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1 | INTRODUCTION
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Summary

Human rhinoviruses (RVs) are the primary aetiological agent of the common cold.
Generally, the associated infection is mild and self-limiting, but may also be asso-
ciated with bronchiolitis in infants, pneumonia in the immunocompromised and
exacerbation in patients with pulmonary conditions such as asthma or chronic
obstructive pulmonary disease. Viral infection accounts for as many as two thirds of
asthma exacerbations in children and more than half in adults. Allergy and asthma
are major risk factors for more frequent and severe RV-related illnesses. The
prevalence of RV-induced wheezing will likely continue to increase given that
asthma affects a significant proportion of the population, with allergic asthma
accounting for the majority. Several new respiratory viruses and their subgroups
have been discovered, with various degrees of relevance. This review will focus on
RV infection in the context of the epidemiologic evidence, genetic variability,
pathobiology, clinical studies in the context of asthma, differences with other

viruses including COVID-19 and current treatment interventions.
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illnesses, like the common cold. In fact, the majority of people will

The respiratory viruses that have been linked with asthma exac-
erbations include rhinovirus (RV), respiratory syncytial virus (RSV),
enterovirus, influenza A and B, parainfluenza virus, adenovirus and
coronavirus.1™ It is relevant to distinguish the type of respiratory
infection considering the ongoing concerns with the COVID-19
virus pandemic. Common human coronaviruses—not to be
confused with the novel coronavirus, or SARS-CoV-2, currently
circulating—can cause mild to moderate upper-respiratory tract

get infected with one or more of these viruses at some point in
their lives; four common human coronaviruses cause 15%-30% of
common colds.

Human RVs are small (27 nm), non-enveloped, ssRNA viruses of
the Picornaviridae family genus Enterovirus. The prevalence and
spectrum of viral-triggered exacerbations vary according to patient
age and seasonality. Viral infection accounts for as many as 80% of
exacerbations in children® and more than 50% in adults.? The prev-
alence of RV-induced wheezing will likely continue to increase
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considering the prevalence of asthma, with an allergic component
accounting for the majority of cases.” It is important to emphasize
that respiratory viruses act as triggers of wheezing. Despite im-
provements in asthma management and advances in therapeutics,
the reported incidence of asthma exacerbations has not declined.
Data from controlled clinical trials indicate that the development of
asthma exacerbations in children as well as in adults are predictive of
future exacerbations.>”~1° Therefore, strategies enabling the man-
agement and control of viral-induced events represent a priority to

counter exacerbations linked to viral disease.

2 | EPIDEMIOLOGY AND SEASONALITY

Children may be infected with RVs from 8 to 12 times per year, while
adults may be infected 2-3 times per year, with peaks of infection
observed throughout the year.!! While mild and self-limiting in
immunocompetent hosts, RV infection is associated with bronchiolitis
in infants, pneumonia in the immunosuppressed and exacerbation of
pre-existing pulmonary conditions such as asthma or chronic
obstructive pulmonary disease (COPD).22*® Bronchiolitis, acute
wheezing illnesses and asthma are major clinical management
challenges representing an unmet medical need.

RSV is the primary cause of bronchiolitis in infants less than 6
months of age. RV becomes more common later in infancy and is a
much more common cause of wheezing in the second and third year
of life than RSV.3* The reasons for age-specific manifestations and
outcomes are poorly understood and may involve complex in-
teractions between the host and intrinsic pathogenicity of the virus.
Data have demonstrated that transient wheezing (from infancy up to
age 3 years) may be linked to RSV infection.? In addition to asthma
exacerbations, severe respiratory illness induced by RSV or RV has
been associated with subsequent development of asthma. In fact,
RSV-induced wheezing during infancy may affect respiratory health
for years.'* There is evidence that RSV-induced bronchiolitis can
damage the airways and promote airway obstruction with recurrent
wheezing.®* While RV likely causes less structural damage, it
remains a significant contributor to wheezing illnesses in young
children. Because RV infections are common and a major cause of
exacerbations in paediatric and adult patients with lung disease, in-
teractions between viral virulence factors, personal risk factors (e.g.,
atopy, genetic susceptibility and age) and environmental exposures
(e.g., allergen exposure and seasonality) promote more severe
wheezing illnesses and the risk for progression to asthma.*”® The
prevalence of bronchiolitis is approximately 20%-30% in the first
year and 10%-20% in the second year of life.X> Up to 50% of children
have acute wheezing at least once before school age. Of these, about
35% will have recurrent wheezing. Once asthma is established,
exposure to allergens and RV, with a potential synergistic effect, are
important triggers of asthma exacerbation.

