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Viral respiratory infections are the most common cause of an
acute asthma exacerbation in both children and adults and
represent a significant global health burden. An increasing body
of evidence supports the hypothesis that these infections cause a
greater degree of morbidity in asthmatic subjects than in the
healthy population, emphasizing a discrepancy in the antiviral
response of asthmatics. In this review we discuss why such a
discrepancy might exist, examining the role of the bronchial
epithelium as well as the main inflammatory cells, mediators,
and molecular pathways that are involved in the immune
response. In addition, the potential impact of virus-induced
asthma exacerbations on airway remodelling is reviewed and we
explore which therapeutic options might be of benefit in
preventing the deterioration of asthma control seen following
viral infection. (J Allergy Clin Immunol 2010;125:1178-87.)
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Viral respiratory tract infections are one of the most common
illnesses in human subjects, with 500 million cases and an
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economic burden estimated at $40 billion annually in the United
States alone.' Since the early 1970s, viral respiratory tract infec-
tions have been reported as triggers for exacerbations of asthma in
both adults and children.>* The development of highly sensitive
and specific molecular diagnostic and detection techniques in
the 1990s led to greatly improved detection of respiratory tract vi-
ruses and allowed clear demonstration of the important link be-
tween viral infections and asthma exacerbations. When RT-PCR
is used to supplement or instead of conventional culture tech-
niques, viruses have been found in approximately 80% of wheez-
ing episodes in school-aged children and in approximately one
half to three quarters of the acute wheezing episodes in adults.
Of the respiratory tract viruses identified in these circumstances,
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rhinoviruses are most commonly found and are detected approx-
imately 65% of the time.*”

In addition to rhinoviruses, other respiratory tract viruses, such
as respiratory syncytial virus (RSV), influenza viruses, coronavi-
ruses, human metapneumoviruses, parainfluenza viruses, adeno-
viruses, and bocaviruses, have all been detected in subjects with
asthma exacerbations. However, in a recent epidemiologic study
performed after the discovery of several newer viruses, such as
bocavirus, the only virus type significantly associated with asthma
exacerbations in children aged 2 to 17 years were rhinoviruses.®

Understanding the mechanisms provoking virus-induced air-
way inflammation in asthmatic subjects might offer significant
opportunities for improved disease management. The reality at
present is that current drugs for the treatment of virus-induced
exacerbations of asthma are poorly effective, and alternative
therapies to modulate viral pathogenesis are desperately needed.
Experimental human® and murine'® models of rhinovirus-
induced asthma exacerbations have recently been developed,
and these offer great potential in increasing our understanding,
with the goal of arriving at novel therapies in the future. In a recent
study of this kind, experimental infection of both asthmatic and
healthy volunteers with rhinovirus led to increased lower respira-
tory tract symptoms typical of a mild exacerbation in asthmatic
subjects with only minimal lower respiratory tract symptoms in
healthy volunteers. Increases in airway hyperresponsiveness
and decreases in both peak expiratory flow and FEV, were dem-
onstrated in asthmatic subjects without any change in these mea-
sures in healthy subjects.” This study, along with several others,
supports the idea that respiratory tract viral infections cause a
greater degree of morbidity in asthmatic subjects than in the
healthy population. In this review we discuss why such a discrep-
ancy in antiviral immune response might exist. In addition, we ex-
plore which therapeutic options might be of benefit in preventing
the deterioration of asthma control seen after viral infection.

THE AIRWAY EPITHELIUM

The bronchial epithelium provides a barrier between the
microbe-rich outside world and the internal parenchyma. It is,
however, far more than simply an inert barrier and is immunolog-
ically active, playing a pivotal role in both innate and adaptive
immunity.

All respiratory tract viruses enter and replicate within airway
epithelial cells and can damage both ciliated and nonciliated
respiratory epithelial cells, leading to necrosis of the airway
epithelium, ciliostasis, loss of cilia, and impairment of mucocil-
iary clearance.''"'* However, it is likely that the clinical manifes-
tations might be secondary to the release of proinflammatory
mediators by damaged bronchial epithelial cells (BECs), as
well as a direct cytotoxic effect of the virus.

