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The role of viruses in the development and
exacerbation of atopic disease

Amit Kumar, MD,* and Mitchell H. Grayson, MD*

Objective: To examine data in support of the viral hypothesis of atopic disease.

Data Sources: We retrieved review articles and original research from MEDLINE, OVID, and PubMed (1950-June 2009) that
addressed our topic of interest, using the terms respiratory virus, asthma, IgE, atopy, and viral-induced wheeze.

Study Selection: Articles were selected for their relevance to viruses and their role in asthma.

Results: Much of the data in support of the viral role in asthma focuses on rhinovirus and respiratory syncytial virus.
Epidemiologic studies have used factors such as day-care and family size as surrogates for infection in studies that support and
negate the role of viruses in the development of asthma. A large volume of literature supports the theory that virus exacerbates
preexisting asthma by setting off the inflammatory cascade. No mechanistic studies fully explain how viral infections can
translate or exacerbate atopic disease. We provide information from our mouse model that suggests that dendritic cells, IgE, and
FceRI are critical to the induction of atopy. Studies of patients taking antiviral agents (eg, ribavirin or palvizumab) support the
notion that interfering with respiratory viral infections may decrease the development of atopy.

Conclusions: Many studies suggest strongly that viral infections may predispose patients to the development of asthma and
other atopic diseases. Further, mechanistic studies are necessary to allow for the development of targeted therapeutics to prevent

the translation of viral into atopic disease.
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INTRODUCTION

Antiviral responses are interferon mediated and often viewed
as prototypical Tyl immune responses. Yet, we know that
viral infections can aggravate asthma, cause symptoms sim-
ilar to allergic rhinitis, and may induce development of
asthma and atopic disease—all Ty2 hallmark diseases. Much
of our focus determining the role of infection in the devel-
opment of atopic disease stems from studies exploring the
hygiene hypothesis. This theory postulates that the relative
increase in the incidence of atopic disease in western society
is due to increased cleanliness.! However, the hygiene hy-
pothesis does not fully explain increased atopy and fails to
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acknowledge the role viral infections play in the develop-
ment of atopic disease. How viral infections have this
ability to be a Ty1/T2 “double-edged sword” is not well un-
derstood. In this review we explore the data supporting and
refuting a role for viruses in the development of asthma and
atopic disease. We also provide a paradigm, developed from our
studies that suggest IgE and viral infections together lead to the
development of atopic disease. We retrieved review articles and
original research from MEDLINE, OVID, and PubMed (1950-
June 2009) that addressed our topic of interest, using the
terms respiratory virus, asthma, IgE, atopy, and viral-in-
duced wheeze. Articles were selected for their relevance to
viruses and their role in asthma. In reviewing the literature,
we noted that there are essentially 3 avenues of viral asthma
research: data supporting a role for viruses in the develop-
ment of asthma, data focused on the role of viruses in asthma
exacerbations, and data supporting a role of viruses in caus-
ing atopy.’
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VIRUSES AND CAUSATION OF ASTHMA

Evidence favoring a causative role for viral infections in
asthma development includes studies focused on specific
viruses, as well as several epidemiologic studies that have
documented a role for viral exposure factors, such as day-care
and family size. The strongest evidence comes from studies
exploring the role of respiratory syncytial virus (RSV).

RSV is a single-stranded RNA paramyxovirus that infects
most children by 2 years of age.®> Although most have a rather
mild course, a subset of infants (primarily in the 2- to
6-month age group) develop severe bronchiolitis requiring
hospitalization. Sigurs and coworkers* showed that after the
viral infection these individuals were left with a markedly
increased risk for developing asthma (odds ratio [OR], 12.7),
as well as allergic sensitization (OR, 2.4). The risk remained
present through at least 7% years of age.

The Tucson Children’s Respiratory Study includes more
than 800 children with documented RSV infection in infancy.
However, unlike the study by Sigurs et al, these infections
were not severe enough to require hospitalization.® These
children have been followed up longitudinally for the devel-
opment of asthma and atopic disease. RSV infection was
shown to increase the risk of wheezing early in life, but this
risk was transient, disappearing between 10 and 13 years of
age, suggesting a possible effect of puberty.

