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Abstract

Viral respiratory infections are closely associated with wheezing illnesses and exacerbations of
asthma throughout childhood, and yet there are a number of remaining questions pertaining to the
specific nature of this relationship. Infection with an expanding list of respiratory viruses is an
important cause of acute wheezing in infancy, and viruses are detected in most exacerbations of
asthma throughout childhood. Furthermore, infants who develop severe viral respiratory infections
are more likely to have asthma later in childhood. There has been progress in understanding the
pathogenesis of viral respiratory illnesses, and this has led to new insights into how these
processes might differ in asthma. Several host factors, including respiratory allergy and virus-
induced interferon responses, modify the risk of virus-induced wheezing. In the absence of
effective antiviral therapies, treatment of virus-induced wheezing and exacerbations of asthma can
be challenging, and studies evaluating current treatment strategies are reviewed. Understanding
the host-pathogen interactions that determine the severity of respiratory illnesses and long-term
sequelae is likely to be of great help in identifying at-risk individuals, and in designing new and
more effective treatments.
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Viral respiratory infections are closely associated with wheezing illnesses and asthma in
children of all ages. In infancy, infections with respiratory syncytial virus (RSV) usually
cause mild-to-moderate respiratory illnesses, but some babies develop severe coughing,
wheezing, and in some cases, hypoxia. In addition to producing significant morbidity in the
short term, these severe infections are also associated with an increased risk of asthma later
on in childhood. In older children and adults, infections with common cold viruses such as
rhinoviruses (RV), which produce relatively mild respiratory symptoms in most individuals,
can cause severe coughing, wheezing, and obstruction to airflow. A feature that is common
to both scenarios is that, throughout childhood, there are a group of individuals who have an
increased susceptibility to develop severe respiratory illnesses with viral infections. In the
following sections, the interactions between viral infections and asthma will be explored in
detail, with an emphasis on current concepts related to pathogenesis of viral respiratory
illnesses and implications for treatment of asthma.
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Infections and Wheezing in Infancy

Bronchiolitis is the most common wheezing illness in infancy, and shares many clinical
features with childhood asthma. RSV causes up to 70% of these episodes in the wintertime,
whereas RV cause similar illnesses throughout the year. Parainfluenza viruses, influenza
viruses, metapneumoviruses, coronaviruses, and bocaviruses are less frequent causes of
wheezing.12

Long-term studies have provided insight into the relationship between bronchiolitis in
infancy and the subsequent development of asthma. For example, the Tucson Children’s
Respiratory Study group reported results of a prospective study involving 880 children who
were enrolled at birth, followed for the development of lower respiratory tract illnesses in
the first 3 years of life, and then evaluated for the presence or absence of physician-
diagnosed asthma and/or a history of current wheezing at ages 6 and 11 years.3 RSV
bronchiolitis increased the risk for both frequent (>3 episodes of wheezing per year) and
infrequent (3 episodes of wheezing per year) wheezing; however, the risk decreased
gradually with age and became nonsignificant by age 13. These data together with
information from other sources*® indicate that more severe RSV illnesses contribute
substantially to the risk of recurrent wheezing and possibly asthma in early childhood, and
also suggest that other cofactors (eg, genetic, environmental, developmental) contribute to
the initiation or disease severity of asthma over time.

It seems that other viral infections during infancy and early childhood that infect the lower
airway (eg, rhinovirus, parainfluenza, and influenza A) can also be associated with chronic
lower respiratory tract symptoms including asthma.® Indeed, recent data would indicate that
bronchiolitis induced by viruses other than RSV may be associated with an even greater risk
for childhood asthma.”8

Viral Infections and Exacerbations of Asthma

With the development of sensitive diagnostic techniques for respiratory viruses, information
linking common cold infections with exacerbations of asthma has come from a number of
sources. Prospective studies of subjects with asthma have demonstrated that up to 85% of
exacerbations of asthma in children, and close to half of such episodes in adults, are caused
by viral infections.®10 Although many respiratory viruses can provoke acute asthma
symptoms, RV are most often detected, especially during the spring and fall RV seasons. In
fact, the spring and fall peaks in hospitalizations because of asthma closely coincide with
patterns of RV isolation within the community.1! Influenza and RSV are somewhat more
likely to be associated with acute asthma symptoms in the wintertime, but seem to account
for a smaller fraction of asthma flares. Furthermore, RV infections are frequently detected in
children over the age of 2 years who present to emergency departments with acute
Wheezigg,12 and in adults, are detected in approximately half of asthma-related acute care
visits.1

It is interesting that individuals with asthma do not necessarily have more colds, and neither
the severity nor the duration of virus-induced upper respiratory symptoms are enhanced by
respiratory allergies or asthma.1415 In contrast to findings in the upper airway, a prospective
study of colds in couples consisting of 1 asthmatic and 1 normal individual demonstrated
that colds cause greater duration and severity of lower respiratory symptoms in subjects with
asthma.1® These findings indicate that asthma-related differences in the expression of
respiratory viral infections are specific to the lower airway.

