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Role of viral respiratory infections in asthma and asthma

exacerbations

William W Busse, Robert F Lemanske Jr, James E Gern

Viral respiratory tract infections are common and usually selflimited illnesses. For patients at risk of asthma, or
with existing asthma, viral respiratory tract infections can have a profound effect on the expression of disease or
loss of control. New evidence has shown that wheezing episodes early in life due to human rhinoviruses are a
major risk factor for the later diagnosis of asthma at age 6 years. For those with existing asthma, exacerbations are
a major cause of morbidity, can need acute care, and can, albeit rarely, result in death. Viral respiratory tract
infections, predominantly those caused by human rhinoviruses, are associated with asthma exacerbations. There is
also evidence that deficiencies in antiviral activity and the integrity of the airway epithelial barrier could make
individuals with asthma more likely to have severe viral respiratory infections of the lower airway, and thus increase
the risk of exacerbation. In view of the effect of respiratory viruses on many aspects of asthma, efforts to understand
the mechanisms and risk factors by which these airway infections cause changes in airway pathophysiology are a

first step towards improved treatment.

Introduction

Viral respiratory tract infections can have profound
effects on important aspects of asthma (figure 1).! In
early life, many children have wheezing episodes
associated with respiratory infections. There are many
pathogens associated with such wheezing events,
including respiratory syncytial virus (RSV), human
rhinovirus (HRV), metapneumovirus, parainfluenza,
and coronavirus. For most infants, wheezing episodes
with respiratory infections diminish with age, but for
some individuals wheezing episodes in early life can
mark the beginning of asthma.

Contrary to studies that link infections in early life
with subsequent respiratory morbidity,* the hygiene
hypothesis*® proposed that infections, including
respiratory infections in early life, were protective
towards the eventual development of allergic diseases
and possibly asthma; a proposal lent support by findings
that show a low prevalence of allergies and asthma in
children in day care or those with older siblings.**
According to the hypothesis, frequent challenge with
infections leads to stimulation of an individual's
protective immunity (ie, Thl immunity). More recent
studies® suggest that exposure to nonpathogenic
microbes could be more important than exposure to
pathogenic microbes in directing healthy immune
development and  reducing the risk for
allergic diseases.

Respiratory viral infections can have severe adverse
outcomes in patients with established asthma; viral
respiratory infections are associated with nearly 80% of
asthma exacerbation episodes.”™ The association between
viral respiratory infections and asthma exacerbations is
seen in both children and adults. Whether respiratory
infections determine disease progression or the eventual
severity of disease is less clear.” In this Review we discuss
the role of viral respiratory infections in the expression of
asthma in early life and how they contribute to
asthma exacerbations.

Role of viral infections in onset of asthma

Wheezing illnesses are associated with viral respiratory
infections in patients of all ages.”*2* By studying the
association between wheezing episodes and respiratory
infections in early life, we can attempt to determine the
potential relation between these events and the eventual
development of asthma. This relation has been best
studied with respiratory infections due to RSV or HRV.

In infants, RSV bronchiolitis has many similarities to
acute asthma: wheezing, rapid breathing, small airway
inflammation, and, in some children, respiratory
compromise.” About a third of children with an initial
wheezing episode due to bronchiolitis will have recurrent
episodes of wheezing.” This association has prompted
speculation that severe episodes of RSV bronchiolitis in
infancy initiate the development of asthma.

Sigurs and colleagues® explored the association between
an RSV infection sufficient to cause admission to hospital
and the eventual development of asthma. Beginning in
1989, they identified 52 infants who were receiving
treatment in hospital for RSV bronchiolitis and assessed
their disease progression until they were 13 years old. The
patients were matched with 93 healthy individuals of
similar age and sex. When the children were 7-5 years old,
those with a family history of both asthma and bronchiolitis
had high rates of asthma (38%; 8 of 21 patients) compared
with those with a family history of asthma but not
bronchiolitis (none of 27 patients). Data from this study
suggest that severe RSV infections together with a family
history of asthma increase the likelihood of an individual
developing asthma.

Search strategy and selection criteria

We searched Medline for relevant articles using the search
terms “asthma”, “viral respiratory infections”, *
and “asthma exacerbations” from Jan 1, 2005 to May 31,
2010. For completeness of references we also checked our

personal databases.

rhinovirus”,
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Figure 1: Role of infections in asthma
Infections in early life can be inducers of wheezing or protectors against the
development of allergic disease.

