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The interrelationship between virus infections and
asthma is a large subject. There are several areas of
interest, ranging from the epidemiologic approach
(association between viruses and the inception of
asthma, between bronchiolitis and subsequent
asthma, and between viruses and asthma exacer-
bations) to the cellular and molecular mechanisms
involved in these processes. In this review, I will
discuss the data available in each of these areas,
and the treatment available and in development, in
the hope of stimulating further interest in this
important subject.

Respiratory viruses
The major respiratory virus types and the diseases
they are most associated with are listed in Table 1.
Each of the respiratory viruses is capable of causing
almost any respiratory disease, from a mild
common cold to severe destructive pneumonia,
depending on the .site and dose of virus inoculated,
and the degree of host resistance. The most
common respiratory viruses in infancy are respira-
tory syncytial (RS) viruses - they cause approxi-
mately 50% of all wheezing illness, and 80% of
cases of bronchiolitis (1). Indeed, 70% of children
have been infected with RS virus by 1 year of age,
and almost all by 3 years. In older children,
rhinoviruses are the major virus type and cause
around 60% of acute respiratory illnesses (2).
Influenza viruses occur in epidemics, the frequency
and severity of which are determined by the degree
of antigenic drift, and more rarely in pandemics
associated with more major antigenic shift. Illness
can vary from mild upper respiratory infection to
severe lung infections with high mortality. Para-

influenza viruses infect all age groups and are
particularly associated with croup (laryngotracheo-
bronchitis) in young children. Adenoviruses can
cause mild colds, but are also associated with severe
pneumonia, and coronaviruses cause around 10-
15% of colds, although their ability to infect the
lower respiratory tract is not well documented.

Virus detection methods
Although a connection between upper respiratory
infections (URIs) and asthma has long been
recognized, its importance was underestimated in
most previous studies due to deficiencies in virus-
detection methods or in clinical surveillance of
subjects (3). Rhinoviruses and coronaviruses cause
around 75% of URIs, but are detected very poorly
by standard methods. Neither virus type grows well
in the cell-culture systems in use in most diagnostic
laboratories, and antibodies are not available
for immunofluorescence or serologic techniques.
Recent advances in virus-detection methods, parti-
cularly for rhinoviruses and coronaviruses, have
improved detection rates by around 3-5-foId (4-7).

Association between virus infections and
asthma exacerbations
The use of the polymerase chain reaction (PCR)
for detection of rhinoviruses has been a major
factor in two recent studies documenting the
association between virus infections and asthma
exacerbations in children and adults. In two
community-based studies, it was demonstrated
that 85% of asthma attacks in children (8) and
44% in adults (9) were precipitated by URIs.
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Table 1. Respiratory virus types and respiratory diseases associated with them

Viruses and asthma

Virus type Serotypes Common cold Asthma exacerbation Pneumonia Bronchitis Bronchiolitis

Rhinovirus

Coronavifus

Influenza

Parainfltienza

Respiratory syncytial virus

Adenovirus

1-100 (plus)

22gE and 0C43

A, B, and C

1, 2, 3, and 4

A and B

1-43

(Laryngotracheobronchitis)

+ + + Major cause; -i- + commonly associated; - i - well recognized; + occasional/rare; blank - absent.

Rhinoviruses were numerically the most important,
accounting for 60% of viruses identified in each of
these studies. These studies together have estab-
lished that respiratory virus infections are asso-
ciated with most asthma exacerbations occurring in
the community; however, neither study investi-
gated whether severe attacks of asthma leading to
hospital admission were also precipitated by virus
infections.

The last two years have also provided evidence
that respiratory viruses can also induce severe
asthma. In a time-trend analysis comparing the
seasonal patterns of respiratory infections and
hospital admissions for asthma in children and
adults (10), strong correlations were observed in
both groups. The major factor determining pedia-
tric admissions was school attendance - the peaks
of both respiratory infections and asthma admis-
sions occurred at the beginning of school terms.
These data provide strong support for the hypo-
thesis that virus infections also precipitate asthma
exacerbations leading to hospital admissions;
however, studies investigating this directly are
now required to confirm this hypothesis.