Rhinoviruses attach to epithelial cells through intercellular
adhesion molecule 1 (ICAM-1) for major human rhinovirus
(HRV) serotypes or low-density lipoprotein receptor for minor
HRV serotypes. The receptor or receptors for the recently
identified group C rhinoviruses are yet to be identified. Indeed,
rhinovirus infection itself upregulates expression of ICAM-1 both
in vivo and in vitro to further the availability of receptors to bind to
and infect epithelial cells.'*' Infection of BECs with rhinovirus
induces the secretion of a wide range of cytokines and chemo-
kines, including IL-1, IL-6, CXCLS/IL-8, GM-CSF, CCLS/
RANTES, and CXCL10/interferon-inducible protein 10 (IP-10),
as well as many others.'1?
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BEC-derived cytokines and chemokines are able to induce
neutrophilic (CXCLS8/IL-8), lymphocytic (CXCL10/IP-10), and
eosinophilic (CCLS/RANTES) inflammation, as well as airway
hyperresponsiveness and airway remodeling. However, they also
initiate antiviral immune responses, highlighting the delicate
balance that exists between harmful and protective influences in
the asthmatic airway.

THE INNATE IMMUNE RESPONSE
Interferons

Corne et al*® demonstrated more severe and prolonged virus-
induced symptoms (including lower respiratory tract symptoms)
in asthmatic compared with nonasthmatic subjects, suggesting
for the first time that there might be some inherent differences
in the way that asthmatic subjects respond to respiratory tract viral
infections. Wark et al*! subsequently provided a mechanistic in-
sight into why this might be the case with studies involving cul-
tured BECs from adult asthmatic and nonasthmatic subjects
obtained by means of bronchoscopy, followed by infection with
rhinovirus in vitro. Although rhinovirus induction of the proin-
flammatory cytokine IL-6 and CCLS5 was not different between
the 2 groups, asthmatic BECs produced lower levels of the type
I IFN-{ and also had higher levels of rhinovirus replication. Im-
portantly, deficient IFN-f expression was observed in both
steroid-treated and steroid-naive asthmatic subjects. The asth-
matic BECs responded to exogenous treatment with IFN-f3, ex-
hibiting reduced rhinovirus release and demonstrating that the
deficiency in asthmatic cells was associated with production of
antiviral IFN-f rather than the actions of IFN-f.

Contoli et al** provided further evidence of the importance of
antiviral interferons using a human experimental infection model
of adults with mild-to-moderate asthma. Not only did bronchoal-
veolar lavage (BAL) cells from asthmatic subjects have lower
levels of rhinovirus and LPS-induced type III IFN-\, but deficient
IFN-\ in asthmatic cells was related to the pathogenesis of asthma
exacerbations in vivo, with abundance of IFN-\ being negatively
correlated with airway symptom scores, changes in lung function,
virus load, and markers of inflammation in vivo. In a more recent
study, this time in subjects with moderate-to-severe asthma,
Bullens et al®®> demonstrated that IFNLI , but not IFNL2/3,
mRNA levels obtained from sputum cells negatively correlated
with asthma symptoms, again highlighting a protective role for
IFN-A in asthma.

At present, the precise mechanism or mechanisms behind
deficient interferon production in asthmatic subjects remain
unknown. Because asthmatic subjects have deficient IFN-{3,
IEN-\, and perhaps some of the IFN-as,* it is less likely a result
of a polymorphism in one of these genes or their promoters.
A polymorphism in a gene encoding a transcription factor or sig-
naling molecule required for the expression of all these interferons
is a more likely possibility, however.”> Interestingly, Thomas
et al*® recently demonstrated that excess TGF-3 present in asth-
matic airways mediates enhanced rhinovirus replication, probably
through its suppressive actions on host type I interferon responses.
Specifically, the effect of TGF-8 appeared to be mediated through
actions on interferon regulatory factor (IRF) 3 pathways.*

Macrophages
Macrophages are the predominant leukocyte in the airway and
are distributed from the upper airways down to the alveoli. They
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produce inflammatory cytokines to recruit cells of the adaptive
immune system, express a number of innate pattern-recognition
receptors (PRRs), and play a key role in phagocytosis of bacterial
organisms. They also modulate the immune response by inhibit-
ing antigen presentation by dendritic cells, T-cell activation, and
B-cell antibody production.?’®

The interaction between rhinoviruses and macrophages stim-
ulates secretion of proinflammatory cytokines, such as IL-1, IL-8,
IFN-y, and CCL3/macrophage inflammatory protein lo. In
addition, TNF-a, a highly inflammatory cytokine, is produced
by macrophages in response to rhinovirus, and this has been
shown to require viral replication.?’ Rhinovirus infection also in-
duces release of type I interferons from airway macrophages, a
process that might limit viral spread by inducing an antiviral state
in epithelial cells.”

