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Role of Viral Infections, Atopy and Antiviral Immunity in the
Etiology of Wheezing Exacerbations Among Children and
Young Adults

Peter W. Heymann, MD,* Thomas A. E. Platts-Mills, MD, PhD,*
and Sebastian L. Johnston, MD, PhD7

Background: At least 101 serotypes of rhinoviruses have been iden-
tified. Rhinoviruses have often been associated with trivial upper
respiratory infections but more recent evidence suggests that they play
a significant role in the pathogenesis of asthma exacerbations.
Methods: The impact of rhinoviruses as a cause of respiratory mor-
bidity in infancy and the role of rhinoviruses in causing asthma
exacerbations in the children and adult population is discussed. Past and
current experimental and epidemiologic evidence was assessed to
suggest a causal role rather than just an association. Mechanism of
susceptibility to virus infection in asthmatics were discussed, as were
data indicating important interactions between allergic sensitization and
rhinovirus infections in risk of asthma exacerbations.

Results: Asthmatic individuals have increased severity and duration of
lower airway symptoms and greater declines in lung function upon
infection with rhinovirus, suggesting greater susceptibility to rhinovirus
infection because of impaired antiviral immunity. Early virus-induced
apoptosis, which aborts virus replication, was impaired in asthmatics.
Treating allergic airway inflammation may reduce the frequency and
severity of symptoms triggered by rhinoviruses.

Conclusions: The evidence in children and young adults suggests
that atopy and allergic inflammation in the airways may be critical
determinants of an adverse response to rhinovirus. Increased aware-
ness of the spectrum of age groups that are affected by rhinoviruses
is needed to encourage the development of new treatments and
strategies that may be helpful in reducing the frequency and severity
of symptoms triggered by rhinoviruses.
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nvironmental exposure such as viral respiratory tract in-

fections and sensitization and exposure to inhaled aller-
gens frequently contributes to acute wheezing exacerbations
in children and young adults. Published reports have focused
mainly on the role of viral infections and the atopic status of
children who require treatment of their symptoms. As a
result, only limited data concern the relative importance of
the interaction among viral pathogens, allergen-induced in-
flammation and bronchospasms in the pathogenesis of these
attacks.

WHEEZING DURING INFANCY

The pathogenesis of wheezing in early childhood is
predominantly linked to infections with a variety of viral
pathogens. In the Northern Hemisphere, respiratory syncytial
virus (RSV) is the major pathogen associated with attacks of
wheezing during the midwinter months.! Other viruses, in-
cluding influenza and the recently detected metapneumovi-
rus, are also significantly associated with infantile wheezing
in the winter.” * The prevalence of viral infection directly
correlates with the times of the year when rhinovirus becomes
the most frequently detected pathogen among wheezing in-
fants.> Close to one-third of children fewer than 3 years of
age may test positive for more than 1 virus when they are
hospitalized for wheezing (Fig. 1).>® This holds true for
15-20% of asymptomatic infants as well (Fig. 1).>° Virus-
specific tests, especially those based on polymerase chain
reaction (PCR) methods, can remain positive for several days
after peak symptoms. This observation may represent fre-
quent clinical and subclinical infections as well as coinfec-
tions. Upon review, these data demonstrate that children are
experiencing frequent stimulation of their immune systems
by viral respiratory tract pathogens during infancy.

Important current research questions are whether viral
respiratory tract infections increase children’s chances of
becoming sensitized to inhaled allergens and whether viral
infections have the capacity to predispose the infants who
wheeze to develop asthma. It is well recognized that RSV
bronchiolitis is associated with an increased risk for recurrent
wheezing as children grow older. Controversy persists as to
whether RSV bronchiolitis is a risk factor for the develop-
ment of atopy’ with the recent publication of data that
confirm a relationship between the two,® although other
studies did not find such a relationship.”'® Difficulty is
presented when isolating effects of RSV from the effects
induced by infections with other viruses that children fre-
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Viruses in Relation to Acute Wheezing
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FIGURE 1. Positive tests for virus with respect to age among
children hospitalized for wheezing. Black bars show the per-
centage of subjects with a positive test for at least one of 8
common viral respiratory tract pathogens, including meta-
pneumovirus, in a 12-month case-control study of children
hospitalized for a wheezing exacerbation.>® White bars
show the results for nonwheezing controls. The percentage
of children in each group whose nasal secretions tested posi-
tive for 2 or more viruses is also shown beneath the figure.