A seasonal pattern of paediatric asthma exacerbation is well
established.'”%? In particular, a peak in asthma exacerbations and

related hospitalizations occurring in September has been observed in

children in the Northern Hemisphere. There is considerable evidence
to support a causal link between viral respiratory tract infection and
asthma exacerbation in children, with respiratory viruses detected up
to 80% of paediatric patients who experience asthma exacerba-
tion.2%2! A retrospective cohort study by Suruki et al. using US
healthcare claims data reported the frequency and type of
exacerbation in 734,114 paediatric patients with asthma.?? The in-
vestigators analysed the annual frequency of and seasonal trends for
exacerbation in real-world clinical practice. The mean annual
exacerbation frequency was 1.4; 86% of these exacerbations were
defined by systemic corticosteroid use. A consistent trend of
increased exacerbation incidence in the fall and early winter was
observed. In addition, a high proportion of asthma-related hospital-
izations occurred in patients of a younger age. This study further
supports the epidemiological association of seasonal exacerbations
linked to viral exposures that tend to occur between fall and winter.
Figure 1 represents a simulated pattern of the expected exacerbation

events based on prior reports.t”19-22

3 | RV STRAINS

More than 160 strains of RV have been identified and classified into
three genetic clades (A, B and C) according to sequence similarity,
including 80 RV-A, 32 RV-B and 65 RV-C genotypes?>2* while cross-
protection appears to be limited. Molecular epidemiologic studies
suggest that the dominant species are RV-A and RV-C, while RV-B is
rarely detected. RV-A and RV-C are not only associated with
wheezing illnesses in early childhood, but also these viruses are more
often associated with exacerbations of asthma compared with RV-B.
RV-C might be more strongly associated with more severe
exacerbations, including those requiring hospitalization.?>2¢ This
could be due to faster replication rate and induction of more robust
cellular responses, based on data from cultures of differentiated
airway epithelial cells. In cohort studies, RV-B infections do not in-
crease the risk for exacerbations, but they might slightly increase the
risk of exacerbation in children with severe asthma.

Competition assays for cellular binding sites have further
grouped RVs into major or minor group viruses depending on the use
molecule 1 (ICAM-1),
lipoprotein (LDL) and cadherin-related family member 3 (CDHR3) as

of intercellular adhesion low-density
receptors.?* While these advances in the understanding of the virus
are encouraging, the unique structural and genetic variability of RVs

has inhibited efforts to develop effective therapies.

4 | GENETIC VARIATION

To build a context of the genetic variation of RV, it is important to
understand how it fits in the world of genetic variation among other
viruses. For example, the human immunodeficiency virus (HIV)?
exhibits one of the fastest evolving genomes ever observed.?® Within

a single patient, the envelope gene evolves at an astounding rate of
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FIGURE 1 Estimated seasonality pattern related to asthma exacerbations by month. Expected seasonal increase in exacerbations in the

fall and early winter compared with the summer months

1% per year.?? After approximately 4 years of within-patient evolu-
tion, the viral population no longer has coalescent events that reach
back to the infection time frame; this means that none of the nodes
that existed near the time of infection are present. Serially sampled
populations of viruses tend to cluster temporally, giving rise to a
‘ladder’ like phylogeny.?? Interestingly, among patients with influenza
phylogenetic trees are ladder like as well.2>3? This means that early
sequences sampled in a particular calendar time tend to cluster
together with a Most Recent Common Ancestor (MRCA), reaching
back about 5-10 years. In both, the HIV within-patient and the
influenza among-patient examples, the ladder shapes of the phylog-
enies are thought to be driven in part by diversified selection in the
host's immune response to the virus (Figure 2). By exploiting the
calendar sampling time, it is possible, with modest molecular clock
assumptions, to estimate the timing of ancestral events that occur on
the phylogeny.3? One of the most important demographic factors is
the effective population size.>® In both cases, among patient influenza
and within patient HIV, the total mutation at any one slice of time
reaches back about 5 and 3 years, respectively.3%34

The concept of effective population size (or Ne) is central to
population genetics. Recombination events can drive the appearance
of extremely high Ne in a phylogenetic context (Figure 3).>° It mea-
sures the time that a population can reach into the past with current
variation. Thus, the time to the MRCA is directly proportional to the
amount of genetic diversity with high diversity reaching further back
in evolutionary history than low genetic variation. Unlike, influenza
or within patient HIV, RV has deep evolutionary branches (Figure 3).
The amount of genetic variation circulating at any one time is
enormous and can reach back hundreds of years rather than just a
few. The current circulating strains of RV-A comprise an effective
population size nearly two orders of magnitude larger than that of
the 2019-2022 influenza H1N1 season and what can be found about
5 years post-HIV infection without effective therapy. This suggests
that at any given time there is very large pool of RV-infected in-

dividuals unlike influenza where there is a yearly bottleneck before

the next seasonal outbreak that drives variation from the population.
Although RV is seasonal, it must maintain its genetic variation by a
continuously infecting many people throughout time.

