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Impact of viruses on airway diseases

S.L. Johnston

ABSTRACT: There is strong epidemiological evidence that respiratory viral infections are
associated with 80-85% of asthma exacerbations in children. There is less evidence in adults, but
the available data suggest viruses are associated with around two-thirds to three-quarters of
exacerbations in adults. These associations include severe exacerbations requiring
hospitalisation. The most common viruses detected in these studies were rhinoviruses,
accounting for two-thirds of viruses detected.

Asthmatics have increased susceptibility to respiratory virus infection and have recently been
shown to have profoundly defective interferon-p responses to virus infection, resulting in
increased virus replication.

Atypical bacterial infections are also associated with chronic asthma and asthma exacerbations
and a recent study indicates antibiotic therapy active against atypical bacteria is effective in
treatment of exacerbations. Recent data also indicates asthmatics are at increased risk of
invasive pneumococcal disease, suggesting they may also have impaired antibacterial immunity.

Research is urgently required to determine whether augmenting anti-infective immunity is
beneficial in the treatment/prevention of asthma exacerbations. More recent data also implicates
viruses in the majority of exacerbations of chronic obstructive pulmonary disease. Studies are
also required investigating anti-infective host defence in chronic obstructive pulmonary disease.
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espiratory tract infections are the most
R common infections to afflict mankind and

are responsible for an enormous burden
of disease, ranging from trivial mild common
colds, to severe fatal pneumonias. All known
respiratory viruses are able to produce the illness
complex recognised as the common cold. It has
also long been recognised that respiratory viruses
associated with upper respiratory infections,
such as influenza, parainfluenza, respiratory
syncytial virus (RSV) and adenoviruses are also
frequently associated with lower respiratory tract
infections. Although there is a good deal of
overlap in the disease spectra associated with
these viruses, adenoviruses are classically asso-
ciated with severe destructive pneumonias,
influenza with acute bronchitis and pneumonia,
parainfluenza viruses with laryngotracheobron-
chitis and RSV with acute bronchiolitis.

Rhinoviruses are the commonest pathogens of
the respiratory tract. Their identification was
achieved only 4 decades ago; however, they are
the cause of the majority of common colds, a
disease affecting all human populations and
causing considerable morbidity and an enormous
economic burden worldwide [1, 2]. Nevertheless,
probably due to the benign nature of most
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rhinovirus colds, little attention has been paid
to these viruses until recent years, when they
have been implicated in acute exacerbations of
asthma and chronic obstructive pulmonary dis-
ease (COPD). Several early studies sought to
objectively establish a link between virus infect-
ions and asthma exacerbations [3-5]; however, it
was only after the advent of PCR-based detection
methodologies that it was demonstrated that the
vast majority of asthma exacerbations in children
[6] and between half to three-quarters in adults
[7, 8] are associated with respiratory viral
infections. In these studies, rhinoviruses were
the most frequently identified pathogen.

These important epidemiological observations
have raised considerable interest in the under-
lying mechanisms of virus-induced asthma
exacerbations, the understanding of which could
lead to new strategies for treatment. Recent
studies have also suggested virus infections are
a major cause of acute exacerbations of COPD [9,
10]. This article will briefly review the clinical
and epidemiological evidence linking virus infec-
tions with acute exacerbations of lower respira-
tory disease.

The epidemiological data linking viruses with
exacerbations of airway disease has fuelled
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interest in the mechanisms of host defence against virus
infection. A recent study has demonstrated deficient innate
antiviral immunity in asthmatics [11]; this review will
conclude with discussion of these exciting findings and the
implications they have for the treatment and prevention of
virus-induced exacerbations of airway disease.

CLINICAL AND EPIDEMIOLOGICAL EVIDENCE

Viruses and asthma exacerbations

A large number of epidemiological studies on the role of
viruses in asthma exacerbations were performed during the
1970s and 1980s [12]. Incidental studies attempted to isolate
viruses in acute episodes of asthma, while prospective studies
followed up patients with asthma and virus isolation was
undertaken either during respiratory infections or on a regular
basis. Several important conclusions were drawn from these
early reports. First, while rhinoviruses were among the most
prevalent microorganisms in the majority of cases, variability
in their identification rates was observed between the studies
and the overall identification rates correlated with the success
or lack of success of rhinovirus detection. This strongly
suggested deficiencies in rhinovirus detection methodology.
Secondly, it was shown that early sampling is critical in the
successful isolation of viruses [4], and that identification rates
tend to be higher in outpatients or subjects from general
practice than hospitalised patients and in prospective
rather than incidental studies. Finally, only a few studies
focused on adults, showing considerably lower overall and
rhinovirus-specific identification rates than those obtained in
children.