quently experience at a young age, including those caused by
a variety of rhinovirus strains. In addition, the majority of
young children who have symptoms of wheezing with RSV
and other viruses do so transiently and the symptom subsides
or ends during preschool years.'"'? This finding is disputed
by compelling data from prospective studies that suggest that
atopy detected in infancy, including elevated levels of total
serum IgE, is associated with a higher risk for persistent wheez-
ing as children grow older.'*'* Thus, it has been established
that viral infections are indeed strongly linked to wheezing
illnesses during the first 2—3 years of life, but it is less certain
whether these infections, independent of atopy, play a signif-
icant role in the genesis of asthma.

VIRUS-INDUCED WHEEZING IN OLDER
CHILDREN: RHINOVIRUS BECOMES THE
DOMINANT PATHOGEN

After 2-3 years of age, viral infections continue to
provoke attacks of wheezing in asthmatic children, with the
large majority of these infections caused by rhinoviruses.'*>™!”
In keeping with the development of immunity to these infec-
tions, the detection of viral pathogens associated with asthma
exacerbations diminishes with age (Fig. 1), and viral infec-
tions do not appear to be as strongly correlated with asthma
attacks in the adult population.'®!'? In part, this may contrib-
ute to the improvement in asthma symptoms (but not neces-
sarily bronchial hyperreactivity) observed with increased age.
However, 2 recent studies have detected viruses in adult
asthma exacerbations at much higher frequencies of 70—
76%.2°2! Further investigation is necessary to confirm the
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contribution of viral infections to asthma exacerbations in the
adult population.

Parallel with the emergence of rhinovirus as the leading
pathogen associated with wheezing, sensitization to inhaled
allergens becomes a major risk factor for asthma exacerba-
tions during the toddler, preschool and school ages (ie, 4—5
years of age). During that age span, 75—80% of children with
asthma have specific IgE antibody to common aeroaller-
gens.”>?* The observation that more than half of these chil-
dren are also infected with rhinovirus has become apparent
during the last decade, because of the development of more
sensitive (reverse transcription PCR-based) methods of
pathogen detection.”**> These tests have made it possible to
study the relationship between rhinovirus infections and
atopy among the child and adult populations with asthma in
greater detail. The results of these investigations provide
access to information that will improve asthma management
and direct the development and utilization of new medication
and treatment strategies.

THE ROLE OF ATOPY AND LEVELS OF TOTAL
SERUM IGE AS RISK FACTORS FOR WHEEZING
CAUSED BY RHINOVIRUS

Studies on segmental allergen challenge of the lung and
experimental rhinovirus infection illustrate synergistic effects
between allergens and respiratory virus infection.'” Using
this method, increased levels of histamine were detected in
bronchoalveolar lavage samples from the atopic subjects,
both immediately and 48 hours after antigen challenge during
the rhinovirus infection.'® Moreover, the most striking obser-
vation during the acute infection was an augmented recruit-
ment of eosinophils to the airway 48 hours after antigen
challenge as compared with allergen challenge alone. In
addition, these effects were apparent up to 1 month after
rhinovirus inoculation. The levels of total IgE measured in
the sera of adults and children hospitalized or treated for
asthma exacerbation in the emergency room have shown
marked elevation from the norm.>'®'*2%27 Green et al'®
notes that total serum IgE levels, as well as the levels of
exposure to common indoor allergens, were significantly
higher among adults hospitalized for asthma than among
those with controlled asthma. Concurrent exposure to aller-
gen and virus infection was shown to increase the risk of
asthma exacerbation in a synergistic manner, suggesting that
both exposures are necessary to give the greatest risk.'” This
synergistic interaction is strongly evident in a similar study of
children where neither allergen exposure nor virus infection
alone was associated with increased risk but the combination
of virus detection and sensitization with high allergen expo-
sure substantially increased the risk (odds ratio, 18.6, 4.3—
81.0; P < 0.001).%® Larger population surveys of children and
adults have also demonstrated that both asthma and airway
hyperresponsiveness are closely linked to and are positively
correlated with total serum IgE levels.*>*® These results
provide further emphasis on the importance of atopy and the
role of allergic inflammation in the etiology of viral-induced
wheezing. However, the mechanism by which viral infec-
tions, in the absence of atopy, can cause significant exacer-
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bations of wheezing among school-aged children and young
adults remains unclear. The results of a detailed 13-month
longitudinal study revealed that a substantial minority of
these wheezing attacks occur in the absence of demonstrable
atopic sensitization yet appear indistinguishable from those
occurring in the presence of atopy.'>*

