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Abstract

Asthma is a common and debilitating disease that has substantially increased in prevalence in Western Societies in the last 2 decades.
Respiratory tract infections by respiratory syncytial virus (RSV) and rhinovirus (RV) are widely implicated as common causes of the induction and
exacerbation of asthma. These infections in early life are associated with the induction of wheeze that may progress to the development of asthma.
Infections may also promote airway inflammation and enhance T helper type 2 lymphocyte (Th2 cell) responses that result in exacerbations of
established asthma. The mechanisms of how RSVand RV induce and exacerbate asthma are currently being elucidated by clinical studies, in vitro
work with human cells and animal models of disease. This research has led to many potential therapeutic strategies and, although none are yet part
of clinical practise, they show much promise for the prevention and treatment of viral disease and subsequent asthma.
© 2007 Elsevier Inc. All rights reserved.
Keywords: Respiratory syncytial virus; Rhinovirus; Induction; Exacerbation; Asthma; Allergy; Treatment; Prevention
Abbreviations: AAD, allergic airways disease; AHR, airway hyperresponsiveness; APC, antigen-presenting cell; ASM, airway smooth muscle; BALF, broncho-
alveolar lavage fluid; BEC, bronchoepithelial cell; bFGF, basic fibroblast growth factor; CAM, Cellular adhesion molecules; CCR, CC chemokine receptor; CGRP,
Calcitonin gene-related peptide; CRP, C reactive protein; dsRNA, double stranded RNA; ECP, eosinophil cationic protein; ENA-78, Epithelial neutrophil-activating
peptide-78; FEV1, forced expiratory volume; FI, formalin-inactivated; G-CSF and GM-CSF, granulocyte and granulocyte-macrophage colony stimulating factor;
ICS, inhaled corticosteroid; IFN, interferon, IFN; IL, interleukin; IP-10, IFN-γ inducible protein-10; LABA, long acting beta agonist; LDH, lactate dehydrogenase;
LDLPR, low density lipoprotein receptor; LRT, lower respiratory tract; LT, leukotriene; mAB, monoclonal antibody; MCP, monocyte chemoattractant proteins;
mDC, myeloid dendritic cell; MHC, Major histocompatibility; MIP, macrophage inhibitory proteins; MPV, metapneumovirus; NF-kB, nuclear factor (NF)-kB; NK
cells, natural killer cells; NK1, neurogenic receptor 1; OR, odds ratio; PAF, platelet-activating factor; PBMC, peripheral blood mononuclear cell; pDC, plasmacytoid
dendritic cell; PEF, peak expiratory flow; Penh, enhanced pause; pfu, plaque forming units; PG, Prostaglandin; PKR, protein kinase R; PVM, pneumonia virus of
mice; RAD, reactive airway disease; RANTES, Regulated on activation normal T cell expressed and secreted; RR, relative risk; RSV, respiratory syncytial virus; RV,
rhinovirus (RV); ssRNA, single stranded RNA; TGF, transforming growth factor; Th, T helper lymphocytes; TLR, Toll-like receptors; TNF, tumor necrosis factor;
URT, upper respiratory tract; VEGF, vascular endothelial growth factor; vs, versus; WBC, white blood cell.
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1. Introduction

1.1. Asthma

Asthma is thought to affect at least 300 million people of all
ages and ethnic backgrounds worldwide (Global strategy for
asthma management and prevention, 1995). Between 1 in 5 and
1 in 10 people are affected in Western societies and the
prevalence has doubled since 1980 (Umetsu et al., 2002; AIHW,
2005). It is now considered to be an epidemic and results in a
massive economic burden to communities. Exacerbations are
typically caused by exposure to environmental factors to which
the individual is allergic. Although asthma is clearly recognised
released by respiratory epithelium upon viral infection (Dakhama

Family

Interferons
Interleukins
Tumor necrosis factors

Monocyte chemoattracta
Macrophage inhibitory p

Eotaxins

tibility (MHC) molecules Cellular adhesion molecu
es

n receptors Toll-like receptors

Prostaglandins

Leukotrienes

Growth factors

Colony stimulating facto

tides Defensins

Collectins

Endothelins
as an inflammatory condition, our understanding of the
mechanisms of pathogenesis remains rudimentary. Clinically
asthma is characterised by airway obstruction, wheezing and
episodic breathlessness in association with increased sensitivity
of the airways to non-specific stimuli (termed airway hyperre-
sponsiveness (AHR)) (Bousquet et al., 2000). Wheezing is a
high-pitched whistling or squeaking, which originates from the
chest and is made during breathing (Michel et al., 2006). A
predominant feature of disease is the acute-on-chronic infiltra-
tion of pro-inflammatory activated CD4+ Th2 cells and
eosinophils into the airways, which are critical regulators of
pathogenesis (Robinson et al., 1993; Kay, 2005). Typical
pathogenic features include: IgE production; airway smooth
et al., 2005a)

Molecule

IFN-α, IFN-β, IFN-λ
IL-1β, IL-6, IL-10, IL-11
TNF-α
IL-8

nt proteins MCP-1, MCP-4
roteins MIP-1α, MIP-3α

Regulated on activation normal T cell expressed and
secreted (RANTES)
1, 2
Epithelial neutrophil-activating peptide-78 (ENA-78)
IFN-γ inducible protein-10 (IP-10)

les MHC I, MHC II
ICAM-1, VCAM-1, Ep-CAM
α1–6, 8, 9
β1, 4–6, 8
TLRs 1–10
CD14
PGE2, PGF2x
Thromboxane B2

LTB4, LTC4, LTD4, LTE4

Epidermal GF
Platelet derived GF
Transforming GF (TGF)-α,β
Basic fibroblast GF (bFGF)
Insulin-like GF

rs Granulocyte CSF (G-CSF)
Granulocyte-macrophage CSF (GM-CSF)
α, β
Lysozyme
Lactoferrin
Surfactant protein-A,D
Substance P
Calcitonin gene-related peptide (CGRP)

Nitric oxide
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muscle (ASM) and goblet cell hypertrophy/hyperplasia; mucus
hypersecretion; eosinophil, neutrophil and mononuclear cell
infiltration into submucosal layer of the airways; mast cell and
macrophage activation; sloughing of airway epithelial cells; and
AHR (Foster et al., 1996; Kumar, 2001; Cohn et al., 2004). Th2
cells and activated inflammatory cells release a range of
mediators that damage the mucosal epithelial lining and
promote an exaggerated repair response that leads to airway
remodelling and chronic disease. Remodelling is the result of
structural changes of the epithelium, submucosal layer, ASM
and vasculature (angiogenesis) (Bousquet et al., 2000; Vignola
et al., 2003). It is thought to be a major contributing factor to
the development of AHR, and its progression may lead to fixed
airflow obstruction and irreversible loss of lung function (Li &
Wilson, 1997; Vignola et al., 2003). Thus, airway inflamma-
tion is closely linked to AHR and airflow obstruction and
recurring inflammatory insults may result in changes that lead
to airway remodelling. The mechanisms responsible for the
generation of inflammation and remodelling remain poorly
understood but may be induced or exacerbated by respiratory
viral infection.

1.2. Viruses and asthma

Respiratory infections by RSV, RV, influenza and parain-
fluenza and metapneumovirus (MPV) have all been implicated
in the development of asthma as well as exacerbations. Infection
Fig. 1. RSV, RV, asthma and therapy. RSV attaches to and invades the respiratory e
group RVs bind to ICAM-1 and LDLPRs on respiratory epithelium, respectively, wh
invasion viral proliferation leads to the induction of inflammatory cells and mediato
inflammation, wheezing, airway obstruction and AHR. This may induce the develop
may be targeted therapeutically.
with RSV and RV are by far the most widely and commonly
associated with bronchiolitis and childhood wheeze and the
induction and exacerbation of asthma (Papadopoulos et al.,
2002a; Xepapadaki et al., 2004). RSV may cause earlier and
more severe exacerbations and is more frequently linked to the
induction of asthma whereas RV is the most common cause of
exacerbations in later life (Johnston et al., 1995; Zhao et al.,
2002). Whether an infection induces disease depends on viral
(type (E.g. RSV, RV)), host (genetic susceptibility, age, immune
responses) and environmental (allergen exposure, season)
factors. Initial infection occurs by inhalation and spreads to
the lower respiratory tract (LRT). Infection is largely restricted
to the respiratory epithelium, which induces the release of a
wide range of mediators (Table 1) (Dakhama et al., 2005a) that
drive subsequent immune and physiological responses specific
for each virus (Fig. 1).

RSVand RVare the most important causes of LRT infections
in infants under 2 years, causing bronchiolitis that results in
wheezing, and breathing difficulties, which may in severe cases
result in hospitalization (Sigurs et al., 2000; Kotaniemi-
Syrjanen et al., 2003; Henderson et al., 2005; Sigurs et al.,
2005). Asthmatics may be more susceptible to viral infections,
which lead to more severe LRT symptoms and are associated
with increased hospitalization (Corne et al., 2002). Notably the
commonest cause of asthma related-death is respiratory viral
infection (McCann & Imani, 2007). Severe bronchiolitis
resulting in hospitalization has been shown to be associated in
pithelium through the attachment (G) and fusion (F) proteins. Major and minor
ich induces viral internalisation and upregulation of additional receptors. Upon
rs that enhance allergen penetrance and hallmark features of asthma including
ment and exacerbation of asthma. Various processes in virus-associated asthma
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some case control studies with a history of recurrent wheeze and
a diagnosis of asthma in later childhood (Sigurs et al., 2000,
2005). RSV is the most widely implicated precipitant but recent
studies suggest that RV may also be important, particularly after
the age of 2 (Heymann et al., 2004). Methods of detection are
constantly been improved which will facilitate the elucidation
of the role of these viruses in asthma (Pierangeli et al., 2007).

The mechanisms that underpin virus-induced induction or
exacerbation of asthma or the factors responsible for predis-
posing an individual remain poorly understood. It is unclear
whether virus-induced bronchiolitis promotes the development
of asthma or if those individuals that suffer more severely from
infection are also more susceptible to asthma development as a
result of genetic susceptibility (including atopy) or aberrant
lung function. Understanding the mechanisms of pathogenicity
of respiratory viral infections and their association with asthma
will be pivotal in the development of prevention and treatment
strategies for asthma. Indeed it may be possible to identify at
risk individuals and delay infection until later in life and to
develop novel therapeutic agents or targets.

In asthma triggers of chronic inflammatory processes (airway
inflammation, mucus hypersecretion) are overzealous responses
of the asthmatic immune system to normally innocuous antigens
or infections and recurrent stimulation leads to airway remodel-
ling. Respiratory viral infections induce immune responses that
may have the potential to both initiate and exacerbate asthma.

1.2.1. Induction of asthma
Collectively evidence strongly implicates respiratory viral

infections in the development of an asthmatic phenotype in
children, although a directly causative role has still not been
proven. It is possible that either 1. respiratory infection in early
life induces the development of chronic airway inflammation
and airway wall remodelling, resulting in persistent wheeze or
2. that some infants have pre-existing Th2 responses that
induces susceptibility to virus-induced wheeze (Legg et al.,
2003; Stensballe et al., 2006).

1.2.2. Exacerbation of asthma
The evidence for virus-induced asthma exacerbations is

stronger than for causation and infections are responsible for the
majority of acute exacerbations (80% in children, 50–76% in
adults) inducing worsened airflow obstruction and symptoms
(Johnston et al., 1995; Wark et al., 2001; Murray et al., 2004;
Tan, 2005).

To determine if virus infection directly influences disease in
acute asthma exacerbations Wark et al., recruited adults
presenting to emergency with acute asthma and determined
that 76% of these subjects had evidence of a viral infection
(Wark et al., 2002). When compared to subjects with non-
infective acute asthma, those with acute asthma and infection
had evidence of more severe clinical disease, had a lower mean
forced expiratory volume (FEV1 % predicted), were more likely
to be admitted to hospital and had a longer median length of
stay. An acute neutrophilic infiltrate was observed in induced
sputum, with evidence of neutrophil degranulation, unlike the
eosinophilic inflammation associated with non-infective asthma
(Wark et al., 2002). In addition lactate dehydrogenase was
measured as a marker of asthmatic airway necrosis. Those with
virus-associated acute asthma had significantly elevated lactate
dehydrogenase activity, which correlated closely with the
degree of neutrophil influx and airflow obstruction and was
an independent predictor of the severity of the acute illness.
These results strongly implicate viral infection as a trigger of
exacerbations with increased severity and indicate an important
role for viruses in modifying inflammation in acute asthma
(Wark et al., 2002).

1.2.3. Asthma phenotypes
There are many different categories and phenotypes of asthma

including mild, moderate and severe as well as clinical, allergic
and pathophysiologic phenotypes (Wenzel, 2004). Recently
Simpson et al., described different inflammatory (neutrophilic,
eosinophilic and paucigranulocytic) subtypes of asthma based on
the predominant granulocytic cell in induced sputum (Simpson
et al., 2006). The precise roles of respiratory viral infection in the
development and exacerbation of the different phenotypes of
asthma remain largely unknown, however, there is the potential
that viral infection may be particularly important in certain
phenotypes. Different and customised prevention and treatment
strategies may be required for different phenotypes depending on
their causes. Targeted anti-viral strategies may be more effective
in certain asthma phenotypes for example in severe and neutro-
philic asthma, where infectious agents may play a substantial role
in pathogenesis (Wark et al., 2002).

1.2.4. Factors inducing susceptibility
Many factors may be involved in susceptibility to virus-

induced asthma particularly virus and host factors. Virus
infection is the commonest cause of wheeze in children that
may lead to the development of asthma (Heymann et al., 2004).
The time of year also plays a role with winter the dominant
period for viral infections and wheeze (Heymann et al., 2004).
Genetic predisposition may be important and many genes are
implicated in susceptibility to asthma including those involved
in inflammatory responses, IgE regulation, cytokine and
chemokine production, airway function and remodelling
(Umetsu et al., 2002). Atopy may lead to adverse responses to
infection and childhood wheezing is linked to elevated IgE and
sensitivity to at least one inhaled allergen. However, the
genetics of Western populations that are experiencing the
asthma epidemic remain unchanged and the focus of this review
will be on other important factors that are associated with RSV-
and RV-associated asthma. These include the age of infection
and timing of infection relative to allergen exposure, increased
innate susceptibility and adaptive immune, cytokine and
chemokine responses, as well as environmental conditions
and inhaled bacterial endotoxin.

2. RSV and asthma

RSV is a lipid-enveloped single stranded (ss) negative sense
RNA pneumovirus and is a member of the Paramyxoviridae
family. The virus causes the majority of cases of bronchiolitis in



Table 2
Recent epidemiological studies that link RSV infection with asthma

Study aims Cohort Test Result/conclusion Reference

To evaluate asthma in children at N13 years
with infantile bronchiolitis or pneumonia

Children (127) b2 years
hospitalized for bronchiolitis
(n=81) or pneumonia (n=46)

Infection, eosinophilia and atopy
recorded on admission. Atopic/
asthmatic symptoms at 15 years

Asthma present in 14–23% with bronchiolitis and 12–15% with
pneumonia.

Hyvarinen
et al., 2005

Early asthma predictive factors were maintained; wheezing, atopic
dermatitis, elevated blood eosinophils. Increased risk
of asthma for 15 years after infant bronchiolitis and pneumonia.

To investigate cytokines, chemokines and
ECP in nasopharyngeal secretions of
infants =7 months with RSV

Infants with RSV (39),
influenza or parainfluenza (9) or
controls (50)

Factors in nasopharyngeal secretions RSV infected infants had higher levels of IL-4, MIP-1β and ECP. Kristjansson
et al., 2005IL-4 was higher in RSV infected infants =3 months compared

with RSV infected infants =3 months.
Does severe RSV vs non-RSV viral

bronchiolitis in infancy lead to wheezing
and reduced lung function at 7 years

Infants (57) hospitalized with acute
viral bronchiolitis
examined at 7 years vs controls (64)

Epidemiological and clinical data,
interview and physical exam

Children hospitalized for bronchiolitis during infancy had reduced
lung function and birth weights, more frequent
wheezing episodes, and first order family members with asthma.
No difference between RSV positive and negative
groups.

Fjaerli et al.,
2005

Is history, age and passive smoking related
to urinary LTE4, wheezing, bronchiolitis
and asthma

Infants (33) with bronchiolitis
vs controls (25), 1–12 months

Demographic/historical data by parent
questionnaire, RSV in nasal secretions
and LTE4 in urine

LTE4 is 8 fold higher in infants with bronchiolitis and infected
infants b6 months with medical history of eczema or dry cough
and/or family history of asthma.

Piedimonte
et al., 2005

To investigate the relationship between
RSV-bronchiolitis in infancy with atopy
and wheeze

Infants (150) b12 months
hospitalized for RSV-
bronchiolitis

Assessed for wheeze, asthma and
atopy (3–7 years)

RSV-bronchiolitis associated with wheeze at 30–42 months
(odds ratio (OR) 2.3), 69–81 months (OR 3.5) and asthma at
91 months (OR 2.5) but not atopy (OR 0.7).

Henderson
et al., 2005

To evaluate if IgG antibodies to RSV in
early life is associated with later asthma

Infants (100) hospitalized for
wheezing at b2 years of age

RSV detected by RT-PCR in
nasopharyngeal aspirates, and by
specific serum IgG

29/100 hospitalized for wheezing had RSV. Hospitalization for
wheezing associated with subsequent childhood asthma.

Kotaniemi-
Syrjanen
et al., 2005

To assess need for vaccine by analysing
epidemiological and clinical data from
elderly/high-risk adults

Healthy elderly (608) or high-
risk adults (heart/lung disease,
540) vs acute
cardiopulmonary subjects (1388)

RSV/influenza diagnosed by culture,
RT-PCR and serology

Healthy elderly cohort: 3–7% infected with RSV annually Falsey et al.,
2005High-risk cohort: 4–10% infected with RSV annually

Hospitalized cohort: RSV and influenza resulted in similar
lengths of stay.

To estimate excess morbidity during RSV
and influenza infection

Children 1–4 vs 5–14 years Diagnosis of influenza-like-illness,
acute bronchitis, asthma and otitis
media

Influenza-like-illness correlated with RSV (40%), influenza
virus (60%), acute RSV bronchitis (37%), asthma (9%), otitis
media (48%). Children b1 year had highest rates of acute
bronchitis. RSV-induced greater illness than influenza,
influenza not associated with asthma.

Fleming
et al., 2005

To determine if RSV or RV infection and
atopic skin prick responses influence
severity of asthma exacerbations

Children (50) 4–12 years with
acute severe asthma and after
6 weeks and 6 months

Measured; peak expiratory flow (PEF),
RSV/RV in nasal aspirates, atopy by
skin prick responses

Acute asthmatics had; atopy (74%), RSV (12%), RV (82%);
at 6 weeks and 6 months 44% and 25% still had RV,
respectively. PEF reduced in asthmatics (no difference; RSV,
RV or no virus groups). Severity of PEF reductions linked to
persistence of RV.

Kling et al.,
2005

To compare clinical features between boys
and girls with wheezing triggered by
acute RSV bronchiolitis

Boys (90), girls (51) (b6 months) Systemic; white blood cells (WBCs),
eosinophils, serum C reactive protein
(CRP) and local inflammation;
sputum eosinophils and neutrophils

Blood eosinophilia in acute phase rare in children N6 months.
Girls increased WBCs and CRP levels vs boys. Sputum
eosinophil scores =2+ only in boys (6/42), neutrophils in both.
28 children with RSV bronchiolitis had subsequent wheeze but
not blood or serum eosinophilia during RSV bronchiolitis.

Nagayama
et al.,
2006a
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Does atopy and wheezing, increase relative
risk (RR) of hospitalization for RSV
in children 0–18 months

RSV hospitalized (2564) vs
control (12,816) children
followed prospectively
(0–18 months)

Chronological analysis of age at
hospitalization, wheezing and
atopic dermatitis

RR of childhood RSV hospitalization; 1.72 for maternal and
1.23 for paternal asthma, 1.11 for maternal atopic dermatitis,
2.98 for infrequent and 5.90 for recurrent wheeze. Atopic
dermatitis associated with increased risk of subsequent RSV
hospitalization in infants b6 months old.

Stensballe
et al., 2006

To assess effect of gender in recurrent
wheezing in children with RSV and
asthma

Boys (98) and girls (58) with
RSV, 123 b4 years old, 78 had
pneumonia and 119 febrile
episode

Clinical features and lab data Deteriorated clinically during acute RSV infection and had
elevated serum CRP and reduced blood eosinophils. Girls had
higher WBC counts and CRP levels. Blood eosinophils during
acute illness higher in boys vs girls aged 2–3 years.

Nagayama
et al., 2006b

To compare features of children with LRT
metapneumovirus (MPV), RSV and
influenza infection and assess if
co-infection increases disease severity

Children (516) hospitalized for
LRT infection during a 1 year
period

Nasal wash specimens tested for
metapneumovirus, RSV and
influenza

MPV detected in 13% of patients (24% co-infected with other
viruses). MPV patients older vs RSV patients. MPV and RSV
similarly associated with wheezing and hypoxemia
(Ninfluenza). 40% with MPV had atelectasis vs 13% with RSV
or influenza. MPV more often associated with pneumonia vs
RSV or influenza. MPV more often associated with asthma and
less often with bronchiolitis vs RSV.

Wolf et al.,
2006

To correlate risk factors and asthma/allergy
age 5–6 years with 1st episode of
bronchiolitis b12 months and effect of
age of 1st bronchiolitis on development
of asthma

Children (128) consulted or
admitted with 1st bronchiolitis
attack in 1st year of life

Retrospective telephone survey
based on 2 paediatric hospital
emergency registers

72% had family history of allergy, 41% were exposed to
tobacco smoke, 81% were hospitalized during 1st bronchiolitis
but none put in intensive care. In 12 months before survey, 31%
had 1+ wheezing episode, 37% had asthma attack, 25%
wheezed after effort, 39% had nocturnal dry cough, 41% had
allergic rhinitis, 25% had eczema. 57% of children (47) who
had 1+ asthma attack in previous 12 months had family
history of asthma.

Sznajder
et al., 2005

To determine RSV infection rates in children
b5 years with recurrent wheeze or asthma
and compare clinical presentation, course
and outcome vs age matched asthmatic
children with no RSV

Children (73, median age
28 months) recruited from
emergency department during
peak RSV season

Information on past/present asthma
presentations collected, a
nasopharyngeal aspirate taken for virus
isolation and all children reviewed
1 week after presentation

45% had RSV, 1 had adenovirus. Children b12 months more
likely to have RSV (70%). Children with RSV had longer
illness before hospital presentation than children with no RSV
but were not more likely to be admitted or have longer duration
of ongoing symptoms.

Lazzaro
et al., 2007

To compare clinical features of MPV, RSV
and RV infections in children b3 years
presenting to emergency department
with acute respiratory illness

Children (931) b3 years
admitted for acute respiratory
illness over 2 winters

Respiratory viruses detected in nasal
washes

3–6% had MPV, 28% RSV and 18% RV. 5 with MPV were co-
infected, 2 with RSV, 3 with RV. No difference in the
prevalence of bronchiolitis where MPV, RSV or RV were
present. Asthma found more often in hospitalized children with
MPV and RV than with RSV.

Manoha
et al., 2007

To examine effect of different clinical
characteristics and treatments on
hospitalization of infants for bronchiolitis
in outpatient clinic

Infants (320) b2 years
presenting with 1st episode of
wheezing

Retrospective analysis of medical
records

38% of patients with RSV were hospitalized vs 10% without
RSV. Children exposed to tobacco smoke hospitalized more
often (24%) vs not exposed (12%). Treatment with oral
corticosteroids associated with fewer hospitalizations in those
with family history of asthma/allergic rhinitis (9.7% vs 24%)
and without RSV (2.5% vs 16.7%).

Al-Shawwa
and Rao,
2007
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early life, which may induce wheeze that may develop into
asthma and is also a major precipitant of asthma exacerbations.

Epidemiology — RSV is the most important respiratory
pathogen of children under the age of 2 years and primary infec-
tions are a common cause of LRT disease (Hall, 1999; Henrickson
et al., 2004). The majority of infants are infected during the first
year of life, and the incidence of exposure approaches 100%byage
3 (Parrott et al., 1973; Glezen et al., 1986; Hall et al., 1995). These
infections are the most frequent cause (50–90%) of bronchiolitis
and also induce pneumonia and tracheobronchitis (10–30%) and
there are annual epidemics, primarily in infants (Hall, 2001).
Around 100,000 children are hospitalized as a result of bronchitis
annually in the USA with 50% less than 6 months and 80% less
than 1 year of age with an estimated cost of $UD300 million per
year (Shay et al., 1999). Hospitalization for bronchiolitis has
dramatically increased over the last 20 years (Shay et al., 2001),
which may result from changes in childcare practises or a
generalized decrease in Th1 immunity in the population. Mortality
rates from primary infection are 0.005–0.02% for healthy or 1–3%
for hospitalized children (Ruuskanen & Ogra, 1993; Chanock
et al., 1957). Most children that contract severe RSV disease have
no identifiable risk factors, with the exception of premature birth.
Infections also cause severe disease in the elderly and immuno-
compromised and mild upper RT (URT) symptoms (rhinorrhea,
nasal blockage, pharyngitis and cough) can occur at any age
(Falsey &Walsh, 1998; Englund et al., 1988). Re-infection is also
common, occurring every 2–3 years throughout life usually
resulting in mild URTsymptoms. Importantly this results from the
lack of development of long-term resistance to RSV infection by
the immune system (Bont et al., 2002). The majority of symptoms
result from the host's immune and inflammatory responses to
infection (Openshaw, 1995) and re-infection induces sustained and
exacerbated inflammatory reactions.

Pathogenesis — Upon RSV infection and interaction of the
virus with the respiratory mucosal surface the viral G protein
mediates attachment and the F protein induces the fusion of the
viral envelope with the cytoplasmic membrane of the host cell
resulting in internalisation (Fig. 1). After invasion the viral
ssRNA is released into the cytoplasm and induces the
production of viral RNA and proteins that induce inflammatory
responses. The RSV proteins and their functions have recently
been reviewed by Meyer et al. (2007). The outcome of these
inflammatory responses is the development of symptoms of
pathogenic infection. Typically, RSV infections in humans are
restricted to the mucosal epithelial cells of the URT, causing
runny nose, nasal congestion and cough (Hall et al., 1978).

During severe RSV infections, the virus spreads to the LRT
resulting in more severe symptoms. In vitro studies of human
infection, as well as autopsy samples from infants and children
with acute RSV infections, show that viral replication in airway
epithelial cells, particularly in the superficial layer of the bron-
chiolar epithelium, as well as types 1 and 2 pneumocytes. In-
fection induces the generation of inflammatory mediators and a
mononuclear inflammatory response, plugging of the bronchioles
with mucus, cellular debris and fibrin strands, as well as necrosis
of the bronchiolar epithelium (Piedra et al., 1997; Johnson et al.,
2007). The lack of cytopathology during infection implicates
inflammatory responses as the pivotal driver of RSV-induced
disease (Zhang et al., 2002). Inflammatory cells consist mainly of
monocytes, T cells and neutrophils and accumulate around
bronchial and pulmonary arterioles, airways and parenchyma and
are associated with edema, mucus production, wheezing, airway
obstruction and AHR (Johnson et al., 2007). The induction of
these disease processes may be involved in the development and
exacerbation of asthma.

2.1. Clinical evidence for the
association between RSV and asthma

Clinical and epidemiological studies have shown that RSV
infections are associated with a rapid increase in the incidence of
asthma in paediatric and adult populations worldwide (Wang &
Forsyth, 1998; Tan, 2005). These infections are also one of the
commonest causes of asthma exacerbations. Recent epidemiolo-
gical studies that link RSV with asthma are shown in Table 2 and
older studies are reviewed in Ogra (2004). RSV infections are the
most important risk factor for the development of bronchiolitis
leading to recurrent wheezing and respiratory symptoms
(decreased lung function, recurrent wheezing, allergic rhinocon-
junctivitis). However, it has not yet been conclusively demon-
strated that these virus-induced symptoms then progress to the
development of asthma. A link between infection, atopy and
sensitization to common inhaled allergens (skin prick tests
(SPTs), IgE) has also been investigated but the results are
inconclusive. Asthmatics may be prone to more severe infections,
which may be a prognostic indicator of allergic susceptibility.

2.1.1. Bronchiolitis
Between 50 and 90% of all cases of childhood hospitalizations

for bronchiolitis have been attributed to RSV infections (Holberg
et al., 1991). Collectively studies show that RSV-induced
bronchiolitis and diseases of the small airways often lead to
wheezing which frequently progresses to asthma (reviewed in
Heymann et al. (2004)).

2.1.2. Wheeze
Many studies have reported that up to 75% of subjects with

RSV bronchiolitis suffer from subsequent recurrent wheeze or
respiratory symptoms years later (reviewed in Ogra (2004)). An
important prospective study by Stein et al., showed that children
with more than one LRT RSV infection were 4 times more likely
to have frequentwheeze by ages 6 and 11, however the association
decreased thereafter and was non-significant by age 13 (Stein
et al., 1999). Another smaller prospective study demonstrated that
severe RSV bronchiolitis was linked to current wheezing (38%)
and reactive airway disease (RAD, 30%) compared to uninfected
controls (2% and 3%, respectively) matched for age, sex family,
history and environment (Sigurs et al., 2000).

2.1.3. Decreased lung function
Controlled retrospective and prospective studies indicate a link

between RSV and bronchial obstruction and decreased lung
function, particularly for children with severe RSV disease that
results in hospitalization (reviewed in Sigurs (2002b)). Indeed

http://dx.doi.org/10.1016/j.cimid.2007.07.008
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bronchiolitis is linked to chronic reductions in lung function for at
least 10 years after infection (Pullan & Hey, 1982) and children
hospitalizedwithRSVinfection before 2 years of age have reduced
lung function (but not asthma) 20 years later (Korppi et al., 2004b).
Furthermore airway obstruction and AHR is increased in those
with RSV bronchiolitis compared to controls (Sigurs, 2002b). A
nested case-controlled study also showed that RSV-induced
hospitalization correlated with wheezing, LRT infections and
asthma during first 4 years of life. The correlation decreased with
age and was not significant at 5 years but the association held for
increased respiratory symptoms and chronic productive cough at
5–8 years in Alaska native children (Singleton et al., 2003). In the
Stein study wheezing subjects were significantly more responsive
to bronchodilators, which indicates that reduced lung function
results from an abnormality in airway tone (Stein et al., 1999).

2.1.4. Asthma
RSV bronchiolitis, particularly in early life, is strongly linked

to the development of asthma. Indeed 50–92% of children with
bronchiolitis develop wheezing and asthma 3 (23% versus (vs)
1%), 5, 7.5 (30% vs 3%) or even 10 or more years later (Sly &
Hibbert, 1989; Sigurs et al., 1995; Larouch et al., 2000; Sigurs
et al., 2000; Ogra, 2004). Recent studies have found that children
hospitalized with RSV have an increased risk of recurrent wheeze
up to the age of 13 years, independent of atopy and other asthma
risk factors, identifying RSV infection as a potential inducer of
asthma. Indeed these subjects have significantly more respiratory
symptoms, (43% vs 8% for asthma/recurrent wheezing), sensi-
tization to common allergens (50% vs 28% SPT, 45% vs 26%
serum IgE), airway obstruction and AHR at age 13 years
compared with controls (Sigurs et al., 2005). Other recent reports
have also shown that RSV infection is associated with con-
comitant respiratory symptoms (wheezing) and subsequent
asthma at 2 years of age and that high rates of RSV are isolated
from children with recurrent wheeze or asthma (Lazzaro et al.,
2007; Lee et al., 2007). The association was not confirmed in
other longitudinal or cohort studies andmay depend on individual
airway structure, genetic predisposition and environmental
factors (reviewed in Martinez (2003)).

2.1.5. Atopy
There may be a link between atopy, RSV infection and

wheezing (Sigurs et al., 2000) and risk factors may include the
severity of RSV infection encountered. Atopic children have
low Th1 responses in cord blood and elevated Th2 responses
compared to non-atopics. Atopic adults also have Th2 responses
to allergens whereas non-atopics have low-level Th1 responses
(Ogra, 2004). Elevated expression of Th2 responses may
promote susceptibility to RSV infection and may also lead to
exaggerated airway inflammation and reduced lung function.
However, the link between RSV infections and atopy is
controversial and was not found in other studies (Stein et al.,
1999; Kneyber et al., 2000).

2.1.6. Allergic sensitization
Early RSV infections (first 2 years) may induce allergic

sensitization to unrelated antigens in genetically predisposed
individuals (Sigurs et al., 1995; Forster et al., 1996). Indeed RSV
bronchiolitis in the first year of life leads to increased IgE levels
(33% vs 2% in controls) and is the most important risk factor for
allergic sensitization and recurrent wheeze (16% vs 4% controls)
(Schauer et al., 2002). Furthermore allergic sensitization and
asthma are significantly more common in all age groups in
children with a prior RSV bronchiolitis (23% vs 2% and 41% vs
22% of controls, respectively) (Sigurs, 2002a). It appears that the
severity of infection may be important and severe infection has
been associated with the development of allergic sensitization 3,
6 or 7.5 years after hospitalization (Sigurs et al., 1995, 2000).
Mild infection, does not appear to be a risk factor for allergic
sensitization (Stein et al., 1999; Sigurs et al., 2000). However,
the data are conflicting and severe infection has been shown not
to induce sensitization (at age 2–10 years) by other investigators
(Pullan & Hey, 1982; Carlsen et al., 1987; Noble et al., 1997).