These findings accord with the widespread idea that
both genetic (a family history of asthma) and
environmental (RSV infection) factors combine to
determine expression of disease (asthma). This gene-
environmentidea is lent support by alarge epidemiological
study” done in Tennessee, USA, in which investigators
noted that infants who were born roughly 120 days before
the time of the year at which RSV prevalence was at its
peak had the highest rate of admissions to hospital for
wheezing illnesses. Follow-up revealed that the timing of
birth with respect to the peak of the winter bronchiolitis
season was also associated with a high risk for developing
asthma. These findings suggest that infants who are at
the highest risk for severe viral bronchiolitis are also most
likely to develop asthma. Moreover, they suggest that
several viral wheezing illnesses during infancy contribute
to the development of asthma. At least two prospective
birth cohort studies®” have also documented an
association between wheezing illnesses due to RSV
infection in early life and the subsequent expression of
persistent wheezing and asthma when a child begins
school.

An association between RSV infection and asthma has
not, however, been seen in all investigations. For example,
longitudinal data from Tucson Children’s Respiratory
Study®indicate that RSV infections of the lower respiratory
tract before a child is 3 years of age are associated with
subsequent wheezing and asthma in early childhood, but
not beyond age 11 years. Furthermore, Thomsen and co-
workers” assessed the association between admission to
hospital due to RSV infection and development of asthma
based on a twin registry in Denmark. They concluded that
severe RSV infections do not cause asthma but, instead,
that a genetic predisposition to both RSV bronchiolitis
and asthma exists.

HRVs are the cause of the common cold and are the
viral pathogens that most frequently cause respiratory
tract infections, but they are not limited to the upper
airway tract. Studies in several countries have implicated
HRYV infections as the cause of bronchiolitis that results
in respiratory compromise severe enough to require
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admission to hospital.** HRVs might have an important
role in asthma because they are the most common viral
respiratory infection in early life and can infect the lower
airways.”

Many factors have led to a better understanding of the
part HRVs can play in the development of asthma. First,
molecular techniques are now available to detect HRV in
respiratory secretions.”” These techniques are highly
sensitive and specific, and can use secretions obtained via
non-invasive techniques, such as a nose blow into a plastic
bag.” Second, PCR methods can detect small amounts of
virus that might not be detected by culture. Third, when
HRYV or other viruses are detected, the viral load can be
measured; large viral loads will lead to a more symptomatic
infection and a greater likelihood of asthma exacerbation
compared with small viral loads.* Finally, to differentiate
between the many HRV strains has now become possible
and, as will be discussed later, this ability has led to the
discovery of a new species, which might be strongly
associated with wheezing illnesses and asthma.»?*

To more precisely study and identify the role of
respiratory viruses in the development of asthma,
Lemanske and colleagues® established a birth cohort of
children at high risk for asthma. These children had at
least one parent with asthma or allergic disease. The
Childhood Origins of Asthma (COAST) study was
initiated in 1998, with 289 children enrolled between 1998
and 2000. Nasal lavage specimens were obtained from the
children at well child visits during their first year of life—
at 1, 4, 6, 9, and 12 months of age—and whenever they
had a symptomatic respiratory infection. For the next
5 years, nasal lavage specimens were taken only when a
child had symptomatic respiratory illnesses. When the
children were 3 years of age, the investigators assessed
the frequency of persistent wheezing.® Then at age
6 years, the 259 children remaining in the study were
tested for asthma. With this study design (figure 2), the
investigators were able to determine associations between
respiratory illnesses with early life wheezing and the
eventual development of asthma. The diagnoses of

Nasal lavage specimens obtained
during symptomatic illnesses

TITTTITTTTT
| 246 9 | |
Birth Year 1 Year 2 Year 3 Year 4 Year 5 Year 6
Nasal lavage Persistent Asthma
specimens wheezing assessment
obtained at assessment
well child
visits _— .
Timing, severity, and causes of
respiratory illnesses determined
Figure 2: Childhood Origins of Asthma (COAST) study design
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first 3 years of life

Number at top of bar=odds ratio. HRV=human rhinovirus. RSV=respiratory
syncytial virus. *p<0-05 versus no RSV or HRV. tp<0-05 versus RSV only.
Reprinted with permission from Jackson and colleagues.*®

asthma were determined independently by four clinician
investigators, in a blinded fashion and on the basis of
fulfilling several clinical criteria: diagnosis of asthma by a
physician; frequent albuterol or asthma-controller
medication use; a step-up plan during illness; with or
without oral prednisone use for an asthma exacerbation.*
On the basis of these prestudy criteria, 28% (n=73) of the
children were diagnosed with asthma at age 6 years.

