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Abstract: Asthma is a common airway disease, affecting millions of people worldwide. Although most asthma patients experience
mild symptoms, it is characterized by variable airflow limitation, which can occasionally become life threatening in the case of
a severe exacerbation. The commonest triggers of asthma exacerbations in both children and adults are viral infections. In this review
article, we will try to investigate the most common viruses triggering asthma exacerbations and their role in asthma immunopathogen-
esis, since viral infections in young adults are thought to trigger the development of asthma either right away after the infection or at
a later stage of their life. The commonest viral pathogens associated with asthma include the respiratory syncytial virus, rhinoviruses,
influenza and parainfluenza virus, metapneumovirus and coronaviruses. All these viruses exploit different molecular pathways to
infiltrate the host. Asthmatics are more prone to severe viral infections due to their unique inflammatory response, which is mostly
characterized by T2 cytokines. Unlike the normal T1 high response to viral infection, asthmatics with T2 high inflammation are less
potent in containing a viral infection. Inhaled and/or systematic corticosteroids and bronchodilators remain the cornerstone of asthma
exacerbation treatment, and although many targeted therapies which block molecules that viruses use to infect the host have been used
in a laboratory level, none has been yet approved for clinical use. Nevertheless, further understanding of the unique pathway that each
virus follows to infect an individual may be crucial in the development of targeted therapies for the commonest viral pathogens to
effectively prevent asthma exacerbations. Finally, biologic therapies resulted in a complete change of scenery in the treatment of
severe asthma, especially with a T2 high phenotype. All available data suggest that monoclonal antibodies are safe and able to
drastically reduce the rate of viral asthma exacerbations.
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Introduction

Asthma is a common and heterogeneous disease that affects millions of people on a global basis. Although most cases are
mild, there are patients who suffer from severe asthma and experience various exacerbations during their life. These
exacerbations can usually be limited and controlled with medication, but some can even prove lethal. Therefore, the
causes of asthma exacerbations need to be addressed and if possible, prevented.' There is a great variety of contributing
factors responsible for asthma exacerbations, characterized as episodes of coughing, chest tightness, wheezing and
shortness of breath. Respiratory viral infections play an important role in the asthma immunopathogenesis and are
associated to the induction of asthma exacerbations.” Specifically, in 70% of adult patients suffering from an asthma
exacerbation, viral or bacterial infections were observed,® while according to multiple clinical studies, up to 45% of cases
of adult-onset asthma occur after an acute infection of upper or lower respiratory tract.*

According to a prospective study including 105.519 people followed for up to 23 years, regardless of smoking history,
those experiencing any infection recorded a higher risk of developing asthma. Early asthma patients with no smoking
history, had a significantly higher risk of contracting any infection (hazard ratio [HR], 1.65; 95% confidence interval [CI],
1.40-1.94), pneumonia (HR, 2.44; 95% CI, 1.92-3.11), or any non-respiratory tract infection (HR, 1.36; 95% CI, 1.11-
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1.67); the results were similar in early asthma patients with smoking history. In addition, people who never smoked but
had any history of asthma, also, had a significantly higher risk of infection (HR, 1.44; 95% CI, 1.24-1.66) and
pneumonia (HR, 1.99; 95% CI, 1.62-2.44).°

Multiple pathogens, up to this point, have been associated with asthma onset and disease exacerbations. Precisely,
Respiratory syncytial virus (RSV) and rhinovirus (RV) have been linked to asthma onset later in life,’ while RSV (2—
20%), parainfluenza virus (PIV) (2—-11%), RV (44-88%)’ and several other viruses, such as coronavirus (CoV), Influenza
virus (IAV), enterovirus (EV), metapneumovirus (MPV), adenovirus (AdV), bocavirus (BoV) have been described to
lead in asthma exacerbations and worsening of wheezing.® Additionally, it is crucial to note that 10% of these cases have
a coinfection with another virus, which is typically RV.% In this review, we will try to summarize the epidemiology and
immunopathogenesis of the commonest viruses associated with asthma exacerbations and discuss treatment options for
viral asthma exacerbations.

Respiratory Syncytial Virus (RSV)

The most frequent cause of severe lower respiratory tract infection (LRTI) in newborns and young children is RSV,
which normally infects people by the age of 2 and can lead to recurrent infections throughout one’s lifetime.” RSV is
a pneumovirus in the Paramyxoviridae family and is a single-stranded enveloped RNA virus with 2 major antigenic
groups, A and B.'" It is transmitted via large droplets and secretions from infected patients. RSV is responsible for the
majority of bronchiolitis cases especially in infants during the age of 3—6 months and almost all children have RSV
infection by the age of 2.'" The peak prevalence is during midwinter. Studies support that both mild and severe RSV
bronchiolitis may be followed by recurrent wheezing for several years.'* '

An annual epidemic of RSV-related infection peaks in January or February in the United States, and the age at which
RSV infection carries the greatest risk of morbidity is 50 years old.'” Severe early RSV infection might cause allergic
sensitization and asthma. Sigurs et al'® examined 13-year-old children (92 control individuals and 46 RSV-infected). In
the RSV-infected group, they found 43% prevalence of asthma and recurrent wheeze and 39% prevalence of allergic
rhinoconjunctivitis, respectively, compared to 8% and 15% in the control participants. In a different study by Schauer
et al,'” it was demonstrated that 33% of RSV-infected infants tested positive for immunoglobulin E (IgE) antibodies as
opposed to just 2.3% of the children in the control group. They came to the conclusion that severe RSV-induced
bronchiolitis in the first year of life is a significant risk factor for wheezing and being sensitive to common allergens in
the year after.'® Consequently, RSV infection is a significant risk factor for the future development of asthma, particularly
in people who are genetically predisposed to allergic disease. Moreover, RSV infection is also a pivotal factor of asthma
worsening and exacerbations, not only in childhood but also in adult asthma.'®