Similar time-trend analysis has been used to
investigate the possible contribution of virus
infections to asthma mortality (11). Winter peaks
in asthma mortality were observed in children
under 5 years and in adults over 45 years,
suggesting that virus infections also precipitate
asthma deaths in these age groups. Interestingly, in
asthmatic subjects aged 5-44 years, there was a
strong summer peak (July/August). The reasons for
this are presently unclear, but may include altera-
tions in use of asthma medication, or in access to
medical care during the holiday season. A further
possibility is sensitization to mould spores, as levels
of these peak at that time of year (12).

Taken together, these data suggest that virus
infections are important causes of asthma exacer-
bations, including attacks severe enough to require
hospital admission, in all age groups, but especially
in children. Attacks severe enough to lead to death
appear to be caused predominantly by virus

infections in the young and the old, but less so in
the 5-44-year age group. In these subjects, virus
infections may not cause sufficiently catastrophic
asthma to cause death - this appears to be mainly
related to other factors, probably allergen expo-
sure. Further studies directly examining the roles of
URIs and other factors such as allergen exposure in
precipitating severe asthma attacks are now
required to confirm the results of these indirect
time-trend studies.

Therapy of virus-induced asthma
exacerbations
Inhaled p-agonists and high-dose oral steroids are
partially effective at treating virus-induced asthma
exacerbations; however in the case of steroids, at
the expense of worrying side-effects. Their use in
children is undesirable for this reason, and some
adults become relatively steroid resistant as their
disease progresses. Inhaled steroids are a possible
alternative, but intervention with high-dose inhaled
steroids is only partially effective (13, 14), and
again side-effects are a concern in children. The use
of regular low-dose inhaled steroids for prevention
is unfortunately ineffective (15). Therefore, there is
an urgent need for the development of an effective
treatment for virus-induced asthma. Antiviral
therapy has been disappointing, as there are
major obstacles to the development of effective
antiviral therapy; not least, the rapid emergence of
resistant strains (16).

An alternative approach to the therapy of virus-
induced asthma is to define the factors that lead to
the development of an asthma exacerbation in an
asthmatic patient in terms of host responses to the
viral infection. A nonasthmatic person undergoing
a viral infection will develop principally upper
respiratory symptoms, frequently a cough, but little
else in the way of lower respirator)' symptoms. If
the factors leading to the development of lower
airways inflammation in virus-induced asthma can
be identified, these factors would represent targets
for the development of specific therapy aimed at
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/-7g. /. Diagrammatic representation of some important mechanisms involved in virus-induced respiratory infections.

reducing the impact of virus-induced asthma
exacerbations. A clear understanding of the
mechanisms of virus-induced asthma exacerba-
tions, and the differences from the response of a
normal subject to the same infection, will lead to
the identification of such targets. Our understand-
ing of both responses is at present very limited.

Mechanisms of virus-induced asthma
exacerbations
As the mechanisms of virus infections and of asthma
itself are both complex, those of virus-induced
asthma are therefore necessarily very complex! A
summary of some of the important mechanisms
thought to be involved is depicted in Fig. 1.

An important question to answer initially is this -
do virus infections exacerbate asthma directly by
local mechanisms consequent upon lower airway
infection, or do they infect only the upper
respiratory tract and affect the lower airway
indirectly?

Lower respiratory tract virus infections

Some types of virus are known to infect and
replicate in the lower respiratory tract, particularly
adenovirus, RS virus, and influenza virus, but the
ability of rhinoviruses to infect the lower respira-
tory tract is controversial, Rhinoviruses have an
optimum replication temperature of 33°C, which
occurs in the cooler nasal passages. The warmer
temperatures (37°C) of the lower respiratory tract
are considered less conducive to virus replication:

therefore, it has been argued that rhinovirus does
not replicate in the lung. However, there is
increasing evidence that rhinoviruses can infect
the lower respiratory tract.

