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Asthma and viral infections
An intricate relationship
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Key Messages

� Viral infections in infancy, particularly with rhinovirus (RV) or respiratory syncytial virus (RSV), are important risk factors for
wheezing episodes, asthma, and asthma exacerbations.

� RV infection is a more important risk factor for the development of atopic asthma, likely through a mechanism that relies on allergic
sensitization.

� RSV infection is a more important risk factor for the development of nonatopic asthma, likely through a different mechanism than RV.

� Neutrophils anddendritic cell responses toviral infection appear to be important contributors to the TH2 response that defines atopic asthma.

� Understanding the association among viral infections, atopy, and asthma can help guide appropriate treatment strategies for viral-
induced or exacerbated asthma.
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bjective: To synthesize available data related to the complex associations among viral infections, atopy, and
sthma.
ata Sources: Key historical articles, articles highlighted in our recent review of most significant recent
sthma advancements, and findings from several birth cohorts related to asthma and viral infections were

reviewed. In addition, PubMed was searched for review articles and original research related to the
associations between viral infection and asthma, using the search words asthma, viral infections, atopy,
development of asthma, rhinovirus (RV), and respiratory syncytial virus (RSV).
Study Selections: Articles were selected based on novelty and relevance to our topic of interest, the role of
asthma and viral infections, and possible mechanisms to explain the association.
Results: There is a large body of evidence demonstrating a link between early viral infections (especially RV
and RSV) and asthma inception and exacerbations. RV-induced wheezing is an important risk factor for
asthma only when atopy is present, with much evidence supporting the idea that sensitization is a risk factor
for early RV-induced wheezing, which in turn is a risk factor for asthma. RSV, on the other hand, is a more
important risk factor for nonatopic asthma, with severe infections conferring greater risk.
Conclusion: There are important differences in the development of atopic and nonatopic asthma, with
several proposed mechanisms explaining the association between viral infections and the development of
asthma and asthma exacerbations. Understanding these complex associations is important for developing
asthma prevention strategies and targeted asthma therapies.
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Introduction

Asthma is the most common chronic medical condition in the
pediatric population, affecting 5% to 10% of children and adoles-
cents,1 and is characterized by chronic inflammation of the airways,
excessive mucous production, bronchial hyperreactivity, and
reversible airflow obstruction that leads to recurrent episodes of
wheezing, dyspnea, and cough. This review discusses the strong
link between asthma and viral infections. Viral infections trigger
infant wheezing episodes, have been implicated in the inception of
asthma, and are recognized as an important risk factor for asthma
exacerbations (Fig 1).
Acute Wheezing Episodes in Infancy

Many children wheeze in the first few years of life, with some
studies citing up to 50% of children wheezing before school age.2

Not all these children develop asthma, and a subset of children
develop asthma even without wheezing as an infant.1 Almost all
wheezing episodes in the first few years of life occur with viral
infections, most commonly rhinovirus (RV) and respiratory syn-
cytial virus (RSV), but enterovirus, bocavirus, parainfluenza virus,
coronavirus, metapneumovirus, influenza virus, and adenovirus
have also been implicated.3

Bronchiolitis is a common condition characterized by inflam-
mation of the small bronchioles and surrounding tissue in children
up to 2 years of age and is caused by viral infection of the lower
airways. Bronchiolitis can affect up to 20% to 30% infants in the first
year of life and up to 10% to 20% of infants in the second year of life.3

Wheezing is often a characteristic finding of bronchiolitis but not
mandatory. Other symptoms include dry cough, tachypnea, wide-
spread crackles, and breathing difficulty.4

RSV is the most common cause of bronchiolitis in the first year of
life, usually occurring in winter.5 RSV often affects infants during a
critical time in lung development and consequently may affect long-
term lungdevelopment.4 AlthoughRSVmay lead to severe infections,
most infections are asymptomatic or present with amild illness. Risk
factors for RSV-induced wheezing include prematurity; heart, lung,
Figure 1. Factors involved in the development of asthma. Many factors combine to drive t
factors include RNA viruses, such as respiratory syncytial virus and rhinovirus, airway po
and immune system abnormalities; and the age and season of birth
(being 2-6 months of age during the winter RSV season).5