In the first 3 years of the COAST study, 454 wheezing
respiratory illnesses were recorded and, in 97% of these
episodes, nasal specimens were obtained. In 90% of
specimens obtained, a viral cause was noted. HRV was
recorded in 48% of the specimens and RSV in 21% of the
specimens. Of 73 children identified with asthma, 48%
(35) had intermittent asthma, 34% (25) had mild persistent
asthma, and 18% (13) had moderate persistent asthma.

N Asthma OR (95% Cl)
n % HRV wheezing  Aeroallergen
sensitisation
First year of life 28(14-56) 36 (17-77)
No HRV wheezing/no aeroallergen sensitisation 183 38 21
No HRV wheezing/yes aeroallergen sensitisation 27 12 45
Yes HRV wheezing/no aeroallergen sensitisation 38 15 39
Yes HRV wheezing/yes aeroallergen sensitisation 7 6 86
Third year of life 256 (8:2-79-6) 34 (1.7-6-9)
No HRV wheezing/no aeroallergen sensitisation ~ 150 21 14
No HRV wheezing/yes aeroallergen sensitisation 50 18 36
Yes HRV wheezing/no aeroallergen sensitisation 16 13 81
Yes HRV wheezing/yes aeroallergen sensitisation 14 13 93
OR=odds ratio. HRV=human rhinovirus. Reprinted with permission, Jackson and colleagues.*®
Table: Contribution of rhinovirus wheezing illnesses and aeroallergen sensitisation to risk of asthma at
age 6 years
828

With this information about the detection of a
respiratory virus with wheezing illnesses, Jackson and
colleagues™ were able to establish the risk factors for
wheezing illness (due to HRV or RSV) during the first
3 years of life and a diagnosis of asthma in later life. They
reported that the risk of asthma at 6 years of age was
substantially greater if a child had had a wheezing
episode due to HRV or RSV infection at 3 years of age
than if they had had wheezing episodes only in the first
year of life. The odds ratio (OR) for asthma diagnosis at
age 6 years if the child wheezed with an RSV infection
during the first 3 years of life was 2-6 (95% CI 1-0-6-3).
When wheezing during the first 3 years of life was due to
HRYV, the OR for asthma at 6 years of age increased to
9-8 (4-3-22-0). There was no additional risk when an
individual had been infected with both viruses (figure 3).

Jackson and colleagues™ also investigated the relation
between allergic sensitisation, HRV-related wheezing,
and development of asthma in the COAST study cohort
(table). Aeroallergen sensitisation without wheezing in
the first year of life and wheezing without sensitisation
were both associated with an increased risk for asthma at
6 years of age. The frequency of asthma was highest in
infants with both sensitisation and HRV-related
wheezing. Aeroallergen sensitisation did not increase the
risk for asthma if an infant had wheezing in the first year
of life. When these comparisons were made in the third
year of life, HRV-related wheezing had a greater effect on
asthma risk (25-6 [8-2-79-6]) than had aeroallergen
sensitisation (3-4[7-7-6-9]). Again, there was no evidence
that aeroallergen sensitisation at age 3 years changed the
association between HRV-related wheezing illnesses and
the development of asthma at 6 years of age. Therefore,
during the early years of life, HRV respiratory infections
seem to be the dominant risk factor associated with the
diagnosis of asthma at age 6 years.

Kusel and colleagues” reported the risk of asthma to be
nearly doubled at 6 years of age when sensitisation to
common aeroallergens was recorded. The risk for asthma
was increased by four times if more than two respiratory
infections with wheezing were recorded during this time.
When they assessed the effect of both allergic sensitisation
and wheezing with a respiratory infection, the risk for
asthma was increased by about nine times. Therefore,
although wheezing episodes with a respiratory infection
and allergic sensitisation are independent risk factors for
asthma, their combined effect seemed to be synergistic.