Together, these studies provide evidence of a strong relationship between viral infections,
particularly those caused by RV, and acute exacerbations of asthma. It has yet to be
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resolved, however, whether viral infections alone are sufficient to initiate an acute asthma
attack, or if cofactors are needed. Notably, inoculation of subjects with asthma with RV does
not usually provoke bronchospasm.16 Moreover, there is evidence that viral infections may
exert synergistic effects together with other stimuli for asthma symptoms. For example, the
effects of colds on asthma may be amplified by exposure to allergens,” and possibly by
exposure to greater levels of air pollutants.18

In addition to provoking asthma, RV infections can also increase lower airway obstruction
in individuals with other chronic airway diseases (eg, chronic obstructive lung disease,
cystic fibrosis),1920 and in infants’ and the elderly.2! Thus, common cold viruses that
produce relatively mild illnesses in most people can cause severe pulmonary problems in
selected individuals.

The Hygiene Hypothesis and Viral Infections

It has been suggested that some viral or bacterial infections might actually protect against
the subsequent development of allergies and asthma. This controversial theory, termed the
“hygiene hypothesis,” was first suggested by David Strachan who noted that the risk of
developing allergies and asthma is inversely related to the number of children in the
family,22 an observation that has been confirmed in subsequent studies.?® This finding has
led to speculation that infectious diseases, which are more likely to be transmitted in large
families (or day care centers),2425 could modulate the development of the immune system in
a manner to reduce the chances of developing allergies. However, there is no evidence that
viral infections of the respiratory tract protect against either allergies or asthma, and in fact,
bronchiolitis and pneumonias in infancy indicate an increased risk of subsequent asthma.
This has led to speculation that the site of infection might also be an important factor related
to asthma risk, and it is possible the gastrointestinal infections are protective.

Other epidemiologic and biologic factors that have been considered to influence the
development of allergic sensitization and/or asthma include early exposure to pets, a farming
lifestyle, alterations in bacterial flora of the gut, and increased use of antibiotics.2
Furthermore, exposure to high levels of endotoxin in the home, such as occurs in
farmhouses, is associated with reduced rates of allergy and an enhanced number of
interferon (IFN)-producing cells in peripheral blood.2”28 Collectively, these studies suggest
that exposure to microbes may have a greater effect than actual infections on immune
development and the risk of atopy and asthma.

Antiviral Responses and Virus-Induced Inflammation

Respiratory symptoms are likely to be the result of 2 factors: destruction of normal airway
tissue as a result of direct effects of the virus, and proinflammatory immune responses to the
infection. For viruses such as RV, which infect relatively few cells in the airway,2%:30
inflammatory responses may be the driving force for airway symptoms and lower airway
dysfunction.

Viral respiratory infection begins when a small amount of virus is inoculated into the
respiratory epithelium, which serves as the site of viral replication, but also helps to initiate
antiviral responses. Virus-induced damage to the epithelium can disturb airway physiology
through a number of different pathways. For example, epithelial edema and shedding
together with mucus production can cause airway obstruction and wheezing. Virus-induced
epithelial damage can also increase the permeability of the mucosal layer,3! perhaps
facilitating allergen contact with immune cells, and leaving neural elements exposed.
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The processes associated with viral replication trigger both innate and adaptive immune
responses within the epithelial cell. Virus attachment to cell surface receptors may initiate
some immune responses. For example, RSV infection activates signaling pathways in
airway epithelial cells through the surface molecule toll-like receptor-4.32 In addition to
receptor activation, the generation of oxidative stress during viral infections can activate
epithelial cell responses.33 Viral replication leads to the production of double-stranded RNA
(dsRNA), which is a potent stimulator of antiviral and proinflammatory responses. DsRNA
can bind to cell surface receptors (toll-like receptor-3),34 and intracellular proteins, such as
the dsSRNA-dependent protein kinase and retinoic acid-inducible gene 1, to activate
important components of the innate antiviral immune response.32:36 Through this
mechanism, viral replication induces the generation of nitric oxide, activation of RNase L,
and inhibition of protein synthesis within infected cells. In addition, dSRNA generated
during viral infections promotes the activation of chemokine genes that recruit inflammatory
cells into the airway.3’ Thus, host cell recognition of dsRNA is an important pathway for the
initiation of multiple and antiviral and proinflammatory pathways within the cell.