Murine studies indicate that prior sensitization to individual RSV surface proteins followed three weeks later by RSV
infection can induce polarized cytokine responses that follow broad type 1 and type 2 repertoires.'>** Normally, Thl
responses with IFN-y and IL-2 production are seen with viral disease. The pulmonary histologic findings in mice
previously immunized with the inactivated RSV vaccine are more consistent with a T2 high response, an ineffective
immune response to viral pathogens.?! Mice with T2 high response developed severe disease with eosinophilia, whereas
those with Thl responses had reduced immunopathology and enhanced viral clearance.”?

Primarily, RSV targets nasal epithelial cells that release pro-inflammatory cytokines and recruit immune cells, such as
monocytes, macrophages and dendritic cells (DCs).*> According to current literature RSV-caused asthma is closely
related to the atopic constitution since it is characterized by a T2 dominant immune response.”* The suggested
mechanisms are the following: RSV stimulates the T cell responses to inhalant allergens, by triggering the local T2
cytokine at the airway mucosa; promotes eosinophils recruitment at lesional sites in the airway mucosa; and generates
a T2-polarized RSV-specific immunological memory, which, following a RSV reinfection, leads to intense infiltrates of
eosinophils and Th2 cells secreting interleukin IL-4 in the lung tissue.”> >’ Finally, RSV makes the airways abnormally
susceptible to the RSV-caused proinflammatory effects by upregulating NK-1 receptor gene expression and, thereby,
increasing the synthesis of the substance P and the density of its receptors on target immune cells, including lymphocytes,
macrophages, mast cells, and endothelial cells.**
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Recently, two RSV vaccines were approved by FDA for adults over 60 years old, marking a new era, in which
immunization against RSV could significantly reduce the susceptibility of patients to lower respiratory tract infection due
to RSV. A Phase 3 trial to achieve this was conducted by Papi et al,*° where researchers targeted the RSV F glycoprotein,
whose role is crucial for viral fusion and infiltration of host-cells. The vaccine contains a form of this protein in its
prefusion state, and immunization is achieved by exposing epitopes, which are then targeted by neutralizing antibodies.
25,000 adults over 60 years old were recruited and randomized in a 1:1 scale to either the vaccine or placebo with
a median follow-up period of 6.7 months. Only 7 adults in the vaccine arm were infected by RSV compared to 47 in the
placebo group. Additionally, only 1 patient in the vaccination group suffered from a severe RSV infection in contrast to
the placebo group, with 17 patients suffering from a severe infection. These results yield a vaccine efficacy of 82.6% and
an even greater efficacy of 94.1% against severe infection.’® Thus, vaccination has now been approved by FDA for all
adults over 60 years old as a single dose regimen.

The second vaccine approved for RSV immunization in adults over 60 years old, achieves immunization with
a similar logic. It contains a bivalent F glycoprotein in a stabilized prefusion conformation for RSV subgroups A and
B. The phase 3 trial interim analysis included a total of almost 35,000 patients, also randomized in a 1:1 ratio to either
vaccine or placebo. Only 11 vaccinated people were infected by RSV in comparison to 33 in the placebo group, yielding
a vaccine efficacy of 66.7%. As for the secondary outcome of severe RSV LRTI, 2 vaccinated and 14 patients who
received placebo suffered from it, which in turn yields an efficacy against severe RSV infection of 85.7%.""

Additionally, the same vaccine was used in another phase 3 clinical trial, which recruited pregnant women at 24
through 36 weeks of gestation and vaccinated them in order to prevent RSV infection in the newborns. At the interim
analysis of over 7000 participants the vaccine exerted an efficacy of 81.8% for the first 90 days after birth, which slightly
dropped to 69.4% in the 180 days follow-up period. The FDA approved the bivalent RSV vaccine for pregnant women at
32 through 36 weeks of gestation.> Last but not least, it should be underlined that all vaccines currently approved have

an excellent safety profile with no issues raised whatsoever.** 2

Rhinovirus

Rhinovirus is the most prevalent member of the Picornaviridae family of RNA viruses, known as Enterovirus (EV), and
has been linked with both the onset and worsening of asthma. There are three major clades that RV can be divided, RV-A,
RV-B, and RV-C. RV-C has been found to have the strongest correlation with the severity of asthma exacerbations out of
these 3 variables.” With regard to 60% of all virus-induced exacerbations, RV is the leading viral pathogen.*?