Recent studies have also focused attention on the sea-
sonality of asthma exacerbations that lead to emergency room
visits and hospitalizations, especially among children. In the
Northern Hemisphere, including Europe, Canada and the
northeastern part of the United States, a distinct peak of
asthma exacerbations in the autumn and a less prominent
peak in the spring have been observed.>>' Data established
that the autumn peaks, when children return to school, were
associated with rhinovirus infections in 50—60% of asthmatic
episodes.”>'*? However, it is not yet clear that the season-
ality of rhinovirus is as well defined as the seasonal peaks of
infection with RSV, metapneumovirus or influenza. Recent
evidence indicates that the prevalence of rhinovirus infections
may be similar for children hospitalized for asthma at other
times of the year.” This evidence further suggests the possi-
bility that the increased risk of wheezing with rhinovirus may
be directly correlated with times of the year when the accu-
mulation of allergen exposure is at its peak. To test this
hypothesis, further evaluation is necessary to investigate
whether more vigorous treatment of allergic inflammation
will allow children and young adults with asthma to tolerate
their infections with rhinovirus better. Strategies to reduce the
impact of asthma exacerbations should include interventions
directed both at viruses and reducing exposure to allergens.'®

RESPONSE TO EXPERIMENTAL RHINOVIRUS
INFECTIONS IN ALLERGIC ASTHMATICS

The host response to rhinovirus infections in both the
allergic and nonallergic individuals has been evaluated in
several studies using an experimental virus challenge model.
These challenges have permitted time—sequence assessments
after the inoculation of virus that have generated new infor-
mation and insights regarding symptoms and molecular
events that are likely to be important determinants of an
adverse response to rhinovirus in the asthmatic host. The first
evidence that infections with rhinovirus and exposure to
aeroallergens may act synergistically to augment inflamma-
tion in the airways was demonstrated when experimental
rhinovirus infections were given to atopic subjects in whom
rhinovirus inoculation was followed by an allergen challenge
with ragweed.*® By using this study design, enhanced bron-
chial hyperreactivity was observed along with an augmented,
late-phase eosinophil response, compared with the response
in atopic subjects who were infected with rhinovirus without
allergen challenge.’*** However, when a series of nasal
allergen challenges were given to subjects with allergic rhi-
nitis before rhinovirus inoculation, different results were
observed. Using this approach, the onset of cold symptoms
was delayed and the duration of symptoms was shorter
compared with the response in nonallergic subjects.>® A
recent study attempted to investigate interactions between
allergen exposure and virus infection by giving low doses of
chronic allergen in the 2 weeks before a rhinovirus chal-
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lenge.*® This study failed to detect any demonstrable inter-
action. The differences in the results highlight the complexity
behind trying to understand the interaction between virus and
allergen-induced inflammation, as well as potential problems
with dosage and timing of exposure when allergen challenges
are used to mimic natural allergen exposures.

More recently, evidence that the response to rhinovirus
may be strongly influenced by the atopic characteristics of the
host was observed in young adults with mild asthma and high
levels of total serum IgE antibody (371—820 IU/ml).>” These
subjects responded to an experimental rhinovirus challenge
with persistent upper respiratory symptoms and significantly
increased lower respiratory tract symptoms (mild chest tight-
ness, cough and wheeze) during the first 4 days of the
infection compared with asthmatics with lower IgE levels
(range, 29-124 IU/ml) and nonallergic control subjects.
Asthmatics with high levels of total IgE had evidence for
increased airway inflammation (as judged by nasal eosino-
philic cationic protein and expired nitric oxide) and reduced
lung function before their inoculation with virus.>’ These
results support the hypothesis that chronic allergic inflamma-
tion in the airways may be more pronounced in asthmatics
with strong atopic characteristics and may be a predisposing
factor for an adverse response to viral respiratory tract infec-
tions, especially those caused by rhinovirus.

MECHANISMS OF ASTHMA ATTACKS CAUSED
BY RHINOVIRUS

Although there is convincing evidence that rhinovirus
replicates vigorously in the upper airways, it has been more
difficult to determine whether infection in the lungs is re-
quired to precipitate an asthma attack. Several studies have
illustrated the presence of rhinovirus in the lower airways in
bronchial epithelial cells obtained by lavage and by in situ
hybridization and immunohistochemistry in bronchial biop-
sies.*® % Wark et al*® showed that lower-airway cell necrosis
(most likely virus induced) was the major predictor of sever-
ity of asthma exacerbation in the adult population. Thus,
replication of rhinovirus in the lower airways could be es-
sential to precipitate an asthma attack. However, it is also
possible that mechanisms involving the stimulation of innate-
and acquired-immune responses or neuropathologic pathways
when rhinovirus replicates in the upper airways are important
in provoking an asthmatic response.

Recent research focus has been on the altered immune
response to rhinovirus in asthmatic subjects. Corne et al*!
conducted a study using normal and asthmatic spouse pairs.
Outcomes established that asthmatic individuals have in-
creased severity and duration of lower airway symptoms and
greater declines in lung function upon infection with rhino-
virus, suggesting greater susceptibility to rhinovirus infection
due to impaired antiviral immunity. Both innate- and ac-
quired-immune responses are important in protecting against
virus infections (Fig. 2), and the T helper (Th) 2 bias asso-
ciated with asthma suggests the possibility that acquired Th1
responses may be relatively deficient. Diminished interferon
v production in response to rhinovirus stimulation of periph-
eral blood mononuclear cells has been described in asthmatic

S219

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



Heymann et al

The Pediatric Infectious Disease Journal ® Volume 24, Number 11, November 2005

Innate Acquired

TH2 cells

Dendritic : @ Basophils

. Lcells &
Eosinophils
TH1 cells

Apaptosis

Bronchial Type I interferons
epithelial cells Naive T celis
‘ Macrophages
@ g :
Neutrophils

FIGURE 2. Innate and acquired immune responses likely im-
portant in protection against virus infections in asthma.

individuals,** whereas in rhinovirus-challenged asthmatics, a
high interferon-+y/interleukin-5 ratio in induced sputum was
related to reduced symptom severity and more rapid virus
clearance.*® A similar study has also demonstrated that the
Th-1/Th-2 balance in peripheral blood in allergic subjects
prior to rhinovirus challenge is also related to outcome.**
These studies suggest that impaired Th-1 responses to rhino-
virus or a Th-2 bias in the airways may be related to adverse
outcomes on rhinovirus infection. Formal studies comparing
airway Th-1/Th-2 responses during rhinovirus challenge of
normal and asthmatic subjects will be required to determine
whether this is the case.

Wark et al*> compared primary bronchial epithelial
cells from asthmatic and nonasthmatic individuals. Data col-
lected illustrated that viral replication and cell necrosis were
markedly enhanced in the asthmatic cells; indeed, epithelial
cells from normal individuals almost failed to replicate virus,
whereas several logs were recovered from the cells obtained
from asthmatic individuals. The increased replication was
observed independent of treatment with inhaled steroids. The
results found that early virus-induced apoptosis, which aborts
virus replication, was impaired in asthmatics. Also, the gen-
eration of the type 1 interferon 3, which plays an important
role in initiating apoptosis, antiviral innate response to viral
infections, was profoundly limited in cells from asthmatics.
Replacement of interferon [ restored both apoptotic re-
sponses and resistance to infection in asthmatic cells.*> These
data are the first to suggest impaired innate responses to
rhinovirus infection in asthmatics. Upon confirmation in
vivo, therapies augmenting innate immune responses may
have therapeutic potential in the treatment or prevention of
asthma exacerbation.