More recently, Oliver et al’” identified virus-induced impair-
ment of antibacterial host defense in human alveolar macro-
phages, suggesting viral infection might alter this function to
facilitate additional bacterial infection.

Neutrophils
Increased neutrophil counts and levels of IL-8, a potent
chemoattractant for neutrophils, are found in the nasal secretions,
sputum, and BAL fluid of allergic subjects undergoing experi-
mental rhinovirus infection.”*'*® Teran et al** provided the first
in vivo evidence of an important role for IL-8 in the neutrophil in-
flux during viral-associated asthma exacerbations. Studies have
since demonstrated that numbers of neutrophils correlate with
levels of IL-8 after rhinovirus infection,*** and IL-8 levels in na-
sal lavage correlates with the degree of airway responsiveness in
asthmatic subjects.®® This is in contrast to healthy subjects, in
whom IL-8 levels were not found to be significantly increased.”’
Granulocyte colony-stimulating factor levels are also increased
in nasal lavage fluid and sputum and later in the circulation after
rhinovirus infection. Increased concentrations of circulatory
granulocyte colony-stimulating factor could in turn act on the
bone marrow to increase circulating neutrophil counts. 87
Using a murine model of human rhinovirus infection, Nagarkar
et al*” recently showed that CXCR2, the receptor for ELR-posi-
tive CXC chemokines, is required for rhinovirus-induced neutro-
philic airway inflammation and that neutrophil TNF-a release is
required for airway hyperresponsiveness. Products of neutrophil
activation could also cause airway obstruction through the produc-
tion of elastase, which upregulates goblet cell mucus secretion.*!
In combination, these data suggest that rhinovirus infection of
airway epithelial cells might potentiate pre-existing inflammation
by enhancing the production of neutrophil chemoattractants and
neutrophilic airway inflammation.

Eosinophils

Viral infections can also trigger increased recruitment and
activation of eosinophils in the airway. Eosinophil granule
proteins have been detected in nasal secretions of asthmatic
children with wheezing illness caused by rhinovirus or RSV.4244
In these children levels of CCL5/RANTES, a potent chemotactic
cytokine and activator of eosinophils, were also significantly in-
creased.** After experimental rhinovirus infection, bronchial eo-
sinophil infiltration has been observed in both healthy and
asthmatic adults. However, in asthmatic subjects the eosinophil
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infiltrate was more prolonged and still present 6 to 8 weeks after
infection.*” In adults with allergic rhinitis, experimental rhinovi-
rus infection increased allergen-induced eosinophil numbers in
BAL fluid,*® and in asthmatic adults eosinophil products were
increased in sputum.32 In addition, airway hyperresponsiveness
correlated with rhinovirus-induced eosinophils, as reflected by
an increase in eosinophilic cationic protein in sputum superna-
tants.*> In vitro experiments indicate that rhinoviruses do not
activate eosinophils directly*’ but rather probably through the
activity of virus-induced mediators, adhesion molecules,***° or
cytokines secreted by T cells, epithelial cells, or other airway
cells.”® It remains unclear, however, whether eosinophils contrib-
ute to host defense or to the immunopathology observed after viral
infection. In a murine model of RSV infection, increased numbers
of eosinophils improved viral clearance and reduced airway dys-
function, suggesting that eosinophils might be protective.’’

