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Virus/Allergen Interaction in Asthma Exacerbation
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Abstract

Allergy and viral respiratory infections have long been recognized as
two of the most important risk factors for exacerbations of asthma.
These observations have raised questions regarding potential
interactions between these two important risk factors. For example,
does allergy diminish the antiviral response, thereby promoting
exacerbations of asthma? Alternately, do viral respiratory infections
potentiate ongoing allergic inflammation in the airway? The answers

to these questions are likely to have implications regarding the
prevention and treatment of exacerbations of asthma. This article
reviews that clinical evidence linking viral infections and allergy to
exacerbations of asthma, reviews potential interactions between these
two risk factors, and discusses possible application of new insights
in virus/allergen interactions to the prevention and treatment of
exacerbations of asthma.
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Exacerbations of asthma account for

a substantial portion of asthma-related
morbidity and expenditures. Asthma
exacerbations remain one of the most
frequent reasons for hospital admissions
and incur additional psychological and
financial costs related to missed work and
school. In the United States, there were
479,000 hospitalizations for asthma in 2009,
with a mean length of stay of 4.3 days, and
death rates were 0.77/100,000 population
(1). Total expenditures for asthma were
estimated to be $20 billion per year,

and exacerbations account for a large
percentage of these costs. Health care costs
associated with exacerbations of asthma
were recently tallied for patients with
moderate to severe asthma in a large U.S.
health care database. Patients with asthma
exacerbations had approximately double
the total health care costs ($9,223 vs.
$5,011) and asthma-specific costs ($1,740
vs. $847) compared with matched patients
without exacerbations (P < 0.0001) (2).
These data indicate that the personal and
societal costs of asthma exacerbations are
immense and provide an impetus for

developing better strategies for prevention
and improved treatment.

Risk Factors for Exacerbations
of Asthma

Most exacerbations in children and at least
half of exacerbations in adults with asthma are
associated with a viral respiratory infection
(VRI) (3-5). However, studies of school-aged
children who provided routine specimens
during high-prevalence months demonstrate
that VRIs are nearly ubiquitous in children
regardless of asthma (6, 7). Many viral
infections cause mild or no symptoms, even
in children with asthma. Thus, viral infections
appear to contribute to most exacerbations
of asthma but by themselves usually are not
sufficient to cause asthma exacerbations.
Indeed, there are risk factors or
environmental exposures that can either
increase the severity of VRIs or else synergize
with VRIs to cause airway obstruction and
acute lower respiratory symptoms.

Risk factors for exacerbations of asthma
include those related to the individual,
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environment and infectious agent. Personal
risk factors include severity of asthma and
level of control, adherence to medical
therapy, and allergy. Environmental
exposures that can act together with viral
infection to promote exacerbations include
pollutants, irritants, and, for allergic
individuals, allergens (8, 9). Bacterial
infections may also contribute to acute
wheezing illnesses and exacerbations of
asthma (6, 10). It is likely that multiple
factors contribute to most exacerbations,
and these risk factors are additive and/or
synergistic. Among risk factors for
exacerbations, allergy and viral infection are
most often implicated and are the subject of
this review.

Clinical Studies of Allergy and
Virus-induced Exacerbations
of Asthma

The combination of allergic sensitization
and viral illnesses greatly increases the risk
of asthma exacerbation and hospitalization.
In a series of studies performed at the
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University of Virginia, children with acute
wheezing episodes were evaluated in
acute care settings, including emergency
departments (11, 12) and a hospital
inpatient unit (4). In these studies, allergic
sensitization and rhinovirus (RV) infection
were significant risk factors for wheezing
(odds ratio [OR], 3.2 and 4.4, respectively).
Children who had RV infection detected in
combination with either sensitization to
common aeroallergens or eosinophilia had
the strongest odds of wheezing (OR, 17
and 25, respectively) (11). These same
relationships hold true for children in Costa
Rica, in whom the greatest risk for wheezing
was observed among children who were
highly sensitized to house dust mite and
tested positive for RV (OR for wheezing,
31.5; 95% confidence interval, 8.3-108; P <
0.001) (13). Notably, allergic sensitization
increases the risk of wheezing with
respiratory viruses even in the preschool
years (14, 15). When considered together,
these findings indicate that RV infections
contribute to most wheezing illnesses during
childhood and that allergic sensitization or
eosinophilic airway inflammation further
increases the risk for wheezing illnesses.
Other studies have identified
interactions between VRI, allergy, and
allergen exposure in causing wheezing
illnesses. In a case-control study of acute
exacerbations compared with subjects with
stable asthma and children hospitalized for
nonrespiratory diagnoses, virus infection,
allergy, and exposure to a relevant allergen
were all independently associated with
exacerbations (8). The combination of these
risk factors led to a pronounced risk of
hospital admission (OR, 19.4; P < 0.001).
Similar findings were reported in adults
with asthma (9).