Although RSV is frequently associated with progression to
asthma, other viruses have also been implicated. In a study
performed in Greece of 119 infants with bronchiolitis, 74%
had viruses detected in their nasopharyngeal washings. Of
this group, 29% were found by polymerase chain reaction
(PCR) to have rhinovirus isolates.® On the basis of the sheer
number of viral exposures, rhinovirus is an important patho-
gen in the development of acute bronchiolitis in infants.
Other studies have documented an association between rhi-
novirus infection and the development of wheezing later in
life. The Childhood Origins of Asthma (COAST) study ex-
amined suburban children from birth to 3 years of age who
were at high risk for asthma (1 parent with asthma or aller-
gy).” This study showed that the most important risk factor
for development of wheeze by the third year of life was a
symptomatic rhinovirus infection.® The association of wheez-
ing with prior rhinovirus infection was stronger than that with
RSV or any other viral pathogen. The COAST study involved
a multivariate analysis that attempted to correct for other
factors, such as pets, older siblings, participation in day-care,
breastfeeding, atopic dermatitis, and the presence of food
specific IgE. Taking these factors into account, rhinovirus
was found to be most associated with later wheeze. Further
analysis of cytokine profiles in this cohort suggested that
children with impaired Tyl responses (decreased release of
interferon vy from cord blood monocytes) had increased num-
bers of viral infections in the first year of life.’

Other studies have made similar conclusions regarding the
role of rhinoviruses in the development of asthma. A recent
study of 259 children found that wheezing with rhinovirus led

to a strong risk (OR, 25.6) of developing asthma by 6 years
of age.'” Rhinovirus has been looked at in mouse models of
asthma as well and has been found to worsen underlying
asthmatic inflammation and airway hyperresponsiveness.!!

A study by Kusel et al'? in 2007 looked at the risk of
wheezing at 5 years of age in 198 patients at high risk of
developing asthma. These patients were initially enrolled as
infants and monitored for respiratory infections, as well as
with periodic checks for asthma and atopy. At 5 years of age,
the patients with current wheeze and asthma had higher rates
of respiratory infections with rhinovirus or RSV. Interest-
ingly, the association between viral infection and wheeze or
asthma was limited to the subgroup of patients who had
developed allergic sensitization at younger than 2 years. This
finding suggests a role between viral infection and develop-
ment of allergic sensitization.

Parainfluenza viruses may also be implicated in the devel-
opment of asthma. Parainfluenza viruses are a group of RNA
viruses that have been associated with croup, pneumonia, and
bronchiolitis in infants.'* The Canadian Asthma Primary Pre-
vention Study studied 455 children from atopic families and
performed serial viral PCR samples at 2, 4, 8, and 12
months.'* They found that children with parainfluenza infec-
tion in the first year of life had higher odds of developing
asthma in their second year of life. A study in Sweden
examined cytokine profiles of children infected with RSV,
influenza, or parainfluenza and found comparable increases
in T2 cytokine profiles in all infected children younger than
3 months.!> Thus, similarities exist between RNA respiratory
viruses in their ability to skew toward an atopic predisposi-
tion.

Epidemiologic data have contributed to the idea that vi-
ruses may cause asthma and atopic disease. These studies
have looked at exposure to day-care and increased family size
as surrogates for viral exposure. A study from Sweden in
2006 enrolled more than 10,000 children and used a ques-
tionnaire to document multiple airway infections and day-
care attendance, which were both found to be risk factors for
asthma.'® Recently, a Tennessee cohort of 90,000 children
was examined to see what percentage of children with asthma
at 4 to 5% years of age had bronchiolitis as infants and in
what season the bronchiolitis occurred.!” An increased risk of
asthma was found in children with episodes of bronchiolitis
during nonwinter months. In addition, those with bronchioli-
tis during a month associated with higher rhinovirus exposure
had a 25% greater risk of developing childhood asthma than
those who developed infections during months where RSV
was the primary cause of bronchiolitis. They also found that
patients born 4 months before the winter virus peak had an
increased risk of developing asthma, thus emphasizing that
timing of the virus plays a crucial role in the development of
atopy.'®

The role of day-care as a risk factor for asthma is contro-
versial. Although some studies suggest a day-care—imparted
risk for asthma, others show a protective effect. Some have
argued that the underlying issue is that day-care by itself may
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not be a risk factor, but when actual diagnosed infections are
taken into account, the association in the data becomes more
robust.’ A study from 2003 in which 453 children with a
parental history of atopy were followed up for the develop-
ment of asthma, wheezing, and eczema showed that although
most day-care participants had less asthma, eczema, or
wheezing, a subgroup—those with a maternal history of
asthma—had a higher rate of the disease.? This emphasizes
once again that applying general assumptions about a popu-
lation as a whole may complicate the perceptions regarding
development of atopy.

Another analysis from the Tucson Children’s Respiratory
Study analyzed the presence of asthma in relation to day-care
attendance and number of siblings at home in 1,035 chil-
dren.?! This study suggested a protective role for day-care and
having older siblings at home, at least in terms of develop-
ment or presence of asthma from ages 6 through 13 years.