2.1.7. Asthmatic predisposition to more severe infection
Pre-existing Th2 or impaired Th1 responses and asthmatic

predisposition may promote susceptibility to acute bronchiolitis
and hospitalization for RSVinfection (Legg et al., 2003; Stensballe
et al., 2006). Furthermore, individuals with damaged airway
epithelium or that are otherwise immunologically predisposed
may be additionally susceptible to infection enhancing epithelial
damage and causing a vicious cycle of disease perpetuation.

2.1.8. RSV infection as an indicator of susceptibility
Although RSV infection has been extensively linked with

inducing asthma and reduced lung function it is possible that
infection is also a marker of susceptibility to allergic and/or
infectious respiratory disease. It has been shown that although
RSV infection is the greatest risk factor for wheezing and
asthma in subjects with a family history of asthma, asthma does
not develop in those without infection or a family history
(Sigurs et al., 2000; Sigurs, 2001). This indicates that RSV
bronchiolitis is a marker of increased risk of asthma suscept-
ibility. More recently it has been suggested that the host
response to infection rather than the nature of the infection itself
is the best prognostic indictor for subsequent allergic disease
(Everard, 2006a, 2006b).

Atopy may also be a risk factor for susceptibility to more
severe RSV infections and exacerbations, which result in higher
rates of mortality and hospitalization (Jhawar, 2003). A large
nested case-controlled study demonstrated that maternal atopic
dermatitis and maternal and paternal asthma (RR 1.72 and 1.23,
respectively) were risk factors for RSV hospitalization in infants
b1.5 years (Stensballe et al., 2006).

Taken together studies show that RSV infection in early life
results in bronchiolitis that leads to wheezing and decreased
lung function, which may progress to asthma. These processes
may be enhanced in atopic individuals with elevated Th2
responses. Moreover there is evidence, although not conclusive,
that severe infection may also promote sensitization to aller-
gens, which may further increase the risk of wheeze and asthma.
Asthmatics may be susceptible to more severe infections, which
may be used as an indictor of susceptibility to the development
of asthma.
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2.2. Mechanisms of predisposition
and exacerbation shown in humans

Experimental RSV infection of humans has been used to
investigate the mechanisms of pathogenesis of infectious
disease and the association with asthma. These studies have
demonstrated that the virus persists in nasal washes for 5–
14 days (Noah & Becker, 2000) and that infection induces
bronchiolitis and airway inflammation. This promotes epithelial
sloughing, mucus hypersecretion and an increase in viscosity
and edema which in turn lead to hyperinflation of the lungs,
airflow obstruction, cough and wheeze (Holt & Sly, 2002a).
Symptoms may persist and resolution of tissue damage may
take several weeks or results in structural remodelling of the
airway wall and airway narrowing (Pare et al., 1997; Holt &
Sly, 2002a). The mechanisms of RSV pathogenesis that lead
to wheezing, AHR, allergy and asthma are still not well
understood and many studies have implicated a range of
different factors. These include: the age of first infection; type of
innate and adaptive responses elicited; mucosal damage and
repair involving remodelling (including angiogenesis) and; en-
hanced neurogenic stimulation leading to ASM spasm and
bronchoconstriction.

2.2.1. Age of first infection
According to the hygiene hypothesis (Strachan, 2000), the

Th2-biased immune system of the newborn must encounter
Th1-inducing agents during childhood in order to develop the
ability to mount a Th1 response. However, whether infections in
infancy induce beneficial Th1 responses depend upon the type
of infection and the mechanisms responsible for these effects
have not been characterised. Thus the immaturity of the
developing immune system during early life and the nature of
immune responses to infections may be significant determining
factors in the development of persistent wheeze and asthma.

Whether RSV infection induces immunological and patho-
logical processes that may lead to asthma may depend on the
age at which an individual is first infected. The immune
phenotype of early life may lead to enhanced viral replication
and Th2-dominated inflammation induced by infection or
allergen exposure. Increased levels of IL-4 were detected in
RSV infected infants less than 3 months old compared to more
than 3 months but the converse was true for eotaxin and there
was no difference in MIP-1β or eosinophil cationic protein
(ECP) (Kristjansson et al., 2005). In mothers infection induced
high levels of IFN-γ and low levels of IL-4 whereas newborn
infants produced 4–7 times less IFN-γ and higher levels of IL-4
but at age 3 these levels approached those of their mothers
(Mbawuike et al., 2001). The immune response in early life may
be involved in the induction of more severe LRT pathology in
response to primary infection but infection of older children is
not as severe and involves largely URT symptoms. An addi-
tional pathological consequence is that viral infections in early
life may generate pulmonary inflammation during the develop-
ment of the lung, small and large airways and immune,
inflammatory and neuronal programing (reviewed in Gern et al.
(2005)). This may result in altered pulmonary structure and
immune responses leading to enhanced pro-inflammatory and
Th2-biased immune responses that may precipitate deleterious
changes in lung structure and function. Furthermore, the small
size of neonatal bronchioles determines that they may become
obstructed more readily, which may result in reduced clearance
and confer enhanced severity of pathogenic infection in this
age group. The combination of these events may have long-
term effects on lung function, chronic respiratory inflammation,
remodelling, alveolarization and epithelial dysfunction (Gern
et al., 2005) and consequently may promote the development of
asthma.

However, whether RSV infection induces Th1 or Th2
responses in humans in early life is debateable. Another
alternative explanation for the association of RSV infection in
infancy with asthma is that early life infection induces Th1
memory and therefore CD8+ CTL responses, which have the
potential to induce pathologic immune responses to reinfection.
RSV infection induces viral specific CD8+ cells in infants and
the levels of cytotoxic lymphocytes (CTLs) are inversely pro-
portional to IL-4 responses. CTL responses are directly linked
to protection against infection, CTL memory is initiated
upon reinfection and MHC I CD8+ levels correlate directly
with IFN-γ levels (Mbawuike et al., 2001).

2.2.2. Immune responses
Immune responses induced to RSV enhance viral clearance

but are also implicated in disease pathogenesis. Ineffective or
aberrant innate and adaptive immune responses against RSV
have been widely linked to more severe and recurring infections
and the development and exacerbation of asthma in both adults
and children (Glezen et al., 1986; Hall et al., 1991). Primary
infection, particularly early in life, leads to an incomplete
immune response, which does not elicit the development of
sustained memory immunity. With respect to allergy RSV
infection might only trigger defective immunity in genetically
susceptible individuals or that allergic inflammatory and
immune responses may promote the influx of virus-specific
cells into the airways increasing inflammation and AHR
(Schwarze et al., 1999c). Elucidation of the pivotal immune
responses that are protective against RSV will lead to a better
understanding of the processes that result in bronchiolitis,
wheezing and progression to asthma.

2.2.3. Innate host responses
Innate responses to RSV infection have not been widely

studied but may play an important role in RSV-induced asthma.
RSV infection of the respiratory epithelium induces innate
cellular and cytokine responses, which have substantial effects
on adaptive T cell development and cell-mediated immune
responses.

Neutrophils are the main immune cell in the broncho-
alveolar lavage fluid (BALF) of patients with severe RSV LRT
disease and increased IL-8 levels, which is a potent chemoat-
tractor of neutrophils, are also a prominent feature. Macro-
phages internalise and process virus and present antigens to
adaptive immune cells and also release IL-12 and IL-10.
Monocytes release IL-1, -6, -8, -10, platelet-activating factor
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(PAF) and PGE2 on exposure to RSV that further promote pro-
inflammatory responses (Schaller et al., 2006).

Eosinophils are also recruited to the airways during primary
RSV infection, which may contribute to the development of
allergic airways disease (Schwarze et al., 1999a). Infected
patients also have more plasmacytoid dendritic cells (pDCs) and
myeloid DCs (mDCs) in the RT and reduced numbers of these
cells circulating in blood (Gill et al., 2005). This suggests that
they are recruited to the lung during infection and may be an
important target in RSV vaccine development. Understanding
the interplays between these different cells types will be crucial
in elucidating the effects of infection on the development of
asthma.

IFN-α is an important type I IFN innate cytokine that is
released upon viral infection and induces innate and adaptive
cellular responses. Blood cultures of asthmatic children and
adults release significantly reduced amounts of IFN-α upon
RSV infection, which indicates a systemic innate deficiency in
asthmatics that may lead to heightened susceptibility to
infection (Gehlhar et al., 2006).

2.2.4. Adaptive immunity

2.2.4.1. Th1/Th2 responses. RSV has several T cell epitopes
and infection induces CD4+ and CD8+ and Th1 and Th2
adaptive cellular responses as well as pro- and anti-inflamma-
tory cytokines and chemokines in humans both in vivo and in
vitro (Meyer et al., 2007). Established infections are primarily
cleared by a combination of Th1 and Th2 cell responses and the
balance between the two may be crucial in determining the
outcome of infection, the severity of RSV-induced disease and
predisposition to asthma. Aberrant responses of either of these
subsets may induce pathology. Nevertheless most studies
suggest that Th1 responses may result in viral clearance and
mild symptoms whereas an aberrant bias towards a Th2
phenotype may lead to more intense RSV-induced disease and
promote the development of asthma (Psarras et al., 2004).
Indeed individuals with elevated Th2 responses are predisposed
to reduced viral clearance and more severe disease compared to
subjects with only URT infection independently of age or viral
load (Roman et al., 1997; Aberle et al., 1999; Legg et al., 2003;
Gern et al., 2006). Early life RSV bronchiolitis results in
enhanced IL-4 and IFN-γ responses to RSV in later childhood
(Pala et al., 2002) and IL-4 is the most important stimulus for
Th2 development and IgE production. Th2 responses are
enhanced during severe disease that develops upon natural
infection of RSV-vaccinated infants (Kim et al., 1969; Kapikian
et al., 1969) and severe RSV bronchiolitis correlates with
elevated humoral Th2 responses, and may be linked with
atopy, increased IL-4:IFN-γ and reduced Th1 (IFN-γ, IL-12
and IL-18) responses. RSV infections may also have persistent
immunological effects and induce long-term Th2 memory
responses during sensitization to inhaled allergens in childhood
(Holt & Sly, 2002a; van Rijt et al., 2005). Other studies have
demonstrated that mild bronchiolitis is associated with a shift
towards Th1 responses and is usual in most individuals, and
also that there is no increase in Th2 responses in severe bron-
chiolitis (Garofalo et al., 2001). These contrasting results may
be attributable to differences in the timing of sampling during
infection, the lack of definitive detection of RSVor determina-
tion of virus load, age and atopic status of individuals.

2.2.4.2. Cytokines and immunomodulatory molecules. Cyto-
kines of the Th1, Th2 or regulatory type are implicated in RSV-
induced asthma and the effect of pro-inflammatory cytokines
and chemokines released in response to infection may have
particularly important roles.

Th2 (IL-5) cytokines are upregulated in children with acute
asthma and children with acute bronchiolitis or IL-5 levels have
higher numbers of eosinophils (Martinez, 2003). These re-
sponses may play key roles in the progression from bronchio-
litis to asthma, however, the importance of eosinophils and IL-5
in RSV-induced asthma has not yet been confirmed.

IL-12 is a Th1 cytokine that promotes the development of
Th1 cells, the release of IFN-γ and IL-2 from Th1 and natural
killer (NK) cells and suppresses Th2 responses. Levels of IL-12
may be reduced in subjects that are more susceptible to
infection. Non-specifically stimulated whole blood cultures
from patients with RSV disease released significantly less IL-12
than controls and IL-12 levels inversely correlated with disease
severity (Bont et al., 2000b). IL-12 and IFN-γ (and IL-4)
responses were suppressed during acute RSV disease but
returned to control levels during convalescence and IFN-γ (and
IL-4) levels were not different in subsequently wheezing infants
(Bont et al., 2000a). Reduced IL-12 levels may lead to elevated
susceptibility to Th2 responses to RSV infection and predis-
position to asthma.

IL-10 is a regulatory cytokine, which may promote an
asthma phenotype by suppressing Th1 cytokine production and
antigen presentation promoting enhanced susceptibility to
infection and Th2-dominated responses that induce wheezing
and pro-asthmatic responses to subsequent antigen challenge
(Bont et al., 2000a, 2000b). IL-10 levels did not change during
acute RSV disease but increased during convalescence and were
significantly higher in subsequent wheezers and those that went
on to develop recurrent wheeze and asthma. Thus, the enhance-
ment of IL-10 and inhibition of IL-12 production upon RSV
infection may suppress immune function and permit more
severe infection and disease progression.

It has also been suggested that RSV infection may change
and enhance the profile of pro-inflammatory cytokine and
chemokine release that promotes more severe infection and
alters the nature of the T cell response promoting allergy and
inflammation. Patients with RSV-induced bronchiolitis had
elevated levels of MIP-1α (but not RANTES), which corre-
lated with disease severity in nasopharyngeal secretions and
RANTES, ICAM-1, IL-4 and -5 and IgE in serum (Sung et al.,
2001; Garofalo et al., 2001, 2005). Furthermore treatment of
human epithelial cells with TGF-β, which plays a pivotal role in
airway remodelling and asthma, increased RSV replication and
TNF-α secretion and p38 mitogen-activated protein kinase
activation. This may contribute to the elevated inflammatory
responses in virus-associated asthma (McCann & Imani, 2007).
By contrast RSV-induced wheezing does not correlate with IL-8

http://dx.doi.org/10.1016/j.cimid.2007.07.008
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levels in nasal lavage fluid but is elevated with influenza or RV
infection (Gern et al., 2002).

Thus it is possible that infection induces regulatory mechan-
isms that suppress immune responses allowing viral replication
resulting in increased inflammatory responses. Alternatively
infection may induce inflammatory responses that enhance in-
fection and allergic inflammation. This may subsequently
promote the induction of regulatory mechanisms to limit
inflammation-induced damage of host tissue.

2.2.4.3. Other immune factors. In vivo and in vitro studies
have shown that RSV infection of the respiratory epithelium
causes the release of other factors that have immune functions
including arachidonic acid metabolites and LTs, mediators
released by eosinophils and chemokines (reviewed in Ogra
(2004)). Cell adhesion and homing molecules such as CD11b,
ICAM-1 and E-selectin and antigen-presenting molecules
including human leucocyte antigen classes I and II are also
upregulated upon infection. Several transcription factors are
also activated, which may induce the expression of a range of
genes such as NK-IL-6 and nuclear factor (NF)-kB. These
factors regulate immunomodulatory mediators (TNF-α, IL-1β,
IL-2, -6, -11 and GM-CSF), adhesion molecules (ICAM-1,
VCAM-1 and E-selectin) and chemokines (IL-8, MIP-1α,
MCP-1, eotaxin and RANTES) (Garofalo et al., 1996; Oh et al.,
2002; John et al., 2003; Makela et al., 2003; Schaller et al.,
2006). In combination these mediators and molecules induce
the influx of inflammatory cells and may contribute to the
development of infection-induced inflammatory and immune
responses, AHR and asthma.

2.2.5. Antibody responses
Ineffective or aberrant humoral responses may also have a

role in RSV-induced asthma. Infection induces increases in B
cell numbers (Roman et al., 1997) and the production of serum
and mucosal IgM, IgA and IgG antibodies. These are important
in protection and not disease but occur at lower levels in infants.
Antibody responses to primary infection are ineffective and
involve the production of partially neutralising antibodies
against the G and F proteins (Psarras et al., 2004) but these
responses are reinforced (especially IgG and IgA) upon
reinfection. RSV-specific IgE antibodies are also produced
(Welliver et al., 1980) in the majority of children and increased
amounts and persistence promote the development of wheezing
(Ogra, 2004).

2.2.6. Pathological responses and angiogenesis
Increased vascularity (angiogenesis) surrounding the airway

wall is associated with chronic and fatal asthma but also with
mild-to-moderate asthma in both children and adults (Li &
Wilson, 1997; Vrugt et al., 2000; Barbato et al., 2006), sug-
gesting a pathogenetic role at all stages of asthma development.
Angiogenesis is regulated by a balance between pro-angiogenic
(vascular endothelial growth factor (VEGF), basic fibroblast
growth factor (bFGF), angiogenins, chemokines) and anti-
angiogenic (endostatin, canstatin, tumstatin, arresten) factors
(Cohen, 2002). Vasodilation of the increased number of blood
vessels in response to inflammatory stimuli may lead to edema
and inflammation of the bronchial wall (influx of inflammatory
cells, including eosinophils and release of mediators), airway
narrowing and AHR (Black & Page, 1994; Wilson, 2000;
Salvato, 2001; Nomura et al., 2005). Elevated levels of VEGF,
bFGF and angiogenins occur in the airways of asthmatics and
correlate with increased vascularity, vessel permeability and
AHR (Hoshino et al., 2001; Kanazawa et al., 2004; Nomura
et al., 2005; Feltis et al., 2006). VEGF influences vascular
permeability through the formation of blood vessel fenestra-
tions and vasiculo–vasculo organelles (Dvorak et al., 1996;
Esser et al., 1998; Neufeld et al., 1999). VEGF also stimulates
endothelial cell proliferation and migration, matrix remodelling,
and vasodilation, as well as inhibiting endothelial cell apop-
tosis and all of these processes are involved in angiogenesis
(Neufeld et al., 1999). VEGF also enhances sensitization of the
RT to allergens and promotes Th2 inflammation (Lee et al.,
2004).

RSV infection may contribute to the development of asthma
by inducing the production of VEGF and angiogenesis. VEGF
has been detected in nasal washings from RSV infected patients,
indicating that infection stimulates VEGF production, which
may have a role in disease (Lee et al., 2000). Furthermore,
features of RSV bronchiolitis and pneumonia such as sub-
mucosal, adventitial, and interstitial edema are due to alterations
in blood vessel permeability brought about by VEGF activity
(Dvorak et al., 1996; Esser et al., 1998; Neufeld et al., 1999).

The specific role of VEGF in RSV infection has not been
intensively investigated. It is released from airway epithelial cells,
Th2 cells andmucosal fibroblasts upon infection (Lee et al., 2000)
but is also produced by monocytes, macrophages, T cells, kera-
tinocytes, granulocytes, eosinophils and smooth muscle cells
(Gaudry et al., 1997; Horiuchi & Weller, 1997; Neufeld et al.,
1999).

Thus a novel mechanism may be involved in RSV-induced
asthma whereby the induction of VEGF upon infection may lead
to the development of angiogenesis that can enhance the
inflammatory response. Furthermore, RSV-induced secretion of
VEGF may contribute to exacerbations by increasing vascular
permeability, and recurring infections may contribute to cycles of
VEGF production that promote angiogenesis and remodelling.

2.2.7. Involvement of neural networks
Neurological and immunological interactions that occur as a

result of RSV infection have also been linked to the generation
of airway inflammation, AHR and RAD in children. Excitatory
non-adrenergic non-cholinergic nerves (NANCe) release neu-
rotransmitters including substance P that participate in the early
phase of the inflammatory response and also have an immu-
nomodulatory role (Piedimonte, 2002). Sloughing of the epithe-
lium during infection may lead to exposure of neurogenic
receptors (NK1), which enhances the pro-inflammatory effects
of substance P leading to ASM spasm and bronchoconstriction
and contributing to respiratory symptoms.

Nerve growth factor participates in neuronal development
and has beneficial effects on inflammation, repair and remodel-
ling. However, it has been suggested that these effects may
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become pathogenetic during RSV infection and allergic inflam-
mation and exacerbate inflammation and AHR (Nassenstein
et al., 2006).

2.2.8. Co-infections
The effect of co-infection of with RSV and other viruses has

been little studied, however, notably the risk of developing
bronchiolitis is 5 times greater in infants with co-infection with
RV (Papadopoulos et al., 2002a).

2.3. Mechanisms of predisposition shown experimentally

Animal models of infection and allergic airways disease
(AAD) have been developed and used extensively to substan-
tially contribute to the understanding of the mechanisms that
underpin RSV-induced asthma and exacerbations. In particular
rodent (mouse and to a lesser extent rat) and bovine models
have been used to elucidate the mechanisms of the associations
and to trial therapeutic agents and vaccines. Chimpanzees are
permissive to human RSV and are the best animal model but
their availability and cost limits all but the most advanced
clinical tests (Whitehead et al., 1998).

Using these models important factors have been identified
that may play key roles in RSV-induced asthma and include; age
of first infection, timing of infection relative to allergen ex-
posure, induction of asthma, endotoxin exposure, innate factors
and adaptive immunity, suppression of immunity, angiogenesis,
neural networks and latent infections. The importance of the
different viral proteins in infection has also been investigated.

2.3.1. Rodent models of primary RSV infection
The use of animal models enables experimental protocols to

be conducted that are not possible in humans. In particular the
precise investigation of the different ages of infection,
combinations of the timing of infection relative to allergic
sensitization and collection of invasive tissue samples can only
be achieved in animals. Although there are problems with these
models of RSV challenge including that RSV does not replicate
in mice and does not induce the recruitment of granulocytes that
is observed in human disease, such models have been used
extensively to gain valuable insights into the mechanisms of
RSV-induced disease.

In most mouse models RSV infection induces significant
acute respiratory inflammation and changes in lung function.
High doses (107–8 plaque forming units (pfu)) induce severe
alveolitis and pneumonia and low doses (105–6 pfu) result in
bronchiolitis without these effects (Dakhama et al., 2005a).

Five days after infection mice develop acute airway
obstruction, which correlates with the progression of inflamma-
tion and histopathology that is characterised by intense peri-
vascular and peri-bronchial/bronchiolar influx of monocytes/
macrophages and some neutrophils and lymphocytes. These
cells also occur in the alveoli during the peak of inflammation
but leakage into the airway lumen is absent (Jafri et al., 2004).
Infection peaks at days 4–5 and resolves between days 7 and 9
and cytokines and chemokines (IL-8, MIPs and RANTES) are
released by the respiratory epithelium and alveolar macro-
phages in response to infection. After 3 days NK cells influx
into the BALF and are replaced between 4 and 8 days by CD4+
and CD8+ cells which return to pre-infection levels at 21 days
(Hussell & Openshaw, 1998). CTLs induced in response to
infection contribute to extensive peri-bronchiolar and -alveolar
inflammation and are associated with disease symptoms
(Ostler et al., 2002). IFN-γ is important in viral clearance and
contributes to pathology and is primarily released by NK cells
with levels peaking at day 4. Only low levels of IL-4 and Il-5 are
present, however, IL-4, -5, -10, -12, -13 and IFN-γ are produced
in the lungs within the first few days and their relative levels
determines the course of disease (Kalina & Gershwin, 2004).
IL-10 plays a pivotal role in the development of infection-
induced AHR in the absence of allergen exposure (Makela et al.,
2002).

Acute infection develops into chronic disease with features of
chronic inflammation (histopathology score) and AHR (in terms
of enhanced pause (Penh)) after the clearance of virus and up to
22 weeks after infection (Mejias et al., 2005). Penh is a non-
invasive method of whole body plethysmography and uses a
single exposure to a spasmogen to determine the overall level of
AHR in all airways. Jafri et al., used Penh to show that airway
obstruction and AHR remained for 42 and 154 days after
infection, respectively, and that AHR correlated with chronic
inflammation which persisted but not in alveoli (Jafri et al.,
2004). This supports the concept that RSV disease may induce
long-term respiratory changes in children (Stein et al., 1999;
Sigurs et al., 2005). However, these studies need to be confirmed
by the measurement of lower airway resistance using invasive
methods that precisely measure changes in airway and tissue
specific function and employ dose responses to spasmogens.
Studies using these methods (measurement of respiratory
impedance and airway resistance) have shown a lack of long-
term effects of RSV infection on lung function (Dakhama et al.,
2005c; Collins et al., 2007).

Infection also induces mucus hypersecretion in the central and
peripheral airways in the acute and chronic phases and severe and
progressive pneumonia developswith increases in histopathology
and chronic inflammatory changes. These processes contribute to
airway obstruction (Penh) that develops in the acute phase and
progresses but does not correlate with viral load in BALF, and this
agrees with observations made in children (Jafri et al., 2004). The
intensity of inflammation declines over time but remains around
airways and vessels. Neutralising monoclonal antibodies (mAbs)
against RSV substantially decrease inflammation and disease
severity (Mejias et al., 2004).

2.3.2. Age of first infection
Using mouse models it has been shown that the age of first

infection plays a key role in shaping dominant immune responses
later in life (reviewed in Hansbro et al. (2004)) and establishes the
subsequent pattern of Th cell responses and the nature and
severity of ensuing respiratory diseases (Culley et al., 2002; Holt
& Sly, 2002a; Horvat et al., 2007).

PrimaryRSVinfection in neonatalmice has the same profile as
in adults, however, it is associated with a slower and diminished
IFN-γ response and the development and persistence of Th2
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cytokine release by CD4+ T cells. These effects are substantial
and can reverse the protective effect ofmycobacterial exposure on
AAD (Li et al., 2006). Neonatal RSV infection results in early
TNF-α release and has long-term adverse effects on the
respiratory system. These effects include the induction of AHR,
peri-vascular and -bronchial inflammation and subepithelial
fibrosis, which are exacerbated by subsequent allergen exposure
and involve persistent IL-13 expression and mucus hypersecre-
tion (You et al., 2006). The generation of Th2 responses during
immunological development has profound modulatory effects on
the balance of subsequent Th1/Th2 responses and promote a
marked increase in the Th2 phenotype in adulthood (Chen et al.,
2001; Walzl et al., 2001; Culley et al., 2002). The neonatal Th2
bias may result from the types of T cells or dendritic cells present,
their environment or a combination of these effects (Nelson et al.,
1994; Goriely et al., 2001; White et al., 2002; Bartz et al., 2003).

Subsequent re-infection later in life may reinforce aberrant
Th2 responses (cytokines (IL-13) and CD4+/CD8+ cells) and
alter responses to allergens resulting in enhanced inflammation,
mucus hypersecretion, AHR and allergy (enhanced weight loss
and Th2 cell and eosinophil recruitment to the airways) (Chen
et al., 2001; Walzl et al., 2001; Culley et al., 2002; Dakhama
et al., 2005b). This suggests that AAD of adults primed with an
infection as neonates is likely to be caused by factors that
promote Th2 responses (Culley et al., 2002; Holt & Sly,
2002a). If initial infection is delayed until mice are 3 weeks of
age IFN-γ production increases and upon reinfection, although
airway inflammation still occurs, there is a subsequent reduction
in the severity of disease with no mucus production or AHR
(Culley et al., 2002; Dakhama et al., 2005b). Thus delaying the
age of infection until later in life may be an effective strategy for
the prevention of RSV-associated asthma.

2.3.3. Asthma induction by RSV infection
Animal models have been used to determine if RSV can

induce the development of asthma by triggering pro-asthmatic
immune responses that lead to variable airflow obstruction and
airway inflammation. Chavez-Bueno et al. (2005) demonstrated
that RSV induces acute and chronic disease with features of
AAD independently of allergic sensitization or genetic back-
ground in mice. RSV infection of BALB/c or C57BL/6 mice in
the absence of allergic sensitization led to similar levels of acute
airway inflammation, airflow obstruction and AHR and the
degree of airway inflammation correlated with AHR. The
immune response was surprisingly similar between the two
strains and was characterised by virus-dependent release of
IFN-γ. Importantly infection and inflammatory responses were
not short lived. Acute infection developed into persistent
infection that correlated with airway inflammation, which were
present 77 days after infection. While virus load and airway
inflammation were greatest during the acute phase, chronic
infection correlated with chronic inflammation and airflow
obstruction. Thus RSV infection can initiate acute events that
result in airflow obstruction and possibly AHR and these
changes can persist beyond the initial inflammatory response.

Other investigators have also shown that RSV infections in
early life act synergistically with atopy to drive the development
of allergic asthma (Holt & Sly, 2002b; Kusel et al., 2007).
However, the immunological processes involved in the
induction of allergic sensitization by RSV infection are not
likely to be the same as those involved in exacerbation of
allergic asthma by RSV.

2.3.4. Timing of infection
The effect of RSV infection on AADs may be critically

dependent on the relative timing of infection, allergic sensitiza-
tion and challenge (Peebles et al., 2001; Barends et al., 2002,
2004). The majority of studies in mice show that RSVaugments
AAD, however, conversely some investigators suggest that
RSV infection prevents atopy. Indeed RSV induces a strong Th1
and IFN-γ mediated response that may modulate responses to
allergens (Peebles et al., 2001; Juntti et al., 2003). These
contrasting observations can be explained as two competing
immune responses are occurring simultaneously, which may
subtly differ in different protocols. The development of allergy
may depend on the phenotype of the immune response to
allergens and RSV at the time of exposure.

2.3.4.1. Allergen exposure prior to infection. Prior exposure
of the airways to allergen independently of allergen type
predisposes to increased severity of virus-induced AAD in mice
and is likely to play a role in humans (Peebles et al., 2001;
Makela et al., 2003; Kalina & Gershwin, 2004). Infection
enhances Th2 cytokine responses, mucus secreting cell
hypertrophy, eosinophil influx into the lung and AHR in
response to allergen and increases the severity of AAD. The
potency of the Th2 responses elicited overrides the counter-
regulatory effects of Th1 responses that are typically induced by
infection (Randolph et al., 1999).

2.3.4.2. Infection prior to allergen exposure. Exposure of
RSV infected mice or rats to allergens increases inflammation,
mucus production and AHR and prolongs RSV replication
(Peebles et al., 1999; Kalina & Gershwin, 2004; Hassantoufighi
et al., 2007). In particular CD4+ and CD8+, IL-4, -5 and -13,
RANTES and MIP-1α inflammatory responses in the lung are
enhanced (Lukacs et al., 2001; Barends et al., 2004; Schaller
et al., 2006). Blocking IL-13 during infection reduces
chemokine expression and AHR and blocking RANTES
removes the effects of infection upon later allergen sensitization
and challenge (Lukacs et al., 2001). The absence of the CC
chemokine receptor 1 (CCR1) in deficient mice leads to
reductions in T cells, IL-13, eosinophils, mucus and AHR (John
et al., 2005). These observations suggest that chemokines and
their receptors play roles in RSV-induced aberrant responses to
allergens and may be important in mobilisation of virus- and
allergen-specific T cells and allergic inflammation.

It is possible that RSV infection may contribute to the
development of allergy by damaging the respiratory mucosa,
which exposes APCs and T cells to allergen, which may break
tolerance and induce systemic Th2 sensitization. Excessive
infection-induced respiratory damage may occur in predisposed
individuals as a result of defects in Tcell mobilisation, activation
or activity.
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2.3.4.3. Concomitant allergen exposure and RSV infection. If
allergen challenge of sensitized mice occurs concomitant with
infection the inflammatory response is again enhanced and leads
to Th2 responses (IL-5, -10 and -13) to RSVand promotes chronic
infection (Makela et al., 2002). IL-5 production leads to
eosinophilia, IL-13 to the release of MCP and further Th2-
mediated inflammation but IL-10 does not further enhance AHR.
If rats are sensitized to extracts of the common household mould
Aspergillus fumigatus, which induces eosinophilia and Th2
cytokine release, RSV infection before allergen challenge exac-
erbates the inflammatory response and AHR that is dependent on
viral replication. Infection causes increased expression ofMHC II
on alveolar macrophages, which may be involved in initiating
immune responses to allergens. Persistence of infection is induced
and is related to reduced IFN-γ expression again suggesting that
allergic sensitization can affect the progression of RSV infection
(Kalina & Gershwin, 2004). Treatment of infected A. fumigatus
challenged animals with recombinant IFN-γ reduced allergic
responses and Th1 and Th2 cytokines but not AHR. This suggests
that pathological and physiological factors of disease are
independent (Hassantoufighi et al., 2007).

Taken together these studies suggest that in general RSV
induces increased severity of Th2-mediated AAD and that the
development of AAD increases the severity and persistence of
RSV infection.

2.3.5. Exposure to endotoxin/pollution
Some reports have suggested that exposure to endotoxin or

environmental pollution can affect the progression of RSV
infection (Gurkan et al., 2000; Monick et al., 2003). Exposure to
such factors alters the relative proportions of cytokines produced
upon infection and affects disease progression, however, the
cellular and molecular processes involved are not understood.

TLR-4 expression may provide a link between RSV,
endotoxin and asthma. TLR-4 expression is not usual in resting
airway epithelium and requires high endotoxin exposure to be
upregulated. RSV infection induces increased expression of
TLR-4 and responsiveness to endotoxin and initiates potent
inflammatory responses (Monick et al., 2003). This may be
linked to human asthma as endotoxin also induces asthma
exacerbations in children with RSV-induced asthma (Park et al.,
2001).

2.3.6. Immune responses to RSV infection
Animal models have been used extensively to elucidate the

host immune responses that are induced by RSV RT infection
and how these responses may contribute to the development and
exacerbation of asthma. Infection may inhibit or modulate the
activity of both innate and adaptive (particularly T cell) immune
responses during the development of disease, which may play a
crucial role in the induction of pathology and AAD.

