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Uncomplicated upper respiratory viral infections are themost common cause of days lost fromwork and school and
exert a major economic burden. In susceptible individuals, however, common respiratory viruses, particularly
human rhinoviruses, also can have a major impact on diseases that involve the lower airways, including asthma,
chronic obstructive pulmonary diseases (COPD) and cystic fibrosis (CF). Respiratory virus-induced wheezing ill-
nesses in early life are a significant risk factor for the subsequent development of asthma, and virus infections
may also play a role in the development and progression of airway remodeling in asthma. It is clear that upper re-
spiratory tract virus infections can spread to the lower airway and trigger acute attacks of asthma, COPD or CF. These
exacerbations can be life-threatening, and exert an enormous burden on health care systems. In recent years we
have gained new insights into the mechanisms by which respiratory viruses may induce acute exacerbations of
lower airway diseases, as well as into host defense pathways that may regulate the outcomes to viral infections.
In the current article we review the role of viruses in lower airway diseases, including our current understanding
on pathways by which they may cause remodeling and trigger acute exacerbations. We also review the efficacy
of current and emerging therapies used to treat these lower airway diseases on the outcomes due to viral infection,
and discuss alternative therapeutic approaches for the management of virus-induced airway inflammation.

© 2014 Elsevier Inc. All rights reserved.
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1. Introduction

Upper respiratory tract viral infections are one of the most common
acute respiratory illnesses experienced by humans. In healthy individ-
uals, such infections are usually self-limiting and are associated with
the relatively mild symptoms of the clinical syndrome referred to as
the common cold. According to the Centers for Disease Control and Pre-
vention, colds result in 22 million lost school days each year in the
United States alone. Moreover, Americans experience more than 500
million upper respiratory tract viral infections per year (excluding infec-
tions due to influenza) leading to a total annual economic impact esti-
mated at $40 billion in 2003 (Fendrick et al., 2003). A number of
different viral types, including coronaviruses, respiratory syncytial
virus (RSV), and parainfluenza viruses can induce upper respiratory
symptoms, butmore than half of all colds are caused by human rhinovi-
rus (HRV) infections (Arruda et al., 1997; Makela et al., 1998).

Although most healthy individuals experience simple common
colds, a relatively small percentage of cases develop complications in-
cluding acute sinusitis or otitis media (Arola et al., 1990; Turner et al.,
1992; Gwaltney et al., 1994). More serious complications, however,
can occur in subjects with pre-existing lower airway diseases, such as
asthma, chronic obstructive pulmonary disease (COPD) or cystic fibrosis
(CF), where upper respiratory virus infections are a major trigger for
acute disease exacerbations that can be life-threatening and are a
major cause of emergency room visits or hospitalizations. Moreover,
there is now considerable evidence that virus induced wheezing ill-
nesses in early childhood are a major risk factor for the subsequent de-
velopment of asthma. These latter observations have also prompted
investigations into whether respiratory viral infections may also con-
tribute to the development of the structural changes, referred to as “air-
way remodeling”, that occur in the airways of subjectswith asthma. The
fact that several viruses are able to exacerbate lower airway diseases
suggests that common mechanisms underlie the pathophysiology of
these effects. Recently, new insights have been gained into pathways
mediating the effects of viruses on lower airway diseases. This review
places particular emphasis on how components of these pathways
may provide possible new targets for therapeutic interventions. As
will be discussed, new therapeutic approaches are clearly required, as
currently available medications for the treatment of lower airway dis-
eases are less than optimal for the treatment of viral exacerbations of
lower airway diseases.Moreover, none of our current treatment options
prevent the development of airway remodeling in asthma or reverse
existing features of remodeling.

2. Viral wheezing as a risk factor for asthma development

Respiratory viral infections are themajor trigger for episodicwheezing
in children. Although a number of virus types, including parainfluenza,
metapneumovirus and influenza can trigger bronchiolitis and wheezing
(Heymann et al., 2004; Jartti et al., 2004; Williams et al., 2004), initial
studies focused on RSV as the major cause of bronchiolitis in young in-
fants, particularly during the winter months. These studies showed that
children who develop RSV induced bronchiolitis in early childhood have
impaired lung function in later life (Strope et al., 1991). Such children
also were at increased risk for recurrent wheezing and development of
asthma by ages 6–10 (Stein et al., 1999; Sigurs et al., 2000). Although
data from the Tucson Children's Respiratory Study showed that this risk
decreases progressively with age and was no longer significant by age
13 (Stein et al., 1999), other studies indicate that RSV bronchiolitis that
is severe enough to cause hospitalization in infancy is still a risk factor
for asthma into adolescence (Sigurs et al., 2005). While these studies fo-
cused on RSV, the improved sensitivity of viral detection that resulted
from the introduction of reverse transcription-polymerase chain reaction
(RT-PCR), has generated strong evidence for amuch greater role for HRV-
inducedwheezing illnesses in infancy as amajor risk factor for the subse-
quent development of asthma than was previously appreciated. Outside
of thewintermonths, and in children older than 6months of age, HRVap-
pears to be the dominant viral pathogen associated with wheezing ill-
nesses (Heymann et al., 2004; Jartti et al., 2004; Korppi et al., 2004). It
has been reported that children hospitalized with HRV-induced bronchi-
olitis are at particularly high risk for the subsequent development of asth-
ma (Reijonen et al., 2000; Kotaniemi-Syrjänen et al., 2003). In addition, a
series of publications from the high risk Childhood Origins of Asthma
(COAST) birth cohort study, showed not only that HRV inducedwheezing
illness during the first year of life was the strongest predictor of subse-
quent wheezing in the third year of life (Lemanske et al., 2005), but also
that 90% of children who wheezed in the third year of life had confirmed
asthma by age 6 (Jackson et al., 2008). Interestingly, in both of these stud-
ies, childrenwhowheezedwith rhinovirus-associated illnesses had a sig-
nificantly higher risk of developing chronic wheeze or asthma than those
who wheezed due to illnesses associated with RSV. Moreover, there is
now clear evidence that children can experience recurrent respiratory ill-
nesses due to serial HRV infections (Jartti et al., 2008).