The advent of PCR-based methods for virus identification
proved to be a turning point in the understanding of asthma
exacerbation pathogenesis. This was particularly true for
rhinoviruses and coronaviruses, for which classical methods
are technically demanding and of low sensitivity [13, 14].
Recent studies using PCR for detection of rhinoviruses, and
more recently other viruses as well, demonstrate that virus
involvement in asthma exacerbations in children is much more
frequent than previously believed, with virus detection rates of
between 80-86% [6, 15-18]. In all these studies rhinoviruses
were the predominant pathogens, being detected in ~50% of
exacerbations.

A study in adults was performed by NICHOLSON et al. [7], in
which 138 asthmatic adults, aged 19-46 yrs, were followed up
during a 2-yr period. Virus identification rates were lower,
associated with 44% of asthma exacerbations. However, when
subjective criteria were used, 80% of asthma exacerbations
occurred with symptomatic colds, while 90% of colds were
associated with symptoms of asthma. It is possible that the
discrepancy between subjective symptomatology and objective
virus detection may be attributed to a decreased virus
shedding in adults [7], or perhaps to less intensive monitoring
and later sampling than was the case in the studies in children.
This interpretation is supported by a recent study in which
viruses were detected in sputum samples from adults
attending the emergency department with acute asthma
exacerbations. In this study viruses were detected in 76% of
samples, and virus-induced lower airway cytotoxicity was the
major predictor of severity of exacerbation [8]. A more recent
study using similar methodology had a virus detection rate in
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sputum of 70% in adults attending the emergency room with
an asthma exacerbation [18].

Studies of severe asthma requiring hospitalisation also suggest
virus infections are the major determinant of risk and identify
striking seasonal patterns of admissions entirely consistent
with a viral aetiology. These seasonal patterns also identify
epidemics of admissions that would be suitable for interven-
tion with preventive therapies. Virus detection data obtained
from a Southampton paediatric cohort where compared with
hospitalisations for asthma in the same area, during the same
time period. Strong correlations were found between the
seasonal patterns of upper respiratory infections and hospital
admissions for asthma [19]. These included both paediatric,
adult and combined admissions, though they were stronger for
the paediatric population. Interestingly, there was a close
relationship between the peaks of both respiratory infections
and hospital admissions and the start of a new school-term or
half-term, establishing school attendance as the major factor
determining admissions for asthma. These finding have
recently been replicated in Canada using a similar approach
[20].

These results confirm that the great majority of asthma
exacerbations are associated with viral respiratory tract
infections in both adults and children and that the great
majority of viruses associated are rhinoviruses. These results
are summarised in table 1.

Role of respiratory viruses in COPD exacerbations

COPD is a common, chronic disease affecting 4% of males and
2% of females aged >45 yrs. Its prevalence is increasing and it
is a significant cause of mortality and morbidity and an
enormous consumer of healthcare costs. Around 70% of these
costs are due to hospitalisation during acute exacerbations of
COPD, which cause considerable morbidity and have a
mortality of ~15%. There is increasing evidence that viruses
can cause exacerbations of COPD. Earlier studies detected
viruses in 15-28% of COPD exacerbations [21, 22], but used
limited methodology for virus detection in that they did not
include PCR.

A more recent study has examined the importance of
respiratory viral infections in COPD exacerbations using PCR
[9]. A total of 83 COPD patients recorded daily, any increases
in respiratory symptoms and changes in peak expiratory
flow (PEF). Patients were seen at baseline and at acute exacer-
bation. Nasopharyngeal samples were taken for virus culture
and PCR and blood samples for serology. Altogether, 77 viruses
were detected in 66 (39.2%) of 168 COPD exacerbations and
of these, 39 (58.2%) were rhinoviruses.