We and others have demonstrated replication of
rhinoviruses in human alveolar and bronchial
epithelial cell lines in vitro at 37°C (17-20). We
have also recently compared the temperature
preferences of several rhinovirus serotypes when
cultured in vitro. Although most rhinoviruses
replicated slightly better at 33°C, some replicated
better at 37°C, and in all cases were able to reach
high titres at 37°C (21). These data suggest that the
temperature conditions and cell types present in
the lower respiratory tract permit rhinovirus
replication under laboratory conditions.

Observations made in our department during
bronchoscopy of human volunteers experimentally
infected with rhinovirus-16 revealed marked red-
ness of the throat and trachea with patchy erythema
around and beyond the carina, suggesting that
lower airways infection was likely. In a recent study
well designed to control for upper airway contam-
ination. Gem et al. used PCR to assess lower
airway rhinovirus load during experimental infec-
tions (22). Bronchoalveolar lavage (BAL) cells
were positive during the infection in over 80% of
their samples, while only 37% of BAL fluid
specimens were positive, suggesting that rhino-
viruses are able to infect the lower airway, and that
rhinovirus RNA is largely cell-associated.

In sitti hybridization to detect the rhinovirus
genomic RNA can visually distinguish between
cellular infection and contamination from the
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upper respiratory tract by demonstrating the
presence of virus within bronchial epithelial cells
in situ. In bronchial biopsies from 10 subjects (three
asthmatic and seven normal) obtained from a
previous virus infection study (23), rhinovirus-16
was detected in the bronchial epithelium of four
subjects (two asthmatic and two normal) when
taken at the height of cold symptoms (4 days after
infection). No virus was detected in the baseline
biopsies taken before the experimental cold, but
two biopsies taken 6-8 weeks after infection were
found to be positive from naturally occurring
rhinovirus infections (24),

Taken together, all these data confirm that all the
respiratory viruses (with the exception of corona-
virus, for which no data exist) are able to infect the
lower respiratory tract. What effects relevant to
asthma do they have when they get there?

Inflammatory cell recruitment in virus-induced
asthma exacerbations

Many studies have investigated the potential
mechanisms involved in virus-induced asthma
exacerbations, and several inflammatory cell
types and factors regulating their recruitment and
activation have been proposed as being important
(Fig. 1).

Neutrophils are involved in the inflammatory
response to virus in the upper airways, and the
nasal aspirates of children have increased levels of
the neutrophil chemotactic factor interleukin (IL)-
8 and the neutrophil product myeloperoxidase
during virus-induced asthma (25). Increased IL-8
levels have been reported in nasal lavage, and
levels correlated with airway hyperreactivity in
asthmatic subjects experimentally infected with
rhinovirus-16 (26). Replication of rhinovirus in
bronchial and alveolar epithelial cells in vitro
releases IL-8 (17, 20), as does infection of
monocytes (27). Gern has shown that rhinoviruses
also bind to, but do not infect, pulmonary macro-
phages, and that tumour necrosis factor-alpha
(TNF-a) secretion is induced by rhinovirus (28).
Production of IL-8 by macrophages in response to
rhinovirus has not yet been studied, but such
production seems likely given the above data.
Grunberg et al. recently reported increased stain-
ing for IL-8 in neutrophils in sputum during
experimental rhinovirus infections (29). However,
the role of neutrophils in lower respiratory tract
virus infection has not been extensively studied,
and further research is required. In particular, to
date, no studies have compared the importance of
neutrophils and factors regulating their recruitment
and activation in the normal and in the pathologic
asthmatic responses to viral infection.

Eosinophils are found in the airways in
increased numbers in asthma, and several studies
have implicated eosinophils in the association of
viral infections with asthma. Allergen-induced
eosinophil numbers were elevated in bronchial
lavage from atopic subjects during a rhinovirus
infection compared to the uninfected state (30).
Eosinophil major basic protein is increased in
nasal secretions during rhinovirus infection in
asthmatic children (31). Increased intraepithelial
eosinophil numbers were observed in bronchial
biopsies during experimental rhinovirus infec-
tions; interestingly, the eosinophil infiltrate per-
sisted longer in asthmatic subjects than normal
subjects (23). Increased eosinophil products have
also been observed in induced-sputum super-
natants from asthmatic subjects undergoing
experimental rhinovirus infections (29). Inflam-
matory cells such as eosinophils, neutrophils, and
lymphocytes, as well as the expression of the
intercellular adhesion molecuIe-1 (ICAM-1),
were also found to be significantly increased in
atopic in comparison with nonatopic subjects
experiencing natural colds (32). These data
suggest that eosinophil infiltration is probably a
crucial element of the disorder leading to clinical
exacerbations of asthma, and that identification of
the factors regulating eosinophil infiltration may
provide a target for therapy.