In addition to RV, additional EV have been found in people who are experiencing an asthma attack, and these viruses
may be responsible for the development or worsening of asthma. Numerous studies have noted a connection between an
increased frequency of EV infections and the emergence of asthma.>*>> One study analyzed patients retrospectively over
a ten-year period (January 2000 to December 2011) and studied the connection between EV infection and asthma.
Patients with a documented EV infection had an incidence of asthma that was 1.48 times higher than those without.*®
Quantitative studies, however, found no differences between participants with mild asthma and healthy individuals
regarding the frequency of lower airway infections or viral loads in sputum.®’~®

RVs can infect ciliated cells in the nasal epithelium but may also infect other nasal cells. Intercellular adhesion
molecule-1 (ICAM-1) is the receptor that most rhinovirus serotypes use to enter into human cells.>** In asthmatic
patients, [CAM-1 is upregulated in the lower airway epithelium and may justify the increased susceptibility of those
individuals to RV infection.***! Although, RVs usually affect the upper respiratory epithelium, their isolation from
bronchoscopic samples indicates that they can also infect the lower respiratory tract.*>+

In vitro infection of cell lines and primary bronchial epithelial cells (BECs) shows that RV infection leads to the
release of the pro- inflammatory mediators IL-6, IL-8, TNF-a, and IL-1b as well as RANTES and granulocyte-
macrophage colony stimulating factor (GM-CSF).**** Spurrell et al*® in their study also suggest that increased levels
of RANTES and IP-10 have been shown to correlate with in vivo virus replication. RANTES serves as a chemoattractant
for eosinophils,*” and GM-CSF is a potent activator of eosinophil survival and adhesion molecule expression, and is a co-
factor for eosinophil superoxide production and de-granulation.'®**° It has been shown that the combination of RV
infection and direct exposure to allergens cause epithelial cell production of IL-25 and IL-33 in the airways, mediators

Journal of Asthma and Allergy 2023:16 hetps: 1027

Dove:


https://www.dovepress.com
https://www.dovepress.com

Bakakos et al Dove

involved in T2 type inflammation and remodeling.’' After transmission, RV adheres to the ICAM-1 receptor and enters
the BECs which is followed by the formation of viral RNA and virions. These events elicit activation of nuclear factor
kappa B (NFkB) which, in turn, leads to the production of pro-inflammatory cytokines. In non-asthmatic patients, these
cytokines induce apoptosis and lysis of the infected cells limiting virus transmission to healthy cells. In contrast, in
asthmatic patients, there is no early activation of apoptosis and as a result, neighboring cells become infected, enhancing

the release of pro-inflammatory cytokines responsible for airway inflammation.''->?

Parainfluenza Virus

Human parainfluenza viruses (PIVs) are a significant contributing factor of respiratory illness in both children and adults,
causing a great variety of clinical symptoms, such as colds, croup, bronchiolitis, and pneumonia. Seasonal PIV epidemics
cause a large burden of disease in children, accounting for 40% of lower respiratory tract infections (LRTI) leading to
hospitalization in children and 75% of croup cases.”> The Paramyxoviridae family of single-stranded, enclosed RNA
viruses includes parainfluenza viruses. Serotypes 1 through 4 refer to the four main serotypes of PIV, while PIV4 is
further separated into two genera (HPIV4a and HPIV4b).>* Adult illnesses are often not severe, though asthmatics may
have airway hyperresponsiveness from the production of cytokines and chemokines. More specifically, in a study
evaluating 19 adult asthmatics suffering from PIV 3-induced asthma exacerbation, it was reported that PIV3 infection
was linked to a substantial rise in sputum cysteinyl leukotrienes (cysLTs).>

Influenza Virus
Influenza virus presenting both as a seasonal infection and sporadic pandemics is one of the most often found viruses
during asthma exacerbations, causing an average of 3.1 million annual inpatient days and 31.4 million outpatient
visits.>**>7 The prevalence of influenza viruses can reach up to 20% in infants presenting wheezing and 20% to 25%
in adults experiencing acute asthma exacerbations during flu seasons, while the detection rate of influenza virus in
patients with asthma exacerbations is only approximately 10% worldwide.>® ¢°

Asthma was the most prevalent comorbidity among patients during the 2009 influenza pandemic (HIN1), accounting
for 22% to 29% of all hospitalized patients with influenza.®’ Most differences between the pandemic influenza and
seasonal influenza were that pHIN1 were linked to a higher incidence of pneumonia (46% vs 40%) and a greater need for
intensive care admission (22% vs 16%). Children with asthma accounted for 44% of hospitalized children with
influenza.®® It has yet to be elucidated whereas people with asthma contract the influenza virus more frequently compared
to the general population. Asthmatics have been demonstrated to have decreased type 1 interferon (IFN) responses to RV
infection.>”** Further to this, children with asthma were twice as likely to contract HIN1 influenza during the 2009-2010
season, according to a US study that tracked participants’ symptoms and weekly nose samples.®* In any case, it is widely
acknowledged that the presence of asthma increases the risk of developing a severe disease due to influenza virus; hence,
people with asthma have been designated as a population that needs immunization on a priority basis.®’

Metapneumovirus

The single-stranded RNA virus known as human MPV, which is a member of the Pneumoviridae subfamily, exhibits
many of the same signs and symptoms as RSV. It normally peaks between December and April, in the late winter and
early spring and wheezing, pneumonia, and mild, self-limiting acute upper respiratory tract infections are among the
commonest symptoms of hMPV infection.””®® MPV’s contribution to asthma attacks varies depending on the demo-
graphic characteristics of each population. Approximately 5% of asthmatics experiencing an exacerbation have MPV
detected globally, compared to a substantially greater percentage of people with MPV LRTI who have been diagnosed
with asthma.®®%® Children with MPV LRTI were included in a US study in which 14% to 33% had an asthma diagnosis
or a history of wheezing.®’