Once replication is underway and large numbers of newly synthesized viral particles are
released into the airway, mononuclear cells join the antiviral response. Monocytes,
macrophages, and presumably dendritic cells, secrete IFNs, proinflammatory cytokines, and
chemokines in response to viral infection.38:3% The coordinate expression of adhesion
molecules and secretion of chemokines by airway cells provides a potent stimulus for
inflammatory cell recruitment. The majority of the cells recruited to the airway are
neutrophils, with smaller changes in mononuclear cells and, in some studies, eosinophils.
Products of neutrophil activation are likely involved in obstructing the airways and causing
lower airway symptoms. For example, the release of the potent secretagogue elastase from
activated neutrophils can upregulate goblet cell secretion of mucus.#C In addition, changes in
interleukin (IL)-8 levels in nasal secretions have been related to respiratory symptoms and
virus-induced increases in airway hyperresponsiveness,*1:42

Lymphocytes are recruited into the upper and lower airway during the early stages of a viral
respiratory infection, and it is presumed that innate and adaptive immune responses serve to
limit the extent of infection, and to clear virus-infected epithelial cells. This is consistent

with reports of severe viral lower respiratory infections in immunocompromised patients.*3

Effects of Viral Infections on Airway Hyperresponsiveness

Information derived from animal models, as well as clinical studies of natural or
experimentally-induced viral infections, indicate that viruses can enhance airway
hyperresponsiveness, which is one of the key features of asthma. Clinical studies of human
volunteers inoculated with common cold viruses have generally shown that viral infections
cause mild increases in airway responsiveness during the time of peak cold symptoms, and
that these changes can last for several weeks.*4 A heightened sensitivity to inhaled irritants,
as well as greater maximum bronchoconstriction in response to these stimuli have both been
observed. The mechanism of virus-induced airway responsiveness is likely to be
multifactorial, and contributing factors are likely to include impairment in the inactivation of
tachykinins, virus effects on nitric oxide production, and virus-induced changes in neural
control of the airways.*®

Host-Pathogen Interactions and Outcomes of Viral Infections

The nature of the relationship between wheezy viral respiratory illnesses in infancy and
subsequent asthma is the subject of ongoing debate (Fig. 1). Can severe viral respiratory
infections in the first years of life damage development of the lungs and/or immune system
to actually cause asthma? Alternately, do respiratory viral infections merely provide the
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“first excuse to wheeze” for infants who are predisposed to asthma? These questions have
been addressed in experimental models involving animals or cultured airway cells, as well
as in clinical studies to identify predisposing factors. To date, risk factors for bronchiolitis
include young age, especially the first 6 months of life, small lung size, and exposure to
tobacco smoke.*8 In addition, several genetic factors modify the risk of RSV-induced
wheezing, including polymorphisms in genes encoding surfactant proteins, cytokines, and
chemokines.4” These genetic studies, as well as a number of studies implicating atopy as a
risk factor for virus-induced wheeze and asthma, have provided a rationale to identify
specific immunologic mechanisms.

Allergy and Antiviral Responses

Several studies have addressed the possibility that allergic individuals may have impaired
antiviral responses, and as a result develop more extensive infections, leading to severe
airway obstruction and wheezing. In infants, a number of studies have evaluated whether
allergy, atopic dermatitis, or a family history of allergy increase the risk of acute
bronchiolitis during RSV epidemics; however, these studies have yielded conflicting results.
The converse has also been evaluated in clinical studies, and although most studies have
concluded that severe RSV infection does not promote allergy,348 this too is not without
controversy.4?

Despite the uncertainty regarding interactions between allergy and viral infections in
infancy, there is convincing evidence to implicate respiratory allergy as a risk factor for
wheezing with common cold infections later on in childhood. In studies conducted in an
emergency department, risk factors for developing acute wheezing episodes were
ascertained.1? Individual risk factors for developing wheezing included detection of a
respiratory virus, most commonly RV, positive allergen-specific IgE as detected by RAST
testing, and evidence of eosinophilic inflammation. Notably, viral infections and allergic
inflammation synergistically enhanced the risk of wheezing. Furthermore, experimental
inoculation with RV is more likely to increase airway responsiveness in allergic individuals
compared with nonallergic individuals.> Finally, the risk of hospitalization among virus-
infected individuals is increased in patients who are both sensitized and exposed to
respiratory allergens.1’ These findings provide strong evidence that individuals with
respiratory allergies or eosinophilic airway inflammation are at increased risk for virus-
induced wheezing. This concept has been difficult to model using experimentally-induced
colds, however, as allergen administration before inoculation did not enhance symptoms of
the cold.51:52