In addition to the eosinophil infiltrate observed in
the above experimental infection study, dense
C D 3 \ CD4-", and CD8' lymphocyte infiltration
was also observed in the epithelium and submucosa
during acute colds (23). However, there was no
difference between normal or asthmatic subjects in
the lymphocyte response, suggesting that if lympho-
cytes are important in differentiating normal from
asthmatic responses, then the difference is not likely
to lie in the number of infiltrating cells, but perhaps
it may lie in the phenotype of the cells. Respiratory
virus infections normally promote CD4' Thl and
CD8^ Tel responses with production of interferon-
gamma (IFN-y) and IL-2, which have antiviral
activities via proliferation of natural killer (NK) cells
(33). Th2 or Tc2 responses are thought to be
important in the pathogenesis of asthma, acting
via production of IL-4, which promotes isotype
switching to IgE production, and IL-5, which
promotes eosinophilic inflammation. There are
clear data to demonstrate that such responses can
be produced by viral infections in certain conditions
in animal models (34), and that CD8^ T cells may be
important in regulating this response (35). However,
there are few data to corroborate these findings in
human virus infections, although in atopic subjects
during rhinovirus infections, there is some evidence
that a Th2-like response may occur with production
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Virus infection

Fig. 2. Diagram of T-cell responses to virus infection involving
CD4" responses providing help for antibody production, but
also producing cytokines promoting allergic inflammation, and
CDS* responses involving cytotoxic activity and antiviral
cytokine production, but ahso producing cytokines promoting
allergic inflammation. Physiologic balance between these two
responses results in effective immunity; imbalance toward type-
2 response leads to allergic disease.

of IL-5 (36). There is also evidence that during RS
virus bronchiolitis in infants, there is an imbalance in
the immune response to a type-2 response (37). The
balance between type-1 and type-2 responses to
virus infection is depicted in simplified form in Fig. 2.
In fact, in reality, a balance between both responses
is necessary for effective immune responses to occur.
Type-1 responses are important for antiviral cyto-
kine production, NK activity, nd cytotoxic lympho-
cyte activity, while type-2 responses are important
for IL-6 production and isotype-switching to IgA
production (the most important immunoglobulin for
antiviral activity). Excessive responses of either type
are harmful, excessive type-2 responses leading to
increased allergic inflammation, and excessive type-
1 responses leading to increased inflammation
mediated by IFN-y-positive CD4"' T cells (38).
The possible role of Thl/2 and Tcl/2 responses in
virus infections in asthmatic and normal subjects
clearly requires further investigation, as does the
role of the factors regulating Th and Tc responses.

Mechanisms of cellular recruitment in virus-induced
asthma exacerbations

Respiratory epithelial cells are the initial site of
virus entry and replication, and have the capacity
to produce/express many biologically active

molecules implicated in cell recruitment in
virus-induced asthma, including many cytokines
and adhesion molecules. In vitro studies demon-
strate that rhinovirus infection of respiratory
epithelial cells induces its own receptor, ICAM-
1 (39-41). lCAM-1 is important in the pathogen-
esis of asthma, and its increased expression by
rhinovirus infection may play a role in the
retention and activation of intraepithelial lym-
phocytes and eosinophils. A recent in vivo study
has confirmed the findings of the in vitro studies,
by demonstrating increased bronchial epithelial
ICAM-1 staining during experimental rhinovirus
infections (42). Similar data demonstrated that
RS virus infection of bronchial epithelial cells also
increased ICAM-1 expression, indicating that this
response may be common to many respiratory
virus types (43, 44). Clearly, therefore, the factors
regulating the induction of ICAM-1 expression by
respiratory viruses may represent attractive tar-
gets for the development of novel therapeutic
interventions.