Primary RSV infection induces innate responses that involve
eosinophil and neutrophil influx into the lung that results in
AHR and a cytokine response that is dominated by IFN-γ
(Schwarze et al., 1999b). Eosinophil infiltration is IL-5 but not
IL-4 or IFN-γ dependent and is critical for the development of
AHR. The innate response (first 3 days) is also characterised by
an influx of NK cells producing IFN-γ, which are replaced by
adaptive CD4+ and CD8+ cells and the release of IL-12 with
low levels of IL-4, -5 and -13 (Openshaw, 1995; Boelen et al.,
2000; van Schaik et al., 2000; Openshaw, 2001). T cell
responses facilitate viral clearance but also induce host tissue
damage and pathology.

2.3.7. Innate responses
Infection induces innate responses involving TLRs, cyto-

kines, chemokines and DCs that ultimately direct the develop-
ment of adaptive T cell and antibody responses (Durbin &
Durbin, 2004; Krishnan et al., 2004).

2.3.7.1. TLRs. RSV may use a variety of host cell factors to
bind to and enter cells including TLR-4, CX3R1, heparin and
caveolin (Kalina & Gershwin, 2004). Binding to TLR-4 initiates
the production of IL-6, -8 and -1β and TNF-α and may be
responsible for the initial response to infection. However, the
role of TLRs in virus-induced asthma is controversial. Some
studies report that the innate immune response to RSV infection
in mice is dependent on the expression of CD14 and TLR-4
(Kurt-Jones et al., 2000; Haeberle et al., 2002), which may
interact with the viral F protein (Openshaw et al., 2003).
Another report argues the opposite saying there is no significant
role for TLR-4 in infection (Ehl et al., 2004).

TLR-3 recognises double stranded (ds) RNA and is
constitutively expressed on respiratory epithelial cells and
DCs. TLR-3 signals independently of myeloid differentiation
factor 88 to induce NF-κB activation and the expression of IFN-
β Activation of TLR-3 leads to apoptosis and elimination of
infected cells and virus. Recently it has been shown that TLR-3
and protein kinase R (PKR) are upregulated in human airway
epithelial cells by RSV infection, which enhances epithelial
responsiveness by activation of NF-κB and IL-8 and may
sensitize these cells to subsequent viral or bacterial infection
(Groskreutz et al., 2006).

2.3.7.2. Chemokines. Chemokines are produced by stromal,
epithelial and immune cells and regulate immune responses
(chemoattraction of leukocytes into the lung), inflammation,
mucus production and angiogenesis. Although cellular inflam-
mation is often similar in response to different viral infections
the types of chemokines and the levels that are released that
drive subsequent immune responses differ substantially (Schal-
ler et al., 2006). Primary RSV infections induce the expression
of chemokines belonging to the CXC (IL-8, MIP-2 and IP-10),
CC (RANTES, eotaxin, MIP-1α, MCP-1 and T cell activation
gene-3) and C (lymphotactin) families in the lung. MIP-1α
expression is high and MIP-1α deficient mice have reduced
lung inflammation, but RSV titres that are the same as in wild-
type mice. Thus RSV-associated lung inflammation may be
mediated by early production of inflammatory chemokines
(Haeberle et al., 2001).

2.3.7.3. DCs. DCs are the most important antigen-presenting
cell (APC) and take up viral antigens, traffic to local lymph nodes
and present antigen to naïve T cells causing their differentiation
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into effector cells. DCs direct innate and adaptive immune
responses to viruses and allergens and are essential for allergic
sensitization. Different subsets of DCs exist with different
functions. mDCs present viral antigens and promote Th2 cell
expansion to a great extent than pDCs, which are more important
in the development of tolerance (van Rijt et al., 2005). DC
networks are less active in infant animals but can be enhanced and
mDCs are increased upon viral infection (Holt & Sly, 2002b;
Zuniga et al., 2004). It is possible that the reduction of pDCs by
conversion into mDCs during early life viral infection may inhibit
the development of tolerance and exacerbate allergic responses.

2.3.8. Adaptive immunity
The outcome of RSV infection may depend on the nature of

the adaptive response and the balance of Th1 and Th2 immunity.
Primary infection of BALB/c mice induces a mixed Th1/Th2
response with an early burst of IFN-γ release that is important in
determining the phenotype of the subsequent response (Boelen
et al., 2002; Openshaw & Tregoning, 2005). Other adaptive
responses involving CD8+ cells and B cell/antibody responses
also play significant roles in responses to RSV.

2.3.8.1. Th1 CD4+ T cell responses. RSV infection typically
induces a robust Th1 response with elevated levels of IFN-γ and
IL-12 in mice. IFN-γ is the archetypal Th1 cytokine and its
release and signalling through the IFN-γ receptor during
infection are pivotal in controlling the Th1/Th2 response to
infection. These processes are essential in moderating eosino-
phil migration and IFN-γ and CD8+ cells are crucial for viral
clearance. In the absence of IFN-γ a dominant Th2 response
induces eosinophil influx of the lung and AHR (Barends et al.,
2003). By contrast, the absence of IL-12 and IL-18 has little
effect (Boelen et al., 2002). IL-12 does, however, induce Th1
and suppresses Th2 responses, promotes IFN-γ production
from NK and CD8+ cells, reduces IL-4 and IL-5 production
from CD4+ and CD8+ cells and can prevent but is not essential
for inhibiting virus-induced eosinophil influx to the lung
(Hussell & Openshaw, 2000). IL-12 does not function through
CD4+ or B cells and exacerbates disease in mice sensitized to
allergen (Openshaw et al., 2003). The removal of CD4+ or the
induction of CD8+ cells also eliminates eosinophil influx
(Hussell et al., 1997).

TNF-α is another Th1 cytokine and is over-produced during
viral RT infections, which exacerbates inflammation by
promoting neutrophil and eosinophil influx. Anti-TNF-α
treatment of mice leads to ablation of weight loss and illness
without affecting viral clearance and does not induce adverse
side-effects, which indicates a potential for use in therapy
(Hussell et al., 2001).

2.3.8.2. Th2 responses. Th2 responses are induced by RSV
infection in a variety of animal models or in the absence of IFN-γ
(Boelen et al., 2002), which may contribute to the development
of AAD. These responses are potent and are similar to Th2
responses observed after allergen exposure of allergic indivi-
duals (Braciale, 2005). RSV-induced IFN-γ and IL-12 responses
do not diminish the Th2 response during the development of
RSV-induced allergy although the response is even greater in the
absence of IFN-γ (Barends et al., 2003). It is a specific set of T
cells, a CD4+Vβ14+ subpopulation, that induces a superantigen
type response to RSV and is pivotal in inducing Th2 mediated
pathology (Varga et al., 2001). T1/ST2 is a surface receptor of
the IL-1 family expressed on Th2 but not Th1 cells. T1/ST2 was
present on a subset of CD4+ T cells from mice with RSV-
induced eosinophilia and T1/ST2 mAb treatment reduced Th2
but not Th1 pathology (Walzl et al., 2001).

These studies suggest that under some circumstances
infection may induce strong Th2 responses but the mechanisms
of how this leads to AAD are unknown. IL-4, -5, -10, -11 and
-13 are Th2 cytokines that are released during Th2 responses
and are likely to be involved in RSV-induced AAD.

Inmice, primaryRSVinfection results in increased IL-4 levels,
however, it's importance in the development of Th2 responses
and AAD is unclear. IL-4 deficient mice or mice treated with a
neutralising anti-IL-4 and immunized with vaccinia virus
expressing protein G had no reduction in pulmonary eosinophils
or Th2 cytokine secretion. Furthermore infection of IL-4 deficient
mice resulted in enhanced numbers of eosinophils in the lung and
AHR (Johnson & Graham, 1999; Johnson et al., 2003).

By contrast IL-5 release may be pivotal in RSV-induced Th2
responses and AAD. Infection of mice results in IL-5-mediated
AHR and eosinophil influx into the lung in association with
strong IFN-γ responses. IL-5 but not IL-4 or IFN-γ is the
critical mediator of eosinophil influx, AHR and allergy
(Schwarze et al., 1999a). IL-5 deficiency leads to a reduction
in pulmonary eosinophils and AHR, which can be reversed by
replenishment with IL-5. Treatment with anti-very late antigen-
4 prevents the influx of eosinophils into the lubg and AHR in
response to RSV infection or IL-5 replenishment.

RSV infection induces the expression of IL-10 in mouse
pulmonary T cells (Hussell et al., 1996). The absence of IL-10
inhibits the development of AHR in response to allergen
sensitization and challenge. RSV infection overcomes this
deficiency and induces eosinophil infiltration of the lung, airway
mucus production and AHR, which are associated with increased
Th2 responses (Makela et al., 2002).

IL-11 is associated with the development of RSV-induced
AHR and may promote the release of other Th2 cytokines
(Einarsson et al., 1996).

Although IL-13 is required for the development of mucus
hypersecretion and AHR in mouse models of AAD and after
secondary RSV infection of infected neonates (Kuperman et al.,
2002; Dakhama et al., 2005b) it does not appear to play an
important role in the induction of these responses after primary
infection (Park et al., 2003). This has not yet been investigated in
humans.

It is likely that as well as inducing a Th2 phenotype RSV
may take advantage of Th2 responses that predominate in
asthmatics that are ineffectual against infection. However,
surprisingly RSV clearance can occur under Th2 conditions
whereby eosinophils take up RSV and inactivate the virus with
ECP (Soukup & Becker, 2003). IL-10 increases FasL expres-
sion on macrophages and CD8+ cells and therefore also has an
anti-viral effect (Ruan et al., 2001).
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2.3.9. CD8+ cells
CD8+ T cells target several RSV proteins and are sufficient to

clear RSV from infected mice (Cannon et al., 1988; Cherrie et al.,
1992), however, clearance and immunopathology still occurs in
CD8-deficient mice (Graham et al., 1991). Adoptive transfer of
virus-specific CD8+ CTLs which home to the lung eliminates
RSV. These cells induce viral clearance through perforin/
granzyme-mediated lysis of virus-infected cells (Aung et al.,
2001). However, perforin (which is also produced by NK cells),
CD95L and TNF are not necessary but IFN-γ release is crucial for
CD8+ T cell-mediated clearance. RSV was eliminated with
unchanged kinetics from perforin deficient mice (Aung et al.,
2001; Ostler et al., 2002), whereas treatment of mice with
neutralising antibody to IFN-γ or transfusion of IFN-γ-deficient
effector CTLs abolished virus control and induced CD8+ T cell-
mediated pathology (Ostler et al., 2002). By contrast, high dose
primary infection in IFN-γ deficient mice led to attenuated
immunopathology, but only slightly delayed clearance. This
suggests that other cells and molecules can partially substitute for
CTL-derived IFN-γ driven virus clearance and further implicates
IFN-γ as a pivotal immune factor in RSV-induced immuno-
pathology and CD8+ Tcell-mediated control (Ostler et al., 2002).

CD8+ cells may also suppress the development of virus-
specific Th2-dominated immune responses and eosinophilia
although the mechanism of these effects remains unknown.
Hussell et al., showed that early IFN-γ release by CD8+ cells in
response to RSV infection of mice resulted in suppression of
Th2 responses (Hussell et al., 1997) and the suppression of Th2
responses by CD8+ cells is by other studies (Srikiatkhachorn &
Braciale, 1997a). Interestingly the Th2-inducing effects of the
RSV G protein can be nullified by incorporating a CD8+
epitope onto the G protein (Srikiatkhachorn & Braciale, 1997a).

2.3.10. CD4+/CD8+ interactions
CD4+ and CD8+ T cells are exposed to presented viral

antigens in the lymph nodes of the respiratory tract, which induces
differentiation, activation and mobilisation of both effector and
memory Tcells. Memory CD4+ Tcells move to the RSV infected
RT and proliferate and differentiate into cytokine releasing
effector cells and induce their effects in situ (Varga et al., 2000,
2001). During differentiation the cells are subject to infection-
induced modulation and it is likely that the CD8+/CD4+
interaction is occurring concurrently. Similar interactions may
take place during allergen provocation in the RTof asthmatics that
have the potential to substantially affect T cell phenotype, an
effect that may be enhanced upon infection. Thus the complex
interactions of CD4+ and CD8+ with infectious stimuli and
allergens may be pivotally important in the development of RSV-
inducedAAD. These processes may be targeted therapeutically to
suppress allergen specific Th2 responses in the lung.

2.3.11. Adaptive immune responses to RSV proteins
Differential immune responses are induced by different RSV

proteins, which may be important in the development or exac-
erbation of asthma. Protein G vaccination of mice induces CD4+
but not CD8+ memory populations and leads to reduced NK cell
influx and IFN-γ production. This results in the induction of Th2
responses, in the absence of a CTL response, with IL-4 and IL-5
release by Th2 cells which promotes eosinophilia upon sub-
sequent infection (Alwan et al., 1994; Srikiatkhachorn &
Braciale, 1997a; Walzl et al., 2001; Openshaw et al., 2003). G
protein defective RSV has been used to demonstrate that this
protein is crucial in promoting airway inflammation and reduced
lung function (Schwarze & Schauer, 2004).

F or M2 protein immunization induces a mixture of NK, Th1
type CD4+ andMHC I CD8+ cells, leading to IFN-γ production
and reduced disease (Alwan et al., 1994; Srikiatkhachorn &
Braciale, 1997a; Openshaw et al., 2003). NK cells and the IFN-γ
they release regulate the induction and proliferation of CD8+
cells, which then clear the virus. Primary RSV infection induces
the expansion of activated M282–90 (H-2kd restricted peptide
epitope in RSV M2 protein)-specific CD8+ T cells in lung. This
implies that activation and proliferation of M2-specific CD8+ T
cell precursors is normal.

Taken together these results suggest that natural infection
that induces Th2 responses may be dominated by responses to
the G protein exacerbates infectious and allergic disease,
whereas responses to the F and M2 proteins may be Th1
mediated and reduce disease.

2.3.12. Antibodies
Antibody responses may have several roles in RSV-associated

AAD inmice. RSV infection may induce the development of pro-
allergic IgE antibodies and their receptors in the lung which may
induce mast cell degranulation and AHR (Dakhama et al., 2004).
The activation of anti-viral protein kinase upon infectionmay lead
to isotype switching of B cells to produce IgE (Rager et al., 1998).
Other studies have shown that exposure to allergen during acute
RSVinfection ofmice results in the production of antigen specific
IgG1 responses, which are characteristic of Th2 immunity
(O'Donnell & Openshaw, 1998). Moreover non-neutralising
antibody produced in response to formalin-inactivated (FI) virus
may induce immune complex formation in the lung (Openshaw
et al., 2003), which may be involved in pathogenesis.

Infants have poor T cell independent antibody responses and
produce different types of antibodies compared to adults. Early
life infection with RSV may fix the nature of antibody
production as well as T cell responses to subsequent infection
throughout life and promote the development of AHR (Open-
shaw et al., 2003).

2.3.13. Suppression of immunity
Studies in mice have suggested that RSV may promote its

own infection by suppressing host immunity resulting in en-
hanced inflammation. The RSV G protein may attenuate innate
responses by binding to TNF-α (Valarcher & Taylor, 2007) and
the induction of cytokine production from monocytes and
macrophages through the inhibition of TLR-4-NF-κB mediated
signalling (Polack et al., 2005). RSV-specific T cells may play a
crucial role in viral clearance and limited evidence suggests that
infection may suppress the activation and activity of T cells
leading to enhanced viral replication and disease (Harcourt et al.,
2006). During suppression the F protein of RSV may down-
regulate the activity of Tcells and cytokine production including
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the release of IFN-γ (Kondo et al., 2004; Schauer et al., 2004).
RT infection also suppresses CTL immunity through the rapid
loss of virus-specific CD8+ memory cells and IFN-γ release
(Chang & Braciale, 2002), which is mirrored in humans by the
lack of the induction of immunological memory. This effect may
occur during antigen receptor signalling and varies to different
extents in different T cell functions (CTL activity, cytokine
release). This may result in reduced CTL activity and allow viral
persistence but may also enable the maintenance of cytokine
responsiveness facilitating further virus- or allergen-associated
inflammation promoting enhanced disease. Despite this evi-
dence immune suppression during infection has not yet been
observed in humans. These effects may only be present in the
lung and are not detectable in the blood (Braciale, 2005) and it is
unknown if CD8+ T cells with this phenotype exist in the RT of
humans with severe RSV infection.

RSV infection may also attenuate protective immune
responses by suppression of type I IFN (IFN-α,β), modulation
ofDC activity, G proteinmimicry of the CX3C chemokine, which
may inhibit T cell migration and by producing viral variants that
are not recognised by neutralising antibodies (Tripp, 2004; Meyer
et al., 2007). The viral elements responsible for dysregulated
immune responses are not known.

2.3.14. Latent infection
Persistent RSV, other viral or bacterial infections, which are

local or systemic, or underlying chronic lung disease may pro-
mote susceptibility to RSV-induced asthma. Emerging evidence
from both mouse and human studies suggests that RSV infections
may persist at low levels, by mechanisms involving suppression
of immunity and avoidance of immune detection and total
clearance (Seemungal et al., 2001; Schwarze et al., 2004). This
occurs in mice with functional neutralising antibody and CTL
responses even though the virus possesses a CD8+ epitope and
productive infection can be reactivated by depletion of CD4+ and
CD8+ cells (Schwarze et al., 2004).

In mouse models RSV is detectable by culture up to just
7 days after infection but by PCR for up to 77 days
independently of genetic background and viral copy number
correlates with AHR (Tripp, 2004; Chavez-Bueno et al., 2005).
This association has not yet been proven but treatment with
neutralising antibody reduces viral numbers and disease
severity (Mejias et al., 2005). However, it is possible that
viral detection by PCR under these conditions may represent the
persistence of viral debris following the administration of high
viral inocula and may not be part of the disease process. It
remains unknown whether viral persistence occurs in children
following bronchiolitis and the development of wheezing and
long-term pulmonary abnormalities. If persistent infection does
occur chronic inflammation and altered immune (cytokine/
chemokine) responses may be induced in individuals with RSV-
induced AAD. Thus persistent infection may be important in
long-term morbidity and may provide a new therapeutic target.

2.3.15. Angiogenesis
Limited mouse and primate studies of acute and chronic

asthma also link VEGF with pathophysiological features of
RSV infection and asthma (Lee et al., 2002; Suzaki et al., 2005;
Avdalovic et al., 2006; Lee et al., 2006). Over-expression of
VEGF in the lungs of mice to levels found in asthma or during
RSV infection, induces angiogenesis, oedema, inflammation,
vascular remodelling, mucus cell hyperplasia/metaplasia and
AHR (Lee et al., 2004).

2.3.16. Involvement of neural networks
Rat models of RSV-induced bronchiolitis have also been

developed, where rats rapidly clear the virus in a similar manner
to the self-limiting infection of human infants (Piedimonte et al.,
1999). This model has been used to investigate the alteration of
neural networks by RSV infection and infection of infant rats
has enabled the analysis of the effects of early life infection
(King et al., 2001). A stronger neurogenic inflammatory
response develops in the LRT of infant rats than in adult rats
during infection, which may explain why bronchiolitis presents
in infants but as an URT infection in older subjects. Induction of
inflammation involves the upregulation of NK1 in infected
lungs (but not NK2 that is expressed on ASM fibres) that are
activated by NANCe nerves and mediate substance P induced
immunomodulation and neurogenic and cellular inflammation
that may lead to edema and obstruction (King et al., 2001;
Piedimonte, 2001; Tripp et al., 2002). NK1 receptors are also
upregulated on T cells in bronchus-associated lymphoid tissue
in response to infection, which may then be attracted into the
airways and release pro-inflammatory cytokines in response to
neurogenic stimulation by airborne irritants. Recurrent stimula-
tion may lead to persistent cycles of airway inflammation and
obstruction. Inhibition of NK1 or the administration of CGRP
prevents RSV-induced AHR and may be potential therapeutic
targets (Dakhama et al., 2005c). Neurogenic stimulation by
RSV infection also induces the release of LTs from mast cells
that induce mucus secretion (Wedde-Beer et al., 2002). Another
alternative is that infection-induced damage may expose nerve
endings and substance P and neurokinin A may then mediate
ASM contraction (Jacoby, 2002). Other investigators have
shown that RSV infection of rats and ferrets results in increases
in cholinergic mediated contraction of ASM and reduced
inhibitory NANCe responses (Larsen & Colasurdo, 1999).

2.3.17. Pneumonia virus of mice
Despite the vast array of literature describing studies of RSV

infections in animal models, there is no single model which
duplicates the pathological features of disease observed in
human infection. The major drawback in studies of RSV-
induced disease in mice is that RSV is not a natural mouse
pathogen. Symptoms induced upon infection are minimal
compared to those observed in human infants, the virus has
limited replication and infected animals show few if any signs
of respiratory illness (Domachowske et al., 2001). Furthermore,
large doses of the virus are required and primary infection is
rapidly aborted (Collins et al., 2001). Such discrepancies
between human disease and mouse models have severely
hampered the investigation of RSV-induced disease.

The pneumonia virus of mice (PVM) is the closest genetic
relative of RSV and is a natural mouse pathogen (Easton et al.,
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2004). Unlike RSV, PVM infection of mice reproduces many of
the acute inflammatory responses described for RSV infection in
humans. PVM replicates rapidly inducing inflammation leading to
mucus plugging of the airways and overt signs of disease from
URT symptoms to fatal pneumonia, which is dependent on the
administered dose (Domachowske et al., 2004; Easton et al.,
2004). Virus replication is associated with an influx of granu-
locytes and severe inflammatory bronchiolitis. We have recently
established mouse models of RSV-like disease using PVM infec-
tion of neonates and adults (Hansbro et al., 2007). Importantly
neonatally infected mice also exhibit many of the symptoms
observed during RSV disease of human infants (Bonville et al.,
1999; Harrison et al., 1999; Rosenberg et al., 2005).

These models are now being utilised to more precisely
elucidate the host pathogen relationships that result in RSV-
induced asthma. The importance of inflammation in inducing
disease has been demonstrated and inflammatory responses
remain active after the cessation of viral replication. MIP-1α
and its receptor CCR1 play pivotal roles in these inflammatory
responses. A recent study using PVM in wild-type and TLR-4
deficient mice showed that there is no difference in the clinical,
functional, histological and virological parameters investigated
indicating that PVM infection is independent of TLR-4
signalling (Faisca et al., 2006). Anti-viral therapy with ribavirin
alone has little effect, however, treatment with ribavirin in
combination with the anti-inflammatory agent and the CCR1
antagonist met-RANTES substantially reduces morbidity and
mortality following infection (Rosenberg et al., 2005).

2.3.18. Bovine RSV and respiratory dysfunction
Bovine RSV, pathogenesis and vaccine development have

recently been reviewed (Meyer et al., 2007; Valarcher & Taylor,
2007). Bovine RSV is closely related to human RSV and is the
most common cause of LRT disease and the major single health
problem in calves worldwide, particularly in winter (Stott et al.,
1980; Valarcher & Taylor, 2007). Indeed 60–70% of epizootic
respiratory diseases in the first year of life are attributable to
bovine RSV with mortality typically between 2 and 3% but
reaches 20% in some outbreaks (Meyer et al., 2007). Models of
bovine LRT infection have been developed and used to
investigate responses to infection and evaluate bovine vaccines.
Bovine RSV is a natural pathogen and pathogenic infection of
cattle sharesmany similaritieswithRSVinfection in humans (Van
der Poel et al., 1994). Infection is largely restricted to respiratory
epithelial cells but causes little cytotoxicity and pathology is
mediated by inflammatory responses to infection (Viuff et al.,
2002; Valarcher & Taylor, 2007). These responses also involve
innate (neutrophil and macrophage recruitment) and adaptive
(pro-inflammatory cytokine and chemokine release) immune
responses that result in respiratory damage. The mechanisms of
pathology have been investigated using genetic manipulation of
the virus and have implicated the G and SH proteins in infection
and the F protein and non-structural (NS) proteins in inflamma-
tory responses (reviewed in Valarcher & Taylor (2007)).

2.3.18.1. Pathogenesis. Bovine RSV is transmitted by direct
contact, in airborne droplets or is possibly transferred passively by
humans (Hall et al., 1980;Mars et al., 1999). Pathogenic infection
of the RT is muchmore common in calves than adults (Stott et al.,
1980), which results from a lack of specific immunity in naïve
animals. Maternally-derived antibodies afford some protection
but primary infection induces the most effective immunity
(Kimman et al., 1987). Infectious disease takes 2–5 days to
develop and has similar clinical features to humans and may
possibly result in persistent infection (Valarcher et al., 2001).
Disease of the URT induces mild symptoms of coughing and
mucus production. In the LRT bronchiolitis and bronchopneu-
monia occur in association with edema, wheezing and dyspnea
(Verhoeff et al., 1984; Belknap, 1993).

2.3.18.2. Immune responses. Infection of cattle induces
inflammation involving the influx of mononuclear cells, neu-
trophils, CD4+ (of mixed Th1/Th2 phenotype) and CD8+ cells
and sometimes eosinophils into peri-bronchial regions along with
necrosis and apoptosis of epithelial cells (Viuff et al., 2002;
Antonis et al., 2006). CD8+ CTLs have a major role in the
clearance of primary infection in calves and lymphocyte
proliferation is attenuated by infection in vitro (Keles et al.,
1998; Antonis et al., 2006), whereas antibody-mediated responses
are important in protection against secondary infection. The lumen
of the airways become occluded with mucus and inflammatory
debris and remodelling events occur that lead to breathing
difficulties (Kimman et al., 1989;Viuff et al., 2002). It is likely that
similar immune responses are elicited as in human infection with
RSV and involve the induction of NF-kB and the generation of
pro-inflammatory cytokines and chemokines. The interaction of
viral components (F protein and dsRNA) with TLRs is known to
drive the development of the immune response in cattle (reviewed
in Valarcher & Taylor (2007)). As in humans and mice there are
age-related differences in immune responses to infection in cattle
with reduced protective and enhanced inflammatory responses in
younger animals. In response to primary infection younger calves
have enhanced fever, virus-specific TNF-α, IL-6 and IFN-γ
release from PBMCs and reduced peripheral blood mononuclear
and B cells and virus-specific IgA and neutralising antibody
responses (Grell et al., 2005).

2.3.18.3. The roles of viral components in disease. The
immunology and pathogenesis of bovine RSV infection has
been intensively studied using reverse genetic engineering of
the virus, which is less variable that human RSVand the results
may be extrapolated to human disease (Collins et al., 1995). The
importance and roles of different bovine RSV proteins in the
induction of pathogenesis and immune responses have been
elucidated using these genetically manipulated viruses.

The G protein of RSV is the major attachment protein and
deletion mutants do not replicate in the absence of the G proteins
in vivo, although replication is unaffected in vitro (Karger et al.,
2001; Schmidt et al., 2002). Bovine viruses expressing only the
secreted segment of the G protein also have 100 fold attenuated
replication, which is 10 fold higher than mutants missing the
entire G protein (Teng et al., 2001). Mutants expressing the
membrane-anchored G protein segment have no impairment of
replication in the URT but were attenuated at least 10 fold in the

http://dx.doi.org/10.1016/j.cimid.2007.07.008
http://dx.doi.org/10.1016/j.cimid.2007.07.008
http://dx.doi.org/10.1016/j.cimid.2007.07.008
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LRTand did not induce pathogenic responses in the lung (Maher
et al., 2004). This suggests that both fragments of the G protein
are important in infection and pathogenesis with the secreted
portion playing a particularly significant role.

Cleavage of the bovine F protein is required for activation
and results in the production of the peptide and tachykinin,
virokinin that induces the production of NKs, substance P and
other neurogenic pro-inflammatory mediators. Virokinin itself
induces ASM contraction and therefore directly contributes to
airflow restriction but does not have chemotactic properties
(Zimmer et al., 2003). By contrast cleavage of human RSV
does not produce tachykinins (Valarcher et al., 2006). Dele-
tion of various parts of the bovine F protein has shown that it
is not necessary for proliferation in vivo but deficient mu-
tants promote substantially reduced airway inflammation and
eosinophil influx (Valarcher et al., 2006). The F protein is
responsible for suppressing lymphocyte proliferation (Schlen-
der et al., 2002), however, there is no effect on the expression of
the eosinophil attractants RANTES or MIP-1α in the absence of
the F protein suggesting that other mechanisms may be involved
in the suppression of eosinophil influx in cattle (Valarcher et al.,
2006).

NS proteins, particularly NS2, of bovine RSV downregulates
the IFN-α/β response involving the attenuation of IRF-3 and
STAT-2 (Schlender et al., 2000), which has subsequently also
been shown with human RSV (Spann et al., 2004, 2005; Lo et al.,
2005). The lack of NS proteins results in highly attenuated repli-
cation and a lack of pathogenesis in vitro and in vivo (Whitehead
et al., 1999; Valarcher et al., 2003).

The SH protein is not required for replication of bovine RSV
in vitro (Karger et al., 2001) but replication is attenuated in the
LRTof chimpanzees and calves in vivo (Whitehead et al., 1999;
Valarcher & Taylor, 2007).

2.4. Summary

Epidemiological studies have widely linked RSV infection to
the development of bronchiolitis, wheeze, decreased lung
function and possibly asthma in childhood. This association is
equivocal later in life but may depend on the severity of the
infection. There may also be a role for RSV in the induction of
sensitization to allergens and allergy may predispose to more
severe infection. Enhanced severity of symptoms that result
from infection may be a useful prognostic marker for the future
development of allergic disease.

Both human and animal studies have investigated the
mechanisms of how infection induces pathogenesis and how
this is associated with asthma. The age of first infection is
crucial in determining clinical outcomes and early infection may
promote the development of a pro-allergic phenotype. This
indicates that delaying the age of infection until later in life may
be an effective therapeutic strategy. Infection induces both
innate and adaptive immune responses that promote Th2
immunity and eosinophil influx into the lung that may
contribute to the development of AHR. The timing of infection
relative to allergen exposure and the immune phenotype of the
individual may be significant in determining the effects of
infection. An interesting novel concept is that RSV infection
may induce the development of angiogenesis, which might
exacerbate inflammatory exudation, edema and bronchial
obstruction in asthma. Other new hypotheses are that RSV
may induce immune suppression allowing viral persistence and
latent infections that can be reactivated. Neural networks also
have the potential to be involved through the induction of
neurogenic inflammation.

3. RV and asthma

RVs are small non-enveloped ssRNA viruses of the
Picornaviridae family and to date over 100 different serotypes
have been identified (Savolainen et al., 2002).

Epidemiology — RVs are responsible for the majority of
cases of URT infectious disease in humans particularly colds
and have recently also been implicated as the cause of
significant numbers of LRT infections. RV is also the most
common respiratory viral pathogen that induces wheeze at all
ages (Kusel et al., 2006). A third of all episodes of acute
respiratory illness involve wheezing in both children and adults
and RV infections are implicated in 3 times as many cases as
other viruses. Wheezing may then progress to the development
of asthma. The mechanisms of pathogenesis of RV are much
less well understood than for RSV.

Pathogenesis — RVs are divided into major and minor
classes based on receptor binding properties. Major group RVs
bind to ICAM-1 while minor group viruses bind to very low-
density lipoprotein receptors (LDLPR) (Fig. 1) (Dreschers et al.,
2007). Binding of RV to LDLPRs induces a conformational
change in the capsid that is required for viral uptake.
Intracellular internalisation occurs through the activation of
sphingomyelinase that generates ceramide-rich membrane rafts,
which facilitate uptake. RV is not thought to replicate in LRT,
however, it is possible that RV can infect the LRT to a certain
extent or alternatively that immune responses to URT infection
has knock-on effects on inflammation in the LRT. Infection of
the URT typically causes coryza and pharyngitis and virus can
be detected in fluids from the nasopharynx, tonsils and the
middle ear (Holgate, 2006).

3.1. Clinical evidence for the association

3.1.1. RV and asthma exacerbation and induction
Recent epidemiological studies correlating RV with asthma

are shown in Table 3. RV is more strongly linked with
exacerbations of asthma although it is emerging that RV may
also be important in asthma induction. There is a strong
association between RV infection and childhood wheeze and
exacerbation of asthma that may lead to hospitalization (El-
Sahly et al., 2000; Jartti et al., 2006). RV is implicated in wheeze
in 80% of children N3 years of age and 45–80% of adults and is
responsible for 60% of cases of asthma exacerbations (Johnston
et al., 1995; Nicholson et al., 1997; Atmar et al., 1998;
Freymuth et al., 1999; Tan, 2005). Interestingly the peak of
severe asthma exacerbations in children occurs shortly after
their return to school after breaks and in adults one week later



Table 3
Recent epidemiological studies that link RSV infection with asthma

Study design Cohort Test Result/conclusion Reference

To determine contribution of
respiratory viruses to asthma
exacerbations in children

2–17 years with asthma
exacerbations (case) vs
well controlled asthma
(control)

Detection of RV, RSV, enterovirus,
coronavirus, parainfluenza,
influenza, adenoviruses and
bocavirus

RV in 60% case vs 18% control. Only RV
associated with exacerbations.

Khetsuriani
et al., 2007

Symptomatic RV infections contribute to
asthma exacerbations in children.