Although viruses can induce wheezing illnesses in children that
predispose to development of asthma, all children experience RSV in-
fections before age 2, and all children experience repeated HRV infec-
tions. What renders a subset of children susceptible to developing
wheezy bronchiolitis and subsequent asthma is not yet entirely clear.
There is undoubtedly a genetic component to asthma susceptibility,
and genomewide association studies have identifiedmultiple candidate
genes/loci linked to asthma (Ober & Yao, 2011). It is clear, however, that
the underlying genetic susceptibility is complex, with heritability ac-
counting for as little as 10–35% of disease according to some estimates
(Ober & Yao, 2011). Thus, it seems likely that additional environmental
factors play a role in determining susceptibility to asthma development.
This has led to the paradigm of a “two-hit” or, conceivably, a “multiple-
hit” thesis for the development of asthma, in which recurrent viral in-
fections in the setting of an additional risk factor(s) may be necessary
to trigger the subsequent development of asthma. Other relevant factors
in early childhood that could contribute to regulating susceptibility to
developing asthma include impaired lung development and reduced
lung function (Martinez et al., 1988; Gern et al., 2005), living on a
farm (von Mutius & Vercelli, 2010), cigarette smoke exposure
(Gilliland et al., 2006), daycare attendance in early life (Nystad, 2000),
breastfeeding (Gdalevich et al., 2001), antibiotic use (Kozyrskyj et al.,
2007) and allergic sensitization (Rakes et al., 1999). Although the con-
cept that two (or more) independent risk factorsmay interact to induce
the development of asthma is attractive,we have limited understanding
of the importance of the relative timing and duration of exposures in
regulating asthma susceptibility. In the case of allergic sensitization
and viral-induced wheezing, which are recognized as independent
risk factors for asthma development (Jackson et al., 2008), a recent
study examined the temporal relationship between these risk factors
in the COAST study birth cohort (Jackson et al., 2012).Markovmodeling
of the data indicated that allergic sensitization increased the risk of de-
veloping HRV-induced wheezing, but did not alter the risk of RSV-
induced wheezing. By contrast, viral wheeze did not lead to increased
risk of subsequent allergic sensitization. While these data could be
interpreted to suggest that allergic sensitization must precede viral
wheezing in the development of asthma, a note of caution is warranted.



187R. Leigh, D. Proud / Pharmacology & Therapeutics 148 (2015) 185–198
First, the study cohort was a high-risk population, selected because at
least one parent had documented respiratory allergies. Thus, they may
not be fully representative of the broader population. Second, while
only 10% of patientswere sensitized to allergen by 1 year of age, approx-
imately 30% of children already had experienced awheezing episode by
that time, implying that viral wheezing illnesses do not necessarily re-
quire prior allergen sensitization. This may be a virus specific reflection
of a prevalence of RSV in these earlymonths, but this is not clear. Finally,
the impact of other potential risk factors, listed above, was not exam-
ined. Thus, while these data are intriguing, additional studies are need-
ed to examine the temporal relationship between viral-induced
wheezing episodes and other risk factors in leading to the subsequent
development of asthma.

3. HRV and airway remodeling

The lower airways of individuals with asthma show a series of struc-
tural changes that are characteristic of the disease and are collectively
referred to as airway remodeling. These changes include an increase
in the mass of smooth muscle, angiogenesis, thickening of the lamina
reticularis, increased numbers of myofibroblasts and enhanced matrix
protein deposition, thickening and fragility of the epithelium, as well
as goblet cell metaplasia and accompanying excessive mucus produc-
tion (Jeffery, 2004). Together, these changes increase the thickness of
the airway wall while narrowing the airway lumen (Sobonya, 1984;
Laitinen et al., 1985; Jeffery et al., 1989; Siddiqui et al., 2007), and are be-
lieved to underlie the development and persistence of the airways
hyperresponsiveness that is a hallmark of asthma (McParland et al.,
2003; James & Wenzel, 2007; Paré et al., 2007). Although asthma can
occur at any age, it is usually already evident in childhood in themajor-
ity of patients (Gern et al., 1999; Sears et al., 2003). Despite this, the
long-standing paradigm held that airway remodeling occurs only after
years of chronic airway inflammation. A number of bronchial biopsy
studies conducted in children, however, have now clearly established
that, while airway remodeling is not present in infants (≤12 months
old) with symptoms of airflow limitation (Saglani et al., 2005), several
major components of remodeling are already present in pre-school chil-
dren with symptoms or airflow limitation even before a formal clinical
diagnosis of asthma is made (Pohunek et al., 2005; Saglani et al., 2007;
O'Reilly et al., 2013). The absence of airway remodeling in infants, but
presence in pre-school children, raises the prospect that remodeling is
induced as a consequence of some initiating stimuli experienced in
early childhood, and that remodeling occurs in parallel to airway in-
flammation. In considering potential stimuli that could contribute to
the initiation and progression of remodeling in susceptible individuals,
HRV infections should be considered. As noted above, HRV induced
wheezing illnesses in early life are a major risk factor for subsequent
asthma development. Longitudinal analysis has shown that pre-school
age children have about six HRV infections per year (Winther et al.,
2006), and it has been confirmed that serial viral infections can lead to
recurrent wheezing episodes (Jartti et al., 2008). This has led to the hy-
pothesis that recurrent HRV infections may not only be a stimulus for
asthma development but may also play a key role in the development
and continued progression of airway remodeling in asthma. In support
of this hypothesis, studies using cultured human airway epithelial
cells, the primary site of viral infection in the airways, have shown
that HRV infection can induce epithelial production of a variety of
growth factors and proteins linked to remodeling processes in the air-
ways (Fig. 1). These include both amphiregulin, amember of the epider-
mal growth factor family, and activin A, a member of the transforming
growth factor-β family (Leigh et al., 2008), proteins that have been
linked to airway subepithelial fibrosis in asthma (Enomoto et al.,
2009; Gregory et al., 2010). In addition, HRV infection increases epithe-
lial production of matrix metalloproteinase-9 (MMP-9) (Tacon et al.,
2010), a protease also linked to extracellular matrix turnover and air-
way remodeling (Atkinson & Senior, 2003; Broide, 2008), as well as
vascular endothelial growth factor (VEGF) (Psarras et al., 2006; Leigh
et al., 2008), considered to be the primary angiogenic factor in asthmatic
airways (Simcock et al., 2007). Interestingly, both VEGF and MMP-9
levels were also increased in vivo in airway lining fluid during natural
rhinovirus infections (Leigh et al., 2008; Tacon et al., 2010).

Asthma has been associatedwith an impaired barrier function of the
airway epithelium (Holgate, 2007), and infection with any of several
HRV serotypes been shown to disrupt barrier function and lead to con-
comitant loss of the junctional plaque protein, zona occludens-1, in cul-
tures of polarized epithelial cells (Sajjan et al., 2008). By contrast, others
have failed to observe this loss of barrier function (Lopez-Souza et al.,
2009). Increased production of mucins and mucus hypersecretion are
also common features of airway remodeling in asthma and several stud-
ies have shown that HRV infection leads to increased expression of the
major epithelial mucin MUC5AC (Inoue et al., 2006; Zhu et al., 2009;
Hewson et al., 2010). Increased epithelial MUC5AC release has also
been detected in vivo during experimental HRV infections (Hewson
et al., 2010). The induction of MUC5AC in HRV infected epithelial cells
has been linked to activation of the epidermal growth factor receptor,
as well as to activation of the ERK mitogen activated protein kinase
and of the transcription factor, NF-κB (Zhu et al., 2009; Hewson et al.,
2010).

Taken together, these observations support the concept that HRV in-
fections may be a key trigger for airway remodeling changes in young
children as they develop asthma.