Collectively, these studies implicate virus-related
respiratory-tract wheezing illnesses in the initial clinical
expression of persistent wheezing and, ultimately, in
many cases of childhood asthma. HRV has been
confirmed as the virus that contributes most to these
developments, which raises the question: do HRVs cause
asthma? Since HRV infections are so widespread in the
general population, it seems unlikely that they do. There
are several hypotheses that associate severe HRV-related
illnesses with recurrent wheezing and asthma. First,
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asthma might be fundamentally associated with
dysfunctional antiviral immune responses, such as
deficient production of interferons.”* Second, there
might be environmental factors (eg, tobacco smoke
exposure) that promote severe HRV-related illnesses,
recurrent wheezing, and asthma. Third, specific viral
strains could be more likely to cause asthma. These
hypotheses are not necessarily mutually exclusive and
will be discussed later in this Review.

The extent to which genetics determines the association
between viral infections and the development of asthma
is of much interest,” although data are sparse, especially
for the relation between HRV and the development of
asthma.** This area of research, along with the
identification of factors that regulate these interactions,
is essential to inform our understanding of why some
individuals have recurrent wheezing or asthma after viral
respiratory infections. The interplay between host risk
factors, respiratory viruses, and allergen sensitisation is
an area of much research.

Role of respiratory viruses in asthma exacerbations
Asthma exacerbations are a major cause of morbidity
for asthma patients of all ages. During the past 25 years,
major advances in research have taken place, which are
leading to an improved understanding of many aspects
of asthma exacerbations—such as a more precise
identification of infectious causes, the frequency at
which viral respiratory infections lead to asthma
exacerbation episodes, host-dependent risk factors, and
an appreciation of the synergistic role of respiratory
viruses and the atopic state.

For decades, respiratory infections were suspected to
be the major cause of asthma exacerbations. Initially,
bacterial infections were thought to cause asthma
exacerbations, but there was little evidence to support
this theory. Before the development of PCR technology,
the cause of respiratory infections associated with
exacerbations was established by cultures, which are
difficult to do and do not often support HRV growth.
Despite the recent evidence that HRVs are the main
asthma-causing respiratory infection, less than 50% of
asthma exacerbations were associated with respiratory
infections, including HRV.

The advent of PCR technology increased the number
of respiratory viruses that could be detected; the
methods were highly sensitive and specific but were
not quantitative. In 1995, Johnston and colleagues®
recruited 108 children who were 9-11 years of age and
had asthma. They were assessed for 13 months. At the
onset of a respiratory tract infection, or when asthma
worsened, respiratory tract samples were obtained and
tested with PCR-based viral diagnostics. Viral respiratory
tract infections were detected in association with 85%
of the asthma exacerbations. Nearly two-thirds of the
infections were due to HRV. Similar associations
between asthma exacerbations and viral respiratory
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tract infections, especially those caused by HRV, have
also been recorded in adults.”” Thus, the development
and application of PCR assessment has enabled a more
precise identification of respiratory viruses associated
with asthma exacerbation and focused research mainly
on the role and contribution of HRV. This striking
association was pivotal in bringing this virus to the
forefront of asthma research.

What factors contribute to an asthma exacerbation with
respiratory infections? We do not fully understand how,
and under what conditions, a respiratory infection can
provoke asthma. The interaction between the host and
the infectious agent is complex and determined by many
factors that are components of the gene—environment
interactions (figure 4).

Additional strains of several respiratory viruses,
including influenza and RSV, have been identified that
might be more pathogenic, and further strains of HRV
will also probably be identified. This identification will be
challenging because of the large number of HRV strains.
There are 99 serotypes of the virus that differ by growth in
tissue culture and inhibition by specific antisera, which
are classified into two groups (HRV-A and HRV-B) on the
basis of genetic analysis and responses to some antivirals.
Studies with molecular diagnostics have identified up to
50 additional strains of HRV.”** Most of these newly
identified strains belong to the newly discovered HRV-C
group.” Like several other newly identified respiratory
viruses, viruses in this group do not grow easily in standard
tissue culture and were discovered only after the application
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Figure 4: Factors that determine whether a respiratory infection provokes asthma
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Figure 5: Interferon-B mRNA expression from cultured bronchial epithelial cell
in response to human rhinovirus-16