Viral infections could interact with allergic inflammation to promote airway dysfunction
through several mechanisms. For example, viral infections could damage the barrier
function of the airway epithelium, leading to enhanced absorption of aeroallergens across
the airway wall and enhanced inflammation.>3 In addition, generation of various cytokines
[tumor necrosis factor (TNF)-q, IL-1/, 1L-6], chemokines (CCL3, CCL5, CCL2, CXCLS8),
leukotrienes, and adhesion molecules (ICAM-1) may further upregulate cellular recruitment,
cell activation, and the ongoing inflammatory response.>* The latter concept is supported by
studies that have used the techniques of experimental viral inoculation, allergen challenge,
and bronchial lavage to define mechanisms of interactions between virus and allergen-
induced inflammation. These studies have demonstrated that RV infections can enhance
lower airway histamine responses and eosinophil recruitment in response to allergen
challenge.>>-°7
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Immunologic Factors and Respiratory Infections

Animal models of respiratory viral infection strongly suggest that cellular immune responses
and patterns of cytokine production may be related to the outcome of respiratory infections.
For example, the Brown Norway rat has been shown to develop a chronic and episodic
airway obstruction that resembles asthma in response to Sendai virus infection during the
weanling period.>8 Notably, this syndrome does not develop if full-grown rats are infected.
Immune responses to virus are also markedly abnormal in this rat strain compared with
others, and in particular, IFN-y responses are impaired in young rats, although the responses
normalize with maturation.5%:60 Exogenous administration of IFN-y at the time of infection
prevents many of the features of the chronic airway dysfunction, suggesting that this is a
cause and effect relationship.61 These findings suggest that IFN-y is an important
determinant of the airway response to viral infection, and also indicate that the stage of lung
or immune development may also be a crucial factor. The latter principal is further
supported by a model of Sendai virus infection in the mouse, in which infection of mice at
7-9 weeks of age was found to induce chronic airway remodeling and hyper-reactivity of
the airways.%2

This same concept has been tested in a limited number of studies involving humans. For
example, reduced peripheral blood mononuclear cell production of IFN-y both during and
months after RSV has been observed in only those children who develop subsequent
asthma.®3 Additional information has been obtained by evaluating immune responses in
volunteers inoculated with a strain of RV. In these studies, strong IFN-y responses to virus
in blood mononuclear cells were associated with reduced viral shedding.%* In addition,
stronger T1-like response in sputum cells (higher IFN-/1L-5 mRNA ratio) during induced
colds was associated with milder cold symptoms, and also more rapid clearance of the
virus.16 Interestingly, there is evidence that production of IFN-g, IFN-y, and IFN-A in
response to respiratory viruses may be impaired in asthma.85-87 Furthermore, virus-induced
secretion of IFN-y is positively related to lung function in subjects with asthma.%®
Collectively, these experimental findings suggest that the impaired IFN could promote more
severe clinical manifestations of viral respiratory infections in asthma.

Implications for Treatment

Virus-induced coughing and wheezing lead to significant morbidity, and can be particularly
difficult to treat. Potential treatments include the use of bronchodilators, anti-inflammatory
agents, and strategies based on an antiviral approach to either prevention or treatment of
acute wheezing. These strategies are reviewed in the following sections.

Bronchodilators

Bronchodilators produce only modest short-term improvements in clinical features of mild
or moderately severe bronchiolitis; and do not affect the rate or duration of
hospitalization.59:70 Given the high costs and uncertain benefit of this therapy,
bronchodilators are not recommended for routine management of first time wheezers. In
children with established asthma, bronchodilators are first-line therapy for acute respiratory
symptoms whether or not viruses are the cause. Unfortunately, virus-induced airway
obstruction may be less responsive to traditional bronchodilators than acute symptoms
resulting from other causes.”!

Anti-inflammatory Therapy

It has long been debated whether corticosteroid therapy is beneficial for the treatment of
virus-induced wheezing in infancy. A meta-analysis of studies involving therapy with either
oral or parenteral corticosteroids concluded that this approach produced modest benefits.”?

Pediatr Infect Dis J. Author manuscript; available in PMC 2014 February 04.
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The analysis suggested that corticosteroid treatment might have its greatest effects in more
severe cases. A second controversial question is whether corticosteroid treatment can
prevent respiratory sequelae after RSV bronchiolitis. Although some trials have detected
indications of a transient benefit, most trials have not found any long-term effects on
postbronchiolitic wheezing, or the subsequent diagnosis of asthma.”3 In contrast, there is
new information that infants who wheeze with RV are less likely to develop recurrent
wheezing if systemic corticosteroid therapy is initiated during the acute infection.”* This
finding, if confirmed, would suggest a distinct pathogenesis and therapeutic approach for
infants diagnosed with RV wheezing illnesses.