In 2007, the medical records of more than 500,000 Israeli
military personnel were searched for an association between
family size and asthma development.? In this study, asthma
prevalence increased in families of up to 3 siblings, but 4 or
more siblings was protective of asthma development. The
presumption in these studies is that sibling number would be
a surrogate for viral infection. How more than 3 siblings
would reduce the number of viral infections or the risk of
asthma remains unexplained. Although this suggests that
increasing viral infections may increase the risk of asthma,
there is a tipping-point at which enough exposures (assuming
larger families have more viral infections) lead to an over-
whelming Tyl environment that trumps the Ty2 proatopic/
asthmatic response. This is an interesting hypothesis; how-
ever, many more studies will need to be performed to
determine if this is indeed the case.

VIRUSES AND THE EXACERBATION OF ASTHMA

Viruses have been known for awhile to induce exacerbation
of preexisting asthma in both adults and children. Past studies
have found a seasonal pattern of asthma admissions that
correlates with the seasonal pattern of viral infections.?* Sev-
eral studies have used PCR analysis to identify viruses in
patients with asthma exacerbations. Johnston and coworkers?*
studied 108 children aged 9 to 11 years who had decreases in
peak flow rates and an asthma exacerbation and found that
80% or more had detectable viruses in nasal aspirates. The
most predominant virus identified was rhinovirus. In a study

of 138 adults, similar results indicated that subjective symp-
toms of upper respiratory tract infections were seen in 80% of
patients with asthma exacerbations. Further, peak flows were
reduced in conjunction with viral infections. In this study,
44% of patients with asthma exacerbations (identified as peak
flow decreases of >50 L/min) had documented viral infec-
tions.? In inner-city adults with asthma, 44% of asthma
exacerbations were secondary to respiratory tract viral infec-
tions.? This study also documented that 55% of acute emer-
gency department visits for asthma exacerbations in adults
were secondary to a viral respiratory illness. Thus, viruses
clearly exacerbate preexisting asthma. How viral infections
exacerbate asthma is not understood. Theories have been
proposed to explain how viral infections are able to exacer-
bate asthma, with most relying on the obvious: antiviral-
induced inflammation drives bronchial hyperreponsiveness
and instigates the underlying inflammatory pathways of asth-
ma.?” However, this is somewhat of a circular argument and
does not get to the underlying mechanistic connections be-
tween antiviral responses and the exacerbation of Ty2-medi-
ated diseases, such as asthma. Indeed, whether this inflam-
matory response is T2 mediated remains unclear because the
mechanism through which viral infections exacerbate or in-
duce asthma may be via non-T-cell-mediated pathways. For
example, when asthmatic patients were experimentally inoc-
ulated with rhinovirus, an increase in nasal granulocyte col-
ony-stimulating factor and interleukin-8 was seen.® These
cytokines correlated with a subsequent increase in neutrophils
in the airways, suggesting that neutrophils may play a critical
role in viral-induced asthma exacerbation. It remains to be
seen if other innate immune components have critical roles in
the translation of viral to asthmatic disease.

Although we have been presenting data supporting the role
of viruses in potentially inducing asthma, some studies have
argued that atopic individuals are predisposed to develop
viral infections. For example, in a study of 8,280 pairs of
Danish twins born between 1994 and 2000 the relationship
between RSV infection and asthma was explored with vari-
ous mathematical models.?” The best-fit model of the data
supported the hypothesis that asthma was a risk for RSV
infection and not the other way around. Solving this chicken
and egg argument is a major focus of research, and we are
hopeful that a clearer relationship between RSV and asthma
will emerge in the near future.

As shown in Figure 1, the timing of viral infection, as well

RSV; PIV-1, 3; RV
Viruses RV; PIV-1, 3; Influenza; RSV;
I T B T others (CoV, etc.)
Age 2-6mos 10-15 mos. E 2t W —— >
Risk Asthma exacerbations

Increased risk of asthma and atopic development

Figure 1. Viral infections and the age and risk they impart for the development of atopic disease. Respiratory viral infections early in life (blue bar) are capable
of imparting an increased risk for the development of asthma and atopic disease. Later in life (red bars), viral infections are associated primarily with
exacerbations of preexisting asthma. RSV indicates respiratory syncytial virus; PIV, parainfluenza virus; RV, rhinovirus; CoV, coronavirus.
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as the actual viral pathogen, may be critically important in
determining whether a given infection will lead to disease
progression, regression, or aggravation. Awaiting additional
studies are the mechanistic underpinnings that will explain
these temporal differences in disease expression.