Whereas RSV is the most common cause of infant wheezing in
the first year of life, RV is the most often detected virus with
wheezing in older infants and toddlers6 and is the second most
common cause of bronchiolitis in infants younger than 12months.2

RV infections can present year-round, with a peak incidence in late
autumn and early spring.4 RV infections are nonenveloped positive-
strand RNA viruses with many distinct genotypes that are divided
into 3 different species (RV-A, RV-B, RV-C) based on genetic prop-
erties. Because RV-C viruses do not grow in conventional cell cul-
tures, their identificationwas delayed, and their detection continues
to rely on polymerase chain reaction. RV-A and RV-C aremore often
associated with wheezing illnesses in infants than RV-B.2
Risk Factors for Development of Asthma

Understanding the risk factors for progression fromwheezing as
an infant to development of asthma is important for targeted
asthma prevention strategies and for offering anticipatory guidance
after an initial wheezing episode. Althoughmany viruses have been
associated with wheeze as an infant, most data suggest that the
greatest association is between RV and RSV recurrent wheeze and
development of asthma (Fig 2).2,6e10

Risk factors can differ for allergic and nonallergic asthma. The
modified Asthma Predictive Index (API), mainly based on atopic
characteristics, is often used to predict risk of school-age asthma
and in birth cohort studies has been predictive of atopic asthma but
not nonatopic asthma.11 Lukkarinen et al10 considered the charac-
teristics used in the API, in combination with viral origin, in infants
hospitalized with first-time wheeze and found that RV-induced
wheezing, alone or with sensitization and eczema, predicted
atopic asthma at school age. On the other hand, parental smoking,
RSV infection with first wheeze, and wheezing before 1 year of age
were found to be risk factors for nonatopic asthma at school-age.10

These differences in risk factors highlight important mechanistic
differences between RV-induced and RSV-induced disease, with
he development of asthma, of which respiratory viruses are only 1 component. These
llutants, allergens, genetics, and the components of the respiratory microbiome.
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RV-induced wheezing being a more important risk factor in atopic
individuals (Fig 2).

Many studies have found that early RV-induced wheezing is an
important asthma risk factor.9,12e17 Some studies estimate that 60%
of children who wheeze with RV in the first 2 years of life will
develop asthma.6 In the Childhood Origins of Asthma (COAST)
study, a birth cohort study that prospectively followed up children
who had at least 1 atopic parent, infants who wheezed with RV
aloneweremore likely to develop asthma than thosewhowheezed
with RSV alone or RSV and RV.18

Many studies have found a link between atopy and RV-induced
wheezing/9,13,14,16,17,19 The risk of asthma increases markedly in in-
fants with RV-triggered wheeze who also have evidence of allergen
sensitization. An Australian birth cohort demonstrated the risk for
wheezing at 5 years of age was only associated with infant RV
wheezing in children who had evidence of sensitization.7 Further-
more, in the COAST study, the greatest risk for asthmawas in infants
who had both RV wheezing and sensitization to at least one aero-
allergen.18 Although it is unclear whether sensitization or viral
infection came first, it seems most likely that allergic sensitization
itself is a risk factor for RV-inducedwheezing.13,20 In the COASTstudy,
early-life aeroallergen sensitization preceded RV infection, leading
the authors to hypothesize that allergic sensitization may be what
drives viralwheezing.13 Children sensitized tomultiple aeroallergens
early in lifehave thehighest risk forpersistentwheeze, severe asthma
exacerbations requiring hospitalization, and impaired lung
Sensitization/atop

Viral-induced whee
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Figure 2. Association among respiratory viruses, atopy, wheeze, and asthma. As discusse
development of wheeze in infants who have had a severe infection but without any preex
development of atopy, as well as asthma by adolescence. Rhinovirus (RV), on the other
preexisting atopy. There is an unclear associationwith the factors that drive atopic and no
to exacerbate existing asthma.
function.21,22 There are many pathways between RV infections and
allergic inflammation that can potentially explain the increased risk
of asthma that occurs with RV wheezing and atopy, and these are
briefly reviewed in the mechanism section below.