4. Viral exacerbations of lower airway diseases

Acute exacerbations of asthma, COPD and CF may be life-
threatening, and are a major cause of emergency room visits and hospi-
talizations. As such, they account for 50–70%of the total costs associated
with these diseases and represent a huge health care burden (Weiss
et al., 1992; Smith et al., 1997; Pauwels et al., 2001). Indeed, the total
cost of these diseases exceeds $40 billion dollars annually in the
United States alone.

Upper respiratory viral infections are a major risk factor associated
with exacerbations of asthma, COPD and CF (van Ewijk et al., 2005;
Traves & Proud, 2007). Prospective studies have shown that viral path-
ogenswere detected in up to 85% of acute asthma exacerbations in chil-
dren and adolescents (Johnston et al., 1995). Although a number of RNA
viruses have been linked to exacerbations of asthma, HRVwas the dom-
inant viral pathogen, being detected in 60% of viral exacerbations
(Johnston et al., 1995; Khetsuriani et al., 2007). In adults, viral infections
were detected in up to 60% of exacerbations, with HRV again being the
most common virus detected (Nicholson et al., 1993; Kistler et al.,
2007). Bacterial and viral infections are the major triggers in the etiolo-
gy of exacerbations of COPD and CF (Wedzicha & Donaldson, 2003; van
Ewijk et al., 2005). Studies suggest that about half of exacerbations of
COPD or CF are associated with viral infections, and that HRV is, again,
the most common viral pathogen detected (Greenberg et al., 2000;
Seemungal et al., 2001;McManus et al., 2008;Wat et al., 2008). In exac-
erbations of both CF and COPD, viral infections can occur either alone or
as a co-infection with bacteria.

Despite strong evidence linking respiratory viral infections to exac-
erbations of lower airway diseases, the mechanisms by which such re-
spiratory virus infections trigger such exacerbations are not fully
understood. The ability of multiple respiratory virus species to induce
exacerbations suggests that at least some mechanisms involved are
common to all of the RNA viruses that are linked to disease exacerba-
tions. HRV is the most common virus linked to lower airway exacerba-
tions of asthma, COPD and CF, and the airway epithelial cell is the
primary site of HRV infection. Although infection usually begins in the
nasal and/or orpharyngeal airways, there is now clear evidence that
HRV can spread to the lower airway epithelium (Papadopoulos et al.,
2000;Mosser et al., 2005). In contrast to other viruses, such as influenza,
HRV is not overtly cytotoxic to airway epithelial cells (Winther et al.,



Fig. 1.Release of remodelingmediators from human airway epithelial cells upon infectionwith HRV. Release of growth factors of the transforming growth factor-β (TGF-β) and epidermal
growth factor (EGF) families could contribute to remodeling via regulation offibroblast/myofibroblast release ofmatrix proteins that can lead to thickening of the lamina reticularis.Matrix
metalloproteinase-9 (MMP-9) may regulate matrix protein turnover. Vascular endothelial growth factor can regulate angiogenesis, while increased release of MUC5AC may enhance
mucus production.
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1984; Subauste et al., 1995). This implies that virus-induced alterations
in epithelial biology initiate the development of exacerbations in sus-
ceptible individuals, although, conceivably, in those caseswhere viruses
do induce cytotoxicity, such damage may further contribute to disease
severity. Given the major role played by HRV in clinical exacerbations,
however, we will use responses induced by this virus as the prototype
to further discuss how the status of lower airway diseases may be regu-
lated. In support of the hypothesis that HRV alters epithelial biology,
gene array analyses of airway epithelial cells, obtained either during
in vivo HRV infections or during such infections in cultured epithelial
cells, confirm altered expression not only of multiple proinflammatory
cytokines and chemokines, but also of a range of molecules with innate
antiviral and host defense properties (Proud et al., 2008; Proud et al.,
2012).

5. Proinflammatory responses to HRV infection

Both mRNA and protein analyses have shown that HRV infection of
human airway epithelial cells induce expression and release of a
broad range of growth factors, including (i) granulocyte colony-
stimulating factor (G-CSF) and granulocyte–macrophage colony-
stimulating factor (GM-CSF) that could regulate granulocyte matura-
tion, survival and activation; (ii) pleiotropic cytokines, including IL-1β,
IL-11 and IL-6 that can regulate several aspects of inflammation; and
(iii) chemokines, including CXCL1, CXCL5, CXCL8, CXCL10, CCL5 and
CCL20 that could contribute to the recruitment to, and activation of, sev-
eral types of inflammatory cells in the airways (Leigh & Proud, 2011).
Moreover,many of these proinflammatorymolecules are also increased
in airway secretions during in vivo HRV infections (Leigh & Proud,
2011). Taken together, the increased generation of these chemokines
and cytokines would be expected to lead to recruitment and activation
of a variety of inflammatory cell types within the airways. In healthy in-
dividuals, it is reasonable to speculate, based on responses in the nasal
airways, that virus infections of lower airway epithelial cells would trig-
ger amodest inflammatory response in the airways thatwould cause no
lower airway disease or overt clinical problems in the vast majority of
individuals. By contrast, individuals with diseases such as asthma,
COPD or CF already have pre-existing lower airway inflammation. In
these subjects, particularly those where the inflammation is not well
controlled, the extra inflammatory burden due to HRV infections may
be sufficient to cause disease exacerbations. In addition, as will be
discussed below, it is possible that subjects with lower airway
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inflammatory diseases may also have some level of impaired host de-
fense that could also lead to more severe virus-induced inflammatory
responses.

Understanding the mechanisms by which viruses induce epithelial
production of proinflammatory cytokines and chemokines may permit
strategies for new therapeutic interventions. In the case of HRV, it is
known that some molecules, such as CXCL8 and IL-6, can be induced
with virus that has been rendered replication deficient, suggesting
that viral binding to its receptor is sufficient to induce production of
these cytokines (Sanders et al., 1998). This was surprising, as the recep-
tor for the largest group of HRV family members is intercellular adhe-
sion molecule-1 (ICAM-1) and this receptor has neither endogenous
kinase activity nor any known kinase recognition sites (Greenwood
et al., 2003). Studies have shown that binding of HRV to ICAM-1 leads
to formation of a complex in which the cytoskeletal protein ezrin serves
as a linker that binds both to ICAM-1 and to the spleen tyrosine kinase,
syk. This complex not only appears to play a role in virus internalization
(Lau et al., 2008), but syk then leads to activation of both p38 mitogen
activated protein kinase and PI-3 kinase to trigger downstream cytokine
production (Wang et al., 2006). The Src tyrosine kinase has also been as-
sociated with early ICAM-1 linked HRV signaling (Bentley et al., 2007).
At this point, the capacity for direct signaling of other HRV receptors
to trigger epithelial cytokine production is unknown.