VIRUSES AND DEVELOPMENT OF ATOPY

Since the early 1970s it has been recognized that viral infec-
tions lead to increased IgE—both viral specific and nonspe-
cific. The reason for this increase and the role for IgE in viral
illnesses are not known. Nonetheless, the association of IgE
elevation with viral infections and the similarity of upper
respiratory tract viral infection symptoms with those from
allergic rhinitis has suggested a possible causative link. Ev-
idence of this possible link was first reported in 1979, when
Frick and coworkers® studied 13 children from atopic fami-
lies to see if and when they developed atopic disease. In this
small study, 11 of the children were noted to have upper
respiratory tract infection 1 to 2 months before the initial
development of allergic sensitization. This interesting asso-
ciation led the authors to hypothesize that viral infections
might precipitate the development of atopic disease. Of
course, the chicken and egg argument also applies here—are
atopic individuals more susceptible to viral infection or could
viral infections drive atopic disease?

We have used a mouse model to explore the role of viruses
in the development of postviral atopic disease. In this model,
mice infected with the mouse parainfluenza virus, Sendai
virus, develop airway hyperreactivity and mucous cell meta-
plasia after clearance of the virus. The airway changes are
long-lasting and are still present at least 1 year after the initial
infection. Interestingly, we found that the high-affinity recep-
tor for IgE, FceRI, was expressed by lung dendritic cells
during the viral infection, and IgE against Sendai virus was
produced during the infection.?! Cross-linking the dendritic
cell-expressed FceRI led to production of a Ty2 cell che-
moattractant (CCL28) that was necessary for development of
the postviral mucous cell metaplasia (through an interleukin
13—dependent process). These data provide some mechanis-
tic insight into how a viral infection might translate into
asthma.

More recently, we have begun exploring whether exposure
to a nonviral antigen during a viral infection would be suffi-
cient to drive IgE production against the nonviral antigen.
Indeed, in our early studies, we noted that the total IgE level
remained elevated after clearance of the virus, whereas the
viral specific IgE levels rapidly decreased. This finding sug-
gested that it might be possible to produce IgE against envi-
ronmental antigens as a consequence of a viral infection. Our
preliminary data have indicated that indeed exposure to a
nonviral antigen at a critical point during the antiviral re-
sponse may be all that is necessary to generate IgE against the
nonviral antigen.*>** These data have begun to elucidate the
potential mechanisms underlying the intriguing results re-
ported by Frick and coworkers in 1979. Further, as shown in
Figure 2, these data suggest that viral infections may be

Exposure to
non-viral Ag

DC express FceRI
" + . IgE against
Cross-linking AfOPlC non-viral Ag

Viral infection of DC FceRI cycle" produced

IgE against virus

Exposure to
non-viral Ag
Figure 2. The atopic cycle. On the basis of studies in the mouse, which
have not yet been validated in humans, viral infections are capable of
inducing the high-affinity receptor for IgE (FceRI) on dendritic cells (DCs),
as well as the production of IgE against the virus. Exposure to a nonviral
antigen (Ag) after cross-linking of FceRI on the DCs can lead to production
of IgE against the nonviral Ag (see text for details). This allows the new IgE
to bind to the DC-expressed FceRI and, with subsequent exposure to the
same nonviral Ag, restarts the cycle, potentially explaining the development
of multiple sensitivities as a result of an initial viral infection.

sufficient to induce an atopic cycle, a self-perpetuating loop
leading to increased atopic sensitizations as a result of an
initial infection. We should stress that the atopic cycle is
based on data in mouse models, and whether similar mech-
anisms operate in humans remains to be determined but is an
avenue of active research.

IMPLICATIONS FOR THERAPY

If viral infections lead to the development of atopic disease,
then it should be possible to intervene and prevent allergies
and asthma. Clearly, the first target would be preventing viral
infections. This is becoming more plausible given newly
developed vaccine strategies and antiviral agents. For exam-
ple, the therapeutic monoclonal antibody against RSV, palvi-
zumab (Synagis), is one option. This monoclonal antibody is
directed against an epitope in the A antigenic site of the F
protein of RSV. Currently, the American Academy of Pedi-
atrics recommends its use for high-risk infants during RSV
season.* In studies examining the long-term outcome of
asthma in this particular patient population, it was found that
patients who received palvizumab had lower rates of recur-
rent wheezing compared with those who did not.*

Giving antivirals for RSV has been shown in other studies
to lead to a trend toward less atopy. In a recent study,* 175
patients who had acute RSV were studied—some received
ribavirin and some did not. In the group that received riba-
virin, rates of physician-diagnosed wheezing were decreased,
along with decreased rates of allergic sensitization. These
intriguing data suggest that the prevention or early treatment
of viral infections may be able to prevent subsequent devel-
opment of asthma and atopic disease.