Others have challenged the finding that specific viral infections
are significant, hypothesizing that the number of lower respiratory
tract infections in the first year of life is amore significant risk factor
that any specific viral origin.23 The number of early viral infections
in the lower airways is certainly an important factor. The COAST
study found that the number of RV wheezing episodes is most
closely associatedwith asthma risk.24 However, most studies reflect
the belief that RV-induced wheeze is a significant risk factor for the
development of asthma, and likely frequent infant RV-wheezing
episodes confers a higher risk. A meta-analysis examining 15
original articles found an association between RV-induced
wheezing and development of childhood asthma.25

Although a link between RSV and asthma has long been sus-
pected, the association is less clear. One-third of children with RSV
develop recurrent wheezing episodes.11 RSV-induced bronchiolitis
in birth cohort studies has been associated with asthma but not
with allergic sensitization.26,27 There have been conflicting results
regarding the importance of RSV infection in the development of
asthma. Sigurs et al28 were the first to conduct a prospective study
that included controls matched for age, birthdate, sex, and resi-
dence and found that there was an increased rate of asthma in the
infants who were hospitalized with RSV in infancy. In fact, they
y
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natopic asthma (dotted lines). Viral infections, including with RV or RSV, are also able



I. Mikhail and M.H. Grayson / Ann Allergy Asthma Immunol 123 (2019) 352e358 355
followed up the cohort until 18 years of age and reported an in-
crease in asthma, allergic sensitization, and clinical allergy and a
decrease in pulmonary function on spirometry in the RSV group.8

The Tucson respiratory study, a nonselected birth cohort study,
linked RSV-induced bronchiolitis to asthma for up to 13 years.26 In
this study, RSV-induced wheeze was a risk factor for recurrent
wheeze, but the risk of wheeze decreased and was insignificant by
13 years of age, conflicting with the results from the study by Sigurs
et al.28 A Finnish study found an association between RSV and self-
reported asthma in children 15 to 18 years of age.29 Another study
found that infants born 3 months before the RSV season had the
highest risk of asthma between 4 and 5 years of age.29 Contrary to
these studies, the COAST study and an Australian birth cohort, both
high-risk birth cohorts, did not identify an association between RSV
as an infant and the development of asthma in school age/30 The
ambiguity in results among these studies is likely attributable to
the differences in population among the studies because mecha-
nisms differ between RV and RSV for causing virus-induced disease.
Most notably, sensitization does not seem to be a risk factor for
infants who develop RSV-induced wheezing26 but is an important
risk factor in infants who have RV-triggered wheeze. Hence, RSV
will be less significant in atopic populations, such as those present
in the COAST study and the Australian study group.

The severity of RSV infection is likely the most significant risk
factor for development of asthma after RSV-inducedwheezing. This
risk factor is likely attributable to different disease mechanisms
involved in the antiviral response, including enhanced TH2 re-
sponses and genetic polymorphisms,31,32 which are briefly dis-
cussed in the Mechanism section of this review.

Parainfluenza viruses have also been implicated in the devel-
opment of asthma.33 A study in Sweden found that infections with
RSV, influenza, or parainfluenza in children younger than 3 months
lead to the development of a TH2 cytokine profile.34

Despite this increasing body of evidence showing a pivotal link
between RV- and RSV-induced wheezing episodes and development
of asthma, it remainsunclearwhether infectionwithRVand/orRSV in
infancy contributes to the development of asthma or is simply a
marker of asthma susceptibility.20,35 There are many dynamics that
come together to produce asthma, including host and environmental
factors. Children with severe virus-inducted bronchiolitis were born
with increased bronchial responsiveness compared with children
without bronchiolitis,13 and patients with asthma have an altered
epithelial immune response to RV.36 Many posit that infant RV-
wheezing episodes occur in infants predisposed to develop
asthma.4 The host factors that contribute to severe viral infection,
predispose patients to atopy, and respond to viral wheezing with
enhanced airway damage may actually be significant risk factors for
the development of asthma. There is a likely a complex interplay
amongviral infections, sensitization, and environmental exposures in
a susceptible host that promote asthma.
Asthma Exacerbations