To determine relationship of
respiratory virus exposure to
symptoms and subsequent asthma
and atopy at 1 and 2 years

“high-risk” children (455)
born into asthmatic/atopic
families

Nasal specimens analysed for
parainfluenza, RSV, RV and
enterovirus. Correlated virus with
respiratory symptoms and asthma/
atopy

Virus associated with increased odds of cold
and cough. Parainfluenza and picornavirus
were associated with rhinitis. RSV
associated with wheezing.

Lee et al.,
2007

Parainfluenza increased odds of atopy at
1 year. Parainfluenza and RSV associated
with asthma at 2 years.

To assess RV infections in children
hospitalized for RT infection in a
secondary public school

Children (304) admitted to
hospital with fever or RT
infection with RV

Viral diagnosis in nasopharyngeal
washings

76 had RV (25%), 30% had RSV (71% of
these b2 years old). 60% had recurrent
wheeze, 24% bronchiolitis, 8% pneumonia,
5% URT infection, 58% fever. RSV/RV
frequently isolated. RSV commonest
followed by RV in infants, RV commonest in
children.

Calvo Rey
et al., 2006

To assess viral prevalence and
significance in mechanically
ventilated patients

Adults ventilated for 48+
hours and admitted to
intensive care

Assessment of respiratory samples
and tracheobronchial aspirates

45 viruses isolated in 22% of patients. RV
most common (42%)

Daubin
et al., 2006

Herpes simplex virus-1 (22%), influenza
(16%). Confirmed pathogenic role of viruses
(particularly RV) in intensive care units.

To evaluate RV in bronchial biopsies
from infants with recurrent
asthma symptoms

Steroid naïve infants (201)
3–26 months

Bronchial biopsies assessed for RV.
Lung function using body
plethysmography

45% had RV. Abnormal lung function in 86%
of infants with RV and 58% of infants without
RV. RV frequently found in LRT of infants
with recurrent symptoms, most of these had
increased airway resistance.

Malmstrom
et al., 2006

To investigate role of respiratory
infections in stable adult asthma

Asthmatics (103) vs
controls (30)

Sputum and oropharyngeal swabs
for RV, RSV, enterovirus and
adenovirus

RV detected in 7% controls, 9% mild and 16%
moderate asthmatics. RV positive asthmatics
have greater asthma symptoms and lower
FEV1 than RV negative cases.

Harju et al.,
2006

To determine if RV infection and
atopic skin prick responses
influence severity of asthma
exacerbations

Children (50) 4–12 years
with acute severe asthma
admitted to emergency. Re-
assessed; 6 weeks/month

Peak expiratory flow (PEF)
measured. RV and RSV detected
in nasal aspirates.

74% of patients were atopic. On admission
82% had RV, 12% had RSV. After 6 weeks 18/
44 had RV. After 6 months 4/16 had RV. PEF
reduced in asthmatics (no difference between
RV, RSVor no virus groups). Severity of PEF
reductions linked to persistence of RV. N40%
asthmatic children had RV 6 weeks after acute
exacerbation.

Kling et al.,
2005

Atopy diagnosed by skin prick
responses to allergen

To assess effect of viral RT
infections during infancy on
development of subsequent
wheezing and/or allergic disease
in early childhood

Children (285) birth—
3 years genetically at high
risk of developing allergic
respiratory disease

Nasal lavage to evaluate effect of
timing, severity and etiology of
viral RT infections during infancy
on wheezing in the 3rd year of life

Risk factors for 3rd year wheezing; passive
smoke, older siblings, allergic food
sensitization, moderate/severe respiratory
illness without wheezing and 1+ wheezing
illness with RSV/RV/other pathogens during
infancy. RV induced wheeze in 1st year
strongest predictor of subsequent wheeze in
3rd year (63%) vs 20% of other infants.

Lemanske
et al., 2005
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and this coincides with peaks in RV infections in the spring and
fall (Longini et al., 1984). Indeed in the fall RV was present in
29% and 52% of children that were asymptomatic or were
having asthma exacerbations, respectively (Johnston et al.,
2005).

3.1.2. Importance of RV
infections in childhood wheeze and asthma

While RSV may be an important factor in early childhood
wheeze, the majority of children become infected with RSV,
but most do not go on and develop asthma, suggesting that
other factors are important in this process. To investigate this
Lemanske et al. (2005) prospectively recruited a cohort of
children (285) at risk of asthma based on family history and
followed them for 3 years to determine the relationship between
viral infections and symptoms of asthma, confirming infective
episodes and etiology by PCR on nasopharyngeal aspirates. At
3 years non-infective factors such as exposure to environmental
tobacco smoke, the presence of asthma in an older sibling and
IgE-mediated food allergies were associated with persistent
wheeze. RSV infections were also linked with an increased risk,
however the strongest independent predictor of persistent
childhood wheeze was an episode of RV infection associated
with wheeze (OR=10, 63%). This suggests that RV infection in
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infancy is associated with the development of asthma later in
life. Others agree and have shown that RV infection is the
primary risk factor for wheezing in children under 3 years but
that atopy is more important thereafter (Heymann et al., 2004).
Other recent studies have also indicated that recurrent wheezing
in infants is promoted by RV and possibly to a greater extent
than RSV (Lehtinen et al., 2007). A pathophysiological link
between RVand asthma is indicated by the tendency of children
infected with RV to be older than those infected with RSV
(13 months vs 5 months) and an increased frequency to present
with atopic dermatitis and blood eosinophilia (Korppi et al.,
2004a). In the study by Korppi et al., children (81) hospitalized
for wheezing before the age of 2 were assessed by broncho-
scopy and had a prior median symptomatic period of 6 months.
Of these children 40% were found to be asthmatics by the age of
3 years, and 90% of these were atopic. Early predictors of
asthma were atopic dermatitis, specific IgE and inhalant allergy
and RV was common during wheezing (58%). Another recent
study of infants (192) under the age of 3 hospitalized with
bronchiolitis identified RV and RSV in 21% and 30% of cases,
respectively (Jacques et al., 2006).

3.1.3. Asthmatic predisposition to more severe infection
It is unknown if asthmatics are more likely to develop colds,

or if they are at a greater risk of more severe colds. Corne et al.,
attempted to investigate this by recruiting couples, one of whom
had asthma and determining if the asthmatics were more at risk
of developing colds. They found that those with asthma were no
more likely to develop colds (10% vs 9% of controls), but they
were substantially more likely to develop LRT symptoms
associated with these colds (43% vs 17%). This implies that
viral infections in asthmatics are more likely to increase LRT
inflammation (Corne et al., 2002). Other investigators have
shown that asthmatic infants hospitalized with wheezing have a
greater chance of testing positive for RV than non-asthmatics,
which suggests that asthma sufferers may also be more
susceptible to infection (Xatzipsalti et al., 2005). Furthermore,
RV infection may be more long lasting in asthmatics and may
persists for up to 6 weeks after hospitalization for acute asthma
exacerbation and RV-induced AHR may also last for several
weeks (Kling et al., 2005).

3.2. Mechanisms of predisposition
and exacerbation shown in humans

3.2.1. In vivo studies
Experimental RV infection of human volunteers has enabled

the study of the effects of infection on immune responses, lung
function and asthma as well as the role of atopy and timing of
infection on disease outcomes (Papadopoulos et al., 2004).
Infection upon binding of RV to ICAM-1 (Greve et al., 1989)
not only contributes to pathogenesis but also to the induction of
allergic inflammation (Canonica et al., 1995). RV also induces
the upregulation of ICAM-1 by activation of NF-κB, which
promotes further infection (Papi & Johnston, 1999). RV infects
the bronchial epithelial layer and some mononuclear cells and
fibroblasts (Papadopoulos et al., 2004) and increases airway
inflammation, with changes observed in induced sputum and
endobronchial biopsy. The bronchial epithelium of asthmatics is
particularly susceptible to the cytotoxic effects of viruses
(Papadopoulos et al., 2000; Mosser et al., 2005). Initial infection
initiates RV-induced exacerbations and cytotoxicity leads to
increases in the penetrance and effects of allergens.

3.2.1.1. Immune responses. In both asthmatics and non-atopic
non-asthmatics inflammatory changes involving almost all
types of inflammatory cells are observed upon RV infection.
In mild to moderate asthma, infection induces increased levels
of IL-8 and neutrophils in sputum, promotes the influx of
eosinophils, mast cells, CD4+ and CD8+ cells into the airway
wall and enhances AHR (Fraenkel et al., 1995; Grunberg et al.,
1997a; van Benten et al., 2001). de Kluijver et al., showed the
inflammation upon infection may be less intense in the non-
asthmatic, although these differences were small and no direct
comparison with asthmatics was made at the time (de Kluijver
et al., 2002). Nevertheless reduced IFN-γ responses in subjects
with asthma may promote susceptibility to infection and there is
an inverse correlation between IFN-γ levels and RV persistence
and symptoms in asthmatics (Gern et al., 2000). This deficiency
may result from either the lack of recruitment of appropriate
inflammatory cells or a reduced response from these cells.

Other differences in immune responses to RV infection have
also been observed that may be involved in increased
susceptibility of asthmatics to infection or enhanced inflamma-
tion. In subjects with acute RV-induced asthma Wark et al.,
found that increased serum IP-10 levels but not RANTES or IL-8
was specifically associated with infection and correlated with the
degree of airflow obstruction (Wark et al., 2007). These subjects
also had less bronchodilatory response (increase in FEV1) to
salbutamol compared to non-infective acute asthma, which
correlated with levels of IP-10 in serum. IP-10 is a chemokine
that binds to CXCR3 and is important in the recruitment of T
cells to infected tissues. Increased levels of IP-10 can activate
mast cells and cause their migration. Mast cells that are resident
in the ASM are specific for asthma and also express CXCR3.
Therefore, RV infection of the bronchial epithelium may lead to
an early release of IP-10 that sets off a chain of events that
enhance pre-existing asthmatic airway inflammation and
promotes the migration and activation of mast cells into the
ASM thereby worsening bronchoconstriction and reducing the
response to bronchodilators.

Nasal secretions of experimentally infected healthy volun-
teers contain increased levels of IL-1β, a pro-inflammatory
cytokine (Proud et al., 1994), while RV infection of subjects
with allergic rhinitis or asthma, or in children with virus-
induced asthma, resulted in elevated levels of G-CSF and IL-8
as well as increased blood and nasal neutrophilia (Teran et al.,
1997; Gern et al., 2000).

3.2.1.2. Decreased lung function/AHR. Several investigators
have demonstrated that RV infection worsens airway inflamma-
tion and obstruction and enhances AHR to non-specific
bronchoconstrictors in subjects with asthma or atopy. However,
despite showing an ability to infect these subjects and recovery



335N.G. Hansbro et al. / Pharmacology & Therapeutics 117 (2008) 313–353
of virus, significant exacerbations of disease are not observed
(Grunberg et al., 1997a). While treatment with inhaled
corticosteroids (ICSs) effectively reduces AHR and even airway
eosinophilia, it has no effect on virus-induced airway inflam-
mation. This suggests that in the acute phase there is a disparity
between these features of disease.

Epidemiological studies also link RV infection with reduced
lung function. For example, a recent study detected RV in the
respiratory epithelium in 45% of infants with recurring respiratory
symptoms (201, 3–26 months) which was associated with ab-
normal lung function (decreased airways conductance, 86%) com-
pared with RV negative infants (58%) (Malmstrom et al., 2006).

It is possible that the serotype of RV involved may be
important and some strains such as RV16 are particularly
associated with reduced lung function and increased AHR and
symptoms of asthma and rhinitis (Peebles & Hartert, 2000).

3.2.1.3. Atopy. It is unknown whether atopy predisposes to
infection and infection-induced asthma. To determine whether
atopy influences infection and worsening of AHR, Xepadaki
et al., studied a group of asthmatic children dividing them by
atopy (Xepapadaki et al., 2005). In both groups AHR increased
10 days after a cold and remained elevated for 5–11 weeks.
Where the groups differed was that atopic children experienced
more symptomatic colds and acute exacerbations, leading to a
cumulative affect that resulted in the persistence of AHR.
Therefore, increased susceptibility of atopics to infection was
demonstrated and recurring inflammatory insults were impli-
cated as an indirect cause of more severe AHR.

3.2.1.4. Timing of infection. As with RSV the timing of
infection relative to allergen exposure may also be important in
determining the outcome of RV infection in asthma. The severity
of asthma exacerbations increases if infection occurs simulta-
neously with allergen exposure in asthmatics (Green et al.,
2002). However, infection after allergen exposure has little
effect on AHR (de Kluijver et al., 2003).

3.2.2. In vitro studies
Numerous important studies have used a variety of in vitro

cell culture systems to provide valuable insights into the
pathogenesis of RVand its association with asthma. Specifically
the role of cytotoxicity, immune responses, AHR and remodel-
ling involving angiogenesis have all been implicated. Impor-
tantly it has now become clear that viral infection directly
influences lower airway inflammation in asthma and that
asthmatics may have a defective innate response in bronchoe-
pithelial cells (BECs) to RV. The BEC is the first point of
contact between infecting viruses and the host and plays an
important early role in initiating innate and adaptive immune
responses and inflammation (Bals & Hiemstra, 2004).

3.2.2.1. Cytopathic effect (CPE). There is conflicting evi-
dence surrounding the nature of the CPE of RV infection on
epithelial cells. While some studies have found that RV induces
considerable CPE albeit with serotype dependent variation
(Schroth et al., 1999; Papadopoulos et al., 2000), others report
none or very little CPE in vitro or in vivo (Winther et al., 1984,
1990).

3.2.2.2. Immune responses. The magnitude of immune
responses as well as differential regulation of different innate
and adaptive components has been implicated in the increased
susceptibility of asthmatics to RV and in RV-induced asthma
and exacerbations. Upon RV infection of asthmatics more
intense inflammatory reactions involving mucus production,
the influx of neutrophils, eosinophils, activated macrophages,
CD4+ and CD8+ T cells into the RT and pro-inflammatory
mediator release are associated with more severe and persistent
LRT involvement and symptoms and delayed repair (Bossios
et al., 2005; Edwards et al., 2006; Inoue et al., 2006). Although
there are similarities in the cellular immune responses to RSV
and RV infection there are significant differences in the levels
and types of cytokines and chemokines released and the cell
types that produce them. Ineffective presentation of viral anti-
gens also occurs in asthmatics, which may impair immunity and
lead to asthma symptoms (Parry et al., 2000).

3.2.2.3. Pro-inflammatory mediators. Many authors have
used epithelial cell culture models to demonstrate that RV
induces the release of pro-inflammatory mediators and it is
possible that differential regulation of these factors may be
important in RV-associated asthma.

RV infection promotes the production of oxygen radicals in
the bronchial epithelium and leads to the increased expression
of NF-κB and enhanced pro-inflammatory responses (Contoli
et al., 2005). The activation of p38 mitogen-activated protein
kinase by Rho A has been shown to play an important role in
these processes (Dumitru et al., 2006). RV infection of human
cell lines relevant to the RT and asthma has demonstrated that
the production of many different pro-inflammatory cytokines,
chemokines and molecules is induced including; eotaxins 1 and
2, IL-1β, -4, -6, -8, -16, ENA-78, IP-10, GM-CSF, TNF-α,
RANTES, MCP-1, MIP-1α and ICAM-1 (Subauste et al., 1995;
Grunberg et al., 1997a; Johnston et al., 1998; Yamaya et al.,
1999; Gern et al., 2000; Papadopoulos et al., 2000; Suzuki et al.,
2001; Papadopoulos et al., 2001; Hosoda et al., 2002; Konno
et al., 2002; Gern et al., 2003; Hall et al., 2005; Edwards et al.,
2006). Of particular importance is the increased production of
IL-6, -8 and -16 and eotaxin, IP-10 and RANTES, which are
released upon RV infection of BECs (Papadopoulos et al.,
2004). IL-6 and IL-16 participate in the maturation of B and T
cells and eosinophil and macrophage chemotaxis, respectively.
RANTES and eotaxin are also powerful chemoattractors of
eosinophils and drive airway eosinophilic inflammation (Papa-
dopoulos et al., 2004). IL-8 and ENA-78 and RANTES and IP-
10 are potent neutrophil and T cell chemoattractants, respec-
tively (Edwards et al., 2006). IL-8 is also linked with reduced
lung function in experimental RV infection, suggesting that
chemokines may be involved in asthma exacerbations (Grun-
berg et al., 1997b). Importantly IP-10 and RANTES are the
chemokines released in the greatest quantities from BEC
infected with RV (Wark unpublished). Moreover, when BECs
were treated with dexamethasone IP-10 was only inhibited at
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the maximum dose, although RANTES and IL-6 were inhibited
at all doses. This is in keeping with experimental findings that
moderate doses of ICSs are effective in reducing AHR and
infiltration of eosinophils, but do not prevent the accumulation
of cytotoxic T cells. Therefore RV infection may induce neu-
trophil and T cell influx that may exacerbate allergic inflam-
mation and which may be refractive to ICS treatment.

3.2.2.4. IFNs. The release of type I and III IFNs from BECs
are important innate responses to infection. They have anti-viral
properties and play roles in apoptosis of infected cells and
directing adaptive immune responses to clear the virus (Takaoka
et al., 2003; Wark et al., 2005).

Asthmatics have recently been shown to be particularly
susceptible to the development of RV LRT infections as a result
of reduced IFN-α responses. This was shown in vitro by dem-
onstrating that peripheral blood mononuclear cells (PBMCs)
from both children and adults with asthma responded to RV
inoculation with a reduced release of IFN-α (Corne et al., 2002;
Gehlhar et al., 2006).

Wark et al., have established a model of acute RV infection of
the airway epithelium, using primary BECs (pBECs) acquired
by bronchoscopy and cultured in vitro. Asthmatic pBECs allow
a significantly greater replication of RV compared to controls.
The innate response of asthmatic pBECs to RV is deficient in
the release of IFN-β (Wark et al., 2005), which promotes
susceptibility to infection. This defect directly impairs the
ability of the infected host cell to undergo early apoptosis and
allows increased virus replication and ultimately cytolysis of
infected cells. The defect is the result of altered intracellular
signalling and not ICAM-1 expression or viral internalisation.
The administration of exogenous IFN-β induces apoptosis and
suppresses viral replication, which identifies the potential for
therapeutic intervention (Wark et al., 2005). As IFN-β is
released mostly by BECs, little IFN-β was detected in the
BALF of individuals experimentally infected with RV. Further
confirmation of the importance of these pathways was provided
when microarray analysis of RV-infected differentiated BECs
identified 48 genes that were upregulated and most of which are
involved in type I IFN pathways. The expression of these genes
could be blocked by anti-IFN-β mAB or a dsRNA inhibitor
(Chen et al., 2006).

RV infection of pBECs also induces the release of the novel
immune mediator and type III interferon, IFN-λ, which also has
anti-viral effects on RV replication (Contoli et al., 2006). Again
this group demonstrated that asthmatic pBECs had a markedly
deficient IFN-λ response to infection with RV compared to
healthy volunteers. The importance of the early response to
infection was confirmed in vivo by experimental RV infection
of volunteers; those with the greatest impairment of early
release of IFN-λ to RV had significantly increased virus re-
plication, severity of cold symptoms, airway inflammation and
a more severe fall in lung function (Contoli et al., 2006).

It has been suggested that defective innate immune responses
result in deficient adaptive Th1 responses. In support of this
PBMCs from asthmatics have been shown to have deficient
IFN-γ responses to RV (Wark et al., 2005). Others have made
similar observations and demonstrated time and dose dependent
increases in IFN-γ, IL-12 and IL-10 following RV infection of
PBMC (Papadopoulos et al., 2002b). Cells from normal
subjects produced higher levels of IFN-γ and IL-12, while
those from atopic asthmatics predominantly produced IL-10
(Papadopoulos et al., 2002b).

3.2.2.5. TLRs. TLR-3 recognises RV and is upregulated upon
infection, which leads to NF-κB expression (Groskreutz et al.,
2006). If TLR-3 is blocked anti-viral responses are suppressed
and RV replicates and is released (Hewson et al., 2005). PKR is
released and promotes the generation of pro-inflammatory IL-6,
-8 and RANTES. Asthmatics may be deficient in TLR-3, which
may predispose to reduced immune responses and increased
and persistent RV infection that may lead to enhanced viral
cytotoxicity (Hewson et al., 2005).

3.2.2.6. Th2 responses. Th2 responses that are typically
elevated in asthmatics including those involving IL-4, increase
the expression of ICAM-1 on airway epithelium, which
promotes increased RV infection (Bianco et al., 1998). ICAM-
1 may participate in eosinophil and T cell influx into the LRT in
asthma. Elevated Th2 along with reduced Th1 responses may
promote susceptibility to RV infection and more frequent
viremia in subjects with acute asthma exacerbations (Xatzipsalti
et al., 2005).

3.2.2.7. AHR/remodeling. While viral infections initiate lower
airway inflammation and asthmatics appear more susceptible
these observations do not provide a link that infections increase
the severity of AHR or long-term airway remodelling. Infection
of pBECs clearly will initiate the release of pro-inflammatory
mediators that will enhance the recruitment and trafficking of
inflammatory cells to the airways. However, it is unknown
whether this will affect remodelling, either directly by
influencing ASM or indirectly by affecting other features of
remodelling in chronic asthma. To determine if RV infection
could directly influence remodelling, in vitro culture models of
pBECs and fibroblasts from subjects with mild or moderate
asthma and healthy controls have been employed. Fibroblasts
have the potential to play a critical role in remodelling and
changes in the airway matrix (Holgate et al., 2004). Infection of
pBECs and fibroblasts from these subjects does not lead to the
release of the known mitogenic factors TGF-β or endothelin-1.
Culture of fibroblasts with media taken from pBECs that had
been infected with RV also did not induce the release of these
mediators. There was also no increase in the expression of the
contractile protein alpha smooth muscle actin, which may be
expressed if these cells develop a contractile phenotype and
there was no change in cellular morphology. These results
suggest that RV infection does not induce the release of pro-
remodelling factors from these cells. However, exposure of
fibroblasts to both RV directly and RV conditioned pBEC media
did promote inflammation with the induction of inflammatory
mediators, similar to those observed in BECs. This observation
agrees with the results of Oliver et al., who demonstrated that
asthmatic ASM cells released significantly more IL-6 upon
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infection even though the virus does not replicate in these cells
(Oliver et al., 2006).

3.2.2.8. Angiogenesis. Limited data suggest that RV may be
involved in the generation of angiogenesis and remodeling.
Infection induces the release of VEGF and FGF and other
fibrosis and angiogenesis inducing factors from primary airway
epithelial cells, epithelium and fibroblast cell lines and these
factors have also been detected in RV-infected nasal secretions
(Ghildyal et al., 2005; De Silva et al., 2006; Psarras et al., 2006;
Volonaki et al., 2006). Psarras et al., demonstrated that RV
infection of BECs led to the induction of VEGF and that when
endothelial cells were treated with the medium of infected BECs
they began to form tubules and to proliferate. These effects were
inhibited by anti-VEGF and enhanced when the endothelium
was exposed to Th2 cytokines (Psarras et al., 2006).

3.3. Mechanisms of predisposition shown experimentally

RV research and the development of therapeutic strategies
have been severely hampered by the lack of a small animal
model with which to investigate disease pathogenesis and the
induction and exacerbation of asthma by RV. Mice do not
express ICAM-1 that can be used as a receptor by major group
human RVs and these viruses do not establish infections in
mice. Minor group RVs, however, can infect airway epithelial
cells of mice by binding to LDLPRs (Dreschers et al., 2007). A
recent report (Newcomb et al., 2006), describes a mouse model
of minor group RV infection with RV1B. Virus persists in
mouse lungs and induces neutrophilic inflammation in the air-
ways involving MIP-2 expression whereas major group RV
does not. This model has since been used to demonstrate that
RV infection induces mucin production in vivo and that mucin
production in a model of murine AAD is also increased by RV
infection (Bartlett et al., 2007).

3.4. Summary

RVs are the most common cause of common colds and URT
illness and have recently been implicated in many LRT
episodes. RV infections are also the commonest cause of
wheezing and asthma exacerbations, particularly in individuals
N3 years of age. RV-induced wheezing may lead to the
development of asthma and recent evidence suggests that RV
may be the most important risk factor for wheeze and asthma in
early life. As is the case with RSV, asthmatics may be more
susceptible to RVand are more likely to suffer from more severe
RV disease.

In vivo and in vitro studies have been used to demonstrate
that RV infection exacerbates airway inflammation, obstruction
and AHR and atopic status and timing of infection may have
important effects. These studies show that the magnitude and
phenotype of the immune response to RV has a major impact on
asthmatic outcomes. Importantly in vitro studies have identified
defects in innate (type I and III IFNs) and adaptive responses
from cells from asthmatics to RV infection. These defects may
promote susceptibility to infection and contribute to the asso-
ciation between RV infection and the induction and exacerba-
tion of asthma.

4. Therapeutic strategies

In order to prevent virus-induced asthma and exacerbations
we require a better understanding of predisposing factors for
viral diseases and their association with the causation and
exacerbation of asthma. The development of effective anti-viral
agents and the conduct of large-scale prospective and interven-
tion trials are also required to assess the potential of such
strategies to prevent these diseases (Wennergren & Kristjans-
son, 2001).

In asthmatics RSV and RV infection directly enhanced
airway inflammation and worsened airflow obstruction. Much
of this occurs as a result of the immune responses, which
develop rapidly upon infection. For example, responses to
naturally occurring colds due to RV infection results in the
development of symptoms within 12 h which peak at 2–3 days
but have resolved within a week (Gwaltney et al., 1996). The
rapid response to infection, the often relatively mild symptoms
that occur and brisk resolution determine that it is difficult to
devise interventions that will be of substantial clinical benefit.
In the case of asthmatics where acute exacerbations are
triggered by virus infection the clinical consequences are
more severe with increased asthma symptoms, medication use,
emergency presentations and hospital admissions (Johnston
et al., 1996). Wark et al., have shown that virus-induced acute
asthma worsens airway inflammation and the degree of this
inflammatory response is directly related to the severity of acute
clinical symptoms (Wark et al., 2002). Therefore, effective
therapeutic interventions would need to alter the natural history
of virus-induced asthma, prevent the worsening of airway
inflammation and lead to significant clinical improvement.
Potential therapeutic strategies to this problem have been
discussed but the approaches with the most promise include:
prevention of infection from occurring; anti-viral agents that
eliminate infection while reducing the host's immune response;
treatments that specifically target enhanced inflammatory
responses that are induced during virus-induced asthma exacer-
bations and supplementation of protective anti-viral responses.
Anti-oxidants and angiogenesis inhibitors may also have bene-
ficial effects (Fig. 1).

4.1. Preventative strategies

Research into the inhibition of RSV and RV infection may
have important implications for the prevention of LRT
infections and the development and exacerbations of asthma.
There are no human vaccines available and further research is
required to develop effective anti-viral preventative strategies,
specifically anti-viral mAbs, passive immunization and vac-
cines. Although the evidence that anti-viral regimes reduce the
risk of developing RAD later in life is scarce, the use of anti-
virals to delay RSV infection in particular to later in life may
reduce subsequent virus-related illnesses including asthma
(Culley et al., 2002). Genetic factors are fixed but investigations
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of such interventions may be developed to reduce asthma
incidence have become areas of intense interest.

4.1.1. Antibodies
mAbs have demonstrated efficacy in preventing RSV

infection and inflammation in animal models and a humanised
mAb (palivizumab) against the RSV F protein is effective
against RSV and wheezing in children and reduces hospitaliza-
tion in high-risk individuals. Studies in mice show that
palivizumab reduces viral load, acute disease and long-term
lung function abnormalities (Mejias et al., 2005). In the rat
model palivizumab inhibits the invasion of virus particles into
the LRT epithelium and the upregulation of the NK1 receptor.
This prevents acute neurogenic LRT inflammation and long-
term susceptibility to inflammation that is induced by infection
(Piedimonte et al., 2000; Piedimonte, 2002). A randomised
controlled trial with palivizumab in children achieved a 55%
reduction in RSV hospitalization. Reductions were observed in
children with (39%) and without (78%) chronic lung disease
(IMPACT study, 1998). A recent large prospective case-
controlled study of at risk pre-term infants showed that
palivizumab also protected against recurrent wheezing (13%
vs 26% controls) and physician-diagnosed recurrent wheezing
(8% vs 26% controls) independently of confounding variables
(Simoes et al., 2007). One drawback is that escape mutants have
been detected both in vitro and in vivo (Zhao et al., 2004; Zhao
& Sullender, 2005), indicating that preventative strategies
should be targeted at multiple epitopes, Because palivizumab
is effective in preventing hospitalization in high-risk groups,
optimisation of its pharmacokinetic profile, extension of its
half-life and increasing its neutralising abilities would produce
an even more efficacious preventative strategy for RSV-asso-
ciated disease. Motavizumab is a derivative of palivizumab and
is now in clinical trials. This mAb has a 20 fold increase in
neutralising abilities in vitro and its use reduces viral titres by
100 fold and inhibits viral replication in the RT compared to
palivizumab in rats (Wu et al., 2007). Further studies are re-
quired to establish the application of such mAbs for the pre-
vention of asthma.

Other mAbs have also been used in mice as treatments of
features of RSV-induced disease. RSV infection of mice leads to
eosinophil and neutrophil influx into the lung and AHR, which
are inhibited by anti-IL-5 (Schwarze et al., 2000). Administra-
tion of FI-RSV and anti-IL-4 leads to a decrease in disease
features and IL-4 production following challenge, but IFN-γ
release is increased (Tang & Graham, 1994). T1/ST2 mAb
treatment reduced Th2 but not Th1 pathology and may also be a
good treatment (Walzl et al., 2001). All of these mAbs require
further assessment.

4.1.2. Passive immunization
Currently the only option for preventative treatment of RSV

is passive immunization, which has been in use for many years.
A randomised placebo controlled trial investigated the applic-
ability of RSV immunoglobulin to prevent RSV-associated
hospitalization (PREVENT study, 1997). Treatment reduced
hospitalizations for LRT infections but required monthly
administration of high levels of fluids and proteins. In another
small study, children with chronic lung disease who were
treated with immunoglobulin 7–10 years previously had
improved lung function, reduced atopy and RAD events
(Wenzel et al., 2002). This indicates that prophylaxis may be
able to prevent RAD in children. Studies in rats also show that
passive transfer of antibodies against RSV induces protection in
the LRT but not the URT and that serum titres of ≥1:380 are
protective whereas titres of ≤1:100 are not (Prince et al., 1985).

4.1.3. Vaccines
Infants who are the most susceptible to virus infections are

protected by maternal anti-viral antibodies (largely IgG1) that
are passively transferred, however these antibodies inhibit the
induction of protective responses against primary infection or
vaccination. As a result primary or recurrent infections do not
induce protective immunity until later in life (Henderson et al.,
1979; Glezen et al., 1986). Natural protection against viral
disease results from a combination of antibody, cell-mediated
and T-helper cell immunity. This combination of responses
target the virus before infection of host cells as well as
destroying cells that have already been infected with virus.
Therefore, potentially an ideal vaccine would need to stimulate
humoral, cellular and T-helper responses similar to those
induced by natural infection. Vaccine development has been
hampered by the requirement for early-life vaccination, the
confounding effects of poor neonatal immune responses, the
presence of maternal antibodies, the difficulties in balancing
immunogenicity and attenuation and the risk of vaccine-
induced disease. Mucosal immunization may overcome the
immune suppressive effects of maternal antibodies.

4.1.3.1. FI-vaccines. The widely recognised need for an
effective RSV vaccine has also been held back by the adverse
events following the implementation of the FI-RSV vaccine.
This vaccine was developed in the 1960s but not only was it
poorly effective it infamously induced more severe RSV-related
disease upon natural infection in clinical trials (Kapikian et al.,
1969; Kim et al., 1969). The vaccine induced high serum
antibody titres that were of low neutralising activity, lympho-
cytes with an enhanced RSV-specific proliferative response and
blood eosinophilia (Openshaw et al., 2001). These observations
were repeated in mice given the same vaccine or the G protein
of RSV. Enhanced disease involved eosinophilia of the lung
(Srikiatkhachorn & Braciale, 1997b; Johnson & Graham, 1999;
Tripp et al., 2000) and aberrant CD4+ T cells releasing Th2
cytokines (IL-4, -5, -10 and -13) (Waris et al., 1996;
Srikiatkhachorn & Braciale, 1997b; Johnson & Graham,
1999; Tripp et al., 2000). Reduced IL-12 and CD8+ responses
were also detected (Waris et al., 1996; Aung et al., 1999). FI-
bovine RSV has also been tested in calves and also induces the
development of immunopathology, ineffective neutralising
antibodies and induced inflammatory responses leading to
eosinophil influx into the lung and enhanced IgE production
upon subsequent infection (Gershwin et al., 1998; Antonis et al.,
2003; Kalina & Gershwin, 2004). As is the case with RSV
in mice the FI-bovine RSV did not induce long-term T cell
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memory (Antonis et al., 2006). Thus it has been proposed that
vaccines did not possess sufficient neutralising antibody or CTL
responses and on subsequent infection the virus was not cleared
but induced a potent Th2 response that exacerbated disease.