CONCLUSIONS

Wheezing exacerbations during infancy are frequently
caused by viral respiratory tract infections, especially infec-
tions with RSV, influenza viruses, metapneumoviruses and
rhinoviruses. As children get older, the strongest odds for
symptoms of wheezing include infections with rhinovirus
combined with allergic sensitization and allergen exposure.

Previous and current research provides great insight
into the relationship between allergen exposure and rhinovi-
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rus infections. The etiology of these attacks suggest that
atopy and allergic inflammation in the airways may be critical
determinants of an adverse response to rhinovirus. Study
results suggest that treating allergic airway inflammation may
have beneficial effects in reducing the frequency and severity
of symptoms triggered by rhinoviruses. Indeed, inhaled ste-
roid therapy, to a lesser degree antileukotrienes®®>' and
possibly treatment with anti-IgE antibody may be useful in
this regard and deserve further investigation. When available,
both specific antiviral medications and efforts to augment
innate and possibly acquired immune responses may have
therapeutic potential.

DISCUSSION

Question: What is the difference in the disease burden,
community morbidity and hospitalizations caused by rhino-
virus versus RSV?

Sebastian Johnston, MD: In terms of community
morbidity, study results have shown that rhinoviruses cause a
relative 7-fold increase in upper respiratory tract infections
and a 3-fold increase in lower respiratory tract infections,
both wheezing and nonwheezing compared with RSV. Cer-
tainly, RSV leads to more hospitalizations and does cause
more severe lower respiratory illness than rhinoviruses. Sev-
eral studies looked at rhinoviruses in infants hospitalized with
bronchiolitis and detected rhinoviruses in 30—-40% of all
bronchiolitis cases. Therefore, rhinoviruses are the cause for
the majority of community-based disease burden, as well as
being a significant contributor to hospitalizations. Studies that
examined rhinoviruses in bronchiolitis noticed that they tend
to cause more severe disease, both alone and combined with
RSV; thus, this area merits future investigation.

Question: Certain studies seem to equate the fact that
there were rhinovirus lower respiratory tract infections and
certain others are saying that they were exacerbations but not
necessarily infections. How confident is it that the rhinovirus
is actually in the lower respiratory tract infections as opposed
to someone having symptoms that might be triggered from
infections in the upper airway?

Sebastian Johnston, MD: First we must go back to the
question of whether rhinoviruses infect the lower airway at all
because people suspected that upper respiratory infection
would induce inflammation in the lower respiratory tract via
indirect mechanisms through neural inflammation and cyto-
kine release. From previous research, we have evidence that
rhinoviruses do infect the lower respiratory tract, and data
from studies using in situ hybridization showing rhinoviral
RNA in the lower respiratory tract epithelium. Recent pub-
lished work using immunostaining showed positive immuno-
chemistry for rhinovirus in bronchial epithelium and found
rhinovirus in the lower respiratory tract by PCR in sputum
and in bronchial lavage. Thus, even though I’'m confident that
rhinoviruses can infect the lower respiratory tract, I would
acknowledge that in the majority of normal individuals the
infection is probably largely upper respiratory and it is
certainly possible that indirect mechanisms contribute to
asthma exacerbation. There are some interesting studies done
with allergen challenge, demonstrating that if an allergen is
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placed in the nose and there is a balloon at the back of the
nose to make certain that no allergen can progress into the
lower respiratory tract, you do get lower respiratory inflam-
mation upon biopsy results 48 hours later. Conversely, if an
allergen is placed in the lower respiratory tract again, isolated
with balloons via bronchoscopy, and a biopsy is performed
48 hours later, you will find inflammation in the nose as well.
Therefore, it’s certainly conceivable that although direct
infection probably plays the most important role, indirect
inflammatory responses, however they’re mediated, might
also contribute.