Although early HRV signalingmay contribute to the inflammatory re-
sponse in the airways, it is unlikely that signaling via a single virus recep-
tor explains the ability ofmultiple RNAviruses to trigger exacerbations of
lower airway diseases. Themajority of cytokine production fromHRV in-
fected epithelial cells appears to be dependent upon viral internalization
and replication, indicating that amolecule(s) generated during viral rep-
lication is necessary for cytokine production. Although virus specific pro-
teins, such as the rhinovirus 3C protease, have been shown to modulate
cell function by exerting effects on nucleocytoplasmic transport and
cleavage of the transcription factor, OCT-1 (Amineva et al., 2004), it
would be logical to assume that a product(s) common to the replication
of multiple viruses is central to the regulation of this inflammatory re-
sponse. Double-stranded RNA (dsRNA) is normally not present in eu-
karyotic cells but is generated during the replication cycle of RNA
viruses, with one strand being used as a template for generation of
new genomic RNA. Consequently, dsRNA is a recognized by pattern rec-
ognition receptors (PRR) as a pathogen associated molecular pattern
(PAMP). A number of PRR are known to recognize dsRNA. The first
such PRR identified was toll-like receptor (TLR)3 (Alexopoulou et al.,
2001). Although initially considered to be essential for recognition of
viral dsRNA, subsequent studies showed that TLR3-deficient mice did
not show impaired pathogenesis or antiviral immunity to a number of vi-
ruses (Edelmann et al., 2004). This suggested that other PRRs must be
able to recognize dsRNA and led to the demonstration that members of
the DEXD/H-box family of cytoplasmic RNA helicases fill this role. The
first helicase family members linked to viral recognition were retinoic
acid-inducible gene-I (RIG-I) and melanoma differentiation-associated
gene (mda)-5 (Yoneyama et al., 2004; Kato et al., 2006). Studies showed
that viral dsRNA from different types of virus and of differing lengths are
preferentially recognized by these two PRR (Kato et al., 2008; Takeuchi &
Akira, 2009), and that utilization may be cell type specific (Kato et al.,
2005). More recently, additional members of the DEXD/H-box family of
cytoplasmic RNA helicases, including DDX1, DDX21, DHX36 and
DHX15 have also been shown to sense dsRNA, at least in dendritic cells
(Zhang et al., 2011; Lu et al., 2014). Even within the same cell type for
a specific virus, such as HRV, there can be controversy regarding the rel-
ative role and temporal use of TLR-3, RIG-I and mda-5 in mediating
dsRNA signaling (Wang et al., 2009; Slater et al., 2010; Triantafilou
et al., 2011; Hudy et al., 2014). While the growing number of PRR that
can potentially recognize dsRNA makes selecting suitable targets for
therapeutic intervention difficult, this may be obviated by the fact that
most of these PRR ultimately converge in the common downstream acti-
vation of NF-κB and interferon (IFN) regulatory factors (IRF) to regulate
transcriptional activation of multiple proinflammatory and host defense
genes. Current dogma emphasizes that phosphorylation and activation
or IRF-3 and IRF-7 are key to viral host defense responses (Nakhaei
et al., 2009), but thismay prove to be an oversimplification. For example,
HRV infection has actually been reported to inhibit IRF-3 activation
(Kotla et al., 2008), while strongly inducing activation of IRF-1, which
has been shown to play a key role in the induction of a number of
HRV-induced genes from epithelial cells (Stirnweiss et al., 2010; Zaheer
& Proud, 2010).

In considering the generation of proinflammatory cytokines and
chemokines as potential targets for new therapies, it is critical to
know which molecules contribute to disease pathogenesis and which
also may play a role in requisite host defense. One potential clue may
come from the fact that, while HRV infected epithelial cells induce gen-
eration of chemokines and cytokines that should, in theory, recruit mul-
tiple cell types to the airways, HRV infections, and viral exacerbations of
lower airway diseases, are usually associatedwith selective recruitment
of neutrophils and lymphocytes to the airways (Jarjour et al., 2000). In-
deed, neutrophil numbers, and neutrophil degranulation, correlate with
disease severity during viral exacerbations of asthma or COPD (Wark
et al., 2002; Quint & Wedzicha, 2007). Thus, chemokines that recruit
and activate neutrophils may be attractive targets for additional study.
The selective recruitment of neutrophils also suggests that there may
bemechanism(s) by which recruitment of cell types to the airway is se-
lectively regulated. If so, such mechanisms are not yet well defined, al-
though it is known that other factors that can be present in the
airways can modulate epithelial responses to HRV infection. These in-
clude cigarette smoke and IL-17A, both of which enhance HRV-
induced production of chemokines that are chemotactic for neutrophils,
while reducing production of chemokines linked to recruitment of eo-
sinophils and natural killer cells (Wiehler & Proud, 2007; Hudy et al.,
2010; Eddleston et al., 2011; Hudy & Proud, 2013; Hudy et al., 2014).

6. Epithelial innate defense to HRV infection

In addition to the ability of epithelial cells to produce proinflamma-
tory chemokines and cytokines upon HRV infection, these cells can also
regulate clinical outcomes to HRV infection by directly producingmole-
culeswith antiviral and host defense functions (Fig. 2). Gene array anal-
yses of human airway epithelial cells infected, either in vivo or in vitro,
with HRV have shown increased expression of a wide range of genes
with potential antiviral activity (Proud et al., 2008, 2012). To date, how-
ever, few of these genes have been evaluated to determine which gene
products are actually able to limit HRV infections.

Becausemany of these genes are also classified as “interferon stimu-
lated genes” (ISG), it has been suggested that type I and type III inter-
ferons (IFNs) play a key role in regulating innate immunity to HRV
infections. Indeed, it has been reported that epithelial production of
IFN-β and/or IFN-λ in response to HRV infection is impaired in patients
with asthma or COPD, and this has been suggested to contribute to sus-
ceptibility to HRV-induced exacerbations of these diseases (Wark et al.,
2005; Contoli et al., 2006;Mallia et al., 2011). The concept that impaired
IFN production underlies viral exacerbations of lower airway diseases is,
however, controversial. Not only have other authors failed to observe
impaired IFN responses in epithelial cells from asthmatic, compared to
normal, subjects (Lopez-Souza et al., 2009; Bochkov et al., 2010), but re-
cent data from the same authors who reported the original observa-
tions, suggest that IFN deficiency is not an inherent feature of asthma,
as they did not observe this feature in subjects with asthma whose dis-
easewaswell-controlled (Sykes et al., 2013). Indeed, a number of inves-
tigative groups have been unable to detect any measurable release of
type I IFN protein from HRV infected epithelial cells, despite detecting
induction of mRNA expression (Spurrell et al., 2005; Khaitov et al.,
2009; Schneider et al., 2010; Proud et al., 2012; Bochkov et al., 2013).
The failure to detect secretion of type I IFN proteins in the setting of in-
creased expression of a panoply of ISGs may appear to be a paradox.



Fig. 2. Regulation of airway epithelial cell antiviral immunity upon infection with HRV. Release of nitric oxide (NO) can inhibit both replication of HRV and viral induced chemokine
production. Induction of interferon-stimulated genes (ISG) in the intracellular compartmentmay regulate viral replication,while secreted ISGsmay exert immunomodulatory effects. Che-
mokine production can be both proinflammatory and antimicrobial via release of secondary mediators or recruitment of dendritic cells.
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However, there is clear precedent that many ISGs can be induced inde-
pendently of IFN via direct activation of key transcription factors by any
of a number of viruses, including HRV (Spurrell et al., 2005; Schmid
et al., 2010; Stirnweiss et al., 2010; Proud et al., 2012).