Other potential targets in the viral cascade include the
NFkB pathway, which is believed to have a role in both
asthma and chronic obstructive pulmonary disease.’” The use
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of small interfering RNA technology (in which double-
stranded RNA is introduced that can interfere and silence
expression of specific genes) is an area of active research,
with the targets being genes, such as those involved in the
NFkB pathway.

On the basis of our work in the mouse model, it appears
that targeting IgE during a viral infection would be beneficial
in reducing development of postviral atopic disease. If this is
indeed true, then omaluzimab (Xolair), the humanized anti-
IgE monoclonal antibody, could be useful in breaking the
virus-IgE-dendritic cell atopic cycle. Interfering with chemo-
kines involved in this response (such as CCL28) would also
be predicted to be productive targets for blocking the virus to
atopy translation.®® The actual effectiveness of these strate-
gies awaits large-scale clinical trials; we are hopeful that in
the near future interventions will be developed to stem the
tide of atopic disease development. However, because the
role of IgE (or CCL28) in the normal antiviral response is not
understood, we remain cautious about the effects of depleting
these mediators.

CONCLUSION

Although the jury remains undecided on the actual role vi-
ruses play in the development of asthma and atopic disease,
much data support a role at least in focused developmental
windows. It is highly likely that the underlying genetic
makeup of the individual will modulate the response to the
viral infection, complicating studies exploring the risk of
atopic disease and viral infection. Nonetheless, the studies
that have been performed and those that are ongoing have
provided insights that will help to shape future therapeutic
interventions. Our hope is that in the relatively near future,
treatments will be developed and used that will lessen or
prevent the translation of viral diseases into asthma and
atopy. Two important questions come from all of these stud-
ies—why is IgE produced as part of the antiviral response,
and could the development of atopic disease be a hereditary
outcropping of the antiviral role of IgE? We look forward to
future studies that will answer these interesting and vexing
questions.
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CME Test Questions

1. Data from the Tucson Children’s Respiratory Study

showed that respiratory syncytial virus (RSV) was a risk
for wheezing early in life; however, this effect subsided
by what age?

a. 12 to 18 months

b. 18 months to 3 years

c. 3to 5 years

d. 7 to 10 years

e. 10 to 13 years

The Childhood Origins of Asthma (COAST) study found
that the most important risk factor for asthma was which
of the following?

RSV infection

rhinovirus infection

parainfluenza infection

bacterial infection

. parasitic infection

oeo Te

. The COAST study found that patients with decreased

interferon vy responses in cord blood monocytes had:
increased numbers of viral infections

decreased numbers of viral infections

increased numbers of bacterial infections
decreased numbers of bacterial infections

no change in the number of overall infections

oo o

In a study of military personnel in Israel examining
sibling number as risk for asthma, rates for asthma de-
creased when the number of siblings was greater than:
a. 1

po o
ESN UV O]

e. 5

. In a mouse model of asthma, infection with Sendai virus

led to which of the following?

decreased FceR1 on lung dendritic cells
increased FceR1 on lung dendritic cells
decreased IgE on lung mast cells
decreased IgE on lung basophils

. decrease in free IgE

oo o

. Data from studies using palvizumab in high-risk infants

led to:

higher rates of atopic dermatitis
higher rates of allergic rhinitis
lower rates of recurrent wheezing
lower rates of drug allergy

. lower rates of food allergy

oo T

. Ant1v1ral agents used for acute RSV led to the following:

a. increased rates of physician-diagnosed wheezing
b. increased rates of adult asthma
c. decreased rates of physician-diagnosed wheezing
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d. decreased rates of allergic sensitization
e. both ¢ and d
8. Studies that support the role of viruses in the exacerba-
tion of asthma have been shown in:
a. adults
b. children
c. both adults and children
d. neither
9. In a study looking at the role of viral seasons in bron-
chiolitis, which of the following occurred?
a. a decreased risk of asthma during nonwinter virus
months
b. bronchiolitis during months with rhinovirus led to a
25% increased risk of asthma compared with RSV

10.

c. RSV-associated bronchiolitis led to a decrease in the
risk of asthma

d. asthma rates stayed the same no matter in what season
the child developed bronchiolitis

e. asthma rates decreased after bronchiolitis infections

In epidemiologic studies of asthma, the following have

been used as surrogates of viral infections:

obesity

pets

day-care

family size

both ¢ and d

oo o

Answers found on page 219.
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