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Viral respiratory tract infections are associated with asthma development and exacerbation in children and adults. In the
course of immune responses to viruses, airway epithelial cells are the initial platform of innate immunity against viral
invasion. Patients with severe asthma are more vulnerable than those with mild to moderate asthma to viral infections.
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| 1. Introduction

In general, people with asthma are particularly susceptible to viral respiratory infections, which are a major cause of
asthma exacerbation. Extensive basic and clinical studies in recent decades have contributed important insights about the
role of viruses in asthma development and exacerbation and mediating factors related to those pathophysiologic
processes. In addition, the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) pandemic has highlighted the
need for more effective preventive and therapeutic approaches to viral infections in patients with asthma, which require a
deeper understanding of the interactions between asthma and viral infections.

The respiratory viruses mainly involved in asthma inception and exacerbation include rhinovirus (RV), respiratory syncytial
virus (RSV), influenza virus, parainfluenza virus, adenovirus, and coronavirus M2IE Considerable epidemiological
evidence supports the associations among RV infection, exposure, and sensitization to allergens with asthma onset and
exacerbation 45, Viral infections can cause asthma exacerbation via multiple mechanisms Bl increased serum IgE
levels, epithelial damage or activation, decreased antiviral responses (including the production of interferon (IFN)),
alteration of host immune responses, promotion of inflammation in the respiratory tract, and direct infection of the lower
respiratory tract.

In addition to their structural barrier function against allergens, infectious agents, and inhaled particulates, airway epithelial
cells respond to various host and environmental stimuli by participating in diverse immune and inflammatory processes. In
asthma, alterations in the airway epithelium are known to play critical roles in viral-infection-induced exacerbations,
although contradictory results have been reported depending on the viral strain, cell type, experimental system (i.e.,
animal models vs. human subjects, in vivo vs. in vitro), and various host factors.

| 2. Role of Respiratory Viral Infection in Asthma Pathogenesis
2.1. Role of Viral Infection in the Development of Asthma

Although the hygiene hypothesis suggests that early childhood infections are protective against allergic diseases later in
life, including asthma (&, respiratory viral infections associated with wheezing iliness are known to contribute to the
development of asthma. Viral-infection—related pathology is influenced by host factors such as age, previous infection or
immunization, pre-existing respiratory or systemic disease, and immunosuppression or compromise . Viral respiratory
disease can be caused by a localized respiratory tract infection, such as RSV infant bronchiolitis, or can be part of a
generalized systemic illness, such as measles 4. Viral respiratory infections are a major cause of wheezing in infants and
adult patients with asthma. In particular, RSV and RV are important causes of wheezing in early life, and wheezing
illnesses with these viruses have been associated with increased asthma risk later in childhood. Each year, RSV is the
leading contributor to hospitalization in children younger than 1 year of age, whereas RVs are the most frequently
detected viruses in wheezing children older than 1 year and in children and adults with acute exacerbations of asthma (&
@, sigurs et al. explored the association between severe RSV bronchitis and the eventual development of asthma 29,
They assessed disease progression in infants hospitalized for RSV bronchitis until they were 13 years old. At 7.5 years of
age, children with RSV bronchitis and a family history of asthma were found to have higher asthma morbidity than healthy