Samples were obtained from healthy and asthmatic individuals and then infected
in vitro with human rhinovirus (HRV)-16. Vertical bars=95% Cl. *(p=004) patients
versus controls. Reprinted with permission from Wark and colleagues >

of molecular diagnostics. Analysis of the restricted number
of full-length genomes suggests that HRV-C probably
binds to unique cellular receptors.” The development of
tissue culture systems for these strains will enable
researchers to obtain more definitive information about
the HRV-C group.

The clinical importance of the new HRV-C strains is
the subject of much study. These viruses are often
detected in children with wheezing episodes, including
those receiving treatment in hospital,” and there is one
report of a systemic infection with HRV-C.” HRV
epidemiology is complex because around 20 strains
circulate through a community during one season.
Furthermore, the prevailing strains change almost
completely each season. In view of these complex
epidemiological patterns and the large number of
different strains, long-term population-based studies will
be needed to determine the virulence of HRV-C. If more
virulent strains of HRV are identified, the door could
open to focused preventive efforts such as vaccination for
children with asthma and other at-risk populations.

There is little evidence that asthma patients have more
colds than have healthy individuals.®** However, in a
prospective study of cold transmission,” couples were
identified for whom one partner had asthma and the
other did not. The investigators noted that colds caused
an extended duration of illness and increased severity of
lower respiratory symptoms in individuals with asthma.
These findings suggest that response to infection, but
perhaps not the frequency of infection, might differ
between some patients with asthma. Olenec and
colleagues® sampled nasal secretions every week from a
group of children with asthma and noted that the relation
between infection and resulting illness varied with the
presence of allergic sensitisation. Infection caused upper
and lower respiratory tract symptoms that were of greater

duration and severity in children with allergic asthma
than in those with non-allergic asthma. Furthermore,
viral infections were more likely to cause a loss of asthma
control in children with allergic asthma than in those
with non-allergic asthma. Finally, children with non-
allergic asthma had twice the rate of asymptomatic
infection. These findings suggest that allergic asthma is
associated with more severe illness than non-allergic
asthma after infection with respiratory viruses.

The possibility that individuals with asthma have
abnormal antiviral activity has been assessed by several
investigators who measured virus-induced cytokine
responses of peripheral blood mononuclear cells. HRV-
induced interferon-y responses were reported to be
inversely associated with viral shedding.” There is
evidence that mononuclear cell production of interferon-o
and interferon-y might be impaired in asthma,” and that
HRV-induced interferon-y responses in individuals with
asthma are positively associated with measures of
pulmonary function.” Furthermore, in airway sputum
cells, an increased Th1 response (ratio of interferon-y to
interleukin-5 mRNA), was associated with mild colds
and rapid clearance of the virus.*

In addition to these differences in interferon responses
of mononuclear and sputum cells, there is evidence that
epithelial-cell interferon responses are diminished in
asthma. Wark and colleagues® used bronchoscopy to
obtain bronchial epithelial cells for culture from individuals
with and without asthma. These cells are highly relevant to
an individual’'s susceptibility to infection because they are
the primary site for an HRV infection in the lower airway.
The investigators reported HRV-16 replication to be
increased and interferon-f3 responses to this virus to be
diminished in bronchial epithelial cells from asthmatic
patients (figure 5). The addition of interferon-f to the
HRV bronchial epithelial cell cultures from asthmatic
individuals reduced virus replication. Similarly, Contoli
and co-workers” recorded decreased interferon-A
responses in bronchoalveolar airway cells from the same
asthmatic individuals. Additionally, after inoculation with
HRV-16, a fall in lung function (ie, forced expiratory
volume in one second) was inversely proportional to
interferon-A generation previously noted (figure 6). These
data suggest that airway cells in some asthma patients
have defective antiviral responses, as evidenced by reduced
generation of interferons to HRV-16.