The eosinophil infiltrate observed in asthmatic
subjects during viral infection may also result from
epithelial cell production ofcytokines/chemokines
with direct effect on eosinophil recruitment and
activation. For example, RANTES is a potent
eosinophil chemoattractant and activator, and its
levels are increased in nasal aspirates from
children with virus-induced exacerbations of
asthma (31). RANTES production is increased
in vitro in primary bronchial epithelial cells
infected by influenza type A, RS virus, and
rhinovirus (45,46, Johnston, unpublished observa-
tions), and chemokine receptor expression and the
response of the epithelial cells to chemokine
stimulation are also both increased (47). There-
fore, local autocrine activation of epithelial cells
by rhinovirus infection, mediated by chemokines,
may play a prominent role in virus-induced
asthma exacerbations. However, these findings
need to be confirmed in vivo, and their relative
importance in asthmatic and normal subjects
investigated, before chemokines can be put
forward as candidate targets for therapeutic
intervention. Furthermore, the above findings
relate to a single chemokine, while there are
other new chemokines with potent effects on
eosinophil chemoattraction and activation, such as
eotaxin and MCP-4 (48).

MlPla is another chemokine of great interest, as
it is induced in monocytes exposed to rhinovirus
(Johnston, unpublished observations), is found in
increased amounts in nasal aspirate samples during
wild-type virus infections (31), and is essential for
the cellular immune response to respiratory virus
infection in animal studies (49).
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Induction of bronchial hyperresponsiveness in
virus-induced asthma exacerbations

The presence of nonspecific bronchial hyperre-
sponsiveness is an important feature of asthma, and
the induction of nonspecific bronchial hyperre-
sponsiveness is a well-documented result of viral
infection in normal, allergic, and asthmatic subjects
(50-53). Although this induction has not been
observed in all studies (54), this discrepancy in
observations is probably related to differences in
virus dose used and/or in the inoculation method
(55), The induction of nonspecific bronchial
hyperresponsiveness by respiratory viral infection
is a physiologic process that may clearly have
relevance to virus-induced asthma exacerbations.
However, the mechanisms of this induction are not
clear.

Mechanisms of induction of bronchial
hyperresponsiveness in asthma exacerbations

One way in which an infection may cause an
increase in vagally mediated bronchoconstriction is
through a respiratory tract viral infection causing
loss of function of the neuronal M2 muscarinic
receptor.

Increased activity of the cholinergic nervous
system after a viral infection was first suggested by
Empey et al., who showed that during a naturally
acquired viral infection normal subjects demon-
strated increased reactivity to histamine compared
to control noninfected patients (50). Furthermore,
this hyperreactivity was prevented when the
subjects were pretreated with atropine, indicating
that the hyperreactivity was due to increased
cholinergic activity. A similar finding has also
been reported by Aquilina et al. (51). In animal
studies, a number of groups have demonstrated an
increase in vagally mediated hyperreactivity after a
viral infection (56, 57). Thus, there is evidence in
both animal models and in man that a viral
infection results in an increase in vagally mediated
bronchoconstriction.

It has been shown that infection with para-
influenza virus causes loss of function of pulmonary
neuronal M2 muscarinic receptors in guinea-pig or
rat lungs (58,59). The loss of function is due in part
to a directly toxic effect of the virus, especially
when there is a heavy infective burden. However,
in animals that are less severely infected, the loss of
function may be due to an indirect, inflammatory
cell-mediated effect (60).

There is now considerable evidence that eosino-
phils may be pathogenically important in virus-
induced exacerbations of asthma, and also a great
deal of evidence that eosinophils, particularly

eosinophil major basic protein, are responsible
for the lost function of the M2 muscarinic receptor
both in antigen-challenged animals and in asthma
patients (61-65). Further evidence supporting the
possible role of eosinophils in virus-induced asthma
exacerbations, particularly vagally mediated bron-
chial hyperreactivity, is the observation that
eosinophils accumulate around airway nerves in
patients with fatal asthma (62). Studies focused on
the possible role of eosinophil proteins in the loss of
function of neuronal M2 muscarinic receptors in
virus-induced asthma exacerbations are now
urgently required.