controls with a family history of asthma, suggesting that severe RSV infection with a family history of asthma increased
the risk of developing asthma. In addition, some cohort studies have demonstrated an association between RSV-
infection—induced wheezing illnesses in early life and the subsequent expression of persistent wheezing and asthma
when a child begins school; the odds ratio (OR) for an asthma diagnosis in these studies was 2.6 (95% CI 1.0—6.3) (111112,
In one of these studies, RV infection also turned out to be an important factor in the development of asthma in 6-year-old
children who had experienced a related wheezing illness at age 3, with an OR for asthma of 9.8 (95% Cl 4.3-22.0) L1,
These findings suggest that RV-induced bronchiolitis could be more strongly associated with the risk of developing
wheeze and childhood asthma, which is also supported by a very recent meta-analysis 22l The systemic review included
38 studies in the meta-analysis that directly compared between virus differences in the magnitude of virus-recurrent
wheeze and virus—childhood asthma outcome. The analysis of the overall impact of RSV bronchiolitis on the development
of recurrent wheezing or asthma in comparison to RV bronchiolitis showed that the RV bronchiolitis group was more likely
to develop recurrent wheezing (OR 4.11; 95% CI 2.24-7.56) and asthma (OR 2.72; 95% CI 1.48-4.99) than the RSV
group. More interestingly, an RV-infection—-induced wheezing illness in infancy had a greater correlation with childhood
asthma development than aeroallergen sensitization in infancy. Kusel et al. reported that the risk of asthma nearly
doubled in children sensitized to common aeroallergens and increased by four times if more than two respiratory viral
infections with wheezing were recorded during childhood. When the effects of allergic sensitization and a respiratory viral
infection were evaluated together, their combination produced an approximately nine-fold increase in the risk of asthma,
implying not only that atopy and viral infection are independent risk factors for developing asthma, but also that their
combined effect seems to be synergistic L2, Allergic sensitization and inflammation, particularly type 2 immune
responses to allergens, are known to impair antiviral responses; however, the question of which comes first, type 2
inflammation or respiratory viral infections such as RSV- or RV-induced wheezing iliness remains unanswered.

RV infections are very frequent at all ages in the general population, which begs the question of why only some of those
infected with RV are at risk of developing asthma. In recent decades, many researchers have tried to answer that
guestion by examining host genetic factors, viral strains, and environmental exposures. In terms of host genetics,
polymorphisms in several antiviral and innate immune genes, including STAT4, JAK2, MX1, VDR, DDX58, and EIF2AK2,
were linked to susceptibility to respiratory viruses, infection severity, and virus-induced asthma exacerbations 14, |n
particular, variants in the 17921 locus, including ORMDL3 and GSDMB, were reportedly associated with an increased risk
of RV-infection-induced wheezing in early life 151, In children with an RV-infection-induced wheezing illness in the first 3
years of life, these variants were also associated with an increased risk of subsequent asthma. However, RSV-infection—
induced wheezing was not linked to 17921 variants in the same cohorts. Some environmental exposures, such as pets
and farm materials, reduced the risk of asthma associated with the 1721 genotype in children 1817 Meanwhile, RV-A
and RV-C are more likely to show stronger virulence than RV-B, and thus, they are more likely to cause wheezing
illnesses and lower respiratory infections 8. A genome-wide association study of asthmatic children defined an
association between asthma and a functional polymorphism in cadherin-related family member 3 (CDHR3) 19,
Considering that CDHR3 is a receptor that enables the binding and replication of RV-C, the link between CDHR3 and
asthma risk might be mediated by RV-C infection 29, In terms of the viral genome, the RSV A2, line 19, and Long strains
have been used in experiments to define how the viral genome influences host immune responses to infections. The RSV
A2 and Long strains produced similar immune responses in mice: predominant IFN-y production, no production of IL-13 or
airway mucus, and no airway hyperresponsiveness. However, RSV line 19 infection induced the production of IL-13 and
airway mucus, reduced the production of IFN-y, and produced exaggerated airway hyperresponsiveness 21221 When
these strains were sequenced, differences were found in five amino acids in the fusion protein. Subsequently, a reverse
genetic approach indicated that the fusion protein genes of the RSV line 19 strain were responsible for the lung production
of IL-13 and airway mucus and airway hyperresponsiveness 22, Throughout life, people are exposed to a variety of
environmental factors, including respiratory pathogens, allergens, physicochemical irritants, and microbes. The influences
of these exposures on human health, specifically in the development of asthma, remain the focus of research to define
underlying pathogenic mechanisms and find new preventive and therapeutic interventions. From this point of view,
epigenetics could be a promising approach to explaining the development of asthma associated with viral infection.
Recent findings have shown that RV-induced alterations in DNA methylation are involved in the development and
persistence of asthma 231241, |n addition, several viral infections have been reported to contribute to the pathogenesis of
asthma through the epigenetic expression of various non-coding RNAs (miRNAs). RV-infected asthmatic alveolar
macrophages showed decreased TLR7 expression levels due to miR-150, miR-152, and miR-375 25, Mucus secretion
was increased by a reduction in miR-34b/c-5p in RSV-infected human bronchial epithelial cells 28, In epithelial cells from
severe asthmatic patients, miR-22 was dysregulated by influenza A (IAV) infection, which could be one of the possible
mechanisms of IAV-induced airway remodeling [24. The microbiome, which is considered an endogenous environmental
factor, may also contribute to respiratory viral infection. Teo et al. reported that the nasopharyngeal microbiome
composition affected the infection severity and pathogen spread to lower airways, as well as the risk for future asthma