Viral infections are often associated with asthma exacerbations,
contributing to up to 90% of acute asthma exacerbations and
serving as the main trigger of asthma in school-aged children and
adults.37,38 Viral infections are particularly important when chil-
dren return to school after summer and spring breaks.39 Weeks in
which respiratory viruses are circulating have been associated with
greater asthma symptoms and more frequent loss of asthma con-
trol.40,41 Children with chronic asthma and greater symptoms with
a respiratory viral infection often have reduced airway function. In
fact, children with asthma harbor viruses in their lower airways
even when they are not wheezing.38 However, viruses tend to be
found more often during asthma exacerbations than when
asymptomatic.38
Many viruses have been associated with asthma exacerbations,
including RSV, RV, and influenza and to a lesser extent coronavirus,
parainfluenza, adenovirus, and metapneumovirus.42 However, RV is
the most common virus associated with childhood asthma exacer-
bations, probably because RV is the most prevalent of the respiratory
viruses. RV can cause a wide spectrum of disease, ranging from
asymptomatic to severe infection requiring hospitalization. Most RV
infections in children with asthma do not lead to an exacerbation,
however. Several factorspredisposechildren to anexacerbation,most
notably of which is a history of atopy. Studies in the emergency
department have found that detection of respiratory virus, allergen
sensitization,43,44 and eosinophil inflammation are risk factors for
acute wheezing. Higher levels of aeroallergen specific IgE imparted
the greatest risk, further supporting the synergistic association be-
tweenRV infection and IgE, leading to increased riskofwheezing.43,44

Similar to the greater associationwithwheezing infections in infants,
RV-A and RV-C infections lead to more severe illness and are more
often associated with asthma exacerbations than RV-B.2,4 Further-
more, RV-C might be more strongly associated with severe asthma
exacerbations and asthma hospitalizations because of a stronger in-
flammatory response being elicited by the virus.45

Viral infections can increase the presence of bacterial colonization
and infection in the airways. Prospective studies have found that RV
infections increase the frequency and quantity of Streptococcus
pneumoniae, Moraxella catarrhalis, and Haemophilus influenzae
detected in airway secretions.41 Detection of these bacterial patho-
gens was associated with asthma exacerbations in children with
asthma and symptomatic illness in children without asthma.41 The
role of bacteria in asthma development and exacerbation is beyond
the scope of this review, but clearly there is a potential interaction
between respiratory viruses and bacterial biome in the airways that
could also drive disease development and/or exacerbation.
Prevention and Treatment

Understanding the role of viral infections in asthma develop-
ment has been the basis for attempts to prevent disease develop-
ment and to reduce the severity and frequency of asthma
exacerbations. Palivizumab, a monoclonal antibody directed
against RSV and thus able to reduce the rate of severe RSV in-
fections, decreases early episodes of recurrent wheezing in non-
atopic children (but not atopic children) when administered to
high-risk preterm infants.21,46,47 The differences between the 2
populations is consistent with the observation that RSV appears to
be more important in nonatopic asthma. Despite the reduction in
earlywheeze, therewas no reduction in the rate of asthma.47,48 This
finding was not surprising given the fact that RSV is a risk factor for
wheezing in infants but this risk of recurrent wheeze diminishes
with age. Another RSV antibody, motavizumab, administered to a
high-risk group in the first year of life reduced the risk of hospital
admissions for wheezing by 87% but did not lead to a reduction in
medically treated wheezing between 1 and 3 years of age.49 Taken
together, these studies indicate that monoclonal antibody therapy
directed against RSV in preterm infants can reduce bronchiolitis
and recurrent wheezing. Whether similar results would be seen in
full-term infants remains to be demonstrated.