Sensory C fibre stimulation is another mechan-
ism that may be important in virus-induced
bronchial hyperresponsiveness. Stimulation of
these fibres may result in bronchoconstriction via
the brainstem, or by local release of substance P
and neurokinin A. These neuropeptides have many
properties that make them prominent candidates to
be mediators in allergic inflammation, and they are
implicated in virus-induced bronchial hyperrespon-
siveness (66). In addition, their levels may also be
increased in virus respiratory infections by reduc-
tions in the activity of̂  the enzyme that inactivates
them (neutral endopeptidase) consequent upon
epithelial cell damage (67).

Nitric oxide (NO) is a potent mediator which has
potentially harmful and protective effects in the
pathogenesis of asthma. However, recent studies
suggest that NO may have a protective effect
against virus-induced airway hyperresponsiveness.
De Gouw et al. (68) have found a relationship
between rhinovirus-induced increases in NO levels
and protection from increased bronchial hyperre-
sponsiveness in experimental rhinovirus infections.
Folkerts et al. (69) previously showed the same
during parainfluenza virus type-3 infections in
guinea pigs, and that infusion of a NO donor
protected against virus-induced bronchial hyperre-
sponsiveness. Finally, Sanders et al. (70) have
shown that NO donors reduced rhinovirus-induced
cytokine release from a bronchial epithelial cell
line, and that NO has antirhinoviral activity in vitro.
These data suggest that NO donors may represent a
new therapeutic approach in virus-induced airway
hyperresponsiveness.

As well as its probably important role in the
induction of infiammatory cell recruitment and
activation, cytokine induction is also likely to play
an important role in the induction of bronchial
hyperresponsiveness. The proinflammatory cyto-
kine IL-6 was found to be induced by rhinoviruses
(18), and IL-6 was also increased in the sputum
of rhinovirus-infected asthmatic subjects (29).
Another recent, possibly important candidate for
a role in the pathogenesis of virus-induced asthma
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is the related cytokine IL-11, Several viruses,
including RS and parainfluenza viruses and rhino-
virus, strongly stimulated production of IL-11 by
stromal cells. Furthermore, it was detected in nasal
aspirates from children with URI, and its levels
correlated with clinically detectable wheezing (71).
Since overexpression of IL-11 in airways has been
shown to produce airway inflammation, airway wall
thickening, and bronchial hyperresponsiveness
(72), the induction of this cytokine by virus
infections suggests that it may play an important
role in virus-induced bronchial hyperresponsive-
ness and asthma.

Mechanisms of virus-induced cytokine production

The degree of redundancy among cytokine func-
tions may suggest that even if one important
molecule's functions can be blocked, another
related molecule may fulfil a similar role, thereby
rendering a treatment aimed at one specific
molecule ineffective. Studies have recently started
to examine the mechanisms of rhinovirus induction
of proinflammatory cytokines and adhesion mole-
cules, in order to determine whether there is a
common mechanism, such as transcription factor
activation.

We have demonstrated that induction of IL-8
occurs via activation of the transcription factors
AP-1 and NFKB (73), while that of ICAM-1 occurs
via NFKB alone (41). Zhu et al. (18) studied the
intracellular mechanisms of IL-6 induction -
factors binding to the NFKB transcription factor-
binding site on the IL-6 promoter were again
shown to be important. These in vitro data suggest
that inhibition of NFKB might suppress rhinovirus
induction of a number of proinflammatory cyto-
kines and therefore reduce the severity of
rhinovirus-induced asthma exacerbations. Similar
data also indicate an important role for NFKB in
RS virus induction of IL-la, IL-6, IL-8, and IL-11
(74, 75). However, other workers have found
NFlL-6 to be required as well as NFKB (76, 77).
These data suggest that inhibition of more than
one transcription factor, or transcription factor
family, may be required to downregulate virus-
induced cytokine synthesis. Of interest is the fact
that aspirin, which is known to inhibit NF/cB
activation, inhibited RS virus induction of all the
above cytokines in vitro (74).