development. Among the genera of bacteria in the nasopharyngeal microbiome, Streptococcus was a strong predictor,
and antibiotic usage could disrupt the colonization patterns 28, In a subsequent study, they revealed that viral-infection-
associated respiratory illnesses were accompanied by a shift in the nasopharyngeal microbiome toward dominance by a
small range of pathogenic bacteria genera. In addition, in conjunction with early allergic sensitization, the dominating
presence of Streptococcus, Haemophilus, and Moraxella in the microbiome profiles of upper airways was a significant risk
factor for persistent wheezing illness in school-age children, while these bacteria genera were associated with a transient
wheeze that resolved in non-sensitized children 22,

2.2. Pathophysiological Effects of Viral Infection on Asthma Exacerbations

Respiratory viruses infect not only asthma patients but also healthy people. However, it is known that the pathological
effects of respiratory viral infection in asthma patients are much more serious than those in healthy people. The clinical
manifestations of viral infectious diseases are the results of both direct damage caused by the virus itself and damage
caused by the host immune response to the virus. In an asthmatic patient, exacerbation can occur because of the
functional interaction between the pathogenic effects of the virus and asthmatic inflammation . Asthma exacerbation is
characterized by an increase in fatal asthmatic symptoms, worse response to therapeutic controllers such as inhaled
corticosteroids (ICS), and increased airway remodeling, which together can cause decreased lung function BYEL. viral
respiratory infections are detected in about 85% of asthma exacerbations. Because asthma exacerbations are a major
cause of morbidity in asthma patients of all ages, significant research efforts have been devoted to understanding the
interaction between viral infection and asthmatic inflammation, particularly exacerbation M. Actually, the detailed
immunological mechanisms associated with asthma exacerbation are currently unclear, although major advances in the
research have improved people's understanding of many aspects of the interaction between respiratory viral infection and
underlying allergic asthmatic inflammation. The effect that coronavirus disease 19 (COVID-19), which is caused by SARS-
CoV-2, has on acute exacerbations of asthma appears to be complex 2. Indeed, some studies have reported that, unlike
other respiratory viruses, SARS-CoV-2 rarely induces asthma exacerbations during hospitalization for COVID-19, that
COVID-19-related asthma exacerbations have been relatively rare during the outbreak, and that SARS-CoV-2 pneumonia
does not induce severe asthma exacerbation [B3I34135] A recently updated report demonstrated that COVID-19 could lead
to the worsening of asthma symptoms and prolonged exacerbation in some asthma patients, but not in all of them, and
that allergic asthma patients had a significantly lower asthma exacerbation rate than non-allergic asthma patients 8.
These findings seem to be completely opposite to the effect of previous respiratory viral infection on asthma exacerbation,
implying that the relationship between SARS-CoV-2 infection and asthma is complex and possibly unique among the
known pathologic effects of previous viral infection. Some interesting studies have provided mechanistic insights into
these observations BAE8l. |t is known that the host cell entry of SARS-CoV-2 depends on angiotensin-converting enzyme
2 (ACE2), and the cellular serine protease transmembrane protease serine 2 (TMPRSS2) is used by SARS-CoV-2 for S
protein priming B2, Type 2 inflammation, or type 2 cytokine IL-13, suppressed the expression of ACE2 and increased the
expression of TMPRSS2 in airway epithelial cells [371[28] | addition to the strong negative influence of T2 inflammation on
ACE?2 expression in the airway, Sajithi et al. revealed an equally strong positive influence of respiratory virus infections on
ACE2 levels 28, They suggest T2 inflammation and virus-induced IFN inflammation as the strongest determinants of
ACE2 and TMPRSS2 expression in asthmatic airway epithelium, which could contribute to the complex manifestations
and various severities of COVID-19 in patients with asthma. Therefore, more work and data on the interaction between
SARS-CoV-2 and asthma are needed to fully understand these intriguing findings.