Covid-19 (SARS-CoV-2)
During these last years of COVID 19 pandemic, caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV
-2), there was major concern about patients with asthma and the possibility of a greater susceptibility to SARS-CoV-2
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infection and disease severity. It is now known that Angiotensin-converting enzyme (ACE-2) receptor is the major
receptor responsible for SARS-CoV-2 entry into human cells. As a result, when ACE2 receptor is over expressed,
especially in nasal epithelial cells and type II alveolar epithelial cells, the patients’ lungs are possibly exposed to a greater
risk of contracting SARS-CoV-2, increasing at the same time disease severity.*®7°

According to early epidemiological research, asthmatics had a relatively low incidence of COVID-19 and did not
appear to be at a higher risk of contracting SARS-CoV-2. However, there was a wide range in the reported COVID-19
prevalence among asthmatics around the world. Early studies in China have not reported an increased prevalence of

asthma among patients with Covid-19 infection’"7*

although data from European areas revealed great discrepancy
among different countries.”

In respect to disease severity, asthma is not considered as an independent risk factor for worse outcomes, like other
comorbidities (obesity, cardiovascular disease and diabetes)’® and in the systemic meta-analysis of Liu et al’” asthma was
not linked with COVID-19 severity and mortality. Finally, another large study in Korea which included over 7.000
patients, initially documented a statistically significant difference in mortality rate for asthmatics with COVID-19, but
after adjustment with other comorbidities, asthma was not found to be a standalone risk factor for worse Covid-19
outcomes.”®

An interesting hypothesis even claims that asthma might act protectively against SARS-COV-2 infection. As already
mentioned, the virus uses the ACE-2 receptor to enter the airway epithelial cells. In asthmatic patients under maintenance
treatment with inhaled corticosteroids, there is a down-regulation of the ACE-2 receptors, which implies a possible
protective effect of the cornerstone asthma treatment against SARS-COV-2." The role of ICS in COVID infection has
been debated during the course of the pandemic. In a systematic review and meta-analysis recently published, ICS either
as monotherapy or combined with inhaled bronchodilators did not increase the risk of infection from SARS-COV-2.%
Although initial results for inhaled ciclesonide hinted that it could shorten the viral shedding duration in patients infected
from COVID,?' so far its use is not encouraged in the general population. Two open-label Phase 2 trials with budesonide
yielded some positive results, however its use was not proposed in the guidelines by the National Institute for Health and
Care Excellence (NICE).**® Nevertheless, asthmatics under maintenance treatment with ICS should continue using
them as prescribed, since stopping ICS greatly increases the risk of asthma exacerbations.®*

Additionally, it has been also hypothesized that the repeated airway injury occurring in asthmatic patients due to their
exposure to allergens, viruses and other environmental triggers might in turn be the reason that their inflammatory
response to infection from SARS-COV-2 was less severe compared to healthy subjects who do not express this “immune
tolerance”.®® Finally, it should be noted that most asthmatics suffer from mucus hypersecretion, rich in glycoproteins and
substances, such as MUCSAC covering most of the lower respiratory tract. Thus, mucus could possibly act as a shield
and prevent the virus from infecting the airways, as it was shown in vitro in mice with an overexpression of MUCS5AC, in
which the viral load of the influenza virus was much lower compared to their counterparts with normal mucus
expression.®

Immunopathogenesis of Viral Infections in Asthma

As it has already been mentioned, respiratory viruses are the most frequent causative agents of disease in humans, with
significant impact on morbidity and mortality worldwide.®” Viral infection of the respiratory tract can result in a variety
of specific syndromes such as the common cold, pharyngitis, tracheobronchitis, croup, bronchiolitis or pneumonia. Such
syndromes may be superimposed on a background of pre-existing chronic respiratory diseases, such as asthma.®® The
most common viral asthma triggers and their basic features are summarized in Table 1.

Asthma is characterized by chronic airway inflammation, mucus hypersecretion, smooth muscle contraction and
infiltration of inflammatory cells like T-lymphocytes and eosinophils in the airway mucosa, which all lead to variable
airflow obstruction. Some of the risk factors associated with asthma development or its exacerbations are exposure to
environmental allergens, tobacco smoke, familial predisposition, atopic characteristics (ie, increased blood eosinophilic
count), gastroesophageal reflux disease, obesity and viral respiratory tract infections. Nevertheless, the exact etiology of

asthma and its exacerbations is complex and not fully clarified.*’
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Table I The Commonest Asthma Viral Triggers, Their Role in the Development and Exacerbation of Asthma and the Molecular
Pathway via Which They Trigger an Asthma Exacerbation

Virus Role in Asthma Role in Asthma Exacerbation Specific References
Receptor
RSV Infects most children by the age of 2 Reinfection leads to T2 high CX3C [11,24-29]
response receptor

Rhinovirus Commonest viral asthma trigger (60%) Releases IL-6, IL-8, TNF-a, IL-1b, ICAM-1 [33,39,40,44-50]
RANTES and GM-CSF receptor

Influenza virus Seasonal pathogen Decreased IFN-y response - [57,61-63]

Both children and adults with asthma have Decreased THI/THI7 response

increased risk for infection
Parainfluenza virus LRTI and bronchiolitis leading to Increased levels of cysLTs - [53,55]

hospitalization in children

Metapneumovirus Seasonal pathogen - - [60,66,67]
5% of all asthma exacerbations
SARS-COV-2 Pandemic 2020-2023 ICS downregulate ACE-2 ACE-2 [76-86]
Asthma might act protectively against severe expression TMPRSS2
infection Possible protective effect