4.1.3.2. Subunit vaccines. Subunit vaccines are not associated
with enhancing disease and may have potential applicability.
However, the variability of human viruses is an issue that must
be taken into account in the development of subunit vaccines.
For RSV, vaccination with the F protein confers cross-protective
immunity whereas only group-specific immunity is developed
when the G protein is used (Sullender et al., 1990; Simard et al.,
1997).

Intranasal followed by parenteral immunization with the RSV
F protein protects against both upper and lower RT infection in
mice but may induce pulmonary pathology (Murphy et al., 1990;
Connors et al., 1992; Walsh, 1994). A chimeric parainfluenza
viral vaccine expressing the F protein has also been developed and
is protective against infectious challenge in primates (Tang et al.,
2004). In a variety of different human studies F protein vaccines
have now been shown to be immunogenic and safe in children
with or without chronic respiratory disease and pregnant women
and reduce the prevalence of infections but not LRT infections
(Groothuis et al., 1998; Munoz et al., 2003; Piedra et al., 2003;
Simoes & Carbonell-Estrany, 2003; Meyer et al., 2007). Large-
scale trials are now required to confirm efficacy.

Protein G-based subunit vaccines have also been developed
but may initially induce detrimental Th2 responses. Immune
responses involving IL-4 and IL-13 activity following immu-
nization with vaccinia virus expressing RSV-protein G or FI-
RSV must be attenuated to modulate protein G-specific
responses resulting in severe RSV-induced disease. However,
inhibition of IL-4 or -13 alone has minimal impact on disease
(Johnson et al., 2003). The co-administration of cytokines or
Th1-inducing adjuvants may abolish initial Th2 responses
(Neuzil et al., 1997).

Other novel subunit vaccines in development include the N
protein, other chimeric F and G fusion proteins, synthetic
peptides, recombinant proteins, recombinant vaccinia and
parainfluenza viruses expressing other viral components and
DNA vaccines (reviewed in Meyer et al. (2007)).

Subunit vaccines require co-administration with adjuvants to
enhance immunogenicity and induce the most desirable
immune response. Currently Quillaja saponi or its component
fractions or CpG oligodeoxynucleotides administered with
whole or subunit vaccines induce potent neutralising antibodies
and desirable immune responses in mice and reduce disease and
infection in calves. This occurs even in the presence of maternal
antibodies and particularly when presented as immunostimulat-
ing complexes (Meyer et al., 2007). However the applicability
of these approaches to humans remains unknown.

4.1.3.3. Live attenuated vaccines. Natural infection does not
predispose to enhanced disease upon subsequent infection.
Therefore, experimental live attenuated viruses are being devel-
oped for RSV (Karron et al., 2005) for intranasal administration
during the first days of life but the immunology underlying their
activity is poorly understood. Intranasal delivery would induce
systemic and local responses and has the potential to promote
protective responses in both the upper and lower airways.
Infants (6–9 months) have limited immune responses to viral
glycoproteins and only highly attenuated virus strains with
minimal adverse side-effects can be used in this age group
which are particularly susceptible to vaccine-related illnesses.
These agents do however induce protective immunity even in
the presence of passively acquired antibodies in mice and
chimpanzees, which is dependent on CD4+ and CD8+ re-
sponses (Crowe et al., 2001). Several cold passaged, tempera-
ture sensitive attenuated viruses have been developed that
protect against challenge in chimpanzees and induce protective
local and systemic immunity in children (Crowe et al., 1995;
Karron et al., 1997). These viruses have since been genetically
engineered so that they are sufficiently attenuated for use in
infants, although their efficacy against infection has not yet
been determined (Karron et al., 2005). Genetic engineering is
also currently in use to delete non-essential viral genes to
produce other live attenuated vaccines or to insert genes to
enhance immune responses, for example the insertion of GM-
CSF to increase the production of pDCs and macrophages
(reviewed in Mayer et al. (2007)). The assessment of attenuated
viruses that induce potent protective immune responses with
negligible side-effects requires extensive time consuming and
expensive clinical trials. Novel prime-boost vaccination strate-
gies with live attenuated and subunit vaccines could be used in
combination to further enhance protective immunity.

4.1.3.4. Bovine vaccines. The same problems that apply to
human RSV vaccines may also occur in the development of
vaccines for calves in the farming industry, but the level of risk
of trials is more acceptable. Vaccine development is also less
complex as bovine RSV is less variable than human RSV and
there is only 1 major antigenic group (Prozzi et al., 1997). This
has led to the commercialization of several vaccines, which are
protective against infection in calves and their development
may have applicability to human vaccines. Further, cattle may
be used as the animal model in preclinical human vaccine
studies. However, different bovine models have been used with
different concentrations of viral inocula and routes of inocula-
tion with passaged virus that does not induce severe disease.
Thus results are often not comparable or significant between
experimental and control groups (Mayer et al., 2007).

Inactivated bovine RSV vaccines have been available for
many years and reduce the prevalence and severity of
subsequent infection without enhancing disease (West et al.,
1999). Nevertheless, the longevity of induced protection and
efficacy in the background of maternal antibodies could be
improved. These vaccines are co-administered with CD8+ and
Th1 stimulating adjuvants in order to dampen Th2 responses
that may be induced by the vaccine and lead to protective Th1
responses (Ellis et al., 2005). Live attenuated bovine RSV
vaccines have been developed by passaging virus in cell culture
and have recently been commercialized (Vangeel et al., 2006).
Unlike FI-vaccines, live attenuated vaccines induce a primed
memory T cell response (Antonis et al., 2006) and reduce

http://dx.doi.org/10.1016/j.cimid.2007.07.008
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pulmonary inflammation upon subsequent infection (Miao
et al., 2004). They are administered parenterally, have equiva-
lent efficacy as inactivated vaccines and induce protective
immunity in calves (Harmeyer et al., 2006; Ellis et al., 2007).
These vaccines are now used in quadrivalent therapies to protect
against a number of bovine viruses (Salt et al., 2007). Although
effective in cattle inactivated or attenuated bovine RSV are not
suitable as vaccines for human RSV as they do not induce
protection in chimpanzees (Buchholz et al., 2000).

Thus there are currently no safe and effective human vaccines
for RSVor RVand it is yet to be determined if delay or prevention
of infectionwith neutralising antibodies or vaccination can reduce
wheezing, long-term lung function abnormalities and asthma.
Nevertheless there are many promising approaches and candi-
dates are being used to develop such vaccines, some of which are
in human clinical trials to prevent infection, which if successful
may be used in attempts to inhibit the development of asthma. The
balance of Th1/Th2 immunity to infection determines the severity
of disease where Th1 responses mediate clearance and recovery
but Th2 responses induce eosinophilia and more severe
symptoms. Strategies to augment Th1 responses during vaccina-
tion in early life may be useful in preventing the development of
virus-induced asthma. Recent efforts have concentrated on the
development of the combination of subunit vaccines with Th1-
inducing adjuvants and on the development of live attenuated
vaccines. The most promising approaches for developing
vaccines in young infants are the use of live attenuated vaccines
and recombinant viruses expressing components of target viruses.

4.2. Specific anti-viral therapies

There are no effective treatments for RSV/RV-induced disease
and currently the optimal therapy for bronchiolitis involves
intensive fluid and nutritional support, while the immune response
of the subject clears the infection (Jhawar, 2003). In order to
maximize the chances of successful treatment an anti-viral agent
would need to be taken early during the course of infection in order
to modulate the development of the host's immune response. It
would have to be highly effective at controlling infection and the
virus would need to have no or at least a limited ability to develop
resistance. Finally the agentmust be acceptable to patients in terms
of ease of administration, have a reasonable medication frequency
and limited side-effects. Currently the agents of most interest are
those that inhibit viral attachment, including those that bind to
viral capsids, and inhibitors of viral proteases, which are required
for viral replication.

4.2.1. Attachment inhibitors
To cause infection all respiratory viruses need to enter the

host's BECs and replicate. Ninety percent of RVs use ICAM-1
as a receptor to enter cells. A soluble ICAM-1 molecule
(Tremacamra) has been developed and tested as a competitive
binding inhibitor in 4 randomised controlled trials of experi-
mental RV (RV39) colds, used as either a dry powder or nasal
spray (Turner et al., 1999). Treatment results in small reductions
in symptoms, virus replication and the development of clinical
colds. There were no serious adverse events, but medication had
to be taken six times a day and was only effective if used within
12 h of infection. It has not been used as a therapy for acute
asthma.

The RV outer capsid consists of 4 viral proteins (VP1-4)
(Rossmann et al., 1985). Several agents have been devised that
bind to VP1 and prevent virus attachment to the host cell. The
first agents that were produced, the oxazolinyl isoaxoles, have
small clinical effects (Otto et al., 1985) but unacceptable side-
effects (Diana et al., 1985). Further developments led to
Pleconaril, an agent with broad spectrum activity against RV as
an oral preparation to be taken twice daily (Hayden et al., 2003).
Pleconaril has been assessed in two Phase II clinical trials to
determine its efficacy against natural colds (Hayden et al.,
2003). Subjects began treatment 1–1.5 days after cold
symptoms commenced. Those taking Pleconaril had reduced
cold symptoms and duration of colds (0.5–1.5 days) with few
side-effects. An application in the US for FDA approval for use
in clinical colds was unsuccessful as it was considered that there
was a lack of substantial clinical benefit and concerns about the
development of resistant RV mutants. At this stage there have
been no clinical trials specifically assessing the efficacy of
Pleconaril in acute asthma.

4.2.2. Viral protease inhibitors
RV relies upon proteases to cleave the viral polyprotein for

replication to occur. Rupintrivir is a 3C protease inhibitor that
targets this process (Dragovich et al., 2002) and has high-level
anti-viral activity against all RVs (Dragovich et al., 2002;
Binford et al., 2005). Unfortunately in a natural infection study
Ruprintrivir failed to improve symptoms or reduce viral load
and clinical development was ceased (Patick et al., 2005).

4.3. Anti-inflammatory treatments

Anti-inflammatory treatments have therapeutic potential in
virus-associated diseases including asthma by moderating
inflammatory responses in response to infection.

4.3.1. Corticosteroids
Long-term treatment of asthma with ICSs controls airway

inflammation (Juniper et al., 1990), improves lung function and
symptoms and reduces the risk of acute exacerbations (Adams
et al., 2005). While ICSs are effective at controlling chronic
asthma they do not completely prevent acute exacerbations even
in thosewho achieve good control and are compliant with therapy,
with the majority of episodes triggered by viral infection (Reddel
et al., 1999). In an attempt to prevent the recurrence of virus-
induced wheeze, infants were treated intermittently with ICS or
placebo when these symptoms occurred (Bisgaard et al., 2006).
Treatment had no clinical effect on acute episodes of wheeze and
did not influence whether children went on to develop persistent
wheeze (Bisgaard et al., 2006). Another study showed that
treatment of acute asthma by increasing ICS dose also did not
prevent worsening of disease (FitzGerald et al., 2004). The
incomplete effect of ICS in controlling virus-induced asthma was
demonstrated best in adult asthmatics using experimental RV
infection (Grunberg et al., 2001). Treatment reduced AHR and
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airway inflammation prior to infection but had no effect on the
development of inflammatory changes that were associated with
infection (Grunberg et al., 2001). In a systematic review
glucocorticoids were suggested to have little effect in RSV
disease (Black, 2003) and they also enhance viral replication and
mortality in PVM infection (Rosenberg et al., 2005).

Oral corticosteroids have been used to treat acute viral bron-
chiolitis in children. However, meta-analysis of seven randomised
controlled trials found that there was no effect on length of stay or
clinical symptoms and complications (Patel et al., 2004).

4.3.2. ICSs and long acting beta agonists (LABAs)
In asthmatics with persistent symptoms despite ICS use, treat-

ment with combination therapy with ICSs and LABAs effectively
controls chronic symptoms and reduces the frequency of
exacerbations (Walters et al., 2003). It has recently been shown
that early treatment of symptoms of worsening asthma with ICS/
LABA, where the LABA has a rapid onset of action and is used to
relieve symptoms, does prevent deterioration leading to severe
exacerbations (O'Byrne et al., 2005). While these studies did not
identify the cause of the acute triggers it is likely that the majority
of these were related to virus infection and the combination of
ICS/LABAs appear more effective than ICSs alone in preventing
exacerbations. In vitro studies demonstrate that treatment of
airway epithelial cells with ICS/LABAs has synergistic and
additive effects in reducing the release of inflammatory mediators
(Edwards et al., 2006). These observations may explain the
efficacy of combination therapy and indicate an important role for
their use. This may be particularly relevant to children where their
value in controlling chronic asthma is not well defined but where
AHR is known to persist following viral infection (Xepapadaki
et al., 2005). It remains unknown what effect ICS/LABA treat-
ments have on specifically preventing or treating virus-induced
asthma.

4.4. Macrolide and ketolide antibiotics

It has recently been recognised that macrolide antibiotics in
addition to their anti-microbial action have important immune
modulating effects and reduce the release of inflammatory
mediators from airway epithelial cells (Takizawa et al., 1997).
Epithelial cells infected with RV and treated with erythromycin,
showed reduced expression of ICAM-1, IL-6 and -8 (Jang et al.,
2006). Initial clinical studies were, however, not promising; using
experimental RV infection, treatment of healthy subjects with
clarithromycin had little or no effect on the development of cold
symptoms or nasal inflammation (Abisheganaden et al., 2000).
However, unlike colds where the host inflammatory response in
the airways is relatively mild, in conditions characterised by more
intense neutrophilic inflammation, such as cystic fibrosis,
macrolides appear to be effective (Ferrara et al., 2005), which
has encouraged their use in asthma. In a small randomised
controlled trial of infants with RSV bronchiolitis treatment with
clarithromycin reduced systemic inflammation acutely and led to
few wheezing episodes in the following 6 months (Tahan et al.,
2007). In a large multicentre study of adults (278) with asthma,
subjects were randomised to receive the ketolide, telithromycin
(800 mg/d) or placebo (Johnston, 2006). Those treated with
telithromycin had a greater reduction in asthma symptom scores,
but there was no difference between the groups in terms of
improvement in PEF rate. The trial did not document the presence
of virus infection but the results suggest the effect is due to an
ability to reduce inflammation in acute asthma. Further studies are
required to determine if there is a specific effect on virus-induced
acute asthma.

4.5. IFNs

Type I IFNs are known to play crucial roles in defence against
viruses by inducing anti-viral proteins such as PKR and RNase L
in infected cells, apoptosis preventing virus replication and
adaptive immune responses to infection (Malmgaard, 2004). The
recent observations by Wark et al., that asthmatic BECs are more
susceptible to infectionwithRV,which involves a deficient IFN-β
response, suggests that this may be an important therapeutic target
to limit the affects of virus-associated acute asthma (Wark et al.,
2005). Several trials have also assessed the role of IFN-α2
treatment (1.5×106–4.5×107 IU/d intranasally) in experimental
RV colds in healthy volunteers (Scott et al., 1982; Hayden &
Gwaltney, 1984). These studies consistently showed a dose
dependent improvement in symptom scores and reduced virus
shedding, but treatment was associated with nasal bleeding and a
lymphocytic nasal infiltrate. A similar response was observed
with recombinant IFN-β (Sperber et al., 1988).When used to treat
natural colds IFN-α2 reduced the frequency of colds but had at
best modest effects on symptoms (Monto et al., 1986), while
serine IFN-β failed to reduce colds or improve symptoms. These
modest improvements provide a proof of concept but the clinical
benefit is difficult to justify in healthy individuals withmild colds.
However, as is the case with the use of macrolides in asthma
where the clinical effects of colds are much greater (Corne et al.,
2002), efficacy may be more evident. A single case series exists
for the use of IFN-α (3×106 IU/d) to treat 10 stable but
corticosteroid resistant asthmatics (Simon et al., 2003). Treatment
resulted in improved lung function and allowed a reduction in oral
corticosteroid use. However, side-effects were also common, in
the first 4 weeks all subjects experienced a ‘flu-like’ illness, 9 had
nausea and 5 developed headaches. By 5–10 months side-effects
were less though 1 subject developed leukopenia severe enough
to necessitate temporarily ceasing treatment. The benefits of type I
IFNs now need to be assessed in the context of treatment of virus-
associated acute asthma. Important issues will need to be resolved
including the optimum delivery of medication, whether admin-
istration should be to the nose or the airway, how soon treatment
needs to commence following the development of cold symptoms
and how this may influence airway inflammation and AHR in
acute asthma.

4.6. Anti-oxidants

Oxidative stress may plan an important role in asthma but it
is unknown whether it is important in virus-induced disease.
The anti-oxidant butylated hydroxyanisole has been used in a
mouse model of RSV lung infection to reduce RSV-induced
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oxidative stress, disease symptoms, weight loss and AHR. The
effects were mediated by suppression of neutrophil infiltration
and cytokine and chemokine release in the lung (Castro et al.,
2006). Thus anti-oxidants may prevent RSV-induced inflam-
mation and have long-term beneficial effects, which may
ameliorate the consequences of infection in asthma.

4.7. Angiogenesis inhibitors

The use of VEGF and angiogenesis inhibitors may have the
potential to elucidate the specific roles of these factors in asthma
and identify their potential as therapeutic targets.

4.8. Summary

No efficacious vaccines yet exist for the prevention of RSV
or RV infections in humans. Effective bovine RSV vaccines are
available and the formulation of these vaccines may be
applicable to the development of human vaccines. Combination
therapy with ICSs and LABAs effectively controls persistent
symptoms and numbers of exacerbations. This is the current
best treatment option but does not treat the cause of the disease
and cannot be used to prevent the development of disease in the
first instance. A variety of novel options for the prevention of
virus-induced asthma need to be fully assessed for their efficacy
and applicability.

5. Conclusions

RSVand RV infection of respiratory epithelium may play an
important role in the development and exacerbation of asthma,
however the pivotal mechanisms underpinning these relation-
ships remain unresolved. Infection is associated with persistent
wheeze and decreases in lower lung function and worsens
airway inflammation and airflow obstruction acutely in asthma,
with other factors contributing to severity. Asthmatics are more
predisposed to Th2 responses, may be more susceptible to
infection and experience more severe LRT symptoms upon
infection. The development of more severe disease may identify
those people more at risk of developing wheeze and asthma.
Recurring infections may lead to a cycle of inflammation and
repair that worsens airway remodelling.

RSV infections are strongly linked to both development and
exacerbation of asthma. Early-life RSV infections, particularly
those that induce severe disease, induce recurrent wheeze and
bronchial obstruction and predispose to RAD and potentially
asthma that persists into later life. It is possible that persistent
infection affects the developing lung and immune system and
predisposes to recurring RSV infections, AHR, reduced lung
function and respiratory symptoms. Another alternative is that
children with reduced lung function, genetic susceptibility or
aberrant immune responses may be at increased risk of infection
and that RSV disease is a marker of susceptibility to increased
respiratory symptoms. Both of these processes may occur under
different circumstances. The association with RSV is incon-
clusive for allergic sensitization, which may involve IgE-
mediated allergy and randomised intervention studies are
required to confirm this link. The mechanisms involved in
RSV-induced asthma include; age of first infection, the timing
of infection relative to allergic sensitization, the nature of innate
and adaptive immune responses induced upon infection, latent
infections and the potential involvement of pathogenetic
processes such as angiogenesis and neurogenic inflammation.
A combination of human studies and mouse models has been
widely used to elucidate the mechanisms of how RSV infection
are linked with asthma and novel models of PVM infection may
be particularly useful in the future.

RVs are widely recognised as the commonest cause of
clinically significant RT infections and are strongly implicated
in the exacerbation of asthma and more recently in the induction
of asthma. The mechanisms of these associations have been
investigated in human studies both in vivo and in vitro and have
been shown to involve deficient immune responses, which
may be different to those associated with RSV, that may be
influenced by atopy and reduced lung function, AHR and
remodelling. Nevertheless more work is needed to elucidate role
of RV in LRT diseases. It remains unknown if RV induces the
development of wheeze and asthma or if asthmatics are more
susceptible to RV infection. Recently a novel mouse model
has been described which may be used to substantially con-
tribute to our understanding of RV and RV-associated asthma
pathogenesis.

Despite the scope of the problem caused by respiratory
viruses in acute asthma no specific vaccines or treatments exist
that have been shown to modify the clinical outcome of RSVor
RV infection. The optimal approach would be to develop safe
and effective prevention strategies, such as efficacious vaccines,
which induce immune responses that prevent viral infection. In
the absence of a vaccine the different processes involved in the
generation of virus-associated asthma and exacerbations could
be targeted by specific treatments for individual patients.
Several therapeutic options are available and more are
emerging. Studies should focus on how established treatments
such as with ICS/LABA may modify virus-associated acute
asthma and assess novel anti-inflammatory strategies including
macrolides or the use of IFNs either alone or in combination to
influence the course of disease. The benefits of these strategies
now need to be assessed in the context of treatment of virus-
associated acute asthma. Important issues will need to be
resolved including the optimum delivery of medication,
including whether this should be intranasally or directly to the
airway. It will be necessary to determine how soon treatment
needs to commence following the development of cold
symptoms and how this may influence airway inflammation
and AHR in acute asthma.

In summary, although RSV and RV have been implicated in
initiating inflammation and asthma, whether previous infections
modulate the immunological response or damage the airway
epithelium, and promote the progression to chronic disease, or
susceptibility to later development of exacerbations, remains
unknown. Asthmatics may have impaired anti-viral innate
responses and defective interactions between innate and adaptive
immune responses may promote infection and enhance allergic
inflammation and AHR or decrease lung function. Further studies
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are required to elucidate the links between infection, immune
responses and susceptibility to chronic respiratory diseases and
why some individuals but not others develop persistent wheeze
and asthma. It is likely that there is a primary deficiency in the
respiratory epithelium that predisposes to infection and asthma,
which may be exacerbated by recurring exposure to environ-
mental insults. There is a widely recognised need for further
understanding of the mechanisms that induce disease and the
development of effective vaccines and treatments.

References

Aberle, J. H., Aberle, S. W., Dworzak, M. N., Mandl, C. W., Rebhandl, W.,
Vollnhofer, G., et al. (1999). Reduced interferon-gamma expression in
peripheral blood mononuclear cells of infants with severe respiratory
syncytial virus disease. Am J Respir Crit Care Med 160, 1263−1268.

Abisheganaden, J. A., Avila, P. C., Kishiyama, J. L., Liu, J., Yagi, S., Schnurr, D.,
et al. (2000). Effect of clarithromycin on experimental rhinovirus-16 colds: A
randomized, double-blind, controlled trial. Am J Med 108, 453−459.

Adams, N. P., Bestall, J. B., Malouf, R., Lasserson, T. J., & Jones, P. W. (2005).
Inhaled beclomethasone versus placebo for chronic asthma. Cochrane
Database Syst Rev, CD002738.

AIHW (2005). Australian Institute of Health and Welfare, Canberra. Asthma in
Australia.

Al-Shawwa, B. A., & Rao, A. R. (2007). Cystic fibrosis and renal disease:
A case report. J Med Case Reports 1, 24.

Alwan, W. H., Kozlowska, W. J., & Openshaw, P. J. (1994). Distinct types of
lung disease caused by functional subsets of antiviral T cells. J Exp Med
179, 81−89.

Antonis, A. F., Schrijver, R. S., Daus, F., Steverink, P. J., Stockhofe, N., Hensen,
E. J., et al. (2003). Vaccine-induced immunopathology during bovine
respiratory syncytial virus infection: exploring the parameters of pathogen-
esis. J Virol 77, 12067−12073.

Antonis, A. F., Claassen, E. A., Hensen, E. J., de Groot, R. J., de Groot-Mijnes,
J. D., Schrijver, R. S., et al. (2006). Kinetics of antiviral CD8 T cell
responses during primary and post-vaccination secondary bovine respiratory
syncytial virus infection. Vaccine 24, 1551−1561.

Atmar, R. L., Guy, E., Guntupalli, K. K., Zimmerman, J. L., Bandi, V. D.,
Baxter, B. D., et al. (1998). Respiratory tract viral infections in inner-city
asthmatic adults. Arch Intern Med 158, 2453−2459.

Aung, S., Tang, Y.W., &Graham, B. S. (1999). Interleukin-4 diminishes CD8(+)
respiratory syncytial virus-specific cytotoxic T-lymphocyte activity in vivo.
J Virol 73, 8944−8949.

Aung, S., Rutigliano, J. A., & Graham, B. S. (2001). Alternative mechanisms of
respiratory syncytial virus clearance in perforin knockout mice lead to
enhanced disease. J Virol 75, 9918−9924.

Avdalovic,M. V., Putney, L. F., Schelegle, E. S.,Miller, L., Usachenko, J. L., Tyler,
N. K., et al. (2006). Vascular remodeling is airway generation-specific in a
primatemodel of chronic asthma.AmJ Respir Crit CareMed 174, 1069−1076.

Bals, R., & Hiemstra, P. S. (2004). Innate immunity in the lung: How epithelial
cells fight against respiratory pathogens. Eur Respir J 23, 327−333.

Barbato, A., Turato, G., Baraldo, S., Bazzan, E., Calabrese, F., Panizzolo, C., et al.
(2006). Epithelial damage and angiogenesis in the airways of children with
asthma. Am J Respir Crit Care Med 174, 975−981.

Barends, M., Boelen, A., de Rond, L., Kwakkel, J., Bestebroer, T., Dormans, J.,
et al. (2002). Influence of respiratory syncytial virus infection on cytokine
and inflammatory responses in allergic mice. Clin Exp Allergy 32, 463−471.

Barends, M., Boelen, A., de Rond, L., Dormans, J., Kwakkel, J., van Oosten,
M., et al. (2003). Respiratory syncytial virus enhances respiratory allergy in
mice despite the inhibitory effect of virus-induced interferon-gamma. J Med
Virol 69, 156−162.

Barends, M., Van Oosten, M., De Rond, C., Dormans, J., Osterhaus, A., Neijens,
H., et al. (2004). Timing of infection and prior immunization with
respiratory syncytial virus (RSV) in RSV-enhanced allergic inflammation.
J Infect Dis 189, 1866−1872.
Bartlett, N. W., Walton, R. P., Swallow, D. M., & Johnston, S. L. (2007).
Rhinovirus induces MUC5B production in a novel mouse infection and
asthma exacerbation model. Am J Respir Crit Care Med 157, A308.

Bartz, H., Turkel, O., Hoffjan, S., Rothoeft, T., Gonschorek, A., & Schauer, U.
(2003). Respiratory syncytial virus decreases the capacity of myeloid
dendritic cells to induce interferon-gamma in naive T cells. Immunology
109, 49−57.

Belknap, E. B. (1993). Recognising the clinical signs of BRSV infection. Vet
Med 88, 883−887.

Bianco, A., Sethi, S. K., Allen, J. T., Knight, R. A., & Spiteri, M. A. (1998). Th2
cytokines exert a dominant influence on epithelial cell expression of the
major group human rhinovirus receptor, ICAM-1. Eur Respir J 12,
619−626.

Binford, S. L., Maldonado, F., Brothers, M. A., Weady, P. T., Zalman, L. S.,
Meador, J. W., III, et al. (2005). Conservation of amino acids in human
rhinovirus 3C protease correlates with broad-spectrum antiviral activity of
rupintrivir, a novel human rhinovirus 3C protease inhibitor. Antimicrob
Agents Chemother 49, 619−626.

Bisgaard, H., Hermansen, M. N., Loland, L., Halkjaer, L. B., & Buchvald, F.
(2006). Intermittent inhaled corticosteroids in infants with episodic
wheezing. N Engl J Med 354, 1998−2005.

Black, C. (2003). Systematic review of the biology and medical management of
respiratory syncytial virus infection.Respir Care 48, 209−231 discussion
231-3.

Black, J., & Page, C. (1994). Airways and vascular remodelling in asthma and
cardiovascular disease: implications for therapeutic intervention. Held in
Napa, California, USA, May 1993. Eur Respir J 7, 622−623.

Boelen, A., Andeweg, A., Kwakkel, J., Lokhorst, W., Bestebroer, T., Dormans,
J., et al. (2000). Both immunisation with a formalin-inactivated respiratory
syncytial virus (RSV) vaccine and a mock antigen vaccine induce severe
lung pathology and a Th2 cytokine profile in RSV-challenged mice. Vaccine
19, 982−991.

Boelen, A., Kwakkel, J., Barends, M., de Rond, L., Dormans, J., & Kimman, T.
(2002). Effect of lack of interleukin-4, interleukin-12, interleukin-18, or the
interferon-gamma receptor on virus replication, cytokine response, and lung
pathology during respiratory syncytial virus infection in mice. J Med Virol
66, 552−560.

Bont, L., Heijnen, C. J., Kavelaars, A., van Aalderen, W. M., Brus, F., Draaisma,
J. T., et al. (2000a). Monocyte IL-10 production during respiratory syncytial
virus bronchiolitis is associated with recurrent wheezing in a one-year
follow-up study. Am J Respir Crit Care Med 161, 1518−1523.

Bont, L., Kavelaars, A., Heijnen, C. J., van Vught, A. J., & Kimpen, J. L.
(2000b). Monocyte interleukin-12 production is inversely related to duration
of respiratory failure in respiratory syncytial virus bronchiolitis. J Infect Dis
181, 1772−1775.

Bont, L., Versteegh, J., Swelsen,W. T., Heijnen, C. J., Kavelaars, A., Brus, F., et al.
(2002). Natural reinfection with respiratory syncytial virus does not boost
virus-specific T-cell immunity. Pediatr Res 52, 363−367.

Bonville, C. A., Rosenberg, H. F., & Domachowske, J. B. (1999). Macrophage
inflammatory protein-1alpha and RANTES are present in nasal secretions
during ongoing upper respiratory tract infection. Pediatr Allergy Immunol
10, 39−44.

Bossios, A., Psarras, S., Gourgiotis, D., Skevaki, C. L., Constantopoulos, A. G.,
Saxoni-Papageorgiou, P., et al. (2005). Rhinovirus infection induces cytotoxicity
and delays wound healing in bronchial epithelial cells. Respir Res 6, 114.

Bousquet, J., Jeffery, P. K., Busse,W.W., Johnson,M., & Vignola, A. M. (2000).
Asthma. From bronchoconstriction to airways inflammation and remodeling.
Am J Respir Crit Care Med 161, 1720−1745.

Braciale, T. (2005). Respiratory syncytial virus and T cells: Interplay between
the virus and the host adaptive immune system. Proc Am Thorac Soc 2,
141−146.

Buchholz, U. J., Granzow, H., Schuldt, K., Whitehead, S. S., Murphy, B. R., &
Collins, P. L. (2000). Chimeric bovine respiratory syncytial virus with
glycoprotein gene substitutions from human respiratory syncytial virus
(HRSV): Effects on host range and evaluation as a live-attenuated HRSV
vaccine. J Virol 74, 1187−1199.

Calvo Rey, C., Garcia Garcia, M., Casas Flecha, I., Sanchez Mateos, M.,
Rodrigo Garcia, G., de Cea Crespo, J., et al. (2006). [Role of rhinovirus in



344 N.G. Hansbro et al. / Pharmacology & Therapeutics 117 (2008) 313–353
respiratory tract infections in hospitalized children]. An Pediatr (Barc) 65,
205−210.

Cannon, M. J., Openshaw, P. J., & Askonas, B. A. (1988). Cytotoxic T cells clear
virus but augment lung pathology in mice infected with respiratory syncytial
virus. J Exp Med 168, 1163−1168.

Canonica, G. W., Ciprandi, G., Pesce, G. P., Buscaglia, S., Paolieri, F., &
Bagnasco, M. (1995). ICAM-1 on epithelial cells in allergic subjects: A
hallmark of allergic inflammation. Int Arch Allergy Immunol 107, 99−102.

Carlsen, K. H., Larsen, S., Bjerve, O., & Leegaard, J. (1987). Acute
bronchiolitis: Predisposing factors and characterization of infants at risk.
Pediatr Pulmonol 3, 153−160.

Castro, S., Guerrero-Plata, A., Suarez-Real, G., Adegboyega, P., Colasurdo, G.,
Khan, A., et al. (2006). Antioxidant treatment ameliorates respiratory
syncytial virus-induced disease and lung inflammation. Am J Respir Crit
Care Med 174, 1361−1369.

Chang, J., & Braciale, T. J. (2002). Respiratory syncytial virus infection
suppresses lung CD8+ T-cell effector activity and peripheral CD8+ T-cell
memory in the respiratory tract. Nat Med 8, 54−60.

Chanock, R., Roizman, B., & Myers, R. (1957). Recovery from infants with
respiratory illness of a virus related to chimpanzee coryza agent (CCA). I.
Isolation, properties and characterization. Am J Hyg 66, 281−290.

Chavez-Bueno, S., Mejias, A., Gomez, A. M., Olsen, K. D., Rios, A. M.,
Fonseca-Aten, M., et al. (2005). Respiratory syncytial virus-induced acute
and chronic airway disease is independent of genetic background: An
experimental murine model. Virol J 2, 46.

Chen, H. D., Fraire, A. E., Joris, I., Brehm, M. A., Welsh, R. M., & Selin, L. K.
(2001). Memory CD8+ T cells in heterologous antiviral immunity and
immunopathology in the lung. Nat Immunol 2, 1067−1076.