Mucociliary clearance

Mucociliary clearance is a critical innate defense system, and
mucus overproduction is one of the major symptoms of asthma
exacerbations, significantly contributing to the morbidity and
mortality of asthmatic subj ects.>> The mucus that occludes the lu-
men in an asthma exacerbation is quite a complex biological ma-
terial comprising a mixture of mucins, plasma proteins, and
products of cell death. Indeed, a recent proteomic analysis identi-
fied 191 different proteins in human induced sputum.” In asth-
matic subjects the major mucin components of airway mucus
secretions are MUCSAC and MUCS5B, which contribute to the
viscoelastic properties of the mucus.’ He et al>> have shown
that rhinovirus-16 infection of undifferentiated BECs induces se-
cretion of MUCSAC. Zhu et al>® have recently demonstrated that
rhinovirus induces mucin production in epithelial cells and that
this depends on viral replication and at least partly on Toll-like
receptor (TLR) 3, a PRR that specifically recognizes viral
double-stranded RNA. Hewson et al>’ have recently shown that
rhinovirus induction of MUCS5AC in BECs occurred through
nuclear factor (NF) kB—dependent induction of matrix metallo-
proteinase—mediated TGF-« release. This activates an epidermal
growth factor receptor—dependent cascade culminating in speci-
ficity protein 1 transactivation of the MUC5AC promoter. After
experimental infection with rhinovirus-16, Hewson et al® also
demonstrated increased MUCS5AC production in healthy and
asthmatic volunteers in vivo. This was related to viral load in asth-
matic subjects but not healthy volunteers.

Toll-like receptors

TLRs recognize and respond to a variety of pathogen-
associated molecular patterns. The first indication of a TLR
recognizing a viral pathogen-associated molecular pattern was in
the case of TLR4 and RSV fusion protein.58 Since then, several
studies have demonstrated that in response to viral infection,
TLR3,””%* TLR7,°*** TLR8,%*** and TLR9® are involved in in-
duction of type I interferons. TLR7, TLR8, and TLR3 are partic-
ularly relevant in relation to RNA viruses because they recognize
and respond to single-stranded viral RNA and double-stranded vi-
ral RNA, respectively. TLR3 recognizes rhinovirus and is upregu-
lated on infection. Blocking TLR3 suppresses antiviral responses,
and rhinovirus replication and release is increased.”® Roponen
et al®® recently demonstrated impaired TLR7 function in
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adolescents with mild-to-moderate asthma; however, the ability
of a TLR3 ligand to induce key antiviral molecules was similar
in asthmatic and control groups. Moreover, polymorphisms of
TLR7 and TLRS8 have been shown to be associated with asthma,
identifying TLR7 and TLRS as novel risk genes in subjects with
asthma and related disorders.®’

ROLE OF T LYMPHOCYTES

Asthma is a disease characterized by type 2 T-cell infiltration
with production of IL-4, IL-5, and IL-13. Viral infection, on the
other hand, is characterized by type 1 T-cell responses leading to
production of IFN-vy. The balance between Ty1 and T2 cytokine
production can be crucial to viral clearance. There are data sup-
porting the suggestion that within a pre-existing type 2 cytokine
allergic asthmatic microenvironment, the normally effective
type 1 antiviral immune response might be inhibited, the immune
response is skewed toward type 2 responses, or both. Gern et al®®
demonstrated that the JFNG/IL5 sputum mRNA ratio during in-
fection was inversely related to peak cold symptom scores and
time to viral clearance, suggesting that a strong Ty1 response is
key to limiting viral replication.

A recent study involving experimental infection with
rhinovirus-16 identified deficient induction of Tyl cytokines
and IL-10 and augmented induction of T2 cytokines in asthmatic
subjects. In addition, Tyl cytokines and IL-10 were associated
with protection from exacerbation, whereas Ty2 cytokines were
associated with increased disease severity. These observations
support an important role for rhinovirus-induced lower airway in-
flammation in precipitating asthma exacerbations, perhaps
through impaired Ty1/IL-10 and augmented Ty;2 responses.’ Ep-
ithelial cells infected with rhinovirus secrete CCL5 and CXCL10,
which both promote T-cell chemotaxis.®” Levels of CXCL10, a
chemokine that binds to CXCR3, are increased in virus-induced
asthma exacerbations. Indeed, it can distinguish virus-induced
from non—virus-induced exacerbations.®’

A defective Tyl response has also been implicated in RSV-
induced bronchiolitis. Children with a deficient Tyl and a rela-
tively increased Ty2 immune response after RSV infection had
better viral clearance and were more likely to have acute bronchi-
olitis than those with stronger type 1 responses who had milder
illness without bronchiolitis.”® In addition, other studies have
demonstrated that those children with a relatively increased
Ty2 cytokine profile during RSV-induced bronchiolitis were at
increased risk of wheezing during follow-up.”!