There is a relationship between Ne and the difficulty in
developing a vaccine, such that, the larger the Ne the harder it is to
generate a durable immune response with a vaccine. As such, some of
the challenges in developing a RV vaccine are not simply due to the
mutation rate. Influenza has a very similar mutation rate, yet yearly
vaccines are possible because the Ne is sufficiently small. However,
RV vaccine efforts do not enjoy these low Ne and thus vaccine efforts
have largely failed in part due to the vast variation of the current
circulating strains through human populations.

The plasticity of viral genomes allows for the generation of
enormous numbers of viable mutants, resulting in circulating se-
quences that can differ by more than 30% in the maximally variable
genes of viruses. Since the genetic diversity of viruses, RV in
particular, will continue to increase, it is critical to understand the
genetic variation in a phylogenetic sense in an effort to develop
effective antiviral or vaccine strategies.

5 | MECHANISMS AND PATHOBIOLOGY

RV is transmitted mainly through direct contact with aerosolized
particles and replicate in ciliated epithelial cells of the upper airways
and in medium-to large-sized lower airways.¢ Viruses attach to
unique cellular receptors: ICAM-1 used by RV-B and most RV-As,
LDL receptor used by some RV-As, and cadherin-related family
member 3 (CDHR3) used by RV-C.%” After RV attachment, infected
cells recognize RV pathogen-associated molecular patterns through
interaction with two different families of pattern recognition re-
ceptors: Toll-like receptor (TLR) 2, TLR3, TLR7 and TLR8 and retinoic
acid-inducible gene I-like (RIG-1) receptors.®®%? These receptors
activate transcription factors (e.g., interferon regulatory transcrip-

tion factor 7 and nuclear factor kB) that promote the expression of
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N1H1 Influenza among patients

FIGURE 2 Tree pattern of changes in sequences collected overtime. The tree on the left is a set of sequences collected from a single
individual approximately every 6 months who was not on effective therapy. The tree on the right is a selection of N1H1 Influenza viruses
where the earliest sequences are from the 1918 Influenza Pandemic and the most recent are from the 2019 to 2020 flu season. Note that both
tree shapes appear to shift from one population to the next suggesting that the effective population size at any one time is relatively small.

Each of these trees are rooted by the earliest time points
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FIGURE 3 Evolutionary rate based off dated tips of rhinovirus A with an estimated divergence rate. Rhinovirus A has very deep
evolutionary nodes, indicating that the population has a very high Ne. (a) Dated tip phylogeny can be used to estimate the dates of all the
nodes on a tree including the date of the Most Recent Common Ancestor (MRCA). (b) These dates can be used to assess the maximum
likelihood estimate of the divergence rate (2.90e-03). Importantly, recombination events can drive the appearance of extremely high Ne in a

phylogenetic context

type | and type lll interferons and several inflammatory cytokine
genes.*® Early innate immune responses, such as type 1 interferon
release, occur rapidly after infection of the epithelium. RV induce
production of cytokines (IL-1, IFN-y, TNF, IL-6, IL-12 and IL-18),

chemokines (CCL3, CCL5, CXCL8 and CXCL10), and growth factors

that attract and activate and granulocytes, dendritic cells and

monocytes at the site of infection.***! Figure 4 illustrates the

combined effects of the virus and the inflammatory response leading
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particles and replicates in ciliated epithelial cells of the upper and lower airways. The viruses attach to unique cellular receptors. After
attachment, infected cells recognize RV pathogen-associated molecular patterns through interaction with two different families of pattern
recognition receptors, that is, Toll-like receptors. These receptors activate transcription factors that promote the expression of type | and type
Il interferons and several inflammatory cytokine genes. Early innate immune responses, such as type | interferons, occur rapidly after
infection. RV induce cytokines, chemokines and growth factors that activate and attract granulocytes, dendritic cells and monocytes at the site
of infection and trigger an inflammatory response and induce an asthma exacerbation

to epithelial damage and sloughing, mucus production and ultimately
airway obstruction.*>"* There is evidence that viruses and bacteria
interact in patients with respiratory illnesses; viral infection may be
associated with transient detection of common bacterial pathogens
such as Moraxella catarrhalis, Streptococcus pneumoniae and Haemