 but not in others.60,93 Where bRSV vaccine-enhanced
disease has been observed, there is a bias toward a Th2-like
response, characterized by a reduced CD8 T-cell response and
decreased production of IFNg compared to unvaccinated
bRSV-infected animals.97 Others also observed increases in
serum IgE2,40 and eosinophils in lavage fluid,2 similar to that
observed in children with vaccine-enhanced disease.
Although there is widespread use of bRSV vaccines in
calves, their efficacy is controversial, and given the significant
disease burden associated with bRSV infection, there is a definite need for improved technologies. BRSV and its target population pose several obstacles with respect to vaccine
development, particularly the need to vaccinate calves with
immature immune systems, induce a response in the face of
maternal antibodies, and effect an appropriate, robust, and
long-lasting immune response.
Researchers are currently studying the use of subunit-based
vaccines and live attenuated bRSV.58 One promising example
reported by Valarcher et al was the success of 2 bRSV strains,
one devoid of NS1 and the other lacking NS2.85 Calves vaccinated with either deletion mutant exhibited a robust virusspecific antibody and CD4 T-cell response and were protected
against virus challenge.85 Interestingly, the NS2 mutant was
more effective than its counterpart. Another group used a subunit approach by immunizing calves with nanoparticles encapsulating the N protein of hRSV. In this study, investigators
observed N-specific antibodies and cellular responses, as well
as reduced viral shedding and lung pathology in vaccinated
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calves. Furthermore, the calves did not exhibit vaccineenhanced disease.66
An additional area being extensively pursued against bRSV
is the use of new adjuvants coupled with inactivated bRSV or subunit vaccines. Among those showing promise is the use of CpG
containing oligodeoxynucleotides53 and immunostimulating
complexes,32,33 both of which induce a robust Th1 skewing.
Immunostimulating complexes are multimers composed of cholesterol, phospholipids, proteins, and Quillaja saponins. Recent
studies by Hagglund et al have described the ability bRSV immunostimulating complexes to successfully induce bRSV-specific
cellular and humoral responses and protect from virulent bRSV
challenge in neonatal calves aged 3 to 8 weeks. Interestingly, this
protection was robust despite the presence of significant levels of
maternally derived antibodies.32,33 Further information on novel
approaches to bRSV vaccine development have been recently
reviewed.58

Summary
RSV infection in cattle continues to be a problematic disease
resulting in significant economic losses to the industry due to
decreased productivity coupled with increased costs for treatment. RSV is well recognized as a primary pathogen causing
serious respiratory disease that predisposes cattle to secondary
infection. hRSV and bRSV are closely related viruses with
similarities in histopathologic lesions and mechanisms of
immune modulation induced following infection. The innate
and adaptive responses to RSV in calves are becoming increasingly understood; however, additional mechanistic insight is
needed to better identify prophylactic and therapeutic compounds and vaccine targets.
Declaration of Conflicting Interests
The author(s) declared no potential conflicts of interest with respect to
the research, authorship, and/or publication of this article.

Funding
The author(s) received no financial support for the research, authorship, and/or publication of this article.

References
1. Anderson LJ, Hierholzer JC, Tsou C, et al. Antigenic characterization of respiratory syncytial virus strains with monoclonal antibodies. J Infect Dis. 1985;151:626–633.
2. Antonis AF, Schrijver RS, Daus F, et al. Vaccine-induced immunopathology during bovine respiratory syncytial virus infection:
exploring the parameters of pathogenesis. J Virol. 2003;77:
12067–12073.
3. Bartz H, Turkel O, Hoffjan S, et al. Respiratory syncytial virus
decreases the capacity of myeloid dendritic cells to induce
interferon-gamma in naive T cells. Immunology. 2003;109:49–57.
4. Bendelja K, Vojvoda V, Aberle N, et al. Decreased Toll-like
receptor 8 expression and lower TNF-alpha synthesis in infants
with acute RSV infection [published online October 14, 2010].
Respir Res. 2010;11(143).

5. Boelen A, Kwakkel J, Barends M, et al. Effect of lack of
interleukin-4, interleukin-12, interleukin-18, or the interferongamma receptor on virus replication, cytokine response, and lung
pathology during respiratory syncytial virus infection in mice. J
Med Virol. 2002;66:552–560.
6. Bossert B, Conzelmann KK. Respiratory syncytial virus (RSV)
nonstructural (NS) proteins as host range determinants: a chimeric
bovine RSV with NS genes from human RSV is attenuated in
interferon-competent bovine cells. J Virol. 2002;76:4287–4293.
7. Bossert B, Marozin S, Conzelmann KK. Nonstructural proteins
NS1 and NS2 of bovine respiratory syncytial virus block activation of interferon regulatory factor 3. J Virol. 2003;77:8661–8668.
8. Bryson DG. Necropsy findings associated with BRSV pneumonia. Vet Med. 1993;88:894–899.
9. Bueno SM, Gonzalez PA, Pacheco R, et al. Host immunity during
RSV pathogenesis. Int immunopharmacol. 2008;8:1320–1329.
10. Caswell JL, Williams KJ. Respiratory system. In: Maxie MG, ed.
Jubb, Kennedy and Palmer’s Pathology of Domestic Animals. 5th
ed. Edinburgh, Scotland: Saunders, 2008: 597–598.
11. Chin J, Magoffin RL, Shearer LA, et al. Field evaluation of a
respiratory syncytial virus vaccine and a trivalent parainfluenza
virus vaccine in a pediatric population. Am J Epidemiol. 1969;
89:449–463.
12. Collins JK, Teegarden RM, MacVean DW, et al. Prevalence and
specificity of antibodies to bovine respiratory syncytial virus in sera
from feedlot and range cattle. Am J Vet Res. 1988;49:1316–1319.
13. Cristina J, Lopez JA, Albo C, et al. Analysis of genetic variability
in human respiratory syncytial virus by the RNase A mismatch
cleavage method: subtype divergence and heterogeneity. Virology. 1990;174:126–134.
14. Crowe JE Jr, Williams JV. Immunology of viral respiratory tract
infection in infancy. Paediatr Respir Rev. 2003;4:112–119.
15. Deplanche M, Lemaire M, Mirandette C, et al. In vivo evidence
for quasispecies distributions in the bovine respiratory syncytial
virus genome. J Gen Virol. 2007;88(pt 4):1260–1265.
16. Doggett JE, Taylor-Robinson D, Gallop RG. A study of an inhibitor in bovine serum active against respiratory syncytial virus.
Arch Gesamte Virusforsch. 1968;23:126–137.
17. Durbin JE, Johnson TR, Durbin RK, et al. The role of IFN in
respiratory syncytial virus pathogenesis. J Immunol. 2002;168:
2944–2952.
18. Fach SJ, Meyerholz DK, Gallup JM, et al. Neonatal ovine pulmonary dendritic cells support bovine respiratory syncytial virus
replication with enhanced interleukin (IL)-4 and IL-10 gene transcripts. Viral Immunol. 2007;20:119–130.
19. Furze JM, Roberts SR, Wertz GW, et al. Antigenically distinct G
glycoproteins of BRSV strains share a high degree of genetic
homogeneity. Virology. 1997;231:48–58.
20. Gaddum RM, Cook RS, Furze JM, et al. Recognition of bovine
respiratory syncytial virus proteins by bovine CD8þ T lymphocytes. Immunology. 2003;108:220–229.
21. Gaddum RM, Cook RS, Thomas LH, et al. Primary cytotoxic
T-cell responses to bovine respiratory syncytial virus in calves.
Immunology. 1996;88:421–427.
22. Garcia O, Martin M, Dopazo J, et al. Evolutionary pattern of
human respiratory syncytial virus (subgroup A): cocirculating

Downloaded from vet.sagepub.com at IOWA STATE UNIV on July 5, 2016

434

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.
38.

39.

Veterinary Pathology 51(2)
lineages and correlation of genetic and antigenic changes in the G
glycoprotein. J Virol. 1994;68:5448–5459.
Gershwin LJ. Bovine respiratory syncytial virus infection:
immunopathogenic mechanisms. Anim Health Res Rev 2007;8:
207–213.
Gershwin LJ. Immunology of bovine respiratory syncytial virus
infection of cattle. Comp Immunol Microbiol Infect Dis. 2012;
35:253–257.
Gershwin LJ, Anderson ML, Wang C, et al. Assessment of IgE
response and cytokine gene expression in pulmonary efferent
lymph collected after ovalbumin inhalation during experimental
infection of calves with bovine respiratory syncytial virus. Am J
Vet Res. 2011;72:134–145.
Gershwin LJ, Gunther RA, Anderson ML, et al. Bovine respiratory syncytial virus-specific IgE is associated with interleukin-2
and -4, and interferon-gamma expression in pulmonary lymph
of experimentally infected calves. Am J Vet Res. 2000;61:
291–298.
Gershwin LJ, Gunther RA, Hornof WJ, et al. Effect of infection
with bovine respiratory syncytial virus on pulmonary clearance
of an inhaled antigen in calves. Am J Vet Res. 2008;69:416–422.
Gershwin LJ, Schelegle ES, Gunther RA, et al. A bovine model of
vaccine enhanced respiratory syncytial virus pathophysiology.
Vaccine. 1998;16:1225–1236.
Glezen WP, Taber LH, Frank AL, et al. Risk of primary infection
and reinfection with respiratory syncytial virus. Am J Dis Child.
1986;140:543–546.
Grell SN, Riber U, Tjornehoj K, et al. Age-dependent differences
in cytokine and antibody responses after experimental RSV infection in a bovine model. Vaccine. 2005;23:3412–3423.
Guerrero-Plata A, Casola A, Suarez G, et al. Differential response
of dendritic cells to human metapneumovirus and respiratory syncytial virus. Am J Respir Cell Mol Biol. 2006;34:320–329.
Hagglund S, Hu K, Vargmar K, et al. Bovine respiratory syncytial
virus ISCOMs: immunity, protection and safety in young conventional calves. Vaccine. 2011;29:8719–8730.
Hagglund S, Hu KF, Larsen LE, et al. Bovine respiratory syncytial virus ISCOMs: protection in the presence of maternal antibodies. Vaccine. 2004;23:646–655.
Hagglund S, Svensson C, Emanuelson U, et al. Dynamics of virus
infections involved in the bovine respiratory disease complex in
Swedish dairy herds. Vet J. 2006;172:320–328.
Han J-I, Cho Y-I, Cooper VL, et al. Development of a panel of
multiplex real-time polymerase chain reaction assays for simultaneous detection of bovine respiratory pathogens. J Clin Microbiol. Accepted for publication.
Hussell T, Baldwin CJ, O’Garra A, et al. CD8þ T cells control
Th2-driven pathology during pulmonary respiratory syncytial
virus infection. Eur J Immunol. 1997;27:3341–3349.
Inaba Y, Tanaka Y, Omori T, et al. Isolation of bovine respiratory
syncytial virus. Jpn J Exp Med. 1970;40:473–474.
Inaba Y, Tanaka Y, Sato K, et al. Nomi virus, a virus isolated from
an apparently new epizootic respiratory disease of cattle. Jpn J
Microbiol. 1970;14:246–248.
Jacobs JW, Edington N. Isolation of respiratory syncytial virus
from cattle in Britain. Vet Rec. 1971;88:694.

40. Kalina WV, Woolums AR, Berghaus RD, et al. Formalininactivated bovine RSV vaccine enhances a Th2 mediated immune
response in infected cattle. Vaccine. 2004;22:1465–1474.
41. Kapikian AZ, Mitchell RH, Chanock RM, et al. An epidemiologic
study of altered clinical reactivity to respiratory syncytial (RS)
virus infection in children previously vaccinated with an inactivated RS virus vaccine. Am J Epidemiol. 1969;89:405–421.
42. Kim HW, Canchola JG, Brandt CD, et al. Respiratory syncytial
virus disease in infants despite prior administration of antigenic
inactivated vaccine. Am J Epidemiol. 1969;89:422–434.
43. Kimman TG, Sol J, Westenbrink F, et al. A severe outbreak of
respiratory tract disease associated with bovine respiratory syncytial virus probably enhanced by vaccination with modified live
vaccine. Vet Q. 1989;11:250–253.
44. Kimman TG, Straver PJ, Zimmer GM. Pathogenesis of naturally
acquired bovine respiratory syncytial virus infection in calves:
morphologic and serologic findings. Am J Vet Res. 1989;50:
684–693.
45. Kimman TG, Westenbrink F, Schreuder BE, et al. Local and systemic antibody response to bovine respiratory syncytial virus
infection and reinfection in calves with and without maternal antibodies. J Clin Microbiol. 1987;25:1097–1106.
46. Kimman TG, Zimmer GM, Westenbrink F, et al. Epidemiological
study of bovine respiratory syncytial virus infections in calves:
influence of maternal antibodies on the outcome of disease. Vet
Rec. 1988;123:104–109.
47. Larsen LE, Tjornehoj K, Viuff B. Extensive sequence divergence
among bovine respiratory syncytial viruses isolated during recurrent outbreaks in closed herds. J Clin Microbiol. 2000;38:
4222–4227.
48. Larsen LE, Tjornehoj K, Viuff B, et al. Diagnosis of enzootic
pneumonia in Danish cattle: reverse transcription-polymerase
chain reaction assay for detection of bovine respiratory syncytial
virus in naturally and experimentally infected cattle. J Vet Diag.
1999;11:416–422.
49. LeBlanc PH, Baker JC, Gray PR, et al. Effects of bovine respiratory syncytial virus on airway function in neonatal calves. Am J
Vet Res. 1991;52:1401–1406.
50. Liu P, Jamaluddin M, Li K, et al. Retinoic acid-inducible gene I
mediates early antiviral response and Toll-like receptor 3 expression in respiratory syncytial virus-infected airway epithelial cells.
J Virol. 2007;81:1401–1411.
51. Lizundia R, Sauter KS, Taylor G, et al. Host species-specific
usage of the TLR4-LPS receptor complex. Innate Immun. 2008;
14:223–231.
52. Lo MS, Brazas RM, Holtzman MJ. Respiratory syncytial virus
nonstructural proteins NS1 and NS2 mediate inhibition of Stat2
expression and alpha/beta interferon responsiveness. J Virol.
2005;79:9315–9319.
53. Mapletoft JW, Oumouna M, Townsend HG, et al. Formulation
with CpG oligodeoxynucleotides increases cellular immunity and
protection induced by vaccination of calves with formalininactivated bovine respiratory syncytial virus. Virology. 2006;
353:316–323.
54. Martin SW, Bateman KG, Shewen PE, et al. The frequency, distribution and effects of antibodies, to seven putative respiratory

Downloaded from vet.sagepub.com at IOWA STATE UNIV on July 5, 2016

Sacco et al

55.

56.

57.

58.

59.

60.

61.

62.

63.
64.

65.

66.

67.
68.

69.

70.

71.