NF-xB

NF-kB is a transcription factor expressed in numerous cell
types, playing a key role in the expression of many proinflamma-
tory genes. It leads to the synthesis of cytokines, adhesion
molecules, chemokines, respiratory mucins, and growth and
angiogenic factors, and an increasingly large body of evidence
demonstrates a clear role for NF-kB in both subjects with stable
asthma and those with acute exacerbations.

Greater levels of NF-kB p65 and p50 activation are seen in
bronchial biopsy specimens, sputum cells, and cultured BECs
from stable, untreated asthmatic subjects when compared with
those seen in nonasthmatic subjects.72’73 PPBMCs of adults with
moderate and severe asthma, as well as children with moderate
asthma, have higher levels of NF-kB p65 protein expression
than those of healthy subjects.”’75
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Viral infection causes upregulation of a plethora of proin-
flammatory molecules in an NF-kB—dependent manner. These
include the neutrophil chemokines CXCLS/IL-8,”° CXCLS5,”’
and CXCL1”® and the T-cell chemokines CXCL10/IP-10,”
CCLS5/RANTES,*** and CCL11/eotaxin.”

In addition, various cytokines and growth factors are induced,
including IL-6,3+85 GM-CSE®%7 1L-11,%8 fibroblast growth fac-
tor (FGF) 2, and vascular endothelial growth factor (VEGF).89
Adhesion molecules® and respiratory mucins, including
MUCS5AC and MUCS5B, are also NF-«kB dependent.55 57,90

Although our understanding of each NF-kB signaling molecule
is expanding, which members of this complex signaling cascade
represent the best therapeutic target in asthma exacerbations is far
from clear. Moreover, there is the fundamental consideration of
the beneficial role of NF-kB in host responses to infectious agents
because it is essential for interferon induction in response to
infection.”’ Furthermore, the question of why known NF-«kB
inhibitors, such as corticosteroids, are only partially effective in
controlling exacerbations illustrates the greater level of under-
standing required.

THE IMPORTANCE OF GENES

The host response to infection is in part genetically pro-
grammed. In recent years, a large number of genetic polymor-
phisms relevant to both infection and asthma have been identified.
These include several polymorphisms of PRRs, such as TLRs (see
earlier), which have been shown to be associated with both
infection severity and asthma. In addition, genes involved in
regulating interferon production have been identified. The tran-
scription factor IRF1 is centrally important to regulating IFN-y
production and function. The IRFI gene is located on chromo-
some 5q31 in the T2 cytokine cluster involved in the develop-
ment of allergic disease, and almost 50 polymorphisms of the
IRF1I locus have been analyzed. Eleven are significantly associ-
ated with atopy, total IgE levels, or specific IgE levels.”” In addi-
tion, suppressor of cytokine signaling 1 (SOCS!) regulates IFN-y
signaling and antiviral responses, and a significant association be-
tween a polymorphism in the SOCS! promoter and adult asthma
has been observed. This polymorphism resulted in increased pro-
duction of SOCS1 protein, which in turn inhibited phosphoryla-
tion of signal transducer and activator of transcription 1 in
response to IFN-B stimulation.”®

In addition to the genes involved in the innate/Ty1 response to
infection and the associated risk of asthma, single nucleotide pol-
ymorphisms in Ty2-associated genes are also potentially impor-
tant. Forton et al’* recently identified a haplotype within the
IL13-IL4 gene locus conferring an increased risk of severe pri-
mary RSV-induced bronchiolitis in early infancy.g4 It is likely
that as technology continues to improve, future studies will reveal
numerous other polymorphisms playing a key role in the asth-
matic immune response to viral infection.

AIRWAY REMODELING

The central role that the bronchial epithelium plays in asthma is
well appreciated, but what remains less clear is what effect viral
infection of the asthmatic airway has on the chronic inflammatory
response. Specifically, is there a lasting effect that might lead to
airway wall remodeling and worsening of fixed airflow
obstruction?
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FIG 1. Epithelial and immune cell responses to rhinovirus infection. Following infection a wide range of
mediators are secreted including pro-inflammatory cytokines, chemokines, interferons, and growth factors.
This leads to eosinophilic, neutrophilic, and lymphocytic inflammation, as well as mucus hypersecretion and
likely airway remodelling. CCL, CC chemokine ligand; CCL5, RANTES (Regulated on Activation Normal T-cell
Expressed and Secreted); CCL11, eotaxin; CCL24, eotaxin-2; CXCL, CXC chemokine ligand; CXCL 1, GRO-a
(growth-related oncogene «); CXCL-5, ENA-78 (epithelial neutrophil activating protein-78); CXCL10, IP-10
(IFN-y-inducible protein 10); DC, dendritic cell; FGF-2, fibroblast growth factor-2; GMCSF, granulocyte macro-
phage-colony stimulating factor; ICAM-1, intercellular adhesion molecule-1; IFN, interferon; IL, interleukin;
LDLR, low density lipoprotein receptor; RV, rhinovirus; TC1, cytotoxic CD8+ T lymphocyte type 1; TH1, T-helper
1 CD4+ T lymphocyte; TNF-«, tumour necrosis factor-a; VEGF, vascular endothelial growth factor.