Question: Can persistence be understood as a predictor
of asthma phenotype and do those that have a shorter duration
of positivity have fewer asthma exacerbations or shorter
durations of their symptoms than those with a longer duration
of positivity?

Peter Heymann, MD: In previous experimental rhino-
virus infections, the PCR tests for virus stayed positive for
about 10—14 days. This was a day or 2 longer than the usual
amount of time that cultures stayed positive. Thus, if we get
a positive PCR test, we can only be reasonably sure that
we’re detecting an infection that has happened during the last
2 weeks. A previous community-based study led by Dr.
Johnston showed that peak-flow measurements most fre-
quently declined within 2 days after the onset of a rhinovirus
infection. Thus, when enrolling patients treated for wheezing
in the emergency room and hospital it is likely that we are
seeing patients who are about 2—-3 days into a rhinovirus
infection, although we can’t be exactly sure. Moreover, we
must look carefully at our control group and account for the
fact that we may be picking up positive PCR tests in patients
with previous or subclinical infections. Recent data from
trials by Dr. Gern, Dr. Lemanske and Dr. Johnston have
demonstrated that asthmatics as a host may have a more
difficult time with viral clearance and may have PCR tests
that stay positive for a longer period of time than a nonatopic
control.

Question: Is there a relationship between wheezing
attacks leading to emergency room visits, the prevalence of
positive rhinovirus tests and changes in season?

Peter Heymann, MD: It is pretty clear from our
studies in the emergency room and hospitals that by the time
we see a 2- or 3-year-old child who’s wheezing, atopy is
highly likely. In contrast, up to 90% of children treated for
wheezing test positive for viruses and the prevalence of
positive tests for atopy are low. Moreover, the infants in
Virginia with bronchiolitis are more likely to experience their
attacks during the midwinter months, which is generally true
for attacks of bronchiolitis in the Northern Hemisphere.
However, if we look at the seasonality of emergency room
visits and hospitalizations for 2- and 3-year-olds in our area,
they require treatment of wheezing more often in the spring
and autumn, similar to the older asthmatics. In terms of
perennial exposures, our rhinovirus season is extended from
April through November, but the chances of winding up in
the emergency room or hospital are decreased during the
summer months compared with other times of the year. The
summer months tend to be a time of the year when we’re
between allergen seasons, although the prevalence of pos-
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itive test for rhinovirus doesn’t appear to diminish (ie, 5 of 6
children admitted for wheezing in June, July and August in
our hospital study tested positive for rhinovirus). During the
autumn months, however, patients are inhaling ragweed al-
lergen, Alternaria allergen and higher levels of dust mite
allergen. We suspect that the cumulate allergen exposure at
this time of year is more likely to lead to a symptomatic
rhinovirus infection and, to a lesser extent, the same may be
true in the spring when our trees and grasses pollinate. So
cumulate allergen exposures may contribute to persistent,
allergen-induced inflammation in the airways, which is a risk
factor for an attack of wheezing caused by rhinovirus.

Question: Can food allergies be considered a risk
factor for wheezing?

Peter Heymann, MD: Food allergies are most strongly
linked with symptoms of eczema in infancy. When older
children wheeze, we consider foods as possible triggers for
wheezing if they have had previous moderate to severe
eczema (atopic dermatitis) in infancy or problems with food
intolerances. However, in the patients who are just wheezing
with no previous history of food allergies or eczema, data in
the literature doesn’t really indicate that food allergy is a
common cause for symptoms in asthma.

Question: Data has demonstrated that IgE-mediated
disease is part of the severity of rhinovirus infection. Would
omalizumab offer any protection?

Sebastian Johnston, MD: Research has demonstrated
that omalizumab, or anti-IgE, reduces exacerbations for chil-
dren and adults. It is unclear what percentage of those are
triggered by rhinovirus and whether it’s going to be helpful in
decreasing the risk or the ability of a patient to tolerate
rhinovirus. Further investigation should be dedicated to this
area of interest since it might possess therapeutic potential.
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