Viral Factors

RVs are most closely associated with
exacerbations of asthma in children

and adults. Influenza, coronaviruses,
parainfluenza viruses, and other viruses
are detected in lower frequencies during
exacerbations. Whether this close
association is related to a particular property of
RVs, or merely reflects the very common
nature of RV infections, is not totally clear.

RV Species and Virulence

RVs include three species of the Enterovirus
genus. The A and B species were first

S138

recognized in the 1950s, and the first C
species virus was reported in 2006 after
detection by molecular techniques (16, 17).
Additional studies using similar approaches
have since reported more than 50 new C
types, as well as a number of additional A
and B types (18-20). The long delay in the
detection of the C types was due to the
inability to culture these viruses, which
have been present for as long as the other
RV species (21). RV-C viruses can be
grown in organ culture of sinus

mucosa (22) and in primary cells
differentiated at the air-liquid interface
(23, 24). In addition, RV-C types can be
produced by reverse genetics techniques
by transfecting cells with viral RNA
transcribed from plasmids (22, 25).
Modeling of the RV capsid structure
suggests that the receptor binding platform
for RV-C is distinct from that of RV-A and
RV-B (26), and in fact RV-C types use

a unique (and so far unidentified) receptor
to enter cells (22). To date, there are no cell
lines (other than air-liquid interface cells)
that support RV-C infection (References 23
and 24, and our unpublished findings).

The marked genetic diversity among
RV types suggests that RV type or species
could influence virulence. In case-control
studies, RV-C and in some studies RV-A are
overrepresented in children with lower
respiratory infections compared with
children with upper respiratory or no
symptoms (21, 27-34). Similarly, RV-B is
seven to eight times less likely to cause
moderate to severe respiratory illness than
other RV species in infants (35). Finally,
young children who wheeze with RV-C
infection are more likely to develop
recurrent wheezing than children who
wheeze with other viruses (28).

Why RV-C and RV-A viruses are more
likely to cause exacerbations of asthma than
RV-B is uncertain and could relate to
a number of genetic, structural, and
functional differences among the RV
species. For example, most RVs grow best at
33 to 35°C, a property that could limit their
spread into the small airways in the lung. In
contrast, RV-C types grow equally well at
33, 35, and 37°C (23). Growth at warmer
temperatures may contribute to the
association between RV-C infection and
lower respiratory illness. Furthermore,
there are differences among RV types and
species related to the function of viral
proteases, which are important in directing
viral replication and inhibiting key

metabolic processes of the host cells (36). In
addition, in vitro studies demonstrated that
RV-B replicates more slowly and is
associated with reduced cytopathic effects
and induction of cytokine secretion than
RV-A and RV-C (37).

Collectively, these data suggest that
lower rates of RV-B replication and cytokine
induction could contribute to reduced
virulence. Species-related biochemistry of the
2A protease corresponds with reduced
replication and inflammatory responses.
Finally, the relative insensitivity of RV-C to
temperature may give this virus an advantage
in causing lower airway infections.

How Do RV Infections Cause
Exacerbations of Asthma?

VRIs can cause respiratory illness by
damaging epithelial cells and other structural
cells and by inducing inflammatory responses
that secondarily cause dysfunction of the
airways and cause symptoms of illness.
Because RV infections generally infect a small
percentage of airway epithelial cells (38, 39),
and cell lysis is generally not extensive, it

is likely that the inflammatory response is

a major contributor to RV-induced colds and
exacerbations of asthma. Even though cell
lysis is limited, RV can impair epithelial

cell barrier function, leading to increased
permeability to macromolecules and
promoting secondary infection with airway
bacteria (40).

A number of studies have identified
RV-induced inflammatory processes that
likely contribute to airway dysfunction
and symptoms. RV induces acute-phase
cytokines (e.g., IL-1f and type I interferons)
and mediators (prostaglandins, kinins) that
can cause malaise and myalgia (41, 42). RV
activates neural pathways that promote
sneezing and cough through mechanisms
that are likely to involve cellular
inflammation and cytokine and mediator
release. RV infection induces epithelial cells to
secrete chemokines that promote the
recruitment of inflammatory cells (43, 44).
Epithelial chemokine secretion is potentiated
by interferons originating in mononuclear
cells (45). During the early phase of a cold,
serum fluids and proteins leak into the airway
(46), and in turn low-density lipoprotein can
stimulate chemokine secretion by epithelial
cells (47). During the latter stages of infection,
mucus secretion is increased (46).