Asmentioned, signaling induced by dsRNA, or other viral replication
intermediates, induces a wide range of potential antiviral genes. Al-
though many antiviral gene products are assumed to be of broad spec-
ificity, it is likely this large number of antiviral genes incorporate both
the capacity to function against multiple viruses, as well as redundancy
in terms of the number of antivirals targeting a given virus. Despite this,
there is still a lack of knowledge regardingwhich antiviral pathways are
critical for regulating responses to HRV, and only a few pathways have
been examined to date.

HRV is well known to induce marked expression of members of the
2′,5′-oligoadenylate synthetase (OAS) family which produce 2-5A from
ATP (Hovanessian et al., 2007). In humans, there are 8–10 isoforms of
OAS encoded by 3 genes (OAS1, 2 and 3), and all are induced upon
HRV infection of epithelial cells (Proud et al., 2008, 2012). The only
well-defined role of 2-5A is activation of RNase L (Silverman, 2007).
RNase L then dimerizes and expresses potent RNase activity, thereby
degrading single-stranded RNA, such as the genomic RNA of picornavi-
ruses. It must be noted, however, that picornaviruses are not defense-
less against RNase L. For example, the 3C protease of poliovirus
(which is homologous to that of HRV) is a potent inhibitor of RNase L
(Han et al., 2007). Moreover, mice deficient in RNase L (or even triply
deficient in RNase L, RNA-dependent protein kinase and myxovirus
resistance 1) are still able tomount a significant antiviral response to pi-
cornaviruses, such as encephalomyocarditis virus (Zhou et al., 1999).
Thus, other pathways must also play a role in antiviral defenses.

Gene array analysis of human airway epithelial genes upregulated
upon HRV infection identified viperin (virus inhibitory protein, endo-
plasmic reticulum associated, IFN-inducible) as a potential novel antivi-
ral (Proud et al., 2008). Viperin is known to interfere with the
replication of several viruses (Chin & Cresswell, 2001; Wang et al.,
2007; Zhang et al., 2007). Using an siRNA knockdown approach it was
confirmed that viperin was also a component of the epithelial antiviral
defense against HRV, as prevention of viperin expression led to en-
hanced replication of HRV (Proud et al., 2008). The mechanisms by
which viperin inhibits replication of HRV remain unknown, but the
identification of this protein as a radical-S-adenosyl-L-methionine en-
zyme raises the question of whether this enzyme activity may play a
role in antiviral activity (Shaveta et al., 2010).

The free radical nitric oxide (NO) is known to play a role in host de-
fense against a wide range of pathogens (Proud, 2005). Type 2, or induc-
ible, nitric oxide synthase (iNOS) is one of themost highly induced genes
in airway epithelial cells upon experimental HRV infection both in vitro
and in vivo (Sanders et al., 2001; Proud et al., 2008, 2012). Epithelial in-
duction of iNOS has also been observed upon infectionwith other viruses,
including RSV and influenza (Uetani et al., 2000; Kao et al., 2001). It has
been reported that epithelial iNOS is the major determinant of levels of
exhaled NO (Lane et al., 2004). Consistent with this, increased epithelial
expression of iNOS during experimental HRV infections in vivo correlates
with levels ofNO in exhaled breath. Subjectswhohad the highest levels of
exhaled NO had the lowest symptoms during experimental HRV infec-
tions and cleared virus more quickly (Sanders et al., 2004). These data
are further supported by the fact that NO is one of the few agents that
can both suppress replication of HRV in airway epithelial cells, as well
as inhibit HRV-induced production of a number of cytokines and
chemokines, independently of its effects on viral replication (Sanders
et al., 1998). Inhibition of HRV-induced epithelial chemokine production
by NO is mediated via cGMP-independent reduction of NF-κB and IRF-1
dependent transcriptional pathways (Koetzler et al., 2009a, 2009b). NO
is also known to inhibit replication of other respiratory viruses, including
RSV and influenza (Rimmelzwaan et al., 1999; Ali-Ahmad et al., 2003).
Thus, it appears that generation of NO likely plays an important role in
host defense against infection not only by HRV but also by other common
respiratory viruses. In this context, it is of interest to note that epithelial
cells from subjects with CF, a patient population who do poorly in
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response to viral infections, are deficient in their ability to induce iNOS
(Zheng et al., 2004).

Determining which other potential antiviral agents may contribute
to innate antiviral defenses against HRV infection could identify addi-
tional potential novel therapeutic approaches to regulating viral exacer-
bations of lower airway diseases.

7. Effects of current treatments on viral modulation of lower airway
diseases

7.1. Corticosteroids and combination therapies

Inhaled corticosteroids (ICS) are the most effective therapy for the
control of asthma and, as such, their use as a primary pharmacological
treatment is recommended in all national and international asthma
management guidelines, for all patients except thosewith verymild, in-
termittent asthma (Bateman et al., 2008; Lougheed et al., 2012). The ef-
ficacy of ICS in asthma is due to their ability to suppress allergic
inflammation that is characterized by T helper type 2 (Th2)-driven in-
flammation and airway eosinophilia (Louis et al., 2012). This is the
“classical” Th2 inflammatory profile in asthma (Woodruff et al., 2009),
and corticosteroids reduce airway expression of a number of
chemokines linked to eosinophil recruitment, and also induce eosino-
phil apoptosis (Cox, 1995), leading to reduced eosinophilic inflamma-
tion in the airways (Djukanovic et al., 1992). Despite their overall
efficacy, ICS, regardless of dose, do not adequately control asthma in a
significant percentage of patients with moderate to severe asthma.
This includes patients who smoke, as smoking attenuates the response
to ICS (Thomson et al., 2006; Lazarus et al., 2007), and also those who
have a different inflammatory profile characterized by neutrophilic in-
flammation (Barnes, 2007). Indeed, airway neutrophilic inflammation
in general responds poorly to ICS treatment, and corticosteroids actually
inhibit neutrophil apoptosis (Cox, 1995). This explains why the efficacy
of ICS is minimal in diseases that are characterized by neutrophilic in-
flammation, such as CF or COPD. For COPD, the inhibitory effects of
smoking further limit the effectiveness of ICS such that, even at high
doses, they do not reduce sputum neutrophil levels in patients with
COPD (Keatings et al., 1997). Infection with respiratory viruses, includ-
ing HRV, also induces inflammation characterized by increased neutro-
phils, and neutrophil number and neutrophil degranulation correlate
with disease severity during viral exacerbations of COPD and asthma
and COPD (Wark et al., 2002; Qiu et al., 2003). Neither topical nor sys-
temic corticosteroids significantly reduced symptoms during experi-
mental HRV infections (Farr et al., 1990; Gustafson et al., 1996), so it
may be anticipated that thesemedicationsmay be of limited utility dur-
ing viral exacerbations of lower airway diseases. Indeed, ICS treatment
did not modulate lower airway inflammatory responses to experimen-
tal HRV infection (Grunberg et al., 2001). Despite this, the utility of cor-
ticosteroids in the management of disease exacerbations remains
controversial. In part this may be that the role of corticosteroids in es-
tablishing better control of underlying inflammatory status is not usual-
ly distinguished from the effects on inflammation triggered by an
exacerbating stimulus. In addition, clinical studies rarely identify the in-
citing stimulus for an exacerbation, or the inflammatory phenotype,
prior to initiating treatment.