It is well-established that virus-induced exacerbations of asthma that are resistant to
treatment with bronchodilators should be treated with systemic administration of a
corticosteroid.”® The early use of systemic corticosteroids in acute exacerbations reduced the
risk of hospital admission, and helps to prevent relapses in the outpatient treatment of
exacerbations. Children who experience frequent exacerbations of asthma may receive
several short courses of systemic corticosteroids during each viral season. The potential
toxicity of repeated courses of oral corticosteroids is a significant clinical concern and has
prompted studies to determine whether high doses of an inhaled corticosteriod might be just
as effective with a lower potential for side effects. The ideal drug, dosage, delivery system,
and duration of therapy have yet to be determined.

Specific Mediator Antagonists

Because elevated levels of leukotrienes have been reported in respiratory tract secretions of
infants who develop recurrent wheezing after RSV bronchiolitis,”877 the effect of a
leukotriene receptor antagonist in modulating these developments recently has been
evaluated. In a prospective placebo controlled trial, a 28-day treatment course of
montelukast significantly reduced lower respiratory tract symptoms in infants who were
hospitalized for RSV bronchiolitis.”® These preliminary observations suggest a potential role
of this class of compounds in the prevention of postbronchiolitis respiratory symptoms.

Many other mediators and cytokines have been found to be increased during viral infection.
Future studies will determine whether inhibition of specific components of virus-induced
inflammation, such as proinflammatory cytokines (eg, IL-8) or mediators (leukotrienes,
bradykinin), will be able to provide safe and effective relief from virus-induced wheezing
and asthma.

Antiviral Strategies

Influenza vaccine has been used for years as a means of preventing virus-induced
exacerbations of asthma in the winter. For RSV and RV, which are more frequently
associated with wheezing illnesses, vaccines are not available, and considering that there are
well over 100 strains of RV, standard vaccination techniques are not technically feasible
for this virus. Although passive prophylaxis with neutralizing antibody to RSV can reduce
the influence of more severe respiratory disease, the use of preparations like Respigam
(immunoglobulin that is enriched for RSV-neutralizing antibody) and Synagis (humanized
monoclonal antibody) is limited by high cost for use in premature infants and other groups at
very high risk for RSV-induced respiratory failure. It is encouraging that a small case-
control study of premature infants treated with RSV immune globulin reported better lung
function and less atopy and asthma in the treated group 7-10 years later.89 In addition, in a
European case-control study in which infants treated with palivizumab had lower rates of
recurrent wheezing compared with untreated controls.81 Although interpretation of these
studies is limited by the lack of randomization, the findings provide reason for optimism and
additional preventive studies.
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Several antiviral agents are in development, and a number of anti-RV compounds have been
tested in clinical trials. These include molecules such as soluble ICAM and capsid-binding
agents (eg, pleconaril), which either hinder RV binding to cellular receptors or inhibit
uncoating of the virus to release RNA inside the cell 8285 and inhibitors of RV 3C protease.
Whether these antiviral agents can prevent asthma exacerbations if given at the first sign of a
cold has not yet been tested.

CONCLUSIONS

Viral infections are important causes of wheezing illnesses in children of all ages, and
progress is being made toward understanding the mechanisms by which viruses can cause
acute wheezing, and perhaps even more importantly, how severe viral infections adversely
affect long-term lung development and physiology. Once these mechanisms are established,
it may be possible to identify with greater certainly children who are at the greatest risk for
wheezing with viral infections, or those children whose virus-induced wheezing is a preface
to asthma. This would represent an important step forward in that preventive therapy could
be focused to the groups with the greatest need.

Of course, the other rationale for identifying pathogenic mechanisms of virus-induced
wheeze is to identify targets for novel therapeutic strategies. Standard therapy for asthma is
not satisfactory in that efficacy is low during respiratory infections, and in the case of
systemic corticosteroids, side effects can be significant. The evidence that asthma may be
associated with a defective immune response to viruses (as well as allergens) also could lead
to novel therapeutic strategies. Infancy seems to be a time during which the immune
response is rapidly developing, and this process appears to be responsive to environmental
stimuli. Future goals include the development of new treatments to enhance or supplement
antiviral responses in infancy to treat acute wheezing episodes, and perhaps reduce the risk
of subsequent asthma.
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FIGURE 1.

Relationship between virus-induced wheezing in infancy and childhood asthma.
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