Leigh et al” recently demonstrated that rhinovirus infection of
cultured epithelial cells led to upregulation of amphiregulin, ac-
tivin A, and VEGF protein levels. These 3 mediators have all
been strongly implicated in the remodeling process. Amphiregulin,

a member of the epidermal growth factor family, is released in re-
sponse to airway epithelial injury and engages epidermal growth
factor receptors to drive the altered repair process that is character-
istic of airway remodeling.96 Activin A is a member of the TGF-3
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superfamily and has been implicated in the subepithelial fibrosis
characteristic of airway remodeling.w’98 Expression of VEGF
and its receptors is increased in asthmatic subjects, and VEGF is
the major proangiogenic activator in asthmatic airways.’>'*" In-
creases in the size and number of airway wall blood vessels are
characteristic of airway remodeling, even in subjects with mild
asthma,'®" and overexpression of VEGF in the airways of mice
has been shown to result in both vascular and airway remodel-
ing.'® Moreover, nasal lavage samples from subjects with con-
firmed natural rhinovirus infections showed significantly higher
VEGF protein levels during peak cold symptoms compared with
both baseline levels and control levels.”

Although epithelial cells are the main target for rhinovirus
infection, studies have indicated that rhinovirus might be detected
in the subepithelial layer by means of in situ hybridization'**'**
and that human lung fibroblasts are susceptible to rhinovirus in-
fection.'® It is possible that rhinovirus gains access to underlying
fibroblasts through the epithelial disruption that occurs in asth-
matic airways. This susceptibility might then allow rhinovirus
replication in the lower airways to develop, especially in asthmatic
subjects in whom there is reduced protection offered by epithe-
lially derived interferons. Bedke et al'® recently infected normal
and asthmatic airway fibroblasts in vitro with rhinovirus-1B, illus-
trating both the ability of fibroblasts to support viral replication
and their vigorous proinflammatory response with induction of
IL-6 and IL-8. This latter response compounds the existing airway
inflammation to contribute to an exacerbation. Furthermore, this
study demonstrated that exogenous IFN-( protects fibroblasts
against infection, providing further support for its potential use
as a therapy against virus-induced asthma exacerbations.

TGF-f is a key regulator of wound repair and healing, and
increased TGF-3 and TGFB mRNA levels in BAL fluid and endo-
bronchial biopsy specimens, respectively, have been reported in
patients with asthma.'?”'% Thomas et al°° recently demonstrated
that rhinovirus replication is enhanced in TGF-1-treated fibro-
blasts and fibroblasts from subjects with asthma, and this is linked
to deficient type Il interferon responses. TGF-[3 might therefore act
as an endogenous immunosuppressant, promoting viral replica-
tion during the evolution of virus-induced asthma exacerbations.

THERAPEUTIC OPTIONS

Several therapeutic strategies have the potential to alter the
natural history of virus-induced asthma exacerbations. These
include prevention of infection with either vaccines or mAbs;
antiviral agents, such as viral attachment inhibitors or viral
protease inhibitors; anti-inflammatory treatments, such as corti-
costeroids; macrolide/ketolide antibiotics; and supplementation
of protective antiviral responses, such as treatment with inter-
feron. Whichever intervention is considered, the treatment would
need to be taken early in the course of infection to maximize the
chances of success, be easy to administer, and be safe.