Viral exacerbations were associated with increased dyspnoea,
a higher total symptom count at presentation, longer median
symptom recovery period of 13 days and a slower rate of
symptom return to baseline [9]. During viral exacerbations
there was a tendency toward greater falls in PEF, higher
plasma fibrinogen and greater serum interleukin-6 levels.
Therefore, virus-associated exacerbations showed greater
symptomatic changes with increased systemic inflammatory
markers. Thus, prevention of viral infections may lead to a
decrease in both exacerbation frequency and morbidity
associated with COPD.
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/RS Summary of studies investigating virus infections in exacerbations of asthma using modern molecular detection methods

Overall detection rate % Proportion of exacerbations Age of subjects Setting Reference
due to rhinoviruses %

80-85 50 9-11 yrs Community JOHNSTON [6]
83 71 2-16 yrs Emergency room Rakes [15]
80 47 2-14 yrs Hospitalised FREYMUTH [16]
78 46 7-11 yrs Community CHAUHAN [17]
86 83" 7-16 yrs Emergency room GRISSELL [18]
70 83" Adults Emergency room GRISSELL [18]
76 11 Adults Emergency room WARK [8]
44 26 Adults Community NICHOLSON [7]

#: this figure is for adults and children combined; data not given separately.

This study directly implicates virus infections in ~40% of
COPD exacerbations; however, it is likely that this figure is an
underestimate of the true association. The reason for this is that
the subjects in the above study provided upper respiratory
samples only, and these were provided at the time the
exacerbation of their lower respiratory disease occurred. It is
well recognised that in COPD, upper respiratory symptoms
may precede the onset of the exacerbation by several days.

As a result of this, virus yields in upper respiratory samples
taken at the time of exacerbation of lower respiratory tract
disease are likely to have been low, as the sample may have
been taken at a time when the upper respiratory infection was
over in a substantial number of cases. This interpretation is
supported by prospective diary card data collected in the
above study, which demonstrated that 65% of patient had
common cold symptoms prior to their exacerbation.

A more recent study has reported the finding of viruses in 56%
of nasal and/or sputum samples in a study of patients
admitted to hospital with COPD exacerbations in Germany
[10].

Further studies on the role of virus infections in COPD
exacerbations are clearly needed, but the above data (table 1)
strongly suggests that the contribution of viruses and of
rhinoviruses in particular is not likely to be less important than
the established role of these viruses in asthma exacerbations.

MECHANISMS

Host defence against virus infection in the lower airways
Recent work indicates that asthmatic individuals are more
susceptible to naturally occurring rhinovirus infection than
normal individuals in that when infected, lower respiratory
tract symptoms and changes in PEF were both more severe
and of longer duration in the asthmatic than in the normal
subjects [23]. The reasons for this increased susceptibility in
asthmatics are largely unknown.

The airway epithelial cell is known to contribute to antiviral
and inflammatory immune responses through the production
of a wide range of cytokines, chemokines and other mediators.
The type 1 interferons (IFNs), (the IFN-as (of which 13 are
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recognised) and IFN-p) are induced by viral infection of the
host cell. IFN- is induced first, and it then induces more of
itself and the IFN-os in both autocrine and paracrine manners,
thereby establishing an antiviral state, characterised by the
expression and antiviral activity of IFN-stimulated genes.

In addition to the antiviral activity of type 1 IFNs, rapid
induction of apoptosis following virus infection of a cell is also
a critical mechanism for the limitation of viral replication.
Recent work has demonstrated a link between IFN-o/f
signalling, the transcriptional activation of p53 and the
induction of its proapoptotic target genes in virally infected
cells [24]. This induction subsequently results in the activation
of apoptosis leading to programmed cell death. If programmed
cell death occurs within a few hours of virus infection of a cell,
that cell is not available for successful virus replication, which
therefore aborts. In addition, the infected cell is phagocytosed
as a result of undergoing apoptosis, rather than dying by cell
necrosis as a result of virus replication. Phagocytosis will
therefore remove infected cells without stimulating inflamma-
tory pathways, while death by necrosis, in addition to
releasing new viruses to infect other cells, will also result in
release of many mediators of inflammation, leading to a robust
inflammatory response to infection.