Chen, Y., Hamati, E., Lee, P. K., Lee, W. M., Wachi, S., Schnurr, D., et al.
(2006). Rhinovirus induces airway epithelial gene expression through
double-stranded RNA and IFN-dependent pathways. Am J Respir Cell Mol
Biol 34, 192−203.

Cherrie, A. H., Anderson, K., Wertz, G. W., & Openshaw, P. J. (1992). Human
cytotoxic T cells stimulated by antigen on dendritic cells recognize the N,
SH, F, M, 22K, and 1b proteins of respiratory syncytial virus. J Virol 66,
2102−2110.

Cohen, M. M., Jr. (2002). Vasculogenesis, angiogenesis, hemangiomas, and
vascular malformations. Am J Med Genet 108, 265−274.

Cohn, L., Elias, J. A., & Chupp, G. L. (2004). Asthma: Mechanisms of disease
persistence and progression. Annu Rev Immunol 22, 789−815.

Collins, P. L., Hill, M. G., Camargo, E., Grosfeld, H., Chanock, R. M., &
Murphy, B. R. (1995). Production of infectious human respiratory syncytial
virus from cloned cDNA confirms an essential role for the transcription
elongation factor from the 5′ proximal open reading frame of the M2 mRNA
in gene expression and provides a capability for vaccine development. Proc
Natl Acad Sci U S A 92, 11563−11567.

Collins, P. L., Chancock, R. M., & Murphy, B. R. (2001). Respiratory
syncytial virus. In D. M. Knipe, & P. M. Howley (Eds.), Fields virology
Vol. 1. (pp. 1443−1486)Philadelphia: Lippincott-Raven Publishers.

Collins, R. A., Gualano, R. C., Zosky, G. R., Chiappetta, C. L., Turner, D. J.,
Colasurdo, G. N., et al. (2007). Lack of long-term effects of respiratory
syncytial virus infection on airway function in mice. Respir Physiol Neurobiol
156, 345−352.

Connors, M., Collins, P. L., Firestone, C. Y., Sotnikov, A. V., Waitze, A., Davis,
A. R., et al. (1992). Cotton rats previously immunized with a chimeric RSV
FG glycoprotein develop enhanced pulmonary pathology when infected
with RSV, a phenomenon not encountered following immunization with
vaccinia-RSV recombinants or RSV. Vaccine 10, 475−484.

Contoli, M., Caramori, G., Mallia, P., Johnston, S., & Papi, A. (2005).
Mechanisms of respiratory virus-induced asthma exacerbations. Clin Exp
Allergy 35, 137−145.

Contoli, M., Message, S. D., Laza-Stanca, V., Edwards, M. R., Wark, P. A.,
Bartlett, N. W., et al. (2006). Role of deficient type III interferon-lambda
production in asthma exacerbations. Nat Med 12, 1023−1026.

Corne, J. M., Marshall, C., Smith, S., Schreiber, J., Sanderson, G., Holgate, S. T.,
et al. (2002). Frequency, severity, and duration of rhinovirus infections in
asthmatic and non-asthmatic individuals: A longitudinal cohort study. Lancet
359, 831−834.
Crowe, J. E., Jr., Bui, P. T., Siber, G. R., Elkins, W. R., Chanock, R. M., &
Murphy, B. R. (1995). Cold-passaged, temperature-sensitive mutants of
human respiratory syncytial virus (RSV) are highly attenuated, immuno-
genic, and protective in seronegative chimpanzees, even when RSV
antibodies are infused shortly before immunization. Vaccine 13, 847−855.

Crowe, J. E., Jr., Firestone, C. Y., & Murphy, B. R. (2001). Passively acquired
antibodies suppress humoral but not cell-mediated immunity in mice
immunizedwith live attenuated respiratory syncytial virus vaccines. J Immunol
167, 3910−3918.

Culley, F., Pollott, J., & Openshaw, P. (2002). Age at first viral infection
determines the pattern of T cell-mediated disease during reinfection in
adulthood. J Exp Med 196, 1381−1386.

Dakhama, A., Park, J., Taube, C., Chayama, K., Balhorn, A., Joetham, A., et al.
(2004). The role of virus-specific immunoglobulin E in airway hyperrespon-
siveness. Am J Respir Crit Care Med 170, 952−959.

Dakhama, A., Lee, Y., & Gelfand, E. (2005a). Virus-induced airway
dysfunction: Pathogenesis and biomechanisms.Pediatr Infect Dis J 24,
S159−S169 discussion S166-7.

Dakhama, A., Park, J., Taube, C., Joetham, A., Balhorn, A., Miyahara, N., et al.
(2005b). The enhancement or prevention of airway hyperresponsiveness
during reinfection with respiratory syncytial virus is critically dependent on
the age at first infection and IL-13 production. J Immunol 175, 1876−1883.

Dakhama, A., Park, J. W., Taube, C., El Gazzar, M., Kodama, T., Miyahara, N.,
et al. (2005c). Alteration of airway neuropeptide expression and develop-
ment of airway hyperresponsiveness following respiratory syncytial virus
infection. Am J Physiol Lung Cell Mol Physiol 288, L761−L770.

Daubin, C., Parienti, J. J., Vincent, S., Vabret, A., du Cheyron, D., Ramakers,
M., et al. (2006). Epidemiology and clinical outcome of virus-positive
respiratory samples in ventilated patients: A prospective cohort study. Crit
Care 10, R142.

deKluijver, J., Grunberg, K., Sont, J. K., Hoogeveen,M., van Schadewijk,W.A.,
de Klerk, E. P., et al. (2002). Rhinovirus infection in nonasthmatic subjects:
Effects on intrapulmonary airways. Eur Respir J 20, 274−279.

de Kluijver, J., Evertse, C. E., Sont, J. K., Schrumpf, J. A., van Zeijl-van der
Ham, C. J., Dick, C. R., et al. (2003). Are rhinovirus-induced airway
responses in asthma aggravated by chronic allergen exposure? Am J Respir
Crit Care Med 168, 1174−1180.

De Silva, D., Dagher, H., Ghildyal, R., Lindsay, M., Li, X., Freezer, N., et al.
(2006). Vascular endothelial growth factor induction by rhinovirus infection.
J Med Virol 78, 666−672.

Diana, G. D., McKinlay, M. A., Otto, M. J., Akullian, V., & Oglesby, C. (1985).
[[(4,5-Dihydro-2-oxazolyl)phenoxy]alkyl]isoxazoles. Inhibitors of picorna-
virus uncoating. J Med Chem 28, 1906−1910.

Domachowske, J. B., Bonville, C. A., & Rosenberg, H. F. (2001). Gene
expression in epithelial cells in response to pneumovirus infection. Respir
Res 2, 225−233.

Domachowske, J. B., Bonville, C. A., & Rosenberg, H. F. (2004). Animal
models for studying respiratory syncytial virus infection and its long term
effects on lung function. Pediatr Infect Dis J 23, S228−S234.

Dragovich, P. S., Prins, T. J., Zhou, R., Brown, E. L., Maldonado, F. C., Fuhrman,
S. A., et al. (2002). Structure-based design, synthesis, and biological evaluation
of irreversible human rhinovirus 3C protease inhibitors. 6. Structure–activity
studies of orally bioavailable, 2-pyridone-containing peptidomimetics. J Med
Chem 45, 1607−1623.

Dreschers, S., Dumitru, C.A., Adams, C., &Gulbins, E. (2007). The cold case: Are
rhinoviruses perfectly adapted pathogens? Cell Mol Life Sci 64, 181−191.

Dumitru, C. A., Dreschers, S., & Gulbins, E. (2006). Rhinoviral infections
activate p38MAP-kinases via membrane rafts and RhoA. Cell Physiol
Biochem 17, 159−166.

Durbin, J., & Durbin, R. (2004). Respiratory syncytial virus-induced
immunoprotection and immunopathology. Viral Immunol 17, 370−380.

Dvorak, A. M., Kohn, S., Morgan, E. S., Fox, P., Nagy, J. A., & Dvorak, H. F.
(1996). The vesiculo-vacuolar organelle (VVO): A distinct endothelial cell
structure that provides a transcellular pathway for macromolecular
extravasation. J Leukoc Biol 59, 100−115.

Easton, A. J., Domachowske, J. B., & Rosenberg, H. F. (2004). Animal
pneumoviruses: Molecular genetics and pathogenesis. Clin Microbiol Rev
17, 390−412.



345N.G. Hansbro et al. / Pharmacology & Therapeutics 117 (2008) 313–353
Edwards, M. R., Johnson, M. W., & Johnston, S. L. (2006). Combination
therapy: Synergistic suppression of virus-induced chemokines in airway
epithelial cells. Am J Respir Cell Mol Biol 34, 616−624.

Ehl, S., Bischoff, R., Ostler, T., Vallbracht, S., Schulte-Monting, J., Poltorak, A.,
et al. (2004). The role of Toll-like receptor 4 versus interleukin-12 in
immunity to respiratory syncytial virus. Eur J Immunol 34, 1146−1153.

Einarsson, O., Geba, G., Zhu, Z., Landry, M., & Elias, J. (1996). Interleukin-11:
Stimulation in vivo and in vitro by respiratory viruses and induction of
airways hyperresponsiveness. J Clin Invest 97, 915−924.

El-Sahly, H. M., Atmar, R. L., Glezen, W. P., & Greenberg, S. B. (2000).
Spectrum of clinical illness in hospitalized patients with “common cold”
virus infections. Clin Infect Dis 31, 96−100.

Ellis, J. A., West, K. H., Waldner, C., & Rhodes, C. (2005). Efficacy of a
saponin-adjuvanted inactivated respiratory syncytial virus vaccine in calves.
Can Vet J 46, 155−162.

Ellis, J., Gow, S., West, K., Waldner, C., Rhodes, C., Mutwiri, G., et al. (2007).
Response of calves to challenge exposure with virulent bovine respiratory
syncytial virus following intranasal administration of vaccines formulated
for parenteral administration. J Am Vet Med Assoc 230, 233−243.

Englund, J. A., Sullivan, C. J., Jordan, M. C., Dehner, L. P., Vercellotti, G. M., &
Balfour, H. H., Jr. (1988). Respiratory syncytial virus infection in
immunocompromised adults. Ann Intern Med 109, 203−208.

Esser, S., Wolburg, K., Wolburg, H., Breier, G., Kurzchalia, T., & Risau, W.
(1998). Vascular endothelial growth factor induces endothelial fenestrations
in vitro. J Cell Biol 140, 947−959.

Everard, M. (2006a). The role of the respiratory syncytial virus in airway
syndromes in childhood. Curr Allergy Asthma Rep 6, 97−102.

Everard, M. L. (2006b). The relationship between respiratory syncytial virus
infections and the development of wheezing and asthma in children. Curr
Opin Allergy Clin Immunol 6, 56−61.

Faisca, P., Tran Anh, D. B., Thomas, A., & Desmecht, D. (2006). Suppression of
pattern-recognition receptor TLR4 sensing does not alter lung responses to
pneumovirus infection. Microbes Infect 8, 621−627.

Falsey, A. R., & Walsh, E. E. (1998). Relationship of serum antibody to risk of
respiratory syncytial virus infection in elderly adults. J Infect Dis 177,
463−466.

Falsey, A. R., Hennessey, P. A., Formica, M. A., Cox, C., &Walsh, E. E. (2005).
Respiratory syncytial virus infection in elderly and high-risk adults. N Engl
J Med 352, 1749−1759.

Feltis, B. N., Wignarajah, D., Zheng, L., Ward, C., Reid, D., Harding, R., et al.
(2006). Increased vascular endothelial growth factor and receptors: Relation-
ship to angiogenesis in asthma. Am J Respir Crit Care Med 173, 1201−1207.

Ferrara, G., Losi, M., Franco, F., Corbetta, L., Fabbri, L. M., & Richeldi, L.
(2005). Macrolides in the treatment of asthma and cystic fibrosis. Respir
Med 99, 1−10.

FitzGerald, J. M., Becker, A., Sears, M. R., Mink, S., Chung, K., & Lee, J.
(2004). Doubling the dose of budesonide versus maintenance treatment in
asthma exacerbations. Thorax 59, 550−556.

Fjaerli, H., Farstad, T., Rod, G., Ufert, G., Gulbrandsen, P., & Nakstad, B.
(2005). Acute bronchiolitis in infancy as risk factor for wheezing and
reduced pulmonary function by seven years in Akershus County, Norway.
BMC Pediatr 5, 31.

Fleming, D., Pannell, R., Elliot, A., & Cross, K. (2005). Respiratory illness
associated with influenza and respiratory syncytial virus infection. Arch Dis
Child 90, 741−746.

Forster, J., Tacke, U., Krebs, H., Streckert, H. J.,Werchau, H., Bergmann, R. L., et al.
(1996). Respiratory syncytial virus infection: Its role in aeroallergen sensitization
during the first two years of life. Pediatr Allergy Immunol 7, 55−60.

Foster, P. S., Hogan, S. P., Ramsay, A. J., Matthaei, K. I., & Young, I. G. (1996).
Interleukin 5 deficiency abolishes eosinophilia, airways hyperreactivity, and
lung damage in a mouse asthma model. J Exp Med 183, 195−201.

Fraenkel, D. J., Bardin, P. G., Sanderson, G., Lampe, F., Johnston, S. L., &
Holgate, S. T. (1995). Lower airways inflammation during rhinovirus colds in
normal and in asthmatic subjects. Am J Respir Crit Care Med 151, 879−886.

Freymuth, F., Vabret, A., Brouard, J., Toutain, F., Verdon, R., Petitjean, J., et al.
(1999). Detection of viral, Chlamydia pneumoniae and Mycoplasma
pneumoniae infections in exacerbations of asthma in children. J Clin Virol
13, 131−139.
Garofalo, R., Sabry, M., Jamaluddin, M., Yu, R. K., Casola, A., Ogra, P. L., et al.
(1996). Transcriptional activation of the interleukin-8 gene by respiratory
syncytial virus infection in alveolar epithelial cells: Nuclear translocation of
the RelA transcription factor as a mechanism producing airway mucosal
inflammation. J Virol 70, 8773−8781.

Garofalo, R. P., Patti, J., Hintz, K. A., Hill, V., Ogra, P. L., & Welliver, R. C.
(2001). Macrophage inflammatory protein-1alpha (not T helper type 2
cytokines) is associated with severe forms of respiratory syncytial virus
bronchiolitis. J Infect Dis 184, 393−399.

Garofalo, R. P., Hintz, K. H., Hill, V., Patti, J., Ogra, P. L., & Welliver, R. C., Sr.
(2005). A comparison of epidemiologic and immunologic features of
bronchiolitis caused by influenza virus and respiratory syncytial virus. J Med
Virol 75, 282−289.

Gaudry, M., Bregerie, O., Andrieu, V., El Benna, J., Pocidalo, M. A., & Hakim,
J. (1997). Intracellular pool of vascular endothelial growth factor in human
neutrophils. Blood 90, 4153−4161.

Gehlhar, K., Bilitewski, C., Reinitz-Rademacher, K., Rohde, G., & Bufe, A.
(2006). Impaired virus-induced interferon-alpha2 release in adult asthmatic
patients. Clin Exp Allergy 36, 331−337.

Gern, J. E., Vrtis, R., Grindle, K. A., Swenson, C., & Busse, W. W. (2000).
Relationship of upper and lower airway cytokines to outcome of experimental
rhinovirus infection. Am J Respir Crit Care Med 162, 2226−2231.

Gern, J. E., Martin, M. S., Anklam, K. A., Shen, K., Roberg, K. A., Carlson-
Dakes, K. T., et al. (2002). Relationships among specific viral pathogens,
virus-induced interleukin-8, and respiratory symptoms in infancy. Pediatr
Allergy Immunol 13, 386−393.

Gern, J. E., French, D. A., Grindle, K. A., Brockman-Schneider, R. A., Konno,
S., & Busse, W. W. (2003). Double-stranded RNA induces the synthesis of
specific chemokines by bronchial epithelial cells. Am J Respir Cell Mol Biol
28, 731−737.

Gern, J. E., Rosenthal, L. A., Sorkness, R. L., & Lemanske, R. F., Jr. (2005).
Effects of viral respiratory infections on lung development and childhood
asthma.J Allergy Clin Immunol 115, 668−674 quiz 675.

Gern, J. E., Brooks, G. D., Meyer, P., Chang, A., Shen, K., Evans, M. D., et al.
(2006). Bidirectional interactions between viral respiratory illnesses and
cytokine responses in the first year of life. J Allergy Clin Immunol 117, 72−78.

Gershwin, L. J., Schelegle, E. S., Gunther, R. A., Anderson, M. L., Woolums, A.
R., Larochelle, D. R., et al. (1998). A bovine model of vaccine enhanced
respiratory syncytial virus pathophysiology. Vaccine 16, 1225−1236.

Ghildyal, R., Dagher, H., Donninger, H., de Silva, D., Li, X., Freezer, N. J., et al.
(2005). Rhinovirus infects primary human airway fibroblasts and induces a
neutrophil chemokine and a permeability factor. J Med Virol 75, 608−615.

Gill, M. A., Palucka, A. K., Barton, T., Ghaffar, F., Jafri, H., Banchereau, J., et al.
(2005). Mobilization of plasmacytoid and myeloid dendritic cells to mucosal
sites in children with respiratory syncytial virus and other viral respiratory
infections. J Infect Dis 191, 1105−1115.

Glezen, W. P., Taber, L. H., Frank, A. L., & Kasel, J. A. (1986). Risk of primary
infection and reinfection with respiratory syncytial virus. Am J Dis Child
140, 543−546.

Global strategy for asthma management and prevention (1995).Global initiative
for asthma.Bethesda, MD: National Institute of Health (NIH publication
number 96-3659A, NHLBI.).

Goriely, S., Vincart, B., Stordeur, P., Vekemans, J.,Willems, F., Goldman,M., et al.
(2001). Deficient IL-12(p35) gene expression by dendritic cells derived from
neonatal monocytes. J Immunol 166, 2141−2146.

Graham, B. S., Bunton, L. A., Wright, P. F., & Karzon, D. T. (1991). Role of T
lymphocyte subsets in the pathogenesis of primary infection and rechallenge
with respiratory syncytial virus in mice. J Clin Invest 88, 1026−1033.

Green, R. M., Custovic, A., Sanderson, G., Hunter, J., Johnston, S. L., &
Woodcock, A. (2002). Synergism between allergens and viruses and risk of
hospital admission with asthma: Case-control study. BMJ 324, 763.

Grell, S. N., Riber, U., Tjornehoj, K., Larsen, L. E., & Heegaard, P. M. (2005).
Age-dependent differences in cytokine and antibody responses after
experimental RSV infection in a bovine model. Vaccine 23, 3412−3423.

Greve, J. M., Davis, G., Meyer, A. M., Forte, C. P., Yost, S. C., Marlor, C.W., et al.
(1989). The major human rhinovirus receptor is ICAM-1. Cell 56, 839−847.

Groothuis, J. R., King, S. J., Hogerman, D. A., Paradiso, P. R., & Simoes, E. A.
(1998). Safety and immunogenicity of a purified F protein respiratory



346 N.G. Hansbro et al. / Pharmacology & Therapeutics 117 (2008) 313–353
syncytial virus (PFP-2) vaccine in seropositive children with bronchopul-
monary dysplasia. J Infect Dis 177, 467−469.

Groskreutz, D., Monick, M., Powers, L., Yarovinsky, T., Look, D., &
Hunninghake, G. (2006). Respiratory syncytial virus induces TLR3 protein
and protein kinase R, leading to increased double-stranded RNA respon-
siveness in airway epithelial cells. J Immunol 176, 1733−1740.

Grunberg, K., Smits, H. H., Timmers, M. C., de Klerk, E. P., Dolhain, R. J.,
Dick, E. C., et al. (1997a). Experimental rhinovirus 16 infection. Effects on
cell differentials and soluble markers in sputum in asthmatic subjects. Am J
Respir Crit Care Med 156, 609−616.

Grunberg, K., Timmers, M. C., Smits, H. H., de Klerk, E. P., Dick, E. C., Spaan,
W. J., et al. (1997b). Effect of experimental rhinovirus 16 colds on airway
hyperresponsiveness to histamine and interleukin-8 in nasal lavage in
asthmatic subjects in vivo. Clin Exp Allergy 27, 36−45.

Grunberg, K., Sharon, R. F., Sont, J. K., In 't Veen, J. C., Van Schadewijk, W. A.,
De Klerk, E. P., et al. (2001). Rhinovirus-induced airway inflammation in
asthma: effect of treatment with inhaled corticosteroids before and during
experimental infection. Am J Respir Crit Care Med 164, 1816−1822.

Gurkan, F., Kiral, A., Dagli, E., & Karakoc, F. (2000). The effect of passive
smoking on the development of respiratory syncytial virus bronchiolitis. Eur
J Epidemiol 16, 465−468.

Gwaltney, J. M., Jr., Buier, R. M., & Rogers, J. L. (1996). The influence of signal
variation, bias, noise and effect size on statistical significance in treatment
studies of the common cold. Antiviral Res 29, 287−295.

Haeberle, H. A., Kuziel, W. A., Dieterich, H. J., Casola, A., Gatalica, Z., &
Garofalo, R. P. (2001). Inducible expression of inflammatory chemokines in
respiratory syncytial virus-infected mice: Role of MIP-1alpha in lung
pathology. J Virol 75, 878−890.

Haeberle, H. A., Takizawa, R., Casola, A., Brasier, A. R., Dieterich, H. J., Van
Rooijen, N., et al. (2002). Respiratory syncytial virus-induced activation of
nuclear factor-kappaB in the lung involves alveolar macrophages and toll-
like receptor 4-dependent pathways. J Infect Dis 186, 1199−1206.

Hall, C. B. (1999). Respiratory syncytial virus: A continuing culprit and
conundrum. J Pediatr 135, 2−7.

Hall, C. B. (2001). Respiratory syncytial virus and parainfluenza virus. N Engl
J Med 344, 1917−1928.

Hall, C. B., &McCarthy, C. A. (1995). In G. L.Mandel, J. E. Bennett, &R. Dolin
(Eds.), Principles and practice of infectious diseases (pp. 1501−1518).
NewYork: Churchill-Livingstone.

Hall, W. J., Hall, C. B., & Speers, D. M. (1978). Respiratory syncytial virus
infection in adults: Clinical, virologic, and serial pulmonary function studies.
Ann Intern Med 88, 203−205.

Hall, C. B., Douglas, R. G., Jr., & Geiman, J. M. (1980). Possible transmission
by fomites of respiratory syncytial virus. J Infect Dis 141, 98−102.

Hall, C. B., Walsh, E. E., Long, C. E., & Schnabel, K. C. (1991). Immunity to
and frequency of reinfection with respiratory syncytial virus. J Infect Dis
163, 693−698.

Hall, D. J., Bates, M. E., Guar, L., Cronan, M., Korpi, N., & Bertics, P. J. (2005).
The role of p38 MAPK in rhinovirus-induced monocyte chemoattractant
protein-1 production by monocytic-lineage cells. J Immunol 174, 8056−8063.

Hansbro, N. G., Boustany, S., Oliver, B. G., Burgess, J. K., Phipps, S.,
Rosenberg, H., et al. (2007). Viral-induced angiogenesis Rio de Janiero,
Brazil: International Congress on Immunology.

Hansbro, P. M., Beagley, K. W., Horvat, J. C., & Gibson, P. G. (2004). Role of
atypical bacterial infection of the lung in predisposition/protection of
asthma. Pharmacol Ther 101, 193−210.

Harcourt, J., Alvarez, R., Jones, L. P., Henderson, C., Anderson, L. J., & Tripp,
R. A. (2006). Respiratory syncytial virus G protein and G protein CX3C
motif adversely affect CX3CR1+ T cell responses. J Immunol 176,
1600−1608.

Harju, T. H., Leinonen, M., Nokso-Koivisto, J., Korhonen, T., Raty, R., He, Q.,
et al. (2006). Pathogenic bacteria and viruses in induced sputum or
pharyngeal secretions of adults with stable asthma. Thorax 61, 579−584.

Harmeyer, S. S., Murray, J., Imrie, C., Wiseman, A., & Salt, J. S. (2006).
Efficacy of a live bovine respiratory syncytial virus vaccine in seropositive
calves. Vet Rec 159, 456−457.

Harrison, A. M., Bonville, C. A., Rosenberg, H. F., & Domachowske, J. B.
(1999). Respiratory syncytical virus-induced chemokine expression in the
lower airways: Eosinophil recruitment and degranulation. Am J Respir Crit
Care Med 159, 1918−1924.

Hassantoufighi, A., Oglesbee,M., Richter, B., Prince, G., Hemming, V., Niewiesk,
S., et al. (2007). Respiratory syncytial virus replication is prolonged by a
concomitant allergic response. Clin Exp Immunol 148, 218−229.

Hayden, F. G., & Gwaltney, J. M., Jr. (1984). Intranasal interferon-alpha 2
treatment of experimental rhinoviral colds. J Infect Dis 150, 174−180.

Hayden, F. G., Herrington, D. T., Coats, T. L., Kim, K., Cooper, E. C., Villano,
S. A., et al. (2003). Efficacy and safety of oral pleconaril for treatment of
colds due to picornaviruses in adults: Results of 2 double-blind, randomized,
placebo-controlled trials. Clin Infect Dis 36, 1523−1532.

Henderson, F. W., Collier, A. M., Clyde, W. A., Jr., & Denny, F. W. (1979).
Respiratory-syncytial-virus infections, reinfections and immunity. A
prospective, longitudinal study in young children. N Engl J Med 300,
530−534.

Henderson, J., Hilliard, T., Sherriff, A., Stalker, D., Al Shammari, N., &
Thomas, H. (2005). Hospitalization for RSV bronchiolitis before 12 months
of age and subsequent asthma, atopy and wheeze: A longitudinal birth
cohort study. Pediatr Allergy Immunol 16, 386−392.

Henrickson, K. J., Hoover, S., Kehl, K. S., & Hua, W. (2004). National disease
burden of respiratory viruses detected in children by polymerase chain
reaction. Pediatr Infect Dis J 23, S11−S18.

Hewson, C. A., Jardine, A., Edwards, M. R., Laza-Stanca, V., & Johnston, S. L.
(2005). Toll-like receptor 3 is induced by and mediates antiviral activity
against rhinovirus infection of human bronchial epithelial cells. J Virol 79,
12273−12279.

Heymann, P. W., Carper, H. T., Murphy, D. D., Platts-Mills, T. A., Patrie, J.,
McLaughlin, A. P., et al. (2004). Viral infections in relation to age, atopy,
and season of admission among children hospitalized for wheezing.
J Allergy Clin Immunol 114, 239−247.

Holberg, C. J., Wright, A. L., Martinez, F. D., Ray, C. G., Taussig, L. M., &
Lebowitz, M. D. (1991). Risk factors for respiratory syncytial virus-
associated lower respiratory illnesses in the first year of life. Am J Epidemiol
133, 1135−1151.

Holgate, S. T. (2006). Rhinoviruses in the pathogenesis of asthma: The
bronchial epithelium as a major disease target. J Allergy Clin Immunol 118,
587−590.

Holgate, S. T., Holloway, J., Wilson, S., Bucchieri, F., Puddicombe, S., &
Davies, D. E. (2004). Epithelial–mesenchymal communication in the
pathogenesis of chronic asthma. Proc Am Thorac Soc 1, 93−98.

Holt, P., & Sly, P. (2002a). Interactions between RSV infection, asthma, and
atopy: Unraveling the complexities. J Exp Med 196, 1271−1275.

Holt, P. G., & Sly, P. D. (2002b). Interactions between respiratory tract infections
and atopy in the aetiology of asthma. Eur Respir J 19, 538−545.

Horiuchi, T., & Weller, P. F. (1997). Expression of vascular endothelial growth
factor by human eosinophils: Upregulation by granulocyte macrophage
colony-stimulating factor and interleukin-5. Am J Respir Cell Mol Biol 17,
70−77.

Horvat, J. C., Beagley, K. W., Wade, M. A., Preston, J. A., Hansbro, N. G.,
Hickey, D. K., et al. (2007). Neonatal chlamydial infection induces mixed T
cell responses that drive allergic airways disease. Am J Respir Crit Care Med
176, 556−564.

Hoshino, M., Nakamura, Y., & Hamid, Q. A. (2001). Gene expression of
vascular endothelial growth factor and its receptors and angiogenesis in
bronchial asthma. J Allergy Clin Immunol 107, 1034−1038.

Hosoda, M., Yamaya, M., Suzuki, T., Yamada, N., Kamanaka, M., Sekizawa, K.,
et al. (2002). Effects of rhinovirus infection on histamine and cytokine
production by cell lines from human mast cells and basophils. J Immunol
169, 1482−1491.

Hussell, T., & Openshaw, P. J. (1998). Intracellular IFN-gamma expression in
natural killer cells precedes lung CD8+ T cell recruitment during respiratory
syncytial virus infection. J Gen Virol 79(Pt 11), 2593−2601.

Hussell, T., & Openshaw, P. J. (2000). IL-12-activated NK cells reduce lung
eosinophilia to the attachment protein of respiratory syncytial virus but do
not enhance the severity of illness in CD8 T cell-immunodeficient
conditions. J Immunol 165, 7109−7115.

Hussell, T., Spender, L. C., Georgiou, A., O'Garra, A., & Openshaw, P. J.
(1996). Th1 and Th2 cytokine induction in pulmonary T cells during



347N.G. Hansbro et al. / Pharmacology & Therapeutics 117 (2008) 313–353
infection with respiratory syncytial virus. J Gen Virol 77(Pt 10),
2447−2455.

Hussell, T., Baldwin, C. J., O'Garra, A., & Openshaw, P. J. (1997). CD8+ Tcells
control Th2-driven pathology during pulmonary respiratory syncytial virus
infection. Eur J Immunol 27, 3341−3349.

Hussell, T., Pennycook, A., & Openshaw, P. J. (2001). Inhibition of tumor
necrosis factor reduces the severity of virus-specific lung immunopathology.
Eur J Immunol 31, 2566−2573.

Hyvarinen, M., Korhonen, K., & Korppi, M. (2005). Teenage asthma after
severe infantile bronchiolitis or pneumonia. Acta Paediatr 94, 1378−1383.

IMPACT study (1998). Palivizumab, a humanized respiratory syncytial virus
monoclonal antibody, reduces hospitalization from respiratory syncytial
virus infection in high-risk infants. The IMpact-RSV Study Group. Pedia-
trics 102, 531−537.

Inoue, D., Yamaya, M., Kubo, H., Sasaki, T., Hosoda, M., Numasaki, M., et al.
(2006). Mechanisms of mucin production by rhinovirus infection in cultured
human airway epithelial cells. Respir Physiol Neurobiol 154, 484−499.

Jacoby, D. B. (2002). Virus-induced asthma attacks. JAMA 287, 755−761.
Jacques, J., Bouscambert-Duchamp, M., Moret, H., Carquin, J., Brodard, V.,

Lina, B., et al. (2006). Association of respiratory picornaviruses with acute
bronchiolitis in French infants. J Clin Virol 35, 463−466.

Jafri, H. S., Chavez-Bueno, S.,Mejias, A., Gomez, A.M., Rios, A.M., Nassi, S. S.,
et al. (2004). Respiratory syncytial virus induces pneumonia, cytokine
response, airway obstruction, and chronic inflammatory infiltrates associated
with long-term airway hyperresponsiveness in mice. J Infect Dis 189,
1856−1865.

Jang, Y. J., Kwon, H. J., & Lee, B. J. (2006). Effect of clarithromycin on
rhinovirus-16 infection in A549 cells. Eur Respir J 27, 12−19.

Jartti, T., Lehtinen, P., Vanto, T., Hartiala, J., Vuorinen, T., Makela, M. J., et al.
(2006). Evaluation of the efficacy of prednisolone in early wheezing induced
by rhinovirus or respiratory syncytial virus. Pediatr Infect Dis J 25,
482−488.

Jhawar, S. (2003). Severe bronchiolitis in children. Clin Rev Allergy Immunol
25, 249−257.

John, A., Berlin, A., & Lukacs, N. (2003). Respiratory syncytial virus-induced
CCL5/RANTES contributes to exacerbation of allergic airway inflamma-
tion. Eur J Immunol 33, 1677−1685.

John, A., Gerard, C., Schaller,M.,Miller, A., Berlin, A., Humbles, A., et al. (2005).
Respiratory syncytial virus-induced exaggeration of allergic airway disease is
dependent upon CCR1-associated immune responses. Eur J Immunol 35,
108−116.

Johnson, T. R., & Graham, B. S. (1999). Secreted respiratory syncytial virus G
glycoprotein induces interleukin-5 (IL-5), IL-13, and eosinophilia by an IL-
4-independent mechanism. J Virol 73, 8485−8495.

Johnson, T. R., Parker, R. A., Johnson, J. E., & Graham, B. S. (2003). IL-13 is
sufficient for respiratory syncytial virus G glycoprotein-induced eosinophi-
lia after respiratory syncytial virus challenge. J Immunol 170, 2037−2045.