The potential roles of these transcription factors
have been suggested by in vitro studies, but in vivo
confirmation is required. Furthermore, it is not
known yet whether blocking the activity of a single
transcription factor is sufficient to inhibit virus
induction of proinflammatory cytokines either
in vitro or in vivo, as it is not known what effect

aspirin has on other transcription factor activities
(78). Nevertheless, activity blocking several of the
right transcription factor families (those impli-
cated in disease) might still be a desirable property
of a potential treatment. Further studies on the
interactions between virus infection and transcrip-
tion factors and their blockade are clearly
required.

Such interesting observations on the pathogen-
esis of virus-induced asthma exacerbations are
beginning to suggest new candidate molecules
that might represent targets for novel therapeutic
interventions. It is hoped that further advances in
our understanding of the cellular and molecular
mechanisms involved will lead to clearer identi-
fication of such targets, and the development of
blocking strategies suitable for testing in the
clinic.

Virus infections and allergic sensitization
A further subject attracting considerable recent
attention is the interaction between virus infections
and the development of allergy or asthma. It is
known that simultaneous virus infection and
positive specific IgE for inhalant allergens have a
much higher odds ratio for the development of
wheezing than any of the factors alone (79).
Schwarze et al. (80) used a murine model to
demonstrate that RS virus infection not only
produces airway hyperresponsiveness in the acute
phase, but also subsequently enhances allergen
sensitization, both phenomena being associated
with pulmonary eosinophilic infiltration. A further
recent study in mice has demonstrated that acute
infection with either RS virus or influenza virus
greatly enhances allergic sensitization to inhaled
allergen, in association with anaphylaxis and
increased specific IgGl (81). An enhanced reaction
to allergen inhalation in allergic patients experi-
mentally infected with rhinovirus has also been
demonstrated (30).

These data suggest that concurrent virus infec-
tion can increase the airway response to allergens
(by increasing penetration of allergens through the
damaged epithelium?), but little is known about a
possible reverse interaction. Effective virus clear-
ance requires effective Thl-type responses.
Asthma is clearly associated with Th2-type
responses, and might therefore be expected to be
associated with less efficient virus clearance or
more severe infections (Fig. 2). Several studies
confirm that asthmatic subjects have more severe
symptoms during virus infections (3), but it is not
currently known whether the virus load or resi-
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dence time is greater in asthmatic than normal
subjects.

Does RS virus bronchiolitis lead to the
development of asthma?
In addition to the above observations indicating
that viral infection can increase allergic sensitiza-
tion, several studies have found an increased
incidence of asthma in children with a history of
childhood bronchiolitis. A recent study comparing
cases of RS virus bronchiolitis in children found a
23% incidence of asthma compared with 1% in
matched control cases (82). These data suggest
either that the development of bronchiolitis (as
opposed to uncomplicated upper respiratory RS
virus infection) with early RS virus infection is a
marker for the later development of atopy and
asthma, or that severe infection with RS virus
leading to bronchiolitis actually plays a causal role
in redirecting the immune response toward a Th2
phenotype, and contributes directly to the risk of
developing asthma later in life. There are some
in vitro data to support the latter hypothesis, in that
responses to certain RS virus proteins can lead to
the development of lung eosinophilia and Th2-type
cytokine release (83). In vivo data also support this
hypothesis (37), although the distinction between
RS virus bronchiolitis serving as a marker for, or
acting as a causative event in the later development
of, asthma can be achieved only by the execution of
appropriately designed prospective follow-up stu-
dies.

The role of respiratory virus infections in
the inception of asthma
It is disputed whether exposure to a respiratory
viral infection in the first months of life can
predispose to or protect against the development
of atopy and asthma (84). The above data confirm
that concurrent respiratory viral infection and
allergen exposure lead to increased allergen
sensitization compared with allergen exposure
alone. These data and those on the role of RS
virus bronchiolitis in the later development of
allergy would suggest that childhood respiratory
viral infection is likely to increase the risk of
development of allergy or asthma.