The association between asthma development and/or exacerbations and viral respiratory tract infections has been
suggested, but a causal relation has never been documented. Although, the association of viral infections and exacerba-
tions of asthma is clearly defined, the role of viral infections in the etiology of asthma itself is more controversial.”
Respiratory infections by IAV, RSV, RV, PIV and MPV have all been implicated in the development of asthma as well as
exacerbations.”' Several studies suggest that repeated respiratory viral infections during early age are associated with an

1°% studied the association between different types of early

increased risk of developing asthma in later childhood. Illi et a
childhood infections and the subsequent development of asthma. In this birth control study, 1314 children were followed
from birth to the age of 7 years. At each follow-up parents filled questionnaires mainly focused on asthmatic and atopic
symptoms as well as the child’s diseases. The main result of the study was that repeated LRTIs were strongly associated
with the diagnosis of asthma. Legg et al* provided two possible explanations for the induction of asthma due to viral
infections during childhood. The first one is that there is an excess type 2 and deficient type 1 T helper (Thl) cell
response. The second one is that viral infections at early-stage result in airway inflammation and remodeling predisposing
to wheezing.”® However, these remain only possible explanations and have not been proven to be the only mechanism of

asthma development.

Susceptibility to Viral Infections

Viral infections influence the immune system in completely different ways at different time points in the asthma
pathogenesis and as a result they can have a great influence on the course of asthma.®® The impact of viral infections
on the respiratory tract system depends on the host’s immunity system. Most individuals infected by respiratory viruses
remain asymptomatic or express mild symptoms and the infection is usually self-limited due to the host’s adequate
immune response. However, if the immune system fails to provide the necessary protection, the airway function could be
seriously damaged and develop clinical signs of disease. Factors that determine the clinical outcome of an exposure to
a respiratory virus may depend on the virus itself (type, virulence, dose), the host (age, genetic susceptibility, immune
status) and the environment (temperature, humidity, pollution).”> According to Folkerts et al,”* respiratory viruses can
cause increased airway responsiveness in humans and in animals, especially if they achieve to colonize the lower
airways. This rarely occurs because in immunocompetent individuals the infection is self-restricted. This contrasts with
subjects with underlying diseases such as asthma, who may be more susceptible to viral infections due to abnormalities
that occur in innate immune response. More specifically, antiviral responses have been characterized by a Th1 phenotypic
response with raised levels of IFN-y and recruitment of CD8 cells. On the other hand, Th2 response thought to be
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dominant in most asthmatics, with increased levels of I1L-4, IL-5 and IL-13 and so these patients are less effective in
clearing the viruses.'' To summarize, in asthmatic patients viruses may take advantage of a deficient antiviral response
and spread to the lower airways, which are predisposed to develop exaggerated constrictive responses to nonspecific
stimuli.*!%3

An interesting theory has been developed for allergic asthma and viral infections. It is known that plasmacytoid
dendritic cells (pDCs) execute a major role in the host defense against viral infections. In allergic asthma, IgE receptor is
overexpressed in the surface of pDCs and has been shown that the higher the IgE plasma levels are, the higher the
expression of its receptor is too leading to a decreased antiviral activity of these cells. The “cross-linking” theory
suggests that reducing the circulating IgE can in turn reduce the expression of its receptor on pDCs and this can booster
the anti-viral activity of pDCs and lead to the reduction of viral exacerbations of asthma.’>

Although viruses are the most common asthma exacerbation triggers, bacterial superinfections can often deteriorate
the clinical status of a patient. The most common bacteria implicated in asthma are atypical pathogens (most importantly
Mycoplasma pneumoniae and Chlamydia pneumoniae), S. pneumoniae and H. influenzae.>° Bacterial co-infections may
influence both exacerbation risk and severity. Moreover, asthmatic patients are in a higher risk of developing pneumo-
coccal pneumonia than healthy individuals.”” Therefore, especially in an inpatient setting, clinicians should remain
vigilant and treat any superimposed bacterial infections.

Severe Asthma Viral Exacerbations

Asthma is divided into mild, moderate and severe based on the treatment required to maintain asthma control. Mild
asthmatics rely on low dose ICS and beta-2 agonists as needed, moderate asthmatics require higher doses of ICS and
LABA, while severe asthmatics cannot achieve control even with high dose ICS and LABA treatment, thus requiring
special treatment. Asthma exacerbations according to GINA are characterized as “episodes of progressive increase in
shortness of breath, cough, wheezing, or chest tightness, or some combination of these symptoms, accompanied by
decreases in expiratory airflow that can be quantified by measurement of lung function compared to patients’ baseline
and are associated with increased morbidity and mortality”.”®

The severity of the exacerbation can be assessed through serial measurements of forced expiratory volume during the
1st second (FEV) and peak expiratory flow (PEF).>' PEF values below 50% of patient’s best or predicted value indicate
acute severe asthma. Clinically, patients suffering from a severe asthma exacerbation cannot complete phrases and prefer
to sit leaning forward. Moreover, they may be agitated with increased respiratory rate (>30 breaths/min), use accessory
muscles and present with tachycardia (>110 beats/min) and low oxygen saturation (<90%) without the concomitant use
of oxygen therapy.”