Johnson, J. E., Gonzales, R. A., Olson, S. J., Wright, P. F., & Graham, B. S.
(2007). The histopathology of fatal untreated human respiratory syncytial
virus infection. Mod Pathol 20, 108−119.

Johnston, S. L. (2006). Macrolide antibiotics and asthma treatment. J Allergy
Clin Immunol 117, 1233−1236.

Johnston, S. L., Pattemore, P. K., Sanderson, G., Smith, S., Lampe, F., Josephs,
L., et al. (1995). Community study of role of viral infections in exacerbations
of asthma in 9–11 year old children. BMJ 310, 1225−1229.

Johnston, S. L., Pattemore, P. K., Sanderson, G., Smith, S., Campbell, M. J.,
Josephs, L. K., et al. (1996). The relationship between upper respiratory
infections and hospital admissions for asthma: A time-trend analysis. Am J
Respir Crit Care Med 154, 654−660.

Johnston, S. L., Papi, A., Bates, P. J., Mastronarde, J. G., Monick, M. M., &
Hunninghake, G.W. (1998). Low grade rhinovirus infection induces a prolonged
release of IL-8 in pulmonary epithelium. J Immunol 160, 6172−6181.

Johnston, N. W., Johnston, S. L., Duncan, J. M., Greene, J. M., Kebadze, T.,
Keith, P. K., et al. (2005). The September epidemic of asthma exacerbations
in children: A search for etiology. J Allergy Clin Immunol 115, 132−138.

Juniper, E. F., Kline, P. A., Vanzieleghem, M. A., Ramsdale, E. H., O'Byrne,
P. M., & Hargreave, F. E. (1990). Effect of long-term treatment with an
inhaled corticosteroid (budesonide) on airway hyperresponsiveness and
clinical asthma in nonsteroid-dependent asthmatics. Am Rev Respir Dis
142, 832−836.

Juntti, H., Kokkonen, J., Dunder, T., Renko, M., Niinimaki, A., & Uhari, M.
(2003). Association of an early respiratory syncytial virus infection and
atopic allergy. Allergy 58, 878−884.

Kalina, W., & Gershwin, L. (2004). Progress in defining the role of RSV in
allergy and asthma: From clinical observations to animal models. Clin Dev
Immunol 11, 113−119.

Kanazawa, H., Yoshikawa, T., Hirata, K., & Yoshikawa, J. (2004). Effects of
pranlukast administration on vascular endothelial growth factor levels in
asthmatic patients. Chest 125, 1700−1705.

Kapikian, A. Z.,Mitchell, R.H., Chanock, R.M., Shvedoff, R.A., & Stewart, C. E.
(1969). 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 89, 405−421.

Karger, A., Schmidt, U., & Buchholz, U. J. (2001). Recombinant bovine
respiratory syncytial virus with deletions of the G or SH genes: G and F
proteins bind heparin. J Gen Virol 82, 631−640.

Karron, R. A., Wright, P. F., Crowe, J. E., Jr., Clements-Mann, M. L.,
Thompson, J., Makhene, M., et al. (1997). Evaluation of two live, cold-
passaged, temperature-sensitive respiratory syncytial virus vaccines in
chimpanzees and in human adults, infants, and children. J Infect Dis 176,
1428−1436.

Karron, R. A., Wright, P. F., Belshe, R. B., Thumar, B., Casey, R., Newman, F.,
et al. (2005). Identification of a recombinant live attenuated respiratory
syncytial virus vaccine candidate that is highly attenuated in infants. J Infect
Dis 191, 1093−1104.

Kay, A. B. (2005). The role of eosinophils in the pathogenesis of asthma. Trends
Mol Med 11, 148−152.

Keles, I., Woldehiwet, Z., & Murray, R. D. (1998). In-vitro studies on
mechanisms of immunosuppression associated with bovine respiratory
syncytial virus. J Comp Pathol 118, 337−345.

Khetsuriani, N., Kazerouni, N. N., Erdman, D. D., Lu, X., Redd, S. C.,
Anderson, L. J., et al. (2007). Prevalence of viral respiratory tract infections
in children with asthma. J Allergy Clin Immunol 119, 314−321.

Kim, H.W., Canchola, J. G., Brandt, C. D., Pyles, G., Chanock, R.M., Jensen, K.,
et al. (1969). Respiratory syncytial virus disease in infants despite prior
administration of antigenic inactivated vaccine. Am J Epidemiol 89, 422−434.

Kimman, T.G.,Westenbrink, F., Schreuder, B. E., &Straver, P. J. (1987). Local and
systemic antibody response to bovine respiratory syncytial virus infection and
reinfection in calves with and without maternal antibodies. J Clin Microbiol
25, 1097−1106.

Kimman, T. G., Straver, P. J., & Zimmer, G. M. (1989). Pathogenesis of
naturally acquired bovine respiratory syncytial virus infection in calves:
Morphologic and serologic findings. Am J Vet Res 50, 684−693.

King, K. A., Hu, C., Rodriguez, M. M., Romaguera, R., Jiang, X., &
Piedimonte, G. (2001). Exaggerated neurogenic inflammation and substance
P receptor upregulation in RSV-infected weanling rats. Am J Respir Cell
Mol Biol 24, 101−107.

Kling, S., Donninger, H., Williams, Z., Vermeulen, J., Weinberg, E., Latiff, K.,
et al. (2005). Persistence of rhinovirus RNA after asthma exacerbation in
children. Clin Exp Allergy 35, 672−678.

Kneyber, M., Steyerberg, E., de Groot, R., &Moll, H. (2000). Long-term effects
of respiratory syncytial virus (RSV) bronchiolitis in infants and young
children: A quantitative review. Acta Paediatr 89, 654−660.

Kondo, Y., Matsuse, H., Machida, I., Kawano, T., Saeki, S., Tomari, S., et al.
(2004). Regulation of mite allergen-pulsed murine dendritic cells by
respiratory syncytial virus. Am J Respir Crit Care Med 169, 494−498.

Konno, S., Grindle, K. A., Lee,W.M., Schroth,M.K.,Mosser, A. G., Brockman-
Schneider, R. A., et al. (2002). Interferon-gamma enhances rhinovirus-
induced RANTES secretion by airway epithelial cells. Am J Respir Cell Mol
Biol 26, 594−601.

Korppi, M., Kotaniemi-Syrjanen, A.,Waris,M., Vainionpaa, R., & Reijonen, T.M.
(2004a). Rhinovirus-associated wheezing in infancy: Comparison with
respiratory syncytial virus bronchiolitis. Pediatr Infect Dis J 23, 995−999.

Korppi, M., Piippo-Savolainen, E., Korhonen, K., & Remes, S. (2004b).
Respiratory morbidity 20 years after RSV infection in infancy. Pediatr
Pulmonol 38, 155−160.



348 N.G. Hansbro et al. / Pharmacology & Therapeutics 117 (2008) 313–353
Kotaniemi-Syrjanen, A., Vainionpaa, R., Reijonen, T. M., Waris, M., Korhonen,
K., & Korppi, M. (2003). Rhinovirus-induced wheezing in infancy—The
first sign of childhood asthma? J Allergy Clin Immunol 111, 66−71.

Kotaniemi-Syrjanen, A., Laatikainen, A., Waris, M., Reijonen, T., Vainionpaa,
R., & Korppi, M. (2005). Respiratory syncytial virus infection in children
hospitalized for wheezing: Virus-specific studies from infancy to preschool
years. Acta Paediatr 94, 159−165.

Krishnan, S., Halonen, M., & Welliver, R. C. (2004). Innate immune responses
in respiratory syncytial virus infections. Viral Immunol 17, 220−233.

Kristjansson, S., Bjarnarson, S., Wennergren, G., Palsdottir, A., Arnadottir, T.,
Haraldsson, A., et al. (2005). Respiratory syncytial virus and other
respiratory viruses during the first 3 months of life promote a local TH2-
like response. J Allergy Clin Immunol 116, 805−811.

Kumar, R. K. (2001). Understanding airway wall remodeling in asthma: A basis
for improvements in therapy? Pharmacol Ther 91, 93−104.

Kuperman, D. A., Huang, X., Koth, L. L., Chang, G. H., Dolganov, G. M., Zhu,
Z., et al. (2002). Direct effects of interleukin-13 on epithelial cells cause
airway hyperreactivity and mucus overproduction in asthma. Nat Med 8,
885−889.

Kurt-Jones, E. A., Popova, L., Kwinn, L., Haynes, L. M., Jones, L. P., Tripp,
R. A., et al. (2000). Pattern recognition receptors TLR4 and CD14 mediate
response to respiratory syncytial virus. Nat Immunol 1, 398−401.

Kusel,M.M., de Klerk, N.H., Holt, P. G., Kebadze, T., Johnston, S. L., & Sly, P. D.
(2006). Role of respiratory viruses in acute upper and lower respiratory tract
illness in the first year of life: A birth cohort study. Pediatr Infect Dis J 25,
680−686.

Kusel, M.M., de Klerk, N. H., Kebadze, T., Vohma, V., Holt, P. G., Johnston, S. L.,
et al. (2007). Early-life respiratory viral infections, atopic sensitization, and risk
of subsequent development of persistent asthma. J Allergy Clin Immunol 119,
1105−1110.

Larouch, V., Rivard, G., Deschesnes, F., Goulet, R., Turcotte, H., & Boulet, L. P.
(2000). Asthma and airway hyper-responsiveness in adults who required
hospital admission for bronchiolitis in early childhood. Respir Med 94,
288−294.

Larsen, G. L., & Colasurdo, G. N. (1999). Neural control mechanisms within
airways: Disruption by respiratory syncytial virus. J Pediatr 135, 21−27.

Lazzaro, T., Hogg, G., & Barnett, P. (2007). Respiratory syncytial virus infection
and recurrent wheeze/asthma in children under five years: An epidemiolo-
gical survey. J Paediatr Child Health 43, 29−33.

Lee, C. G., Yoon, H. J., Zhu, Z., Link, H., Wang, Z., Gwaltney, J. M., et al.
(2000). Respiratory syncytial virus stimulation of vascular endothelial cell
growth factor/vascular permeability factor. Am J Respir Cell Mol Biol 23,
662−669.

Lee, Y. C., Kwak, Y. G., & Song, C. H. (2002). Contribution of vascular
endothelial growth factor to airway hyperresponsiveness and inflammation
in a murine model of toluene diisocyanate-induced asthma. J Immunol 168,
3595−3600.

Lee, C. G., Link, H., Baluk, P., Homer, R. J., Chapoval, S., Bhandari, V., et al.
(2004). Vascular endothelial growth factor (VEGF) induces remodeling and
enhances TH2-mediated sensitization and inflammation in the lung. Nat
Med 10, 1095−1103.

Lee, S.Y., Cho, J. Y.,Miller,M.,McElwain, K.,McElwain, S., Sriramarao, P., et al.
(2006). Immunostimulatory DNA inhibits allergen-induced peribronchial
angiogenesis in mice. J Allergy Clin Immunol 117, 597−603.

Lee, K., Hegele, R., Manfreda, J., Wooldrage, K., Becker, A., Ferguson, A., et al.
(2007). Relationship of early childhood viral exposures to respiratory
symptoms, onset of possible asthma and atopy in high risk children: The
Canadian asthma primary prevention study. Pediatr Pulmonol 42, 290−297.

Legg, J., Hussain, I., Warner, J., Johnston, S., & Warner, J. (2003). Type 1 and
type 2 cytokine imbalance in acute respiratory syncytial virus bronchiolitis.
Am J Respir Crit Care Med 168, 633−639.

Lehtinen, P., Ruohola, A., Vanto, T., Vuorinen, T., Ruuskanen, O., & Jartti, T.
(2007). Prednisolone reduces recurrent wheezing after a first wheezing
episode associated with rhinovirus infection or eczema. J Allergy Clin
Immunol 119, 570−575.

Lemanske, R. F., Jr., Jackson, D. J., Gangnon, R. E., Evans, M. D., Li, Z., Shult,
P. A., et al. (2005). Rhinovirus illnesses during infancy predict subsequent
childhood wheezing. J Allergy Clin Immunol 116, 571−577.
Li, X., & Wilson, J. W. (1997). Increased vascularity of the bronchial mucosa in
mild asthma. Am J Respir Crit Care Med 156, 229−233.

Li, R., Yang, X., Wang, L., & Liu, E. (2006). Respiratory syncytial virus
infection reversed anti-asthma effect of neonatal Bacillus Calmette-Guerin
vaccination in BALB/c mice. Pediatr Res 59, 210−215.

Lo, M. S., Brazas, R. M., & Holtzman, M. J. (2005). Respiratory syncytial virus
nonstructural proteins NS1 and NS2 mediate inhibition of Stat2 expression
and alpha/beta interferon responsiveness. J Virol 79, 9315−9319.

Longini, I. M., Monto, A. S., & Koopman, J. S. (1984). Statistical procedures for
estimating the community probability of illness in family studies:
Rhinovirus and influenza. Int J Epidemiol 13, 99−106.

Lukacs, N., Tekkanat, K., Berlin, A., Hogaboam, C., Miller, A., Evanoff, H., et al.
(2001). Respiratory syncytial virus predisposes mice to augmented allergic
airway responses via IL-13-mediated mechanisms. J Immunol 167, 1060−1065.

Maher, C. F., Hussell, T., Blair, E., Ring, C. J., & Openshaw, P. J. (2004).
Recombinant respiratory syncytial virus lacking secreted glycoprotein G is
attenuated, non-pathogenic but induces protective immunity. Microbes
Infect 6, 1049−1055.

Makela, M. J., Kanehiro, A., Dakhama, A., Borish, L., Joetham,A., Tripp, R., et al.
(2002). The failure of interleukin-10-deficient mice to develop airway
hyperresponsiveness is overcome by respiratory syncytial virus infection in
allergen-sensitized/challenged mice. Am J Respir Crit Care Med 165,
824−831.

Makela, M., Tripp, R., Dakhama, A., Park, J., Ikemura, T., Joetham, A., et al.
(2003). Prior airway exposure to allergen increases virus-induced airway
hyperresponsiveness. J Allergy Clin Immunol 112, 861−869.

Malmgaard, L. (2004). Induction and regulation of IFNs during viral infections.
J Interferon Cytokine Res 24, 439−454.

Malmstrom, K., Pitkaranta, A., Carpen, O., Pelkonen, A., Malmberg, L. P.,
Turpeinen, M., et al. (2006). Human rhinovirus in bronchial epithelium of
infants with recurrent respiratory symptoms. J Allergy Clin Immunol 118,
591−596.

Manoha, C., Espinosa, S., Aho, S., Huet, F., & Pothier, P. (2007).
Epidemiological and clinical features of hMPV, RSV and RVs infections
in young children. J Clin Virol 38, 221−226.

Mars, M. H., Bruschke, C. J., & van Oirschot, J. T. (1999). Airborne
transmission of BHV1, BRSV, and BVDV among cattle is possible under
experimental conditions. Vet Microbiol 66, 197−207.

Martinez, F. (2003). Respiratory syncytial virus bronchiolitis and the
pathogenesis of childhood asthma. Pediatr Infect Dis J 22, S76−S82.

Mayer, A. K., Muehmer, M., Mages, J., Gueinzius, K., Hess, C., Heeg, K., et al.
(2007). Differential recognition of TLR-dependent microbial ligands in
human bronchial epithelial cells. J Immunol 178, 3134−3142.

Mbawuike, I. N., Wells, J., Byrd, R., Cron, S. G., Glezen, W. P., & Piedra, P. A.
(2001). HLA-restricted CD8+ cytotoxic T lymphocyte, interferon-gamma,
and interleukin-4 responses to respiratory syncytial virus infection in infants
and children. J Infect Dis 183, 687−696.

McCann, K., & Imani, F. (2007). Transforming growth factor {beta} enhances
respiratory syncytial virus replication and tumor necrosis factor alpha
induction in human epithelial cells. J Virol 81, 2880−2886.

Mejias, A., Chavez-Bueno, S., Rios, A. M., Saavedra-Lozano, J., Fonseca Aten,
M., Hatfield, J., et al. (2004). Anti-respiratory syncytial virus (RSV)
neutralizing antibody decreases lung inflammation, airway obstruction, and
airway hyperresponsiveness in a murine RSV model. Antimicrob Agents
Chemother 48, 1811−1822.

Mejias, A., Chavez-Bueno, S., Jafri, H., & Ramilo, O. (2005). Respiratory
syncytial virus infections: old challenges and new opportunities.Pediatr
Infect Dis J 24, S189−S196 discussion S196-7.

Meyer, G., Deplanche, M., & Schelcher, F. (2007). Human and bovine
respiratory syncytial virus vaccine research and development. Comp
Immunol Microbiol Infect Dis. doi:10.1016/j.cimid.2007.07.008.

Miao, C., Woolums, A. R., Zarlenga, D. S., Brown, C. C., Brown, J. C., Jr.,
Williams, S. M., et al. (2004). 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 65, 725−733.

Michel, G., Silverman, M., Strippoli, M. P., Zwahlen, M., Brooke, A. M., Grigg,
J., et al. (2006). Parental understanding of wheeze and its impact on asthma
prevalence estimates. Eur Respir J 28, 1124−1130.



349N.G. Hansbro et al. / Pharmacology & Therapeutics 117 (2008) 313–353
Monick, M. M., Yarovinsky, T. O., Powers, L. S., Butler, N. S., Carter, A. B.,
Gudmundsson,G., et al. (2003).Respiratory syncytial virusup-regulatesTLR4and
sensitizes airway epithelial cells to endotoxin. J Biol Chem 278, 53035−53044.

Monto, A. S., Shope, T. C., Schwartz, S. A., & Albrecht, J. K. (1986). Intranasal
interferon-alpha 2b for seasonal prophylaxis of respiratory infection. J Infect
Dis 154, 128−133.

Mosser, A. G., Vrtis, R., Burchell, L., Lee, W. M., Dick, C. R., Weisshaar, E., et al.
(2005). Quantitative and qualitative analysis of rhinovirus infection in
bronchial tissues. Am J Respir Crit Care Med 171, 645−651.

Munoz, F. M., Piedra, P. A., & Glezen, W. P. (2003). Safety and immunogenicity
of respiratory syncytial virus purified fusion protein-2 vaccine in pregnant
women. Vaccine 21, 3465−3467.

Murphy, B. R., Sotnikov, A. V., Lawrence, L. A., Banks, S. M., & Prince, G. A.
(1990). Enhanced pulmonary histopathology is observed in cotton rats
immunized with formalin-inactivated respiratory syncytial virus (RSV) or
purified F glycoprotein and challenged with RSV 3–6 months after
immunization. Vaccine 8, 497−502.

Murray, C. S., Simpson, A., & Custovic, A. (2004). Allergens, viruses, and
asthma exacerbations. Proc Am Thorac Soc 1, 99−104.

Nagayama, Y., Tsubaki, T., Nakayama, S., Sawada, K., Taguchi, K., Tateno, N.,
et al. (2006a). Gender analysis in acute bronchiolitis due to respiratory
syncytial virus. Pediatr Allergy Immunol 17, 29−36.

Nagayama, Y., Tsubaki, T., Sawada, K., Taguchi, K., Nakayama, S., & Toba, T.
(2006b). Age and sex as factors of response to RSV infections among those
with previous history of wheezing. Pediatr Allergy Immunol 17, 376−381.

Nassenstein, C., Schulte-Herbruggen, O., Renz, H., & Braun, A. (2006). Nerve
growth factor: The central hub in the development of allergic asthma? Eur J
Pharmacol 533, 195−206.

Nelson, D. J., McMenamin, C., McWilliam, A. S., Brenan, M., & Holt, P. G.
(1994). Development of the airway intraepithelial dendritic cell network in
the rat from class II major histocompatibility (Ia)-negative precursors:
Differential regulation of Ia expression at different levels of the respiratory
tract. J Exp Med 179, 203−212.

Neufeld, G., Cohen, T., Gengrinovitch, S., & Poltorak, Z. (1999). Vascular
endothelial growth factor (VEGF) and its receptors. FASEB J 13, 9−22.

Neuzil, K. M., Johnson, J. E., Tang, Y.W., Prieels, J. P., Slaoui, M., Gar, N., et al.
(1997). Adjuvants influence the quantitative and qualitative immune
response in BALB/c mice immunized with respiratory syncytial virus FG
subunit vaccine. Vaccine 15, 525−532.

Newcomb, D. C., Sajjan, U., Bartlett, N. W., Walton, R. P., Jourdan, P. A.,
Burnet, J. C., et al. (2006). Murine rhinovirus 1B infection causes
neutrophilic airway inflammation American Thoracic Society: San Diego.

Nicholson, K. G., Kent, J., Hammersley, V., & Cancio, E. (1997). Acute viral
infections of upper respiratory tract in elderly people living in the
community: Comparative, prospective, population based study of disease
burden. BMJ 315, 1060−1064.

Noah, T. L., & Becker, S. (2000). Chemokines in nasal secretions of normal adults
experimentally infected with respiratory syncytial virus. Clin Immunol 97,
43−49.

Noble, V., Murray, M., Webb, M. S., Alexander, J., Swarbrick, A. S., & Milner,
A. D. (1997). Respiratory status and allergy nine to 10 years after acute
bronchiolitis. Arch Dis Child 76, 315−319.

Nomura, S., Kanazawa, H., Hirata, K., Iwao, H., & Yoshikawa, J. (2005).
Relationship between vascular endothelial growth factor and angiopoietin-2 in
asthmatics before and after inhaled beclomethasone therapy. J Asthma 42,
141−146.

O'Byrne, P. M., Bisgaard, H., Godard, P. P., Pistolesi, M., Palmqvist, M., Zhu,
Y., et al. (2005). Budesonide/formoterol combination therapy as both
maintenance and reliever medication in asthma. Am J Respir Crit Care Med
171, 129−136.

O'Donnell, D. R., & Openshaw, P. J. (1998). Anaphylactic sensitization to
aeroantigen during respiratory virus infection.Clin Exp Allergy 28, 1501−1508.

Ogra, P. (2004). Respiratory syncytial virus: The virus, the disease and the
immune response. Paediatr Respir Rev 5(Suppl A), S119−S126.

Oh, J., Lee, H., Park, I., & Kang, J. (2002). Interleukin-6, interleukin-8,
interleukin-11, and interferon-gamma levels in nasopharyngeal aspirates
from wheezing children with respiratory syncytial virus or influenza A virus
infection. Pediatr Allergy Immunol 13, 350−356.
Oliver, B. G., Johnston, S. L., Baraket, M., Burgess, J. K., King, N. J., Roth, M.,
et al. (2006). Increased proinflammatory responses from asthmatic human
airway smooth muscle cells in response to rhinovirus infection. Respir Res
7, 71.

Openshaw, P. J. (1995). Immunopathological mechanisms in respiratory
syncytial virus disease. Springer Semin Immunopathol 17, 187−201.

Openshaw, P. J. (2001). Potential mechanisms causing delayed effects of
respiratory syncytial virus infection. Am J Respir Crit Care Med 163,
S10−S13.

Openshaw, P. J., & Tregoning, J. S. (2005). Immune responses and disease
enhancement during respiratory syncytial virus infection. Clin Microbiol
Rev 18, 541−555.

Openshaw, P. J., Culley, F. J., & Olszewska, W. (2001). Immunopathogenesis of
vaccine-enhanced RSV disease. Vaccine 20(Suppl 1), S27−S31.

Openshaw, P., Dean, G., & Culley, F. (2003). Links between respiratory
syncytial virus bronchiolitis and childhood asthma: Clinical and research
approaches.Pediatr Infect Dis J 22, S58−S64 discussion S64-5.

Ostler, T., Davidson, W., & Ehl, S. (2002). Virus clearance and immunopathol-
ogy by CD8(+) T cells during infection with respiratory syncytial virus are
mediated by IFN-gamma. Eur J Immunol 32, 2117−2123.

Otto, M. J., Fox, M. P., Fancher, M. J., Kuhrt, M. F., Diana, G. D., & McKinlay,
M. A. (1985). In vitro activity of WIN 51711, a new broad-spectrum
antipicornavirus drug. Antimicrob Agents Chemother 27, 883−886.

Pala, P., Bjarnason, R., Sigurbergsson, F., Metcalfe, C., Sigurs, N., & Openshaw,
P. (2002). Enhanced IL-4 responses in children with a history of respiratory
syncytial virus bronchiolitis in infancy. Eur Respir J 20, 376−382.

Papadopoulos, N. G., Bates, P. J., Bardin, P. G., Papi, A., Leir, S. H., Fraenkel,
D. J., et al. (2000). Rhinoviruses infect the lower airways. J Infect Dis 181,
1875−1884.

Papadopoulos, N. G., Papi, A., Meyer, J., Stanciu, L. A., Salvi, S., Holgate, S. T.,
et al. (2001). Rhinovirus infection up-regulates eotaxin and eotaxin-2
expression in bronchial epithelial cells. Clin Exp Allergy 31, 1060−1066.

Papadopoulos, N. G., Moustaki, M., Tsolia, M., Bossios, A., Astra, E.,
Prezerakou, A., et al. (2002a). Association of rhinovirus infection with
increased disease severity in acute bronchiolitis. Am J Respir Crit Care Med
165, 1285−1289.

Papadopoulos, N. G., Stanciu, L. A., Papi, A., Holgate, S. T., & Johnston, S. L.
(2002b). A defective type 1 response to rhinovirus in atopic asthma. Thorax
57, 328−332.

Papadopoulos, N. G., Papi, A., Psarras, S., & Johnston, S. L. (2004). Mechanisms
of rhinovirus-induced asthma. Paediatr Respir Rev 5, 255−260.

Papi, A., & Johnston, S. L. (1999). Rhinovirus infection induces expression of
its own receptor intercellular adhesion molecule 1 (ICAM-1) via increased
NF-kappaB-mediated transcription. J Biol Chem 274, 9707−9720.

Pare, P. D., Roberts, C. R., Bai, T. R., & Wiggs, B. J. (1997). The functional
consequences of airway remodeling in asthma. Monaldi Arch Chest Dis 52,
589−596.

Park, J. H., Gold, D. R., Spiegelman, D. L., Burge, H. A., &Milton, D. K. (2001).
House dust endotoxin and wheeze in the first year of life. Am J Respir Crit
Care Med 163, 322−328.

Park, J., Taube, C., Yang, E., Joetham, A., Balhorn, A., Takeda, K., et al. (2003).
Respiratory syncytial virus-induced airway hyperresponsiveness is inde-
pendent of IL-13 compared with that induced by allergen. J Allergy Clin
Immunol 112, 1078−1087.

Parrott, R. H., Kim, H. W., Arrobio, J. O., Hodes, D. S., Murphy, B. R., Brandt,
C. D., et al. (1973). Epidemiology of respiratory syncytial virus infection in
Washington, D.C. II. Infection and disease with respect to age, immunologic
status, race and sex. Am J Epidemiol 98, 289−300.

Parry, D. E., Busse,W.W., Sukow, K. A., Dick, C. R., Swenson, C., & Gern, J. E.
(2000). Rhinovirus-induced PBMC responses and outcome of experimental
infection in allergic subjects. J Allergy Clin Immunol 105, 692−698.

Patel, H., Platt, R., Lozano, J. M., & Wang, E. E. (2004). Glucocorticoids for
acute viral bronchiolitis in infants and young children. Cochrane Database
Syst Rev, CD004878.

Patick, A. K., Brothers, M. A., Maldonado, F., Binford, S., Maldonado, O.,
Fuhrman, S., et al. (2005). In vitro antiviral activity and single-dose
pharmacokinetics in humans of a novel, orally bioavailable inhibitor of
human rhinovirus 3C protease.Antimicrob Agents Chemother 49, 2267−2275.



350 N.G. Hansbro et al. / Pharmacology & Therapeutics 117 (2008) 313–353
Peebles, R. S., Jr., & Hartert, T. V. (2000). Respiratory viruses and asthma. Curr
Opin Pulm Med 6, 10−14.

Peebles, R. J., Sheller, J., Johnson, J., Mitchell, D., & Graham, B. (1999).
Respiratory syncytial virus infection prolongs methacholine-induced airway
hyperresponsiveness in ovalbumin-sensitized mice. J Med Virol 57, 186−192.

Peebles, R. J., Hashimoto, K., Collins, R., Jarzecka, K., Furlong, J., Mitchell, D.,
et al. (2001). Immune interaction between respiratory syncytial virus
infection and allergen sensitization critically depends on timing of
challenges. J Infect Dis 184, 1374−1379.

Piedimonte, G. (2001). Neural mechanisms of respiratory syncytial virus-
induced inflammation and prevention of respiratory syncytial virus sequelae.
Am J Respir Crit Care Med 163, S18−S21.

Piedimonte, G. (2002). The association between respiratory syncytial virus
infection and reactive airway disease. Respir Med 96(Suppl B), S25−S29.

Piedimonte, G., Rodriguez, M. M., King, K. A., McLean, S., & Jiang, X. (1999).
Respiratory syncytial virus upregulates expression of the substance P
receptor in rat lungs. Am J Physiol 277, L831−L840.

Piedimonte, G., King, K. A., Holmgren, N. L., Bertrand, P. J., Rodriguez, M. M.,
& Hirsch, R. L. (2000). A humanized monoclonal antibody against
respiratory syncytial virus (palivizumab) inhibits RSV-induced neuro-
genic-mediated inflammation in rat airways. Pediatr Res 47, 351−356.

Piedimonte, G., Renzetti, G., Auais, A., DiMarco, A., Tripodi, S., Colistro, F., et al.
(2005). Leukotriene synthesis during respiratory syncytial virus bronchiolitis:
Influence of age and atopy. Pediatr Pulmonol 40, 285−291.

Piedra, P. A., Cron, S. G., Jewell, A., Hamblett, N., McBride, R., Palacio, M. A.,
et al. (2003). Immunogenicity of a new purified fusion protein vaccine to
respiratory syncytial virus: A multi-center trial in children with cystic
fibrosis. Vaccine 21, 2448−2460.

Piedra, P. A., Englund, J. A., & Glezen, W. P. (1997). Respiratory syncytial virus
and parainfluenza viruses. In D. D. Richman, R. J. Whiteley, & F. G. Hayden
(Eds.), Clinical virology (pp. 787−819). New York: Churchill Livingstone.

Pierangeli, A., Gentile, M., Di Marco, P., Pagnotti, P., Scagnolari, C., Trombetti,
S., et al. (2007). Detection and typing by molecular techniques of respiratory
viruses in children hospitalized for acute respiratory infection in Rome, Italy.
J Med Virol 79, 463−468.

Polack, F. P., Irusta, P. M., Hoffman, S. J., Schiatti, M. P., Melendi, G. A.,
Delgado, M. F., et al. (2005). The cysteine-rich region of respiratory
syncytial virus attachment protein inhibits innate immunity elicited by the
virus and endotoxin. Proc Natl Acad Sci U S A 102, 8996−9001.

PREVENT study (1997). Reduction of respiratory syncytial virus hospitaliza-
tion among premature infants and infants with bronchopulmonary dysplasia
using respiratory syncytial virus immune globulin prophylaxis. The
PREVENT Study Group. Pediatrics 99, 93−99.

Prince, G. A., Hemming, V. G., Horswood, R. L., & Chanock, R. M. (1985).
Immunoprophylaxis and immunotherapy of respiratory syncytial virus
infection in the cotton rat. Virus Res 3, 193−206.

Proud, D., Gwaltney, J. M., Jr., Hendley, J. O., Dinarello, C. A., Gillis, S., &
Schleimer, R. P. (1994). Increased levels of interleukin-1 are detected in
nasal secretions of volunteers during experimental rhinovirus colds. J Infect
Dis 169, 1007−1013.

Prozzi, D., Walravens, K., Langedijk, J. P., Daus, F., Kramps, J. A., & Letesson,
J. J. (1997). Antigenic and molecular analyses of the variability of bovine
respiratory syncytial virus G glycoprotein. J Gen Virol 78(Pt 2), 359−366.

Psarras, S., Papadopoulos, N., & Johnston, S. (2004). Pathogenesis of
respiratory syncytial virus bronchiolitis-related wheezing. Paediatr Respir
Rev 5(Suppl A), S179−S184.

Psarras, S., Volonaki, E., Skevaki, C. L., Xatzipsalti, M., Bossios, A., Pratsinis,
H., et al. (2006). Vascular endothelial growth factor-mediated induction
of angiogenesis by human rhinoviruses. J Allergy Clin Immunol 117,
291−297.

Pullan, C. R., & Hey, E. N. (1982). Wheezing, asthma, and pulmonary
dysfunction 10 years after infection with respiratory syncytial virus in
infancy. Br Med J (Clin Res Ed) 284, 1665−1669.

Rager, K. J., Langland, J. O., Jacobs, B. L., Proud, D., Marsh, D. G., & Imani, F.
(1998). Activation of antiviral protein kinase leads to immunoglobulin E
class switching in human B cells. J Virol 72, 1171−1176.

Randolph, D. A., Carruthers, C. J., Szabo, S. J., Murphy, K.M., & Chaplin, D. D.
(1999). Modulation of airway inflammation by passive transfer of allergen-
specific Th1 and Th2 cells in a mouse model of asthma. J Immunol 162,
2375−2383.

Reddel, H., Ware, S., Marks, G., Salome, C., Jenkins, C., & Woolcock, A.
(1999). Differences between asthma exacerbations and poor asthma control.
Lancet 353, 364−369.