It has been argued that a decline in recent years
in the incidence of serious infectious diseases such
as tuberculosis, measles, and whooping cough,
combined with a trend toward smaller families,
less overcrowding of homes, and improved sanita-
tion, resulting in fewer childhood respiratory viral
infections, has, paradoxically, caused an increase in
the incidence of atopy and asthma in developed

countries (85). West African children infected with
wild-type measles virus during measles epidemics
(producing severe illness, and therefore, presum-
ably, marked Thl-type response) were less likely to
become atopic than those that had been vaccinated
with measles vaccine (presumably producing a
much more mild immune response) (86). Atopy
was also less likely in Italian students seropositive
for hepatitis A (87) and in Japanese children with
positive delayed-type hypersensitivity responses to
Mycobacterium tuberculosis (88). The number of
older siblings was inversely related to development
of atopy, presumably because of the higher number
of infections circulated within larger families (85).
These studies support the hypothesis that the early
exposure of infants to infectious agents stimulates
their naive immune system in some way that
reduces the potential development of allergy later
in life, possibly by stimulating a Thl-like lympho-
cyte expansion which suppresses Th2 lymphocyte
responses associated with atopy.

Animal studies support this hypothesis in that it
has been shown that pulmonary infection with
attenuated M. bovis given 4 or 12 weeks before
allergen challenge reduced allergen-induced airway
eosinophilia and T-cell IL-5 release in a murine
model of asthma (89). The same effect was not
observed in IFN-y receptor-deficient mice, suggest-
ing that IFN-y production in response to the
mycobacterial infection was an important mechan-
ism in the protective effect.

Similar results have been recently reported with
subcutaneous killed M. vaccae (90). In this study,
bacterial infection was administered after the
allergen response was established, but it still
inhibited IgE levels and T-cell IL-5 production.

It is likely that the dose and perhaps route and
timing of such infections are important in deter-
mining the degree of protection against Th2-type
responses, as early BCG vaccination offered no
protection against the development of asthma (91).
These data agree with those of Shirakawa et al.,
who showed that infection sufficient to produce
delayed-type hypersensitivity responses to M
tuberculosis protected against the presence of
atopy, while BCG vaccination in the absence of
delayed-type hypersensitivity responses did not
(88).

Concluding remarks
Respiratory viruses, particularly rhinovirus in all
age groups, and RS virus in infants and young
children, are important triggers of acute exacerba-
tions of wheezing illness or asthma. The mech-
anisms involved in virus-induced asthma
exacerbations are complex and incompletely

929



Johnston

understood. The available evidence implicates
infiltration of lymphocytes, eosinophils, and neu-
trophils. The proinflammatory products of these
cells and of virus-infected epithelial cells them-
selves play complex and interacting roles in
producing lower airway inflammation, A clearer
understanding of the important regulating mole-
cules in this process is likely to lead to identification
of targets for development of novel therapeutic
interventions for the future. At present, high-dose
inhaled or oral steroids are the mainstay of
treatment, although response is unsatisfactory.

The role of respiratory virus infections early in
life, particularly with rhinovirus and RS virus, is
controversial. There is good evidence that infec-
tions inducing strong type-1 immune responses
(including frequent respiratory virus infections) can
lead to reductions in allergic sensitization, and
therefore, perhaps, to reductions in asthma. How-
ever, there is also direct evidence that virus
infection at the time of allergen exposure can
increase allergic sensitization, and that RS virus
bronchiolitis is at least a marker for the later
development of asthma, and may even play a
causative/contributory role by inducing type-2
responses in certain circumstances. These data
appear to be contradictory, but different responses
may easily occur at different times of life, in
different environmental circumstances, with differ-
ent viruses and in different hosts!

I hope that strategies (be they bacterial or viral,
infections or vaccinations, or indeed simulations
thereof such as the action of IL-12 or IFN-y) aiming
to promote type-1 responses in those with excessive
type-2 responses (atopic or asthmatic subjects) can
in the future reduce the impact of allergic disease.
It is also to be hoped that more effective antiviral or
anti-virus-induced inflammation therapy will
reduce the impact of acute virus infections on
asthma exacerbations and allergic sensitization
occurring during the acute respiratory illness.
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