Not all investigations accord with this conclusion; two
groups were unable to confirm that epithelial cell
interferon responses were deficient in asthma.”™*
Moreover, studies of volunteers inoculated with HRV
have identified no pronounced differences in HRV
shedding related to asthma.” Many factors can
contribute to these differences in observations, especially
the severity of asthma in an individual under
investigation. Consequently, additional studies of
patients with asthma and naturally acquired colds will be
needed to resolve these differences.
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The mechanisms that contribute to changes in lower
airway inflammation and altered pulmonary physiology
with respiratory infections are also poorly understood. To
address these issues, Message and colleagues® assessed
responses to HRV infection in asthmatic patients and
healthy volunteers. Innoculation with HRV induced
similar illness in both groups, but substantially increased
lower respiratory symptoms, lung function impairment,
bronchial hyper-reactivity, and eosinophilic lower airway
inflammation in asthmatic individuals compared with
healthy controls. In asthmatic, but not healthy,
individuals, the virus load was strongly associated with
lower respiratory symptoms, bronchial hyper-reactivity,
and reductions in blood total and CD8+ lymphocytes;
lung function impairment was strongly associated with
neutrophilic and eosinophilic lower airway inflammation.
The same virological and clinical outcomes were strongly
related to deficient interferon-y and interleukin-10
responses and to augmented interleukin-4, interleukin-5,
and interleukin-13 responses. The augmented generation
of the Th2 cytokines interleukin-4, interleukin-5, and
interleukin-13 suggests a possible link, or risk factor,
between allergic sensitisation and susceptibility to
HRYV infection.

One of the most consistent findings in clinical studies
of asthma is that allergy and viral infections synergistically
increase the risk for acute exacerbations. For example,
Heymann and co-workers® investigated the presence of
viral respiratory tract infections in infants and children
admitted for wheezing and the relation of the patient’s
atopic status to their asthma episode. In children aged
3-18 years, there was a distinct seasonal pattern, with the
largest percentage of children admitted between
September and November. For the children aged 3 years
and older, HRV was the predominant respiratory virus
detected in those admitted for wheezing (61% vs 21% in
controls). Additionally, the wheezing children had
substantially higher serum IgE values than did healthy
controls (geometric means: 386 IU/mL vs 38 IU/mL), and
84% of the children with wheezing were sensitised to at
least one aeroallergen in their test panel. These data
suggest that allergic sensitisation, at least of children, is
an important risk factor for wheezing with an HRV
infection, and that IgE-dependent responses might also
contribute to the development of wheezing with a cold.
Additional studies in children and adults indicate that
allergic individuals who are exposed to allergens have the
highest risk for virus-induced wheezing and asthma
exacerbations.®®

Johnston and Sears®® have been instrumental in
recognising and describing the September epidemics of
asthma, which happen regularly in the northern
hemisphere, and how these events might provide novel
insights into both host and environmental factors that
lead to asthma exacerbations. In Canada, the sharp
increases in emergency department visits for acute
asthma and admissions for childhood asthma have been

www.thelancet.com Vol 376 September 4,2010

5 M Individuals with asthma B
M Healthy individuals u

-10

-15 -

Fall in FEV, decrease from baseline value (%)

-20 T T T 1
0 50 100 150 200

Generation of interferon-A (pg/mL)

Figure 6: Response to human rhinovirus infection

Bronchoalveolar lavage cells were obtained from healthy and asthmatic
individuals. FEV,= forced expiratory volume in one second. Reprinted with
permission from Contoli and colleagues.*

predictable year-to-year. As these investigators point out,
aeroallergens, air pollution, and interactions with climate
can affect asthma exacerbations. To test the hypothesis
that asthma exacerbations at the beginning of the school
year were related to viral respiratory infections, these
researchers assessed children presenting to an emergency
department during 3 weeks in September along with
community-recruited children with equally severe
asthma who did not require acute care.”” For 62% (n=>52)
of the children with asthma visiting emergency
departments, a respiratory virus was identified by PCR
detection methods; respiratory viruses were identified in
only 41% (n=150) of controls. Detection of respiratory
viruses this frequently during September probably
indicates a high prevalence of the virus at this time of the
year. As the researchers note, the beginning of the school
term is often associated with high stress levels and
increased concentrations of aeroallergens in the
environment. They conclude that although a viral
infection can be the immediate trigger for an asthma
exacerbation, these factors are likely to act together to
cause the September epidemic.