435

pathogens, on respiratory disease and weight gain in feedlot
calves in Ontario. Can J Vet Res. 1989;53:355–362.
McGill JL, Nonnecke BJ, Lippolis JD, et al. Differential chemokine and cytokine production by neonatal bovine gammadelta T
cell subsets in response to viral toll-like receptor agonists and in
vivo RSV infection. Immunology. 2013;139:227–244.
McInnes E, Sopp P, Howard CJ, et al. Phenotypic analysis of local
cellular responses in calves infected with bovine respiratory syncytial virus. Immunology. 1999;96:396–403.
McLellan JS, Yang Y, Graham BS, et al. Structure of respiratory
syncytial virus fusion glycoprotein in the postfusion conformation
reveals preservation of neutralizing epitopes. J Virol. 2011;85:
7788–7796.
Meyer G, Deplanche M, Schelcher F. Human and bovine respiratory syncytial virus vaccine research and development. Comp
Immunol Microbiol Infect Dis. 2008;31:191–225.
Miao C, Woolums AR, Zarlenga DS, et al. Effects of a single
intranasal dose of modified-live bovine respiratory syncytial virus
vaccine on cytokine messenger RNA expression following viral
challenge in calves. Am J Vet Res. 2004;65:725–733.
Mohanty SB, Rockemann DD, Davidson JP, et al. Effect of vaccinal serum antibodies on bovine respiratory syncytial viral infection in calves. Am J Vet Res. 1981;42:881–883.
Ohlson A, Alenius S, Traven M, et al. A longitudinal study of
the dynamics of bovine corona virus and respiratory syncytial
virus infections in dairy herds [published online March 4,
2013]. Vet J.
Openshaw PJ, Tregoning JS. Immune responses and disease
enhancement during respiratory syncytial virus infection. Clin
Microbiol Rev. 2005;18:541–555.
Paccaud MF, Jacquier C. A respiratory syncytial virus of bovine
origin. Arch Gesamte Virusforsch. 1970;30:327–342.
Paton DJ, Christiansen KH, Alenius S, et al. Prevalence of antibodies to bovine virus diarrhoea virus and other viruses in bulk tank
milk in England and Wales. Vet Rec. 1998;142:385–391.
Prozzi D, Walravens K, Langedijk JP, et al. Antigenic and molecular analyses of the variability of bovine respiratory syncytial
virus G glycoprotein. J Gen Virol. 1997;78(pt 2):359–366.
Riffault S, Meyer G, Deplanche M, et al. A new subunit vaccine
based on nucleoprotein nanoparticles confers partial clinical and
virological protection in calves against bovine respiratory syncytial virus. Vaccine. 2010;28:3722–3734.
Rosenquist BD. Isolation of respiratory syncytial virus from calves
with acute respiratory disease. J Infect Dis. 1974;130:177–182.
Sacco RE, McGill JL, Palmer MV, et al. Neonatal calf infection
with respiratory syncytial virus: drawing parallels to the disease
in human infants. Viruses. 2012;4:3731–3753.
Sacco RE, Nonnecke BJ, Palmer MV, et al. Differential expression of cytokines in response to respiratory syncytial virus infection of calves with high or low circulating 25-hydroxyvitamin D3.
PloS one. 2012;7: e33074.
Sarmiento-Silva RE, Nakamura-Lopez Y, Vaughan G. Epidemiology, molecular epidemiology and evolution of bovine
respiratory syncytial virus. Viruses. 2012;4:3452–3467.
Schlender J, Bossert B, Buchholz U, et al. Bovine respiratory syncytial virus nonstructural proteins NS1 and NS2 cooperatively

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

antagonize alpha/beta interferon-induced antiviral response. J
Virol. 2000;74:8234–8242.
Schreiber P, Matheise JP, Dessy F, et al. High mortality rate associated with bovine respiratory syncytial virus (BRSV) infection in
Belgian white blue calves previously vaccinated with an inactivated BRSV vaccine. J Vet Med B Infect Dis Vet Public Health
2000;47:535–550.
Sigurs N, Bjarnason R, Sigurbergsson F, et al. Asthma and immunoglobulin E antibodies after respiratory syncytial virus bronchiolitis: a prospective cohort study with matched controls. Pediatrics.
1995;95:500–505.
Sigurs N, Gustafsson PM, Bjarnason R, et al. Severe respiratory
syncytial virus bronchiolitis in infancy and asthma and allergy
at age 13. Am J Respir Crit Care Med 2005;171:137–141.
Smith MH, Frey ML, Dierks RE. Isolation, characterization, and
pathogenicity studies of a bovine respiratory syncytial virus. Arch
Virol. 1975;47:237–247.
Socha W, Rola J. Use of rapid human respiratory syncytial virus
strip tests for detection of bovine respiratory syncytial virus in
experimentally vaccinated calves. Pol J Vet Sci. 2012;15:629–634.
Stewart RS, Gershwin LJ. Detection of IgE antibodies to bovine
respiratory syncytial virus. Vet Immunol Immunopathol. 1989;
20:313–323.
Stewart RS, Gershwin LJ. Role of IgE in the pathogenesis of
bovine respiratory syncytial virus in sequential infections in vaccinated and nonvaccinated calves. Am J Vet Res. 1989;50:
349–355.
Taylor G, Thomas LH, Furze JM, et al. Recombinant vaccinia
viruses expressing the F, G or N, but not the M2, protein of bovine
respiratory syncytial virus (BRSV) induce resistance to BRSV
challenge in the calf and protect against the development of pneumonic lesions. J Gen Virol. 1997;78(pt 12):3195–3206.
Thomas LH, Cook RS, Howard CJ, et al. Influence of selective
T-lymphocyte depletion on the lung pathology of gnotobiotic
calves and the distribution of different T-lymphocyte subsets
following challenge with bovine respiratory syncytial virus. Res
Vet Sci. 1996;61:38–44.
Thonur L, Maley M, Gilray J, et al. One-step multiplex real time
RT-PCR for the detection of bovine respiratory syncytial virus,
bovine herpesvirus 1 and bovine parainfluenza virus 3. BMC Vet
Res. 2012;8(37).
Timsit E, Le Drean E, Maingourd C, et al. Detection by real-time
RT-PCR of a bovine respiratory syncytial virus vaccine in calves
vaccinated intranasally. Vet Rec. 2009;165:230–233.
Timsit E, Maingourd C, Le Drean E, et al. Evaluation of a commercial real-time reverse transcription polymerase chain reaction
kit for the diagnosis of Bovine respiratory syncytial virus infection. J Vet Diagn Invest. 2010;22:238–241.
Uttenthal A, Larsen LE, Philipsen JS, et al. Antibody
dynamics in BRSV-infected Danish dairy herds as determined
by isotype-specific immunoglobulins. Vet Microbiol. 2000;76:
329–341.
Valarcher JF, Furze J, Wyld S, et al. Role of alpha/beta interferons
in the attenuation and immunogenicity of recombinant bovine
respiratory syncytial viruses lacking NS proteins. J Virol. 2003;
77:8426–8439.