Prevention

At present, there are no safe and effective human vaccines for
RSV or rhinovirus. The antigenic diversity of the more than 100
serotypes of rhinovirus means that creating a truly successful
vaccine is an extremely difficult task. Recent attention has
focused on live attenuated vaccines and developing subunit
vaccines for RSV in combination with Ty1-inducing adjuvants,
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although neither approach is likely to be ready for clinical use
for some time.'?%'1°

Palivizumab, an mAb against the RSV fusion protein, is the only
US Food and Drug Administration—approved mAb for RSV. In a
murine model it reduces viral load, acute disease, and chronic lung
function abnormalities.''! A randomized controlled trial in children
resulted in a 55% reduction in RSV-induced hospitalization,l 12 and
arecent prospective case-controlled study of at-risk preterm infants
demonstrated protection against recurrent wheezing.''* Motavizu-
mab, a second-generation derivative of palivizumab has a 70-fold
higher affinity for the RSV fusion glycoprotein. In a rat model it
had 50 to 100 times greater anti-RSV activity in the lower respira-
tory tract compared with palivizumab.''* In a large phase 3 nonin-
feriority study comparing motavizumab with palivizumab for RSV
prevention in high-risk children, motavizumab demonstrated fewer
RSV-induced hospitalizations and a reduction in the incidence of
RSV-specific outpatient lower respiratory tract infections.''> In
addition, motavizumab significantly reduced viral load by day
1 after treatment in children hospitalized with RSV, suggesting a
role for both RSV treatment and prevention.’ 16 Motavizumab is
currently pending US Food and Drug Administration approval.

Targeting viral attachment and protease inhibitors

Although it is theoretically possible to interfere with every step
of the infectious cycle of respiratory tract viruses from viral
attachment, viral entry and uncoating, translation, replication,
and onward to virus release, with the exception of the neurami-
dase inhibitors for influenza infection, few approaches have met
with success thus far.

The great majority of rhinoviruses use ICAM-1 to enter cells.
Boehringer-Ingelheim developed a soluble ICAM-1 receptor
called tremacamra, showing marginal benefit in symptoms, viral
replication, and development of clinical colds. It has not been
tested as a therapy for asthma exacerbations, and the requirement
for 6 times daily treatment along with the fact that it was only
really effective if used within 12 hours of infection led to its
development being halted. 7 A long-acting neutralizing antibody
(akin to palivizumab for RSV) would likely be a more promising
approach. Pleconaril, an antiviral drug against picornavirus infec-
tion, is currently being studied in subjects with asthma exacerba-
tions. It blocks uncoating and attachment by binding into a
hydrophobic pocket within the capsid. Other similar drugs are
also in active development.

Inhibition of the essential viral proteases HRV 2A, 3C, or both
has been investigated as an antirhinovirus treatment, and early
work seemed promising. These proteases are required for repli-
cation through cleavage of the viral polyprotein. Ruprintrivir is an
intranasally administered 3C protease inhibitor with good anti-
viral activity against all rhinovirus serotypes.''®!''?" Unfortu-
nately, despite encouraging results from an experimental
infection study, a natural infection study had no significant effect
on viral load or symptoms, and further clinical development was
halted.'*® There are several other inhibitors of both 3C and 2A
proteases, but none have been tested in clinical trials thus far,'?!

Inhaled corticosteroid and long-acting B-agonist
combination therapy

Glucocorticosteroids are by far the most widely used drugs in
subjects with moderate and severe asthma and have potent
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anti-inflammatory activity. Despite this, patients with asthma
continue to have exacerbations. In recent years, an ever-
increasing body of work supporting their use in combination
with long-acting (3-agonists, such as salmeterol and formoterol,
highlights the superiority of combination therapy over either drug
in isolation. Although these studies on the whole failed to identify
the trigger of the asthma exacerbation, it is likely that the majority
of these were secondary to viral infections.

Edwards et al'** demonstrated that a combination of salmeterol
and fluticasone treatment synergistically suppressed induction of
CXCL8 (a neutrophil chemoattractant and activator), CCL5
(a lymphocyte chemokine), and CXCL10 (an activated T-cell
chemokine) after rhinovirus infection in vitro. Skevaki et al'??
recently demonstrated that the corticosteroid budesonide
effectively suppressed rhinovirus-mediated induction of proin-
flammatory (CCL5, CXCLS, IL-6, and CXCLI10) and
remodeling-associated (FGF and VEGF) mediators in BECs in
a concentration-dependent manner. Formoterol treatment alone
also suppressed the production of CXCL8 and FGF by bronchial
epithelium; however, the combination of budesonide and formo-
terol demonstrated a concentration-dependent, additive, or syner-
gistic effect in the suppression of rhinovirus-induced CCLS5,
CXCLS8, CXCL10, and VEGFE.