In the case of asthma, observations vary with the age of the subject
group. In infants and pre-school children, the majority of episodes of
wheezing illness can be attributed to viral infection. In this population,
several months of ICS therapy using moderate doses in infants and
young childrenwith recurrent episodic wheezing, did not lead to any im-
provement in lung function or symptoms compared to placebo (Wilson
et al., 1995; Hofhuis et al., 2005). Moreover, although oral corticosteroids
are recommended for severe wheezing illness in preschool children,
the majority of evidence does not support the utility of such an interven-
tion. Several studies demonstrated that systemic corticosteroids did not
reduce the length of hospital stay or symptom severity in preschool
children with virus-induced wheezing (Oommen et al., 2003; Panicker
et al., 2009; Beigelman et al., 2013). Consistent with these observations,
there is no evidence that corticosteroids prevent the progression of epi-
sodic wheezing to chronic wheezing and the development of asthma. In-
deed, neither chronic administration of ICS for two years, nor intermittent
use of corticosteroids afterwheezing episodes,was effective in preventing
the development of chronic wheezing (Bisgaard et al., 2006; Guilbert
et al., 2006). While we are not aware of any studies specifically looking
at the ability of corticosteroids to prevent airway remodeling, the failure
of these drugs to prevent asthmadevelopmentwould suggest that airway
remodeling is also unaffected.

By contrast, in school age children and young adults, where allergic
asthma dominates and exacerbations can be induced by allergen expo-
sure as well as by viral infection, corticosteroids are clearly efficacious.
However, in these patients, corticosteroids may have benefits that are
unrelated to effects on viral inflammation. Appropriate use of ICS can
provide improved control of disease in patients with asthma, and there-
by reduce susceptibility to exacerbation triggered by any of a variety of
stimuli. In accord with this, there is some evidence that use of ICS early
in an exacerbation can reduce admissions (Rowe et al., 2004). The gen-
eral standard of care during acute exacerbations in school age children
and adults relies on the use of short courses of systemic corticosteroids.
There is ample evidence that this treatment improves symptoms, re-
duces admissions, and reduces the risk of relapse (Rachelefsky, 2003;
Rowe et al., 2004, 2007). It must be noted, however, that in studies in
these age groups, the causative effect of acute exacerbations was not
identified, and the efficacy of corticosteroids may be due mainly to ef-
fects on allergen-driven, eosinophilic type exacerbations, as well as on
better control of underlying chronic allergic inflammation. We are
aware of no study that has focused exclusively on virus-induced exacer-
bations in these age groups.

Although there are conflicting data in the literature, ICS at usual ther-
apeutic levels tend to have, at best,modest effects on reduction of airway
remodeling (Jeffery et al., 1992; Trigg et al., 1994; Boulet et al., 2000).
Even prolonged treatment with high dose ICS resulted in only a modest
reduction of reticular basement membrane thickness after 1 year, while
having no effect on tissue collagen staining (Ward et al., 2002).

In patients whose asthma is not sufficiently controlled by inhaled
corticosteroids (ICS), guidelines recommend addition of an inhaled
long-acting β2-agonist (LABA) as a combination therapy (Bateman
et al., 2008; Lougheed et al., 2012). Combined ICS/LABA therapy can
be used either as a controllermedication or, when the LABA component
has a rapid onset of action, as is the case with formoterol, as both a con-
troller/relievermedication. Both of these treatment regimens have been
shown to reduce the number of exacerbations experienced by asthma
patients when compared to appropriate control treatments (Pauwels
et al., 1997; O'Byrne et al., 2001; Scicchitano et al., 2004; O'Byrne et al.,
2005; Rabe et al., 2006). These treatment regimes are also associated
with improved asthma control between exacerbations. Thus, it is un-
clear how much the reduction in exacerbation frequency that is ob-
served is due to improvement of underlying asthma control (perhaps
via regulation of Th2-type inflammatory responses) versus reduction
of responses to inciting stimuli for triggering exacerbations. Again,
there have no studies specifically examining the effects of these treat-
ments on virus-induced exacerbations.

Interestingly, in a recent study of allergen-induced remodeling,
allergen challenge led to increased numbers of myofibroblasts in
the airways. Although treatment with inhaled corticosteroid alone
did not reduce the allergen-induced increase in myofibroblasts, the
combination of corticosteroid and LABA significantly reduced
myofibroblast numbers (Kelly et al., 2010). This raises the intriguing
possibility that combination therapy may prove useful in virus in-
duced airway remodeling, but, thus far, there have been no studies
to test this possibility.

In patients with COPD, several large observational studies suggested
that ICS treatment reduced mortality and number of exacerbations in
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COPDpatients (Sin & Tu, 2001; Soriano et al., 2002), presumably by pro-
viding improved overall disease control. By contrast, subsequent pro-
spective randomized controlled trials have failed to demonstrate any
significant beneficial effects of ICS as a monotherapy on mortality, but
do show a modest reduction in exacerbation frequency (Vestbo et al.,
1999; Burge et al., 2000; Calverley et al., 2007). It has been argued
that most of these randomized trials may fail to find effects due to
small sample sizes relative to the observational studies. On the other
hand, it has also been argued that the observational studies suffered
from a limited assessment of medication use and may suffer from im-
mortal time bias. In an attempt to resolve this issue, a large prospective
study incorporated a time-dependent analysis to avoid immortal time
bias (Fan et al., 2003). In this study, patients receiving medium or
high dose inhaled corticosteroids did not show any significant reduc-
tion in exacerbation risk. By contrast, several studies have reported
that oral corticosteroids can be beneficial in treating COPD exacerba-
tions (Davies et al., 1999; Niewoehner et al., 1999; Aaron et al., 2003;
Wedzicha & Donaldson, 2003). The mechanisms underlying the benefi-
cial effects of oral corticosteroids are unclear and, again, there have been
no studies of the effects of these medications during COPD exacerba-
tions of known viral origin. The use of combined ICS/LABA is now stan-
dard as maintenance therapy in patients with moderate-to-severe,
clinically stable COPD. In a large study of this treatment regimen, the
combination therapy failed to achieve statistical significance in reduc-
ing all cause mortality, but did show a 25% reduction in exacerbation
frequency (Calverley et al., 2007). Again, the mechanism(s) by which
exacerbation frequency is reduced remain unknown.