Studies have found that oral steroid use in hospitalized infants
with first wheeze can decrease the risk of recurrent wheeze and
asthma in children affected by RV, eczema, or both.12,15,16,19,50 The
mechanism(s) of this protection are not known but likely is medi-
ated through decreased inflammatory response to the viral infec-
tion. In general, RV-induced wheezing is more responsive to oral
steroids, whereas RSV-induced wheezing is less likely to respond to
oral steroids.16,51

Omalizumab, a monoclonal antibody that prevents IgE from
binding to its receptor, has been effectively used in the treatment of
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moderate to severe asthma, reducing the number of asthma exacer-
bationsand seasonalvariation inexacerbations.52,53 Because seasonal
peaks in asthma exacerbations are thought to be mainly attributable
to viral illnesses, the reduction in exacerbations likely means that
anti-IgE has an effect on the immune response to the viral infection.
Indeed, treatment with omalizumab, either year-round or seasonal
pretreatment, led to a decrease in seasonal exacerbations and a
decrease in RV in nasal secretions, especially among children with
severe asthma.52,53 The mechanism of this effect is not known. We
found that humans make IgE against RV (and others have found that
IgE can be made against RSV).54,55 This finding suggests that anti-IgE
might block asthma exacerbations in a similar manner to how it is
able to inhibit airway allergeneinduced asthma. An alternate expla-
nation is based on the observation that reduction of IgE led to
increased type I interferon production from plasmacytoid dendritic
cells ex vivo.56 This finding suggest that anti-IgE might increase
antiviral immunity. Consistent with both of these observations,
treatment with omalizumab decreases the severity of asthma exac-
erbations associated with RV.57 As a side note, a randomized clinical
trial of inhaled interferon beta (type I interferon) found no benefit
with treatment in the primary end points of Asthma Control Ques-
tionnaire score and forced expiratory volume in 1 second, suggesting
that decreased type I interferon is not the mechanism of asthma ex-
acerbations. Some have argued that this study was not adequately
powered to demonstrate power for the entire study population. In
particular, the inclusion of patients with mild asthma who experi-
enced upper respiratory tract infectioneinduced exacerbations may
have skewed the results toward no benefit. However, a benefit was
seen in a subpopulation with severe asthma in Asthma Control
Questionnaire score and peak expiratory flow.58

Mechanisms

Decreased Type I Interferon Production and Increased Susceptibility
to Viral Infections

Asmentioned above, one potential mechanistic link between RV
infections and asthma exacerbations could be the production of
type I interferon. Patients with asthma have been reported to have a
delayed and decreased antiviral response, likely thought to be
attributable to decreased production of innate interferons.59e61

Impaired type I interferon expression likely contributes to asthma
by allowing uncontrolled replication of viral infections and by
leaving TH2 inflammation unchecked; however, this assertion has
not been well proved. In fact, although some studies have sup-
ported the idea that there is decreased interferon expression in
patients with asthma,35,59,60,62,63 others have disputed this
finding.64,65 It is believed, however, that there is at least a subgroup
of patients with asthma who have impaired type I interferon
responses. One birth cohort study found that the population of
patients with asthma and impaired IFN response to RV at 11 years
of age also had increased wheeze in infancy, asthma in adolescence,
and more frequent asthma exacerbations and were more likely to
have allergic sensitization in infancy.10 Type I interferon levels
demonstrate an inverse association with changes in lung function,
eosinophilia, and other markers of inflammation after RV infec-
tion.61 However, as mentioned above, administration of type I
interferon did not have a significant effect in improving asthma
symptoms or lung function in most patients with asthma.58

Neutrophils and Dendritic Cells

Neutrophils are believed to play an important role in the
interplay between viral respiratory infections and asthma.66e68

Infants hospitalized with RSV and other viruses have robust
neutrophil influx in the airway epithelium.69 We identified a po-
tential pathway for the role of neutrophils in virus-induced disease
in a mouse model, where, using Sendai virus (a rodent respiratory
virus similar to RSV), we found that the virally infected mice
developed postviral atopic disease via recruitment of a subset of
neutrophils (CD49d expressing) through production of cysteinyl
leukotrienes. These neutrophils then induced expression of the
high-affinity IgE receptor (FcƐRI) on lung conventional dendritic
cells. At the same time, the mice made IgE against Sendai virus,
which then bound the FcƐRI expressing conventional dendritic
cells and could be crosslinked by the virus. This process led to
production of CCL28, a TH2 cell chemoattractant, which drove an
influx of TH2 cells and interleukin (IL) 13 production, and the sub-
sequent airway hyperreactivity and mucous cell hyperplasia.66,70,71