These clinical observations have led to several theories
attempting to explain how respiratory viruses interact
with allergic inflammation to cause wheezing illnesses.
Both viral infections and allergic inflammation can
damage airway epithelium, which can exacerbate
morbidity. On one hand, viral infections weaken the
barrier function of the airway epithelium, which can lead
to enhanced absorption of allergens and irritants across
the airway wall and increase allergic inflammation.* On
the other hand, HRV replication in vitro is greater in
damaged epithelium than in undamaged epithelium,
which implies that allergen-induced damage to airway
epithelium could promote viral replication and lead to
severe clinical illness.®* This notion could also apply to
pollutants and explain why exposure to toxic agents (eg,
tobacco smoke, nitrogen dioxide) also increases the risk
of viral wheeze.”* Additionally, airway epithelium in
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asthma has distinct features, including increased
numbers of mucus-secreting goblet cells; there is
laboratory evidence that HRV replication is enhanced in
these cells.”

Recent mechanistic studies have provided evidence of
an antagonistic relation between allergic inflammation
and antiviral immunity. For example, allergic
inflammation can inhibit innate immune interferon
responses under specific conditions Gill and
colleagues” suggest that cross linking or engagement of
IgE receptors on peripheral blood dendritic cells—a
major contributor to innate immune host defence
pathways—leads to inhibition of virus-induced
interferon-a secretion.” Dendritic cells can also have a
key role in allergic sensitisation, by directing the
development of naive T cells into Thl rather than Th2
cells; Th2 cells secrete cytokines that lead to IgE produc-
tion (interleukin-4, interleukin-13) and eosinophilic
inflammation (interleukin-5). Both HRV infection and
allergic inflammation induce epithelial cells to secrete
thymic stromal lymphopoietin, a cytokine that can act on
a various types of cell, including dendritic cells, to
promote Th2 differentiation, thereby enhancing allergic
inflammation.” Studies in animals suggest that biased
innate immune responses to respiratory viruses
encountered in early life could establish overproduction
of key cytokines such as interleukin-13, leading to
suboptimum antiviral responses, an increased risk for
respiratory allergies, and changes in airway structure to
promote asthma.”

Finally, in an elaborate set of studies, Subrata and
coworkers™ assessed the hypothesis that underlying
interactions between immunoinflammatory pathways
related to aeroallergen exposure and respiratory viruses
are implicated in determining and defining severe
asthma exacerbations in children. 67 children were
recruited at the time of emergency treatment for an acute
asthma exacerbation. Postnasal aspirates were obtained
along with blood samples for microarray assays of cells
during the acute and convalescent period, and leucocyte
phenotypic features were analysed by flow cytometry.
80% of the children had a respiratory virus detected, with
HRV accounting for 95% of the infections. Circulating
lymphocytes were decreased, whereas monocyte and
dendritic cell populations had upregulated expression of
the chemokine receptor CCR2 and an enhanced potential
to provoke inflammation when recruited to the lung.
These cells also had an upregulated expression of FceRIa
(a high affinity receptor for IgE) with a concomitant gene
expression signature that is representative of the
interleukin-4/interleukin-13-dependent, alternatively
activated phenotype.

Together with studies of respiratory virus infection in
mice,” these findings implicate specific components of
the innate antiviral response, such as dendritic cells,
alternatively activated macrophages, and natural-killer T
cells, in the pathogenesis of virus-induced wheeze and

asthma. Thus, underlying allergic disease seems to be
either a risk factor for wheezing with a cold or might lay
the foundations that enable the respiratory virus to
interact with airway epithelium and start the processes
leading to an asthma exacerbation. Determination of
these interactive events promises to provide insight not
only to mechanisms of asthma provoked by respiratory
viruses, but also clues to more effective treatment.

Conclusions

There are strong, reproducible data that respiratory
viruses, especially HRV, are associated with and probably
important in the development and exacerbation of
asthma. Over the past two decades we have developed
our understanding and appreciation of the complexity of
this association in terms of altered antiviral responses in
asthma and the possibility that newly recognised HRV
groups are important to this process. Many issues
remain, including the patterns of inflammation that arise
from respiratory viruses, the mechanisms of airway
dysfunction, and the many genes or gene products that
regulate these processes. Addressing these issues will be
an important step forward towards a better understanding
of asthma pathogenesis and more effective treatments.
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