RV infections were long presumed
confined to the upper airway, but there is
now conclusive evidence that RV can also
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infect the lower airways. For example, RV
can be the sole pathogen detected in lower
respiratory secretions of children with
pneumonia (48). After experimental
inoculation of seronegative volunteers, RV
is detectable in lower airway secretions
from about half of the study participants,
whether or not asthma is present (39, 49).
Upper airway viral shedding peaks 2 to 4
days after inoculation, and in subjects with
lower airway infections, lower airway viral
shedding typically lags behind by a few days
(49, 51). In biopsy specimens, RV-infected
cells can be found in large lower airways
in a patchy distribution that resembles
patterns in upper airways (39). Finally,
RV has been detected in lower airway
secretions from children with
tracheostomies (51). Once RV infects lower
airways, the consequences of infection are
likely to be similar to those caused by
infection of the upper airway and include
increased airway secretions, mucosal
edema, and cellular inflammatory
responses. Collectively, these effects likely
contribute to airway obstruction.

Mechanisms of Virus/Allergy
Interactions

Does Allergy Diminish the

Antiviral Response?

The close association between allergic airway
disease and virus-induced exacerbations of
asthma suggest that respiratory allergies
somehow inhibit antiviral responses.
Interferons are one of the cornerstones of early
innate antiviral defense to respiratory viruses
(52, 53). There is evidence from multiple
sources that virus-induced interferon
responses of peripheral blood mononuclear
cells (54, 55), airway mononuclear cells (57),
and plasmacytoid dendritic cells (pDCs) (57)
are reduced in asthma. In addition, some
studies indicate that asthma is associated with
a reduction in virus-induced epithelial cell
production of IFN-B and IFN-\ (58, 59).
Deficient epithelial interferon responses may
be a property of more severe asthma (60),
because interferon responses of subjects with
mild asthma appear to be normal (49, 61).
There is also evidence that deficient antiviral
responses in asthma could be restricted to
the lung (55), which suggests that type 2
inflammation could inhibit virus-induced
interferon responses. Accordingly, some
studies of airway epithelial cells studied

ex vivo, removed from the potential immune

modulating effects of other airway cells (e.g.,
ILC2 cells and Th2 cells), have demonstrated
normal virus-induced interferon responses
(62-65). In any case, it is likely that the
early virus-induced interferon response is an
important determinant of the subsequent
course of the infection and illness.
Parenthetically, the kinetics of the virus-
induced interferon response are likely to be
important. Too little interferon during the
early phases of infection could lead to
unrestrained viral replication, whereas
excessive interferon secretion during the
peak illness (in response to high-level viral
replication) could add to the burden of
symptoms (66-68). Two possible mechanisms
for allergic inflammation to inhibit antiviral
responses have recently been described and
are reviewed in the following sections.

High-Affinity IgE Receptors and
Interferon Responses

Allergic inflammation can inhibit innate
antiviral immunity under some conditions
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(69). For example, plasmacytoid dendritic
cells secrete high levels of type I and III
interferons and are important cells in

the antiviral response in the lung (70)
(Figure 1). Interestingly, these cells express
the high-affinity IgE receptor (FceRI), which
can regulate antiviral responses. Expression
of FceRI on the cell surface is inversely
related to the virus induction of interferon
(57). Furthermore, cross-linking FceRI
markedly impairs type I and type III
interferon responses to influenza virus or RV
(57, 71). These findings suggest that IgE-
mediated allergic inflammation could inhibit
antiviral responses in pDCs patrolling the
airway epithelium. In turn, pDC interferon
secretion during viral infections can inhibit
Th2 responses (72) and thus has both
antiviral and immunomodulating functions.

Cell Signaling, Allergy, and
Antiviral Responses

Intracellular signaling mechanisms may also
contribute to allergy-induced suppression of
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Figure 1. High-affinity IgE receptors (FceRls) on plasmacytoid dendritic cells and effects on interferon
responses. In the absence of allergy, plasmacytoid dendritic cells (pDCs) express low levels of cell
surface FceRI, and some of these receptors are occupied by IgE. Rhinovirus (RV) infection induces
pDCs to secrete IFN-a and IFN-X, which inhibit viral replication in an autologous and paracrine
fashion. In the context of allergy with allergen exposure, FceRI and IgE are increased, and cross-
linking of receptors by allergen can inhibit interferon secretion. The net result in asthma could be
increased viral replication, more severe iliness, and increased risk for exacerbation of chronic asthma.
Figure courtesy of William W. Busse, M.D., University of Wisconsin-Madison.
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antiviral responses. Suppressor of cytokine
signaling (SOCS) 1 is expressed by airway
epithelial cells and can suppress interferon
and other cytokines. SOCS1 is increased
in the nuclei of airway epithelial cells in
asthma, and this effect may contribute to
reduced virus-induced interferon responses
(73). In addition, in epithelial cells, allergic
inflammation and RV infection can induce
mucus metaplasia through mechanisms
that involve induction of the transcription
factors forkhead box protein A3 (FOXA3)
and SAM pointed domain containing

ETS transcription factor (SPDEF) (74).
FOXA3 expression in epithelial cells

can also inhibit type I interferons and other
antiviral responses and enhances expression
of proallergic factors such as thymic stromal
lymphopoietin (75). During acute viral
infections, the function of FOXA3 may be to
limit inflammatory responses as the infection
resolves, but chronic expression in the
context of allergic inflammation could
instead inhibit antiviral responses, potentially
leading to more severe illness (75).