Volonaki et al'** demonstrated that both fluticasone and salme-
terol administered individually were able to reduce rhinovirus-
induced VEGF production. Addition of both factors, however,
inhibited VEGF synergistically. Moreover, FGF-2 production
was not inhibited by either fluticasone or salmeterol alone but
was significantly reduced when both substances were present.
The effective suppression of growth factors highlighted above
certainly represents a plausible mechanism through which these
drugs might inhibit remodeling and inflammatory processes.

Macrolides and ketolide antibiotics

An increasing body of work highlights the immune-
modulatory effects of macrolide antibiotics that are distinct
from their antimicrobial actions. Jang et al'® demonstrated
reduced expression of ICAM-1, IL-6, and IL-8 after treatment
with erythromycin of rhinovirus-infected epithelial cells. Gielen
et al'*® have recently shown that pretreatment of BECs with azi-
thromycin significantly increased rhinovirus-1B— and rhinovirus-
16-induced interferons and interferon-stimulated gene mRNA
and protein expression. In addition, azithromycin reduced rhino-
virus replication and release.

In infants with RSV-induced bronchiolitis, clarithromycin
reduced systemic inflammation acutely and led to fewer wheezing
episodes in the following 6 months.'?” Although this was a small
study, a much larger study of asthmatic adults randomized to
receive either telithromycin, a ketolide antibiotic, or placebo re-
sulted in a greater reduction in asthma symptom scores and
lung function in the ketolide group.128 Safety concerns have lim-
ited the widespread use of ketolides, and further studies are
needed to clarify the position of macrolides in the management
of asthma exacerbations.'*’

Interferon supplementation

Wark et al*' observed deficient IFN- responses in BECs from
asthmatic subjects after rhinovirus infection, and phase 2 trials in-
volving inhaled IFN-[3 after the onset of a respiratory tract viral
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infection in asthmatic subjects are currently underway. Treatment
of corticosteroid-resistant asthmatic subjects with IFN-« in one
case series led to improved lung function and a reduction in
oral corticosteroid use; however, the majority of subjects experi-
enced side effects, including a “flu-like” illness, nausea, and
headaches."*® A number of other trials have assessed the use of
intranasally administered IFN-a2 in healthy volunteers undergo-
ing experimental rhinovirus infection. These studies showed a
dose-dependent improvement in symptom scores and reduced vi-
ral shedding, but side effects were again a problem."'*'"'*> An ap-
proach using interferon aims at boosting host defense rather than
targeting specific respiratory viruses. This is a significant advan-
tage over specific antiviral approaches because it would treat all
virus-induced asthma attacks rather than just those caused by a
specific virus. Despite the problems with side effects in the early
trials, there are sufficient in vitro and in vivo data supporting a
re-examination of this treatment approach. Similar approaches
aiming to boost antiviral activity with TLR ligands are also in
development.

CONCLUSION

Respiratory tract viral infections play a key role in the
pathogenesis of asthma exacerbations. Despite this, no specific
treatments exist that are able to significantly alter the clinical
outcome of infection. Numerous therapeutic strategies have been
considered; however, success has been hampered because of
problems such as virus specificity, side effects, delivery problems,
and the need for early administration after diagnosis of infection.
Results of ongoing clinical trials with IFN-f3 in which many of
these problems have been addressed are awaited with interest.

In-depth studies of the molecular pathways underlying virus-
induced inflammation are also required to identify new targets for
development of novel therapies. The use of gene array analysis to
determine whether asthma is associated with a unique pattern of
epithelial cell gene expression after viral infection has the
potential to radically improve our understanding of the immune
pathways involved and has the potential to identify such new
therapeutic targets. Although this approach has been performed in
vitro on cultured epithelial cells,'** gene expression of either
BECs or alveolar macrophages during experimental infection in
vivo has yet to be performed. Moreover, future studies will need
to sample both asthmatic children and nonatopic asthmatic sub-
jects to gain a more complete picture of the role of viruses in
asthma exacerbations. Finally, our understanding of the effect
of virus-induced exacerbations on subsequent remodeling and de-
velopment of severe airflow obstruction requires further study.
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