7.2. Leukotriene receptor antagonists and bronchodilators

The potential role of leukotriene receptor antagonists in viral exacer-
bations of lower airway diseases remains controversial. It has been re-
ported that levels of sulfidopeptide leukotrienes are increased during
infections with RSV, influenza, or HRV (Volovitz et al., 1988; Gentile
et al., 2003), although data for the latter virus remain controversial. Sev-
eral studies have reported that the use of leukotriene receptor antago-
nists, normally added on as a second-line treatment to usual ICS
therapy, reduced asthma symptoms or exacerbations due to colds in
children (Bisgaard et al., 2005; Horiguchi et al., 2007; Johnston et al.,
2007; Robertson et al., 2007). By contrast, in childrenwith RSV bronchi-
olitis, the use ofmontelukast did not reduce symptoms, nor did it signif-
icantly effect the number, or time to onset, of subsequent exacerbations
(Bisgaard et al., 2008; Proesmans et al., 2009). Moreover, during exper-
imental HRV infections of young adults with asthma, treatment with
montelukast had no significant effects on asthma or cold symptoms or
on virus shedding (Kloepfer et al., 2011). Thus, there is little evidence
of any direct effect of leukotriene receptor antagonists on the pathogen-
esis of virus infections, although in children with asthma, there may be
some benefit in terms of reducing exacerbation frequency.

Short-acting bronchodilators, acting as functional smoothmuscle re-
laxants, are essential tomaintain airway patencyduring acute exacerba-
tions of asthma regardless of the inciting trigger. However, there have
been few studies directly examining if they have any effects in further
control of viral exacerbations. In children with viral bronchiolitis, β2-
adrenergic agonists did not affect rates or duration of hospitalization
(Schindler, 2002; Patel et al., 2003). Indeed, Cochrane reviews have con-
cluded that neither β2-adrenergic agonists nor anticholinergics reduced
hospital stay in wheezing children under 2 years of age and that there is
insufficient evidence to support their uncritical use in wheezing infants
(Chavasse et al., 2002; Everard et al., 2005).

7.3. Monoclonal antibody therapies

Omalizumab is a humanized monoclonal anti-IgE antibody that is
approved for treatment of moderate-to-severe asthma that is not con-
trolled by high-dose ICS or by ICS/LABA combination therapy
(Humbert et al., 2014). Studies have consistently shown that
omalizumab treatment reduces exacerbation rates in both adults and
children with moderate-to-severe allergic asthma (Busse et al., 2001;
Soler et al., 2001; Lanier et al., 2009; Busse et al., 2011). Omalizumab
also improves asthma control and is corticosteroid-sparing. Given that
omaluzimab is used primarily for allergic asthma, it is, again, unclear
whether omalizumab reduces exacerbation by reducing airway inflam-
mation and improving disease control (Djukanovic et al., 2004), or via
direct effects on responses to exacerbating stimuli.

For patientswith refractory eosinophilic asthma, themonoclonal an-
tibody to interleukin-5, mepolizumab, has been shown to improve dis-
ease control and reduce exacerbations (Haldar et al., 2009; Pavord et al.,
2012; Liu et al., 2013; Ortega et al., 2014). This treatment is used almost
exclusively for subjects with eosinophilic inflammation that is persis-
tent despite high-dose ICS or oral corticosteroid therapy and, as such
functions via reducing TH2-type inflammatory responses. There are no
data available on the ability of mepolizumab to impact virus-induced
airway inflammation. Similarly, for the othermonoclonal antibody ther-
apies currently in clinical development, including those targeting IL-13
(lebrikizumab and tralokinumab), IL4 (pitrakinra) or the α-subunit of
the IL-4 receptor complex thereby inhibiting the biological effects of
both IL-4 and IL-13 (dupilumab), there are as yet no data regarding
their efficacy in the context of virally-mediated airway inflammation.

8. Approaches based on viral inhibition or blockade of pathogenesis

A number of current or experimental therapeutic approaches target
blockade of viral attachment, internalization and/or replication, or focus
on proposed modulation of viral pathogenesis or host immune re-
sponses (Fig. 3).

Vaccination against influenza has been extremely effective in reduc-
ing infection and exacerbations of lower airway disease induced by this
virus. However, no vaccine is available for RSV and, given the almost 150
serotypes of HRV, standard vaccination approaches are not feasible for
this virus. Although palivizumab, a humanized monoclonal antibody,
is available for prophylactic treatment of RSV, cost factors have led its
use to be limited to children with specific pre-defined conditions who
are at greatest risk of severe disease (Committee, 2014). Ribavirin has
been shown to reduce the severity of RSV bronchiolitis if administered
early after disease onset, but less encouraging results have been obtain-
ed when the ability of ribavirin treatment to reduce subsequent recur-
rent wheezing or the development of asthma has been examined.
Although one study reported a reduction of respiratory morbidity at
1 year follow up (Edell et al., 2002), in general no reduction in asthma
development has been observed with longer term follow up (Kimpen,
2002). Thus, additional approaches to treat respiratory viral infections
have been sought.

To date, two classes of antivirals have been developed for the treat-
ment of influenza infections. The first group includes rimantadine and
amantadine, which are selective inhibitors of the proton channel func-
tion of the M2 protein of influenza A. These drugs have been used pro-
phylactically to prevent infections among family members of index
cases (Galbraith et al., 1969), but the utility of these drugs has been lim-
ited due the rapid emergence of drug resistance (Hayden et al., 1989).
The second class of drugs are the neuraminidase inhibitors, such as oral-
ly administered oseltamivir and inhaled zanamivir. Neuraminidase ac-
tivity of influenza is essential for viral budding, and prophylaxis and
early treatment with either oseltamivir or zanamivir has demonstrated
significant antiviral and clinical effects (Hayden et al., 1999, 2000). Al-
though there has since been a widespread emergence of influenza
virus strains resistant to oseltamivir, resistance to zanamivir has, thus
far, remained quite infrequent in the clinical setting (Samson et al.,
2013).

Several approaches have been taken in trying to limit the deleterious
clinical effects of HRV infections. The first is to prevent viral binding to
its receptor. HRV members can be classified into three genetic clades