In established asthma, viral infections are a frequent cause of asthma exacerbation.®® Upper respiratory viral
infections are responsible for 80-85% of asthma exacerbations during childhood.'**'°" In adults, rates of virus detection
have varied with studies, but they remain the single most prevalent trigger for acute asthma.'' In both populations,
rhinovirus was the most frequently identified virus responsible for triggering of asthma.>® Several studies have demon-
strated that the risk for hospital admission due to asthma exacerbation is higher in patients with the combination of
sensitization, current exposure to high levels of sensitizing allergens and the presence of viral infection.'*'*® The hyper-
responsiveness of the lower airway may be explained by the deficient IFN-B response to viral infection.'!

The complex virus—host interaction in asthmatics is characterized by impaired host immunity due to destruction of
epithelium and tight junctions, augmented cell death and deficient Thl response and IFN-y production in combination
with enhanced viral entry through increased expression of viral receptors and production of proinflammatory cytokines
and interleukins.'®*'*®> Several studies have demonstrated that RV-A, RV-B and RV-C subtypes adhere to the bronchial
epithelium through receptors including intercellular adhesion protein 1 (ICAM-1), low-density lipoprotein receptors
(LDLR) and cadherin-related family member 3 (CDHR3), while RSV attaches to CX3CR].106-108

In acute severe asthma, patients may present with increased levels of neutrophils and eosinophils in their blood tests,
and this mixed population of immune cells can be used as a biomarker for severe disease, poor response to corticoster-
oids and consequently worse prognosis.'” Furthermore, the presence of neutrophils in the airways is associated with

increased bronchial hyperresponsiveness regardless of the number of eosinophils.''°
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Patients with a severe asthma attack present with serious gas exchange abnormalities. Hypoxemia occurs mainly due
to V/Q mismatch and in advanced stages, hypercapnia may develop due to respiratory muscle fatigue and alveolar
hypoventilation. During an acute exacerbation, severe bronchospasm leads to increased airway resistance, which is
associated with reduced airflow and premature airway closure.''' Premature small airways’ closure results into dynamic
hyperinflation, air trapping and increased respiratory load. If the patient continues to be unresponsive to treatment,
accessory muscles are activated to perform the work of breathing. The respiratory load increases even more leading to
more severe respiratory failure and even respiratory arrest.

Another important factor for further deterioration is the hemodynamic instability, which results from the elevated
intrathoracic pressures. High intrathoracic pressures lead to a reduced preload and an increased afterload of the right
ventricle."'? The hemodynamic instability in combination with the unresolving dynamic hyperinflation can make
a patient drowsy with reduced or even absent respiratory sounds, which may be a sign of imminent respiratory arrest.
Hence, identification and immediate treatment of a severe asthma exacerbation is vital as it may reduce morbidity and
mortality.

Viral Asthma Exacerbations: Treatment Options

Currently, bronchodilation therapies and corticosteroids (administered both orally and inhaled) are the mainstay of
treatment of acute asthma exacerbations and act by relaxing airway smooth muscle and reducing inflammation,
respectively. Inhaled corticosteroids (ICS) exert their anti-inflammatory effect through the interaction of the glucocorti-
coid receptor (GR) with negative glucocorticoid response element (GRE) sites and through binding of pro-inflammatory
transcription factors (eg, AP-1, NF-kB).'"? Long-acting (2-adrenergic receptor agonists (LABA) have been shown to
enhance the anti-proliferative and anti-inflammatory effects of ICS and also synergistically inhibit the production of
immunopathogenic chemokines by RV-infected cells.''* According to Jackson et al,'” the combination of LABA
(salmeterol and formoterol) with ICS (fluticasone and budesonide) can inhibit the production of several chemokines
(CXCLS8, CXCL10 and CCLY) involved in inflammation and remodeling-associated growth factors (FGF and VEGF)
upon RV infection. As a result, the virus-induced inflammation and remodeling are halted and this may prevent further
exacerbations.

Oral corticosteroids (OCS) offer a more systematic anti-inflammatory efficiency in the setting of an acute exacerba-
tion. Not only they manage to reduce the risk of relapse by more than 50%, they also reduce the risk of hospitalization by
60% compared to beta-2-agonists.''> So far, short courses of oral corticosteroids (no more than 5-7 days) without a dose
tapering are suggested in asthma exacerbations with a severe clinical presentation.''® However, even short-term treatment
with oral corticosteroids can be harmful and their side-effects must not be neglected. Their use should be solely reserved
for severe asthma exacerbations, while mild to moderate exacerbations should focus on steroid-sparing therapies."'”

Other available treatments reversing bronchoconstriction and reducing inflammation are anticholinergics, such as
long-acting muscarinic receptor antagonists (LAMA). They inhibit the action of acetylcholine, which causes secretion of
mucus and bronchoconstriction. LAMA augment the bronchodilatory activity of short-acting B2-adrenergic receptor
agonists (SABA) and they have been proved beneficial for patients with severe asthma exacerbations.''®'"”

Phosphodiesterase (PDE) inhibitors and in particular theophylline, up-regulate histone deacetylase 2-expression
whose deficiency is implicated in the resistance of some patients to steroids.'?® Moreover, theophylline has anti-
inflammatory and brochodilatory effects and it can be added in a combination therapy of SABA and ICS in acute severe
asthma. However, its application is limited due to many side effects and interactions with other common drugs and for
this reason its use cannot be suggested.'?'"'?* Roflumilast, another PDE-4 inhibitor has been tested in asthma and trials
show that its use can be equivalent to 400mcg of beclomethasone dipropionate (medium strength ICS dose for
asthma).'>® Roflumilast exerts anti-inflammatory effects and also attenuates allergen-induced bronchoconstriction in
asthmatics. Nevertheless, its use is limited in asthma and it is not indicated in the treatment of an acute disease
exacerbation.'**