In the human, we have found evidence of a similar pathway.
CD49d-expressing neutrophils can be found in the peripheral blood
andnasal lavagefluid, and their presencewas strongly associatedwith
allergic disease or symptoms of a respiratory viral infection.67,68 Like
theirmurine counterparts, human CD49d-expressing neutrophils also
express cysteinyl leukotriene receptor 1, a receptor for cysteinyl
leukotriene.68 Crosslinking IgE on peripheral blood human conven-
tional dendritic cellswill also lead to theproductionofCCL28.72 Finally,
others have found that during respiratory viral infections (most often
RV), total serum IgE levels increase, as does expression of FcƐRI on
peripheral blood conventional dendritic cells.73

Role of Sensitization

As described previously, there is link between RV infection and
allergic inflammation in both the development of asthma and trig-
gering of asthma exacerbations. Some studies have found sensiti-
zation preceding viral infection.13,20 Allergic inflammation can
increase airway responsiveness to RV infection74 and has been
suggested to lead to greater viral replication.75,76 As described pre-
viously, RSV infections have a greater association with the devel-
opment of nonatopic asthma and RV infections with atopic asthma.
However, RSV has been associatedwith the development of atopy in
a subset of patients. In fact, viral infections, including RSV and par-
amyxoviral infections, have been associated with development of
asthma and atopy.70 In a mouse model, we found that exposure to a
nonviral antigen during the viral infection was sufficient to drive
specific IgE production against the nonviral antigen, outlining a
potential mechanism for postviral development of atopy.77

Furthermore, viral infections damage the barrier function of
airway epithelium, which can allow for greater absorption of aero-
allergens, leading to apotential increase in allergic sensitization.75,76

Healthy airway epithelium is relatively resistant to RV infection.
However, disrupted airway epithelium, such as that present when
allergen sensitization is present, may promote viral replication by
providing access to deeper cell layers, which are reported to favor
RV replication, in part through expression of more intercellular
adhesion molecule 1 receptors, which are one of the receptors
through which RV infects cells. The disrupted airway epithelium
that promotes RV replication also invites absorption of aero-
allergens and infection by bacterial pathogens.4,75

Viral infection, specifically RV infection, has been associated
with production of IL-25 and IL-33, which promote type 2 airway
inflammation and remodeling primarily through driving produc-
tion of type 2 innate lymphoid cells.78 These cells are capable of
producing large amounts of type 2 cytokines and driving the atopic
response.78 A recent publication also found that IL-33 can dampen
innate and adaptive TH1-like and cytotoxic responses in response to
viral infection, which may be another factor in driving virus-
induced asthma exacerbations.79

Genetic Polymorphisms

The genetic components that underlie or possibly drive the risk
of asthma development after respiratory viral infection are still
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being explored. One locus associated with RV-induced disease is
located at 17q21. The presence of a polymorphism at this locus
influences the risk of RV-induced wheezing, as well as the risk of
RV-wheezing infants progressing to develop asthma, in both the
COAST and Copenhagen Prospective Studies on Asthma in Child-
hood birth cohorts.80 Another polymorphism associated with the
risk of asthma is the cadherin-related family member 3, which was
identified as an entry factor on airway epithelial cells for RV-C.81

Although there are likely genetic polymorphisms that may pre-
dispose infants to more severe RSV infections, more research is
needed to better understand these. One potential genetic associa-
tion has linked TLR4 and LPS polymorphisms to TH2 immune re-
sponses that favor the development of asthma after RSV infection.82
Conclusion

Viral infections are important triggers of acute wheezing epi-
sodes in infancy and the inception and exacerbation of asthma. The
2 most common respiratory viruses to be associated with devel-
opment and/or exacerbation of asthma, RSV and RV, seem to have
disparate mechanisms that lead to disease. RSV appears to drive
asthma in infants without a preexisting history of atopy, whereas
RV is more likely to lead to asthma in children who have already
developed an allergic phenotype. Understanding the differences in
these mechanisms will be important as we begin to explore po-
tential primary prevention strategies and novel therapeutics to
prevent viral-induced wheeze, asthma, and development of atopy.
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