Do RV Infections Potentiate Ongoing
Allergic Airway Inflammation?

In a longitudinal study of cohabitating
couples who were discordant for asthma,
asthma was associated with similar
RV-induced upper respiratory symptoms
but worse lower respiratory symptoms (76).
This finding suggests that differences in the
lower airway environment may account
for enhanced illness severity in asthma.
Several features of the lower airway could
contribute to increased severity of RV
illnesses. Structural and physiologic
changes associated with allergic airway
inflammation include goblet cell
hyperplasia, hyperemia, airway
hyperresponsiveness, and airway narrowing
(77, 78). Accordingly, RV stimulation of
mucus secretion could be worse in airways
with greater numbers of mucus-secreting
cells, asthma-related hyperemia might
increase virus-induced edema and
transudate, and bronchospasm could

be accentuated in airways that are

hyperreactive. These effects together could
promote airway narrowing and closure,
leading to reduced airflow and increased
risk of exacerbation.

The epithelium has a number of innate
antiviral defense mechanisms and an intact,
well-differentiated epithelium is relatively
resistant to RV infection (79). Allergic
airway inflammation in asthma can impair
epithelial barrier function, and in vitro
studies indicate that RV replication is
enhanced when apical cells of well-
differentiated epithelial cell cultures are
either damaged or stripped away (80).
Thus, reduced barrier function in asthma
could lead to more severe RV infections.

Implications for Prevention
and Treatment

Standard asthma treatment regimens
incompletely control exacerbations, and
new approaches are needed. Most of the
time, exacerbations are multifactorial,
and the combination of viral infection
and allergy are the two most common
contributors. This observation suggests that
controlling allergic inflammation and
enhancing antiviral responses might both
be effective approaches to reducing the
frequency and severity of asthma
exacerbations.

Omalizumab binds to the Fc portion of
IgE to prevent cell surface binding to block
activation of cells through the high-affinity
IgE receptor FceRI. In a randomized
placebo-controlled trial of guidelines-based
asthma treatment compared with
omalizumab added to standard therapy,
omalizumab prevented seasonal peaks of
exacerbations during the fall and spring
(81). Nasal secretions obtained during
exacerbations were analyzed for viruses,
and these data confirmed that the treatment
group had fewer viral as well as nonviral
exacerbations. Results from this
interventional study indicate that IgE-
mediated inflammation contributes to
virus-induced exacerbations of asthma. The

findings also raise the possibility that other
drugs targeting type-2 inflammation (e.g.,
mepolizumab and IL-5 [82]) might also
inhibit virus-induced exacerbations.

Another new approach has been to use
inhaled IFN-B to boost antiviral responses
in the airway mucosa. Volunteers with
persistent asthma and a history of
exacerbations with colds were randomized
to treatment with either nebulized IFN-f or
placebo within 24 hours of the onset of cold
symptoms (83). IFN-B treatment did not
reduce asthma symptom scores (primary
outcome) in the intent-to-treat population;
however, three positive outcomes were
noted. First, IFN- was well tolerated and
induced markers of antiviral defenses in
the blood and sputum Second, IFN-3
treatment led to increased peak expiratory
flow compared with placebo. Finally, in
study subjects with more severe asthma
(British Thoracic Society Step 4 and 5),
IFN-B reduced the probability that colds
would lead to exacerbations. If these
findings are confirmed, inhaled IFN-3
could be useful for preventing asthma
exacerbations induced by common colds in
patients with more severe asthma.

Conclusions

Clinical studies have identified allergy and
viral infection as major risk factors for
exacerbations of asthma. These findings have
led to new approaches to prevention of
exacerbations based on blocking allergic
mechanisms and redoubled efforts to

boost antiviral defenses in the airways.
Understanding how allergy and other

risk factors promote virus-induced
exacerbations of asthma remains a worthwhile
goal. Advances in this area could provide
additional insights into the pathogenesis of
asthma exacerbations and successively lead to
better approaches to the prevention or
treatment of asthma exacerbations. ll

Author disclosures are available with the text
of this article at www.atsjournals.org.
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