WARK et al. [11] recently investigated IFN-B induction by
rhinovirus in primary bronchial epithelial cells from atopic
asthmatic and nonatopic normal individuals in vitro. A
profound deficiency in IFN-B induction in the asthmatic cells
was observed, accompanied by impaired apoptosis and
increased viral replication (fig. 1). These studies identify a
novel mechanism for increased susceptibility to infection in
asthmatics and suggest that efforts to augment innate immune
responses could provide protection against virus-induced
asthma exacerbations in asthma.

Asthma is associated with T-helper cell (Th)2-biased acquired
immune responses, and PAPADOPOULOS et al. [25] have reported
data indicating that asthmatics have impaired peripheral blood
Thl-acquired immune responses to respiratory virus infection.
Further studies are needed to determine whether asthmatics
have impaired Thl-acquired immune responses in the respira-
tory tract.
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FIGURE 1. Virus infection in a) normal and b) asthmatic bronchial epithelial
cells. In normal bronchial epithelial cells, virus infection leads to rapid induction of
IFN-B. This induces more of itself, as well as the a-IFNs, to induce an antiviral state
in the infected cell and in neighbouring cells. This antiviral state includes production
of RNases to digest viral RNA and inhibit viral replication, and p53 and protein
kinase R to induce rapid induction of apoptosis. Apoptosis denies the virus access
to cellular biochemical pathways required for replication and effectively aborts virus
replication, nuclear factor (NF)kB induced inflammatory cytokine production is
minimised and the apoptotic cell is phagocytosed. These combined activities
virtually prevent virus replication and effectively limit virus induced inflammation. In
contrast, when an asthmatic cell is infected, IFN-B production is profoundly
impaired and antiviral pathways are either not induced or only weakly so. Virus
replication therefore proceeds unchecked by RNases, or by apoptosis. Effective
replication ensues, strongly inducing NF«kB and inflammatory cytokine production.
Eventually, the heavily infected cell necroses and lyses, releasing further viruses to
infect neighbouring cells, which are not protected by IFNs-o/f. The outcome is a
high virus load unchecked by antiviral responses and therefore severe inflamma-
tion. IFN: interferon; PKR: protein kinase R; NF«B: nuclear factor-«B.

Although the remit of this article is to discuss viral infections, it
is pertinent also to mention two very interesting recent studies
relating to bacterial infections. A number of studies (reviewed
in [26]) suggest a role for atypical bacterial (Chlamydia
pneumoniae and Mycoplasma pneumoniae) infection as a co-factor
in both chronic-stable asthma and acute exacerbations of
asthma. A recent study has reported that antibacterial therapy
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active against atypical bacteria is of therapeutic benefit in the
treatment of acute exacerbations of asthma [27]. This study was
unable to determine whether efficacy was related to activity
against atypical bacterial infection, or to anti-inflammatory or
possibly even antiviral activity. Further studies are clearly
required to confirm these interesting results and to investigate
the mechanism(s) of therapeutic benefit. Asthmatics have also
very recently been reported to have an increased risk of
invasive pneumococcal infections [28]. This data has important
implications for public health policy relating to pneumococcal
vaccination, but it also, along with the data on atypical
bacterial infection, has very interesting implications regarding
host immunity in asthmatics, suggesting that they may have
impaired immunity to both viral and bacterial infection.

CONCLUSIONS

The association of respiratory virus infections with asthma
exacerbations has been clearly demonstrated in a number of
studies, in both adults and children. Asthmatics have increased
susceptibility to virus infections, and have also been reported
to have increased risk of severe bacterial infections. Asthmatics
have impaired innate immune responses to virus infections
and may also have impaired Thl-acquired immunity. Given
their increased risk of severe bacterial infections and the recent
evidence that antibacterial therapy is of therapeutic benefit in
acute exacerbations of asthma, further studies examining the
role of both viral and bacterial infections, and of host defence
in exacerbations of asthma, are now required. The available
evidence suggests that research into ways of augmenting anti-
infective immunity in asthma might be rewarding.

Further studies will be necessary to evaluate the role of viruses
in exacerbations of chronic obstructive pulmonary disease;
however, the evidence available to date suggests that viruses
are associated with around two-thirds to three-quarters of
exacerbations, perhaps sometimes in concert with bacterial
infections. There is no information available regarding whether
chronic obstructive pulmonary disease patients have impaired
antiviral or antibacterial immunity; such studies are urgently
required.
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