Leukotriene receptor antagonists constitute another class of drugs targeting inflammatory pathways. Leukotrienes are
inflammatory lipid mediators produced by the arachidonic acid pathway (AA) in activated immune cells and they are
separated in two classes: cysteinyl leukotrienes and LTB4. Increased levels of CysLT cause airway smooth muscle
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contraction and increased vascular permeability through binding to the CysLT receptors (mainly CysLT1R) in the

'25 Montelukast, which is a CysLT1R antagonist has shown promising results in ameliorating lung function in

126-128

airways.
patients with moderate to severe viral asthma exacerbations.

For many asthmatics, the aforementioned approaches may be adequate to control symptoms and reduce the impact of
viral infections, however a subgroup of patients with more severe asthma requires more treatment options to reduce the
burden of viral exacerbations and the overall morbidity and mortality.'*® The mechanisms of viral entry, replication, and
the production of cytokines in parallel with the deficient immune response of patients with asthma, constitute potential
therapeutic targets.

Bronchial epithelial cells are infected by viruses. Using treatments to enhance anti-viral immunity to block or even
prevent infection is challenging and more extensive research is needed in this area. Nevertheless, inflammatory cytokines
that can activate type-2 innate lymphoid cells (ILC2) and Th2 cells, which produce type-2 cytokines, could be targeted by
specific drugs.'*° ILC2 and Th2 cells in the lung produce high levels of IL-5 and IL-13."%'*! Type-2 cytokines play
a major role in mediating allergic airways inflammation in asthma. IL-4 and IL-13 are necessary for IgE production while
IL-5 is responsible for recruitment and maturation of eosinophils. Increased numbers of eosinophils are associated with
virus-induced asthma exacerbations and in particular, sputum ecosinophilia correlates with asthma exacerbation
severity.'** Increased secretion of mucus and airway hyperreactivity (AHR) is stimulated by IL-13. Type-2 cytokines
also have an impact on anti-viral immunity. IL-4 and IL-13 can inhibit RV-16 induced interferon production and virus
replication.”** Since RV is the commonest cause of asthma exacerbations, it is important to investigate whether by
blocking IL-4 and IL-13, RV-induced exacerbations of asthma could be prevented.'*®

Several monoclonal antibodies targeting interleukins have been or are currently being investigated in clinical trials.
Pascolizumab which is a humanized anti-IL-4 monoclonal antibody (mAb) had limited effect in treating asthma and was
never approved'**'*> while there is no evidence that blocking IL-4 had any protection against virus induced asthma
exacerbations. Tralokinumab and lebrikizumab, two humanized anti-IL-13 mAbs although at the beginning showed
promising results by improving lung function and reducing the need for B2 agonist administration and the overall
incidence of asthma exacerbations they finally failed to provide efficacy in the treatment of asthma.'*®'*” Dupilumab
which binds the common IL-4/IL-13 receptor has been approved for use in patients with severe asthma as it seems to
improve asthma control and significantly reduce exacerbations by all causes.'*® Especially in patients with comorbid
chronic rhinosinusitis with nasal polyps, dupilumab has shown excellent results and it can be a first-line choice in the
setting of severe nasal polyps disease and moderate to severe asthma, since it has shown similar results with anti-IL-5
biologics.'*’

Anti-IL-5 mAbs including mepolizumab, reslizumab and anti-IL-5 receptor alpha mAb benralizumab have been
approved for patients with asthma and high eosinophil levels and T2 inflammation.'*® All anti-IL-5 agents have shown
excellent results in reducing all-cause asthma exacerbations, including viral exacerbations, both in randomized and real-
world trials. A possible mechanism of action against viruses could be that IL-5-induced airway eosinophilia suppresses
TLR-7 expression and antiviral IFN secretion, causing severe inflammation. IL-5 and eosinophil levels are known to
increase in the airways of patients infected by rhinovirus and higher levels of either of them have been related with
increased severity of viral infections.'*!

IgE-mediated activation of FcuR1 on mast cells and basophils causes the release of inflammatory cytokines and
induces inflammation. Omalizumab is a monoclonal antibody that binds and neutralizes IgE thus preventing activation of
FcuR1'* and consequently, reduces inflammation. It effectively decreases asthma exacerbations and improves symptom
control, while it allows the reduction of high ICS doses in severe asthmatics.'** Two studies have investigated whether
omalizumab could be used as prophylaxis and reported significant exacerbation reductions some which were caused by
viruses.'**'*> Patients under anti-IgE treatment do not express a seasonal exacerbation pattern, like most asthmatics do,
with increased exacerbations during the winter and spring and much fewer exacerbations in the summer. In a post hoc
analysis of the [CATA study'*’ evaluating the use of omalizumab in children suffering from severe asthma, it was shown
that while patients in the placebo group experienced a seasonal surge in asthma exacerbations (9% in the winter and 8.1%

during spring), those randomized in the treatment arm maintained steady and low exacerbation rates in all seasons (4.3%
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during the winter and 4.2% in spring).'** This comes in accord with the theory of anti-IgE treatment enhancing anti-viral
immunity.