Fig. 3. Potential target sites for the development of therapeutics to regulate viral exacerbations of lower airway diseases. Approaches have targeted: 1) Viral binding or internalization.
2)Viral replication. 3) Signaling downstream frompattern recognition receptors. 4) Release or bindingof specific proinflammatorymediators, or supplementation of interferons or specific
ISGs and 5) modulation of specific antiviral immune responses. Abbreviations: HRV, Human rhinovirus; ICAM-1, intercellular adhesion molecule-1; dsRNA, double-stranded RNA; TLR3,
toll-like receptor 3; RIG-1, retinoic acid inducible gene-I;mda-5, melanoma differentiation-associated gene-5; TRIF, TIR-domain-containing adapter-inducing interferon-β; RIP-1, receptor
interacting protein-1; IPS-1, interferon-β promoter stimulating protein-1; TRAF-3, TNF receptor-associated factor-3; FADD, fas-associated protein with death domain; IRF, interferon reg-
ulatory factor; NF-κB, nuclear factor kappa-light-chain-enhancer of activated B cells; ISG, interferon-stimulated gene.
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(HRV-A, HRV-B, and HRV-C) based upon sequence homologies, particu-
larly in the VP1 and VP2 coat proteins (Palmenberg et al., 2009). There
are approximately 100 strains comprising the HRV-A and HRV-B clades.
In terms of receptor usage, 11 serotypes of HRV-A gain cellular entry via
members of the low-density lipoprotein receptor family. The remaining
serotypes of HRV-A and all members of HRV-B use ICAM-1 to infect air-
way epithelial cells (Greve et al., 1989; Staunton et al., 1989). The recep-
tor for the HRV-C clade members remains to be identified. Treatment
with inhaled, recombinant soluble ICAM-1 in experimental HRV infec-
tion led to a significant reduction in symptom severity and in reduced
viral shedding (R. B. Turner et al., 1999). Although this study effectively
established a proof of principle, the cost and dosing regimen of soluble
ICAM used in the study proved to be impractical for widespread
therapy.

Another approach to prevent HRV entry into cells was the develop-
ment of capsid-binding drugs. Binding of receptors to HRV occurs at
the bottom of a deep “canyon” on the icosahedral faces of HRV. Under-
neath the canyon is an interior hydrophobic “pocket”, formed by the
beta-barrel of the VPI capsid protein. Most capsid binding drugs bind
within this pocket, which results in inhibition of uncoating and, for
some strains of HRV, reduced binding to the receptor (Smith et al.,
1986; Pevear et al., 1989). Administration of the novel, orally absorbed
capsid-binding drug, pleconaril, beginning within 24 h of symptom
development, was shown to reduce symptom duration and severity in
naturally-acquired HRV infections (Hayden et al., 2003). Concerns re-
garding effects on cytochrome P450 3A4, however, precluded further
clinical development as an oral antiviral treatment. The drug was
subsequently reformulated as a nasal spray and it is reported on
ClinicalTrials.gov (NCT00394914) that a randomized, multicenter,
double-blind, placebo-controlled trial of its effects on cold symptoms
and asthma exacerbations was completed in 2007, but the results of
this study have not yet been reported.

Among the components of theHRV genome is the 3C protease that is
essential for cleavage of the viral polyprotein and, thus, for replication.
This led to the development of inhibitors of theHRV 3Cprotease as ther-
apies to reduce viral replication. Multiple intranasal administration of
one such compound, ruprintrivir, significantly inhibited symptoms
and viral load in experimental HRV infections even when administered
beginning 24 h after infection (Hayden et al., 2003). It has since been re-
ported, however, that ruprintrivir did not significantly reduce symp-
toms or viral load in subsequent natural infection studies and that
further clinical development has not been pursued, although the prima-
ry datawere not presented (Patick et al., 2005). Inhibitors of 3Cprotease
were never evaluated for their ability to limit HRV induced exacerba-
tions of lower airway diseases.

Given the challenges with the development of drugs to inhibit HRV
infection and/or replication, alternative considerations could include
attempting to modulate aspects of viral pathogenesis of exacerbations
of lower airway diseases. In view of the relationship betweenneutrophil
recruitment/activation and viral exacerbations of lower airwaydiseases,
it is feasible that antagonists of CXCR1/2may beuseful in limiting symp-
toms. Although several such antagonists already exist they have not, to
our knowledge, been examined in HRV infections. Moreover, there are
concerns regarding their potential for causing deleterious off-target
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effects, via impairment of neutrophil functions and, if such concerns
prove to be valid, this would negatively impact further development.
It is less clear which other aspects of viral inflammation should be
targeted for inhibition, as some of the proinflammatory responses ob-
served may also contribute to innate immunity. As we continue to
gain greater insights into the mechanisms by which viral infections ex-
acerbate inflammation, it is possible that selective inhibition of key
virus-specific signaling could be targeted. One other potential approach
is to enhance innate antiviral immune responses. As mentioned above,
while the suggestion that patients with asthma and COPD have im-
paired type I IFN production upon HRV infection remains controversial,
the important role of IFNs in antiviral immunity is well established. The
concept of administering type I IFNS to reduce symptoms of HRV infec-
tions is not new,with several studies showing that either IFN-α2 or IFN-
β can prevent HRV infections with prophylactic administration, and
modestly reduce cold symptoms if administered soon after infection
(Hayden & Gwaltney, 1983, 1984; Hayden et al., 1986; Higgins et al.,
1986). These early studies used high doses of IFNs, whichwere associat-
ed with nasal bleeding and, in some patients, transient leukopenia
(Hayden & Gwaltney, 1983). It was concluded that type I IFNs would
not be useful on their own in treatment of HRV-induced colds, given
the modest efficacy relative to cost and side effect profiles. None of
these early studies, however, extended to looking at exacerbations of
lower airway diseases triggered by viral infection. A recent study has
now examined this question using a dose of IFN-β that, while much
lower than those used in early cold studies, was shown to induce
markers of IFN antiviral activity in the airways. The study examined
asthma subjects with a history of exacerbations linked to viral infec-
tions, and administered IFN-β for 14 days beginning 24 h after the
onset of cold symptoms. The primary outcome was asthma symptoms
as assessed by a validated asthma control questionnaire. No significant
effects of treatment were observed on the primary endpoint although
some modest changes were seen on several secondary outcomes of in-
terest (Djukanovic et al., 2014).

Although these results are disappointing, they do not preclude the
concept of enhancing host innate immunity to HRV as a potential treat-
ment approach. Indeed, there is some controversy as to whether type I
IFNs are necessary to mediate epithelial antiviral responses to HRV. Al-
though detection of type I IFNmRNA is an almost universal observation
on HRV infected epithelial cells, several investigators have failed to de-
tect release of IFN-β protein (Spurrell et al., 2005; Khaitov et al., 2009;
Schneider et al., 2010; Proud et al., 2012). Indeed, it has been reported
that HRV infection actually suppresses type I IFN induction (Kotla
et al., 2008). There is also ample precedent for viral induction of ISGs
in the absence of functional IFN responses via direct viral activation of
key transcription factors (Schmid et al., 2010). Moreover, while a
broad panoply of ISGs are induced upon viral infections, it is likely
that select groups of genesmay bemore important in regulating specific
viruses. Thus, a more targeted approach of enhancing the endogenous
production of, or exogenously supplementing, specific molecules with
demonstrated antiviral activity against key respiratory viruses may be
a more promising therapeutic approach. For example, given the
evidence that NO can inhibit both replication of respiratory viruses in-
cludingHRV, influenza and RSV, aswell as reduce proinflammatory che-
mokine production, topical administration of nitric oxide donors may
provide a potential approach to limit virus induced inflammation. As
we continue to gain greater insights into the mechanisms by which
viral infections enhance production of specific proinflammatory cyto-
kines, and into endogenous mechanisms of host defense, alternative
targeted therapeutic strategies also may be derived.
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