Downloaded from vet.sagepub.com at IOWA STATE UNIV on July 5, 2016

436

Veterinary Pathology 51(2)

86. Valarcher JF, Schelcher F, Bourhy H. Evolution of bovine
respiratory syncytial virus. J Virol. 2000;74:10714–10728.
87. Valarcher JF, Taylor G. Bovine respiratory syncytial virus infection. Vet Res. 2007;38:153–180.
88. van Bleek GM, Poelen MC, van der Most R, et al. Identification of
immunodominant epitopes derived from the respiratory syncytial
virus fusion protein that are recognized by human CD4 T cells.
J Virol. 2003;77:980–988.
89. Van der Poel WH, Brand A, Kramps JA, et al. Respiratory syncytial virus infections in human beings and in cattle. J Infect. 1994;
29:215–228.
90. Van Vuuren M. Serological studies of bovine respiratory syncytial virus in feedlot cattle in South Africa. J S Afr Vet Assoc.
1990;61:168–169.
91. Wellemans G, Leunen J, Luchsinger E. Isolement d’un virus
(220/69) serologiquement semblable au virus respiratoire syncytial (RS) humain. Ann Med Veterinaire. 1970;114:89–93.
92. Werling D, Koss M, Howard CJ, et al. Role of bovine chemokines
produced by dendritic cells in respiratory syncytial virus-induced
T cell proliferation. Vet Immunol Immunopathol. 2002;87:
225–233.

93. West K, Petrie L, Haines DM, et al. The effect of formalininactivated vaccine on respiratory disease associated with bovine
respiratory syncytial virus infection in calves. Vaccine. 1999;17:
809–820.
94. West K, Petrie L, Konoby C, et al. The efficacy of modified-live
bovine respiratory syncytial virus vaccines in experimentally
infected calves. Vaccine. 1999;18:907–919.
95. Woelk CH, Holmes EC. Variable immune-driven natural selection in the attachment (G) glycoprotein of respiratory syncytial
virus (RSV). J Mol Evol. 2001;52:182–192.
96. Woolums AR, Anderson ML, Gunther RA, et al. Evaluation of
severe disease induced by aerosol inoculation of calves with bovine
respiratory syncytial virus. Am J Vet Res. 1999;60:473–480.
97. Woolums AR, Gunther RA, McArthur-Vaughan K, et al. Cytotoxic T lymphocyte activity and cytokine expression in calves
vaccinated with formalin-inactivated bovine respiratory syncytial
virus prior to challenge. Comp Immunol Microbiol Infect Dis.
2004;27:57–74.
98. Zeng R, Cui Y, Hai Y, et al. Pattern recognition receptors for
respiratory syncytial virus infection and design of vaccines. Virus
Res. 2012;167:138–145.

Downloaded from vet.sagepub.com at IOWA STATE UNIV on July 5, 2016