Moreover, Garcia et al'*® have demonstrated that the use of omalizumab can reduce the levels of the IgE receptor on
pDCs and strengthen the anti-viral response of these cells. The reduction of both circulating IgE and of its receptor on
pDCs leads to the reduction of the rate of viral asthma exacerbations through an innate immunity path rather than the
well-known allergic path omalizumab treatment mainly targets.””

Type-2-promoting cytokines such as IL-25 and IL-33 (which are part of the alarmins and stimulate ILC2 cells) are
associated with viral replication in bronchial epithelium, type-2 responses and inflammation in asthma exacerbations.'*’
IL-25 is an IL-17 family member and is a main regulator in T2 high responses and in type-2 cytokine production.'*®
A study showed that by blocking IL-25 receptor with anti-IL-17RB mAb in a mouse model with RV-induced asthma
exacerbation, it prevented virus induced allergic inflammation and type-2 cytokine production.'*’ IL-33 expression is
also linked with increased type-2 cytokine production and asthma exacerbation severity. Blocking IL-33 in vitro with an
anti-ST2 mAb, resulted in inhibition of type-2 cytokines production by T cells from RV-infected asthmatic BECs.'>*
Some positive results on the anti-IL-33 biologic itepekimab were derived from a Phase II trial recently published, where
it was compared to treatment with placebo, dupilumab and a combination of itepekimab and dupilumab was also used.
Although it failed to surpass the results of dupilumab, itepekimab showed a better efficacy than placebo treatment and it
could possibly be a future choice for patients with lower baseline blood eosinophils than the other biologics currently
approved for severe asthma.'>' Targeting alarmins can be a future scope of research, however so far, the only alarmin
with a positive phase 3 trial is thymic stromal lymphopoietin (TSLP), with the biologic tezepelumab.'**'>* Blockage of
TSLP production from the epithelial cells reduces production of T2 high cytokines, such as IL-5 and IL-13 and since
viruses can trigger TSLP production, treatment with an anti-TSLP agent could decrease viral asthma exacerbations
through an innate immunity pathway.'>*

As mentioned above, inhibiting different steps in the viral replication procedure and enhancing anti-viral immunity
are other potential therapeutic targets. Toll-like receptors (TLRs) are responsible for the activation of innate immune cells
and the expression of anti-viral interferons in response to infections. Specifically, TLR7 and TLR9 have been implicated
in asthma treatment. In IL-5 induced airways eosinophilia, TLR7 expression is reduced and it is inversely correlated with
the level of eosinophils in the sputum.'>> TLR7 can promote anti-viral immunity and cause bronchodilation in certain
doses. Thus, TLR7 agonists are already tested in clinical trials and could constitute potential treatment options for virus-
induced asthma exacerbations. Regarding TLRY, it is expressed in the airway epithelium and detects bacterial and viral
CpG-DNA."*® In a previous study, TLR9 agonist treatments during an allergen challenge, decreased type-2 cytokine
production, airway hyperresponsiveness and lung eosinophilia.'>” However, more studies are required to examine the
effects of TLRY agonists in asthma.

Anti-viral type I interferons have immunomodulatory and anti-proliferative properties. Type I IFNs signal through
JAK-1 and protein-tyrosine kinase (Tyk)-2, which phosphorylates STAT-1 and STAT2 to form a heterodimer before

translocating into the nucleus and binding to promoters of interferon stimulated genes (ISGs)."*®

Many ISGs are involved
in inhibiting viral replication.'>® IFNs can be of vital importance in viral asthma exacerbations as they can improve
control of viral infection and suppress type-2 driven allergic airways disease.

ICAM-1 is responsible for the recruitment and activation of cells expressing its natural ligands. It is expressed on
epithelial cells, white blood cells and endothelial cells and is natural receptor for 90% of RV-species.*’ Targeting [CAM-
1 could be a potential treatment for viral induced asthma. Administration of anti-human ICAM-1 successfully prevented
HRV16-induced exacerbation of allergic airway inflammation and airway hyper-responsiveness in mice.'®® However,
since data are limited, randomized controlled clinical trials are required to be carried out on humans to check its efficacy.

To summarize, the use of all biologics currently approved for severe T2 high asthma has led to a great reduction of all-
cause exacerbations, including virus induced. Each category of biologics exerts its own anti-viral effects and it would be

fascinating to further explore the anti-viral properties off all monoclonal antibodies approved for severe asthma treatment.'®'
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Conclusions

Viral infections are the commonest triggers of asthma exacerbations in both children and adults, with the main causative
agents being RSV and RV, respectively. Especially in predisposed children, viral infections might even be the trigger for
development of asthma. In adults, viral infections can lead to severe exacerbations, which in some cases are life
threatening. Therefore, understanding the mechanisms behind each type of viral infection in asthmatic patients and the
differences in the type of inflammatory response compared to non-asthmatic individuals is crucial. So far, all data suggest
that there is no special treatment targeting specific viruses in a molecular level, although the inhibition of several
pathways has shown promising results in laboratory experiments in animal models. The mainstay of asthma treatment
remains inhaled bronchodilators and corticosteroids. All biological therapies currently approved for asthma mainly target
T2 inflammation and manage to reduce the rate of viral asthma exacerbations by restricting the otherwise uncontrolled T2
response to stimuli, such as allergens, pollutants and viruses. Further research on specific viruses could possibly yield
new therapeutic options targeting viruses on a molecular level and add more treatment options for asthmatic patients in
the event of a virus-associated asthma exacerbation.
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