Among the respiratory viruses, RV is the major and most frequent determinant of asthma exacerbation 494111421 zithough
until recently, RV infection was known to occur primarily in the upper respiratory tract. However, several experimental
infection models have directly implicated RV in lower airway infections involved in the pathogenesis of asthma
exacerbation 431[44]45]146]147] The proposed mechanisms for RV-induced asthma exacerbation include the activation of the
airway epithelium, which produces an innate immune response and antigen-specific Th2 pathways that combine with
allergic inflammation to enhance the overall type 2 inflammatory response 42481491501 | addition, RV infection could
induce asthma exacerbation through a non-Th2 immune response, increased airway hyperresponsiveness, mucus
hypersecretion, airway remodeling, or respiratory failure B,

Asthmatic patients have increased susceptibility to viral respiratory infections, partly because they have deficient and
delayed innate antiviral immune responses 52, Many asthmatic patients tend to produce lower-than-average levels of
type I IFN (i.e., IFN-a and IFN-B) and other cytokines in plasmacytoid dendritic cells (pDCs) and epithelial cells during viral
respiratory infections B3I54I55156] This impaired antiviral immunity means that viral infections are associated with more
severe airway damage in patients with asthma than in patients without asthma. Conversely, viral infection can increase
the sensitivity of asthmatic airways to other triggers, such as allergens [Z. In addition, asthma is usually associated with
pulmonary and extrapulmonary comorbidities, and these comorbidities are more common in severe asthma patients than



in patients with mild to moderate asthma or those in the general population 2AB8l pylmonary comorbidities include
allergic rhinitis, obstructive sleep apnea, chronic rhinosinusitis (CRS), nasal polyps, chronic obstructive pulmonary
disease, and bronchiectasis 28B4, |n particular, the mean prevalence of bronchiectasis in asthma patients is 36.6%, and
patients with severe asthma with bronchiectasis show a higher rate of infection %61 Bronchiectasis is frequently
considered to be a consequence of long-lasting, severe, uncontrolled asthma, while asthma could be overlapped in
patients with bronchiectasis [¢2. Considering the structural and functional changes of bronchiectasis, such as mucociliary
defects and biofilm formation, bronchiectasis is one of the comorbidities associated with the recurrent infectious
exacerbation of asthma. Moreover, a recent study reported that respiratory viruses contributed to about 25% of the acute
exacerbation of bronchiectasis and that IAV and RV made up over 50% of the viruses 63!,

Recent interesting studies have reported that the diverse and distinct airway microbiomes of asthmatic patients can also
influence viral respiratory infection, which is linked to acute exacerbation. McCauley et al. demonstrated that RV infection
was more likely to occur in asthmatic children with Streoptococcus-species-dominated nasal airway microbiomes and that
nasal microbiomes dominated by Moraxella species were associated with increased exacerbation risk and eosinophil
activation B4l |n addition, a recent study indicated that specific networks of upper airway microbes (those possessing
Streptococcus, Haemophilus, Neisseria, Prevotella, and other genera or those lacking Staphylococcus) that interacted
with host transcriptional responses significantly increased the risk of subsequent exacerbation and that this relationship
was also strongly dependent on season 63,

Taken together, it appears that virus-induced asthma exacerbation is the final consequence of a complex interaction
among a variety of pathogenic mechanisms in pre-existing asthmatic inflammation: epithelial disruption and dysfunction,
impaired antiviral immunity, inflammatory mediator overproduction, the induction of inflammation, IgE dysregulation,
airway remodeling, alterations in neural responses, airway microbiomes, and differences in asthma endotypes and
phenotypes.
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