Robinson, D., Hamid, Q., Bentley, A., Ying, S., Kay, A. B., & Durham, S. R.
(1993). Activation of CD4+ T cells, increased TH2-type cytokine mRNA
expression, and eosinophil recruitment in bronchoalveolar lavage after
allergen inhalation challenge in patients with atopic asthma. J Allergy Clin
Immunol 92, 313−324.

Roman, M., Calhoun, W. J., Hinton, K. L., Avendano, L. F., Simon, V., Escobar,
A. M., et al. (1997). Respiratory syncytial virus infection in infants is
associated with predominant Th-2-like response. Am J Respir Crit Care Med
156, 190−195.

Rosenberg, H. F., Bonville, C. A., Easton, A. J., & Domachowske, J. B. (2005).
The pneumonia virus of mice infection model for severe respiratory
syncytial virus infection: identifying novel targets for therapeutic interven-
tion. Pharmacol Ther 105, 1−6.

Rossmann, M. G., Arnold, E., Erickson, J. W., Frankenberger, E. A., Griffith, J. P.,
Hecht, H. J., et al. (1985). Structure of a human common cold virus and
functional relationship to other picornaviruses. Nature 317, 145−153.

Ruan, Y., Okamoto, Y., Matsuzaki, Z., Endo, S., Matsuoka, T., Kohno, T., et al.
(2001). Suppressive effect of locally produced interleukin-10 on respiratory
syncytial virus infection. Immunology 104, 355−360.

Ruuskanen, O., & Ogra, P. L. (1993). Respiratory syncytial virus. Curr Probl
Pediatr 23, 50−79.

Salt, J. S., Thevasagayam, S. J., Wiseman, A., & Peters, A. R. (2007). Efficacy
of a quadrivalent vaccine against respiratory diseases caused by BHV-1, PI
(3)V, BVDV and BRSV in experimentally infected calves. Vet J 174,
616−626.

Salvato, G. (2001). Quantitative and morphological analysis of the vascular bed
in bronchial biopsy specimens from asthmatic and non-asthmatic subjects.
Thorax 56, 902−906.

Savolainen, C., Blomqvist, S., Mulders, M. N., & Hovi, T. (2002). Genetic
clustering of all 102 human rhinovirus prototype strains: Serotype 87 is close
to human enterovirus 70. J Gen Virol 83, 333−340.

Schaller, M., Hogaboam, C. M., Lukacs, N., & Kunkel, S. L. (2006).
Respiratory viral infections drive chemokine expression and exacerbate
the asthmatic response. J Allergy Clin Immunol 118, 295−302 quiz 303-4.

Schauer, U., Hoffjan, S., Bittscheidt, J., Kochling, A., Hemmis, S., Bongartz, S.,
et al. (2002). RSV bronchiolitis and risk of wheeze and allergic sensitization
in the first year of life. Eur Respir J 20, 1277−1283.

Schauer, U., Hoffjan, S., Rothoeft, T., Bartz, H., Konig, S., Fuchs, E., et al.
(2004). Severe respiratory syncytial virus infections and reduced interferon-
gamma generation in vitro. Clin Exp Immunol 138, 102−109.

Schlender, J., Bossert, B., Buchholz, U., & Conzelmann, K. K. (2000). Bovine
respiratory syncytial virus nonstructural proteins NS1 and NS2 coopera-
tively antagonize alpha/beta interferon-induced antiviral response. J Virol
74, 8234−8242.

Schlender, J., Walliser, G., Fricke, J., & Conzelmann, K. K. (2002). Respiratory
syncytial virus fusion protein mediates inhibition of mitogen-induced T-cell
proliferation by contact. J Virol 76, 1163−1170.

Schmidt, A. C., Wenzke, D. R., McAuliffe, J. M., St Claire, M., Elkins, W. R.,
Murphy, B. R., et al. (2002). Mucosal immunization of rhesus monkeys
against respiratory syncytial virus subgroups A and B and human
parainfluenza virus type 3 by using a live cDNA-derived vaccine based on
a host range-attenuated bovine parainfluenza virus type 3 vector backbone.
J Virol 76, 1089−1099.

Schroth,M. K., Grimm, E., Frindt, P., Galagan, D.M., Konno, S. I., Love, R., et al.
(1999). Rhinovirus replication causes RANTES production in primary
bronchial epithelial cells. Am J Respir Cell Mol Biol 20, 1220−1228.

Schwarze, J., & Schauer, U. (2004). Enhanced virulence, airway inflammation
and impaired lung function induced by respiratory syncytial virus deficient
in secreted G protein. Thorax 59, 517−521.

Schwarze, J., Cieslewicz, G., Hamelmann, E., Joetham, A., Shultz, L., Lamers,
M., et al. (1999a). IL-5 and eosinophils are essential for the development of
airway hyperresponsiveness following acute respiratory syncytial virus
infection. J Immunol 162, 2997−3004.



351N.G. Hansbro et al. / Pharmacology & Therapeutics 117 (2008) 313–353
Schwarze, J., Cieslewicz, G., Joetham, A., Ikemura, T., Hamelmann, E., &
Gelfand, E. (1999b). CD8 T cells are essential in the development of
respiratory syncytial virus-induced lung eosinophilia and airway hyperre-
sponsiveness. J Immunol 162, 4207−4211.

Schwarze, J., Makela, M., Cieslewicz, G., Dakhama, A., Lahn, M., Ikemura, T.,
et al. (1999c). Transfer of the enhancing effect of respiratory syncytial virus
infection on subsequent allergic airway sensitization by T lymphocytes.
J Immunol 163, 5729−5734.

Schwarze, J., Cieslewicz, G., Joetham, A., Ikemura, T., Makela, M. J.,
Dakhama, A., et al. (2000). Critical roles for interleukin-4 and interleukin-5
during respiratory syncytial virus infection in the development of airway
hyperresponsiveness after airway sensitization. Am J Respir Crit Care Med
162, 380−386.

Schwarze, J., O'Donnell, D. R., Rohwedder, A., & Openshaw, P. J. (2004).
Latency and persistence of respiratory syncytial virus despite T cell
immunity. Am J Respir Crit Care Med 169, 801−805.

Scott, G. M., Phillpotts, R. J.,Wallace, J., Gauci, C. L., Greiner, J., & Tyrrell, D. A.
(1982). Prevention of rhinovirus colds by human interferon alpha-2 from
Escherichia coli. Lancet 2, 186−188.

Seemungal, T., Harper-Owen, R., Bhowmik, A., Moric, I., Sanderson, G.,
Message, S., et al. (2001). Respiratory viruses, symptoms, and inflammatory
markers in acute exacerbations and stable chronic obstructive pulmonary
disease. Am J Respir Crit Care Med 164, 1618−1623.

Shay, D. K., Holman, R. C., Newman, R. D., Liu, L. L., Stout, J. W., &
Anderson, L. J. (1999). Bronchiolitis-associated hospitalizations among US
children, 1980–1996. JAMA 282, 1440−1446.

Shay, D. K., Holman, R. C., Roosevelt, G. E., Clarke, M. J., & Anderson, L. J.
(2001). Bronchiolitis-associated mortality and estimates of respiratory
syncytial virus-associated deaths among US children, 1979–1997. J Infect
Dis 183, 16−22.

Sigurs, N. (2001). Epidemiologic and clinical evidence of a respiratory syncytial
virus-reactive airway disease link. Am J Respir Crit Care Med 163, S2−S6.

Sigurs, N. (2002a). A cohort of children hospitalized with acute RSV bronchiolitis:
Impact on later respiratory disease. Paediatr Respir Rev 3, 177−183.

Sigurs, N. (2002b). Clinical perspectives on the association between respiratory
syncytial virus and reactive airway disease. Respir Res 3(Suppl 1), S8−S14.

Sigurs, N., Bjarnason, R., Sigurbergsson, F., & Kjellman, B. (2000). Respiratory
syncytial virus bronchiolitis in infancy is an important risk factor for asthma
and allergy at age 7. Am J Respir Crit Care Med 161, 1501−1507.

Sigurs, N., Bjarnason, R., Sigurbergsson, F., Kjellman, B., & Bjorksten, B.
(1995). Asthma and immunoglobulin E antibodies after respiratory syncytial
virus bronchiolitis: A prospective cohort study with matched controls. Pe-
diatrics 95, 500−505.

Sigurs, N., Gustafsson, P., Bjarnason, R., Lundberg, F., Schmidt, S.,
Sigurbergsson, F., et al. (2005). Severe respiratory syncytial virus
bronchiolitis in infancy and asthma and allergy at age 13. Am J Respir
Crit Care Med 171, 137−141.

Simard, C., Nadon, F., Seguin, C., Thien, N. N., Binz, H., Basso, J., et al. (1997).
Subgroup specific protection of mice from respiratory syncytial virus
infection with peptides encompassing the amino acid region 174–187 from
the G glycoprotein: The role of cysteinyl residues in protection. Vaccine 15,
423−432.

Simoes, E. A., & Carbonell-Estrany, X. (2003). Impact of severe disease caused
by respiratory syncytial virus in children living in developed countries.
Pediatr Infect Dis J 22, S13−S18 discussion S18–20.

Simoes, E. A., Groothuis, J. R., Carbonell-Estrany, X., Rieger, C. H., Mitchell, I.,
Fredrick, L. M., et al. (2007). Palivizumab prophylaxis, respiratory syncytial
virus, and subsequent recurrent wheezing. J Pediatr 151, 34−42 42 e1.

Simon, H. U., Seelbach, H., Ehmann, R., & Schmitz, M. (2003). Clinical and
immunological effects of low-dose IFN-alpha treatment in patients with
corticosteroid-resistant asthma. Allergy 58, 1250−1255.

Simpson, J. L., Scott, R., Boyle, M. J., & Gibson, P. G. (2006). Inflammatory
subtypes in asthma: assessment and identification using induced sputum.
Respirology 11, 54−61.

Singleton, R., Redding, G., Lewis, T., Martinez, P., Bulkow, L., Morray, B., et al.
(2003). Sequelae of severe respiratory syncytial virus infection in infancy
and early childhood among Alaska Native children. Pediatrics 112,
285−290.
Sly, P. D., & Hibbert, M. E. (1989). Childhood asthma following hospitalization
with acute viral bronchiolitis in infancy. Pediatr Pulmonol 7, 153−158.

Soukup, J. M., & Becker, S. (2003). Role of monocytes and eosinophils in
human respiratory syncytial virus infection in vitro. Clin Immunol 107,
178−185.

Spann, K. M., Tran, K. C., Chi, B., Rabin, R. L., & Collins, P. L. (2004).
Suppression of the induction of alpha, beta, and lambda interferons by the
NS1 and NS2 proteins of human respiratory syncytial virus in human
epithelial cells and macrophages [corrected]. J Virol 78, 4363−4369.

Spann, K. M., Tran, K. C., & Collins, P. L. (2005). Effects of nonstructural
proteins NS1 and NS2 of human respiratory syncytial virus on interferon
regulatory factor 3, NF-kappaB, and proinflammatory cytokines. J Virol 79,
5353−5362.

Sperber, S. J., Levine, P. A., Innes, D. J., Mills, S. E., & Hayden, F. G. (1988).
Tolerance and efficacy of intranasal administration of recombinant beta
serine interferon in healthy adults. J Infect Dis 158, 166−175.

Srikiatkhachorn, A., & Braciale, T. J. (1997a). Virus-specific CD8+ T lympho-
cytes downregulate T helper cell type 2 cytokine secretion and pulmonary
eosinophilia during experimental murine respiratory syncytial virus infec-
tion. J Exp Med 186, 421−432.

Srikiatkhachorn, A., & Braciale, T. J. (1997b). Virus-specific memory and
effector T lymphocytes exhibit different cytokine responses to antigens
during experimental murine respiratory syncytial virus infection. J Virol 71,
678−685.

Stein, R., Sherrill, D., Morgan, W., Holberg, C., Halonen, M., Taussig, L., et al.
(1999). Respiratory syncytial virus in early life and risk of wheeze and
allergy by age 13 years. Lancet 354, 541−545.

Stensballe, L., Kristensen, K., Simoes, E., Jensen, H., Nielsen, J., Benn, C., et al.
(2006). Atopic disposition, wheezing, and subsequent respiratory syncytial
virus hospitalization in Danish children younger than 18 months: A nested
case-control study. Pediatrics 118, e1360−e1368.

Stott, E. J., Thomas, L. H., Collins, A. P., Crouch, S., Jebbett, J., Smith, G. S., et al.
(1980). A survey of virus infections of the respiratory tract of cattle and their
association with disease. J Hyg (Lond) 85, 257−270.

Strachan, D. P. (2000). Family size, infection and atopy: The first decade of the
“hygiene hypothesis”. Thorax 55(Suppl 1), S2−S10.

Subauste, M. C., Jacoby, D. B., Richards, S. M., & Proud, D. (1995). Infection
of a human respiratory epithelial cell line with rhinovirus. Induction of
cytokine release and modulation of susceptibility to infection by cytokine
exposure. J Clin Invest 96, 549−557.

Sullender,W.M., Anderson, K., &Wertz, G.W. (1990). The respiratory syncytial
virus subgroup B attachment glycoprotein: Analysis of sequence, expression
from a recombinant vector, and evaluation as an immunogen against
homologous and heterologous subgroup virus challenge. Virology 178,
195−203.

Sung, R. Y., Hui, S. H., Wong, C. K., Lam, C. W., & Yin, J. (2001). A
comparison of cytokine responses in respiratory syncytial virus and
influenza A infections in infants. Eur J Pediatr 160, 117−122.

Suzuki, T., Yamaya,M., Sekizawa, K., Hosoda,M., Yamada, N., Ishizuka, S., et al.
(2001). Bafilomycin A(1) inhibits rhinovirus infection in human airway
epithelium: Effects on endosome and ICAM-1. Am J Physiol Lung Cell Mol
Physiol 280, L1115−L1127.

Suzaki, Y., Hamada, K., Sho, M., Ito, T., Miyamoto, K., Akashi, S., et al. (2005).
A potent antiangiogenic factor, endostatin prevents the development of
asthma in a murine model. J Allergy Clin Immunol 116, 1220−1227.

Sznajder, M., Stheneur, C., Albonico, V., Dib, S., Cau, D., & Chevallier, B.
(2005). Respiratory development of 5- to 6-year-old children experiencing a
first bronchiolitis episode before age one. Allerg Immunol (Paris) 37,
392−396.

Tahan, F., Ozcan, A., & Koc, N. (2007). Clarithromycin in the treatment of RSV
bronchiolitis: A double-blind, randomised, placebo-controlled trial. Eur
Respir J 29, 91−97.

Takaoka, A., Hayakawa, S., Yanai, H., Stoiber, D., Negishi, H., Kikuchi, H., et al.
(2003). Integration of interferon-alpha/beta signalling to p53 responses in
tumour suppression and antiviral defence. Nature 424, 516−523.

Takizawa, H., Desaki, M., Ohtoshi, T., Kawasaki, S., Kohyama, T., Sato, M., et al.
(1997). Erythromycin modulates IL-8 expression in normal and inflamed
human bronchial epithelial cells. Am J Respir Crit Care Med 156, 266−271.



352 N.G. Hansbro et al. / Pharmacology & Therapeutics 117 (2008) 313–353
Tan, W. C. (2005). Viruses in asthma exacerbations. Curr Opin Pulm Med 11,
21−26.

Tang, Y. W., & Graham, B. S. (1994). Anti-IL-4 treatment at immunization
modulates cytokine expression, reduces illness, and increases cytotoxic T
lymphocyte activity in mice challenged with respiratory syncytial virus.
J Clin Invest 94, 1953−1958.

Tang, R. S., MacPhail, M., Schickli, J. H., Kaur, J., Robinson, C. L., Lawlor, H. A.,
et al. (2004). Parainfluenza virus type 3 expressing the native or soluble fusion
(F) protein of Respiratory Syncytial Virus (RSV) confers protection from RSV
infection in African green monkeys. J Virol 78, 11198−11207.

Teng, M. N., Whitehead, S. S., & Collins, P. L. (2001). Contribution of the
respiratory syncytial virus G glycoprotein and its secreted and membrane-
bound forms to virus replication in vitro and in vivo. Virology 289,
283−296.

Teran, L. M., Johnston, S. L., Schroder, J. M., Church, M. K., & Holgate, S. T.
(1997). Role of nasal interleukin-8 in neutrophil recruitment and activation
in children with virus-induced asthma. Am J Respir Crit Care Med 155,
1362−1366.

Tripp, R. A. (2004). The brume surrounding respiratory syncytial virus
persistence. Am J Respir Crit Care Med 169, 778−779.

Tripp, R. A., Jones, L., Anderson, L. J., & Brown, M. P. (2000). CD40 ligand
(CD154) enhances the Th1 and antibody responses to respiratory syncytial
virus in the BALB/c mouse. J Immunol 164, 5913−5921.

Tripp, R. A., Barskey, A., Goss, L., & Anderson, L. J. (2002). Substance P
receptor expression on lymphocytes is associated with the immune response
to respiratory syncytial virus infection. J Neuroimmunol 129, 141−153.

Turner, R. B., Wecker, M. T., Pohl, G., Witek, T. J., McNally, E., St George, R.,
et al. (1999). Efficacy of tremacamra, a soluble intercellular adhesion
molecule 1, for experimental rhinovirus infection: A randomized clinical
trial. JAMA 281, 1797−1804.

Umetsu, D. T., McIntire, J. J., Akbari, O., Macaubas, C., & DeKruyff, R. H.
(2002). Asthma: An epidemic of dysregulated immunity. Nat Immunol 3,
715−720.

Valarcher, J. F., & Taylor, G. (2007). Bovine respiratory syncytial virus
infection. Vet Res 38, 153−180.

Valarcher, J. F., Bourhy, H., Lavenu, A., Bourges-Abella, N., Roth, M.,
Andreoletti, O., et al. (2001). Persistent infection of B lymphocytes by
bovine respiratory syncytial virus. Virology 291, 55−67.

Valarcher, J. F., Furze, J., Wyld, S., Cook, R., Conzelmann, K. K., & Taylor, G.
(2003). Role of alpha/beta interferons in the attenuation and immunogenicity of
recombinant bovine respiratory syncytial viruses lacking NS proteins. J Virol
77, 8426−8439.

Valarcher, J. F., Furze, J., Wyld, S. G., Cook, R., Zimmer, G., Herrler, G., et al.
(2006). Bovine respiratory syncytial virus lacking the virokinin or with a
mutation in furin cleavage site RA(R/K)R109 induces less pulmonary
inflammation without impeding the induction of protective immunity in
calves. J Gen Virol 87, 1659−1667.

van Benten, I. J., KleinJan, A., Neijens, H. J., Osterhaus, A. D., & Fokkens, W. J.
(2001). Prolonged nasal eosinophilia in allergic patients after common cold.
Allergy 56, 949−956.

Van der Poel, W. H., Brand, A., Kramps, J. A., & Van Oirschot, J. T. (1994).
Respiratory syncytial virus infections in human beings and in cattle. J Infect
29, 215−228.

van Rijt, L. S., van Kessel, C. H., Boogaard, I., & Lambrecht, B. N. (2005).
Respiratory viral infections and asthma pathogenesis: A critical role for
dendritic cells? J Clin Virol 34, 161−169.

van Schaik, S. M., Obot, N., Enhorning, G., Hintz, K., Gross, K., Hancock, G. E.,
et al. (2000). Role of interferon gamma in the pathogenesis of primary
respiratory syncytial virus infection in BALB/cmice. JMed Virol 62, 257−266.

Vangeel, I., Antonis, A. F., Fluess, M., Riegler, L., Peters, A. R., & Harmeyer, S. S.
(2006). Efficacy of a modified live intranasal bovine respiratory syncytial virus
vaccine in 3-week-old calves experimentally challengedwith BRSV.Vet J 174,
627−635.

Varga, S. M., Wang, X., Welsh, R. M., & Braciale, T. J. (2001).
Immunopathology in RSV infection is mediated by a discrete oligoclonal
subset of antigen-specific CD4(+) T cells. Immunity 15, 637−646.

Varga, S. M., Wissinger, E. L., & Braciale, T. J. (2000). The attachment (G)
glycoprotein of respiratory syncytial virus contains a single immunodomi-
nant epitope that elicits both Th1 and Th2 CD4+ Tcell responses. J Immunol
165, 6487−6495.

Verhoeff, J., Van der Ban, M., & van Nieuwstadt, A. P. (1984). Bovine
respiratory syncytial virus infections in young dairy cattle: Clinical and
haematological findings. Vet Rec 114, 9−12.

Vignola, A. M., Mirabella, F., Costanzo, G., Di Giorgi, R., Gjomarkaj, M.,
Bellia, V., et al. (2003). Airway remodeling in asthma. Chest 123,
417S−422S.

Viuff, B., Tjornehoj, K., Larsen, L. E., Rontved, C. M., Uttenthal, A., Ronsholt,
L., et al. (2002). Replication and clearance of respiratory syncytial virus:
Apoptosis is an important pathway of virus clearance after experimental
infection with bovine respiratory syncytial virus. Am J Pathol 161,
2195−2207.

Volonaki, E., Psarras, S., Xepapadaki, P., Psomali, D., Gourgiotis, D., &
Papadopoulos, N. G. (2006). Synergistic effects of fluticasone propionate
and salmeterol on inhibiting rhinovirus-induced epithelial production of
remodelling-associated growth factors. Clin Exp Allergy 36, 1268−1273.

Vrugt, B., Wilson, S., Bron, A., Holgate, S. T., Djukanovic, R., & Aalbers, R.
(2000). Bronchial angiogenesis in severe glucocorticoid-dependent asthma.
Eur Respir J 15, 1014−1021.

Walsh, E. E. (1994). Humoral, mucosal, and cellular immune response to topical
immunization with a subunit respiratory syncytial virus vaccine. J Infect Dis
170, 345−350.

Walters, E. H., Walters, J. A., & Gibson, M. D. (2003). Inhaled long acting beta
agonists for stable chronic asthma. Cochrane Database Syst Rev,
CD001385.

Walzl, G., Matthews, S., Kendall, S., Gutierrez-Ramos, J. C., Coyle, A. J.,
Openshaw, P. J., et al. (2001). Inhibition of T1/ST2 during respiratory
syncytial virus infection prevents T helper cell type 2 (Th2)- but not Th1-
driven immunopathology. J Exp Med 193, 785−792.

Wang, S. Z., & Forsyth, K. D. (1998). Asthma and respiratory syncytial virus
infection in infancy: Is there a link? Clin Exp Allergy 28, 927−935.

Waris, M. E., Tsou, C., Erdman, D. D., Zaki, S. R., & Anderson, L. J. (1996).
Respiratory synctial virus infection in BALB/c mice previously immunized
with formalin-inactivated virus induces enhanced pulmonary inflammatory
response with a predominant Th2-like cytokine pattern. J Virol 70,
2852−2860.

Wark, P. A., Gibson, P. G., & Johnston, S. L. (2001). Exacerbations of asthma:
Addressing the triggers and treatments. Monaldi Arch Chest Dis 56,
429−435.

Wark, P. A., Johnston, S. L., Moric, I., Simpson, J. L., Hensley, M. J., & Gibson,
P. G. (2002). Neutrophil degranulation and cell lysis is associated with
clinical severity in virus-induced asthma. Eur Respir J 19, 68−75.

Wark, P. A., Johnston, S. L., Bucchieri, F., Powell, R., Puddicombe, S., Laza-Stanca,
V., et al. (2005). Asthmatic bronchial epithelial cells have a deficient innate
immune response to infection with rhinovirus. J Exp Med 201, 937−947.

Wark, P. A., Bucchieri, F., Johnston, S. L., Gibson, P. G., Hamilton, L., Mimica,
J., et al. (2007). IFN-gamma-induced protein 10 is a novel biomarker of
rhinovirus-induced asthma exacerbations. J Allergy Clin Immunol 120,
586−593.

Wedde-Beer, K., Hu, C., Rodriguez, M., & Piedimonte, G. (2002). Leukotrienes
mediate neurogenic inflammation in lungs of young rats infected with
respiratory syncytial virus. Am J Physiol Lung Cell Mol Physiol 282,
L1143−L1150.

Welliver, R. C., Kaul, T. N., Putnam, T. I., Sun, M., Riddlesberger, K., & Ogra,
P. L. (1980). The antibody response to primary and secondary infection with
respiratory syncytial virus: Kinetics of class-specific responses. J Pediatr
96, 808−813.

Wennergren, G., & Kristjansson, S. (2001). Relationship between respiratory
syncytial virus bronchiolitis and future obstructive airway diseases. Eur
Respir J 18, 1044−1058.

Wenzel, S. E. (2004). Phenotypes in asthma: Useful guides for therapy, distinct
biological processes, or both? Am J Respir Crit Care Med 170, 579−580.

Wenzel, S. E., Gibbs, R. L., Lehr, M. V., & Simoes, E. A. (2002). Respiratory
outcomes in high-risk children 7 to 10 years after prophylaxis with
respiratory syncytial virus immune globulin. Am J Med 112, 627−633.

West, K., Petrie, L., Haines, D. M., Konoby, C., Clark, E. G., Martin, K., et al.
(1999). The effect of formalin-inactivated vaccine on respiratory disease



353N.G. Hansbro et al. / Pharmacology & Therapeutics 117 (2008) 313–353
associated with bovine respiratory syncytial virus infection in calves. Vac-
cine 17, 809−820.

White, G. P., Watt, P. M., Holt, B. J., & Holt, P. G. (2002). Differential patterns
of methylation of the IFN-gamma promoter at CpG and non-CpG sites
underlie differences in IFN-gamma gene expression between human
neonatal and adult CD45RO- T cells. J Immunol 168, 2820−2827.

Whitehead, S. S., Juhasz, K., Firestone, C. Y., Collins, P. L., & Murphy, B. R.
(1998). Recombinant respiratory syncytial virus (RSV) bearing a set of
mutations from cold-passaged RSV is attenuated in chimpanzees. J Virol 72,
4467−4471.

Whitehead, S. S., Bukreyev, A., Teng, M. N., Firestone, C. Y., St Claire, M.,
Elkins, W. R., et al. (1999). Recombinant respiratory syncytial virus bearing
a deletion of either the NS2 or SH gene is attenuated in chimpanzees. J Virol
73, 3438−3442.

Wilson, J. (2000). The bronchial microcirculation in asthma. Clin Exp Allergy
30(Suppl 1), 51−53.

Winther, B., Farr, B., Turner, R. B., Hendley, J. O., Gwaltney, J. M., Jr., &
Mygind, N. (1984). Histopathologic examination and enumeration of
polymorphonuclear leukocytes in the nasal mucosa during experimental
rhinovirus colds. Acta Otolaryngol Suppl 413, 19−24.

Winther, B., Gwaltney, J. M., & Hendley, J. O. (1990). Respiratory virus
infection of monolayer cultures of human nasal epithelial cells. Am Rev
Respir Dis 141, 839−845.

Wolf, D., Greenberg, D., Kalkstein, D., Shemer-Avni, Y., Givon-Lavi, N., Saleh,
N., et al. (2006). Comparison of human metapneumovirus, respiratory
syncytial virus and influenza A virus lower respiratory tract infections in
hospitalized young children. Pediatr Infect Dis J 25, 320−324.

Wu, H., Pfarr, D. S., Johnson, S., Brewah, Y. A.,Woods, R.M., Patel, N. K., et al.
(2007). Development of motavizumab, an ultra-potent antibody for the
prevention of respiratory syncytial virus infection in the upper and lower
respiratory tract. J Mol Biol 368, 652−665.

Xatzipsalti, M., Kyrana, S., Tsolia, M., Psarras, S., Bossios, A., Laza-Stanca, V.,
et al. (2005). Rhinovirus viremia in children with respiratory infections. Am
J Respir Crit Care Med 172, 1037−1040.
Xepapadaki, P., Psarras, S., Bossios, A., Tsolia, M., Gourgiotis, D., Liapi-
Adamidou, G., et al. (2004). Human Metapneumovirus as a causative agent
of acute bronchiolitis in infants. J Clin Virol 30, 267−270.

Xepapadaki, P., Papadopoulos, N. G., Bossios, A., Manoussakis, E., Manousa-
kas, T., & Saxoni-Papageorgiou, P. (2005). Duration of postviral airway
hyperresponsiveness in children with asthma: Effect of atopy. J Allergy Clin
Immunol 116, 299−304.

Yamaya, M., Sekizawa, K., Suzuki, T., Yamada, N., Furukawa, M., Ishizuka, S.,
et al. (1999). Infection of human respiratory submucosal glands with
rhinovirus: Effects on cytokine and ICAM-1 production. Am J Physiol 277,
L362−L371.

You, D., Becnel, D., Wang, K., Ripple, M., Daly, M., & Cormier, S. (2006).
Exposure of neonates to respiratory syncytial virus is critical in determining
subsequent airway response in adults. Respir Res 7, 107.

Zhang, L., Peeples, M. E., Boucher, R. C., Collins, P. L., & Pickles, R. J. (2002).
Respiratory syncytial virus infection of human airway epithelial cells is
polarized, specific to ciliated cells, and without obvious cytopathology. J Virol
76, 5654−5666.

Zhao, X., & Sullender, W. M. (2005). In vivo selection of respiratory syncytial
viruses resistant to palivizumab. J Virol 79, 3962−3968.

Zhao, J., Takamura, M., Yamaoka, A., Odajima, Y., & Iikura, Y. (2002). Altered
eosinophil levels as a result of viral infection in asthma exacerbation in
childhood. Pediatr Allergy Immunol 13, 47−50.

Zhao, X., Chen, F. P., & Sullender, W. M. (2004). Respiratory syncytial virus
escape mutant derived in vitro resists palivizumab prophylaxis in cotton rats.
Virology 318, 608−612.

Zimmer, G., Rohn, M., McGregor, G. P., Schemann, M., Conzelmann, K. K., &
Herrler, G. (2003). Virokinin, a bioactive peptide of the tachykinin family, is
released from the fusion protein of bovine respiratory syncytial virus. J Biol
Chem 278, 46854−46861.

Zuniga, E. I., McGavern, D. B., Pruneda-Paz, J. L., Teng, C., & Oldstone, M. B.
(2004). Bone marrow plasmacytoid dendritic cells can differentiate into
myeloid dendritic cells upon virus infection. Nat Immunol 5, 1227−1234.


	Understanding the mechanisms of viral induced asthma: New therapeutic directions
	Introduction
	Asthma
	Viruses and asthma
	Induction of asthma
	Exacerbation of asthma
	Asthma phenotypes
	Factors inducing susceptibility


	RSV and asthma
	Clinical evidence for the association between RSV and asthma
	Bronchiolitis
	Wheeze
	Decreased lung function
	Asthma
	Atopy
	Allergic sensitization
	Asthmatic predisposition to more severe infection
	RSV infection as an indicator of susceptibility

	Mechanisms of predisposition and exacerbation shown in humans
	Age of first infection
	Immune responses
	Innate host responses
	Adaptive immunity
	Th1/Th2 responses
	Cytokines and immunomodulatory molecules
	Other immune factors

	Antibody responses
	Pathological responses and angiogenesis
	Involvement of neural networks
	Co-infections

	Mechanisms of predisposition shown experimentally
	Rodent models of primary RSV infection
	Age of first infection
	Asthma induction by RSV infection
	Timing of infection
	Allergen exposure prior to infection
	Infection prior to allergen exposure
	Concomitant allergen exposure and RSV infection

	Exposure to endotoxin/pollution
	Immune responses to RSV infection
	Innate responses
	TLRs
	Chemokines
	DCs

	Adaptive immunity
	Th1 CD4+ T cell responses
	Th2 responses

	CD8+ cells
	CD4+/CD8+ interactions
	Adaptive immune responses to RSV proteins
	Antibodies
	Suppression of immunity
	Latent infection
	Angiogenesis
	Involvement of neural networks
	Pneumonia virus of mice
	Bovine RSV and respiratory dysfunction
	Pathogenesis
	Immune responses
	The roles of viral components in disease


	Summary

	RV and asthma
	Clinical evidence for the association
	RV and asthma exacerbation and induction
	Importance of RV infections in childhood wheeze and asthma
	Asthmatic predisposition to more severe infection

	Mechanisms of predisposition and exacerbation shown in humans
	In vivo studies
	Immune responses
	Decreased lung function/AHR
	Atopy
	Timing of infection

	In vitro studies
	Cytopathic effect (CPE)
	Immune responses
	Pro-inflammatory mediators
	IFNs
	TLRs
	Th2 responses
	AHR/remodeling
	Angiogenesis


	Mechanisms of predisposition shown experimentally
	Summary

	Therapeutic strategies
	Preventative strategies
	Antibodies
	Passive immunization
	Vaccines
	FI-vaccines
	Subunit vaccines
	Live attenuated vaccines
	Bovine vaccines


	Specific anti-viral therapies
	Attachment inhibitors
	Viral protease inhibitors

	Anti-inflammatory treatments
	Corticosteroids
	ICSs and long acting beta agonists (LABAs)

	Macrolide and ketolide antibiotics
	IFNs
	Anti-oxidants
	Angiogenesis inhibitors
	Summary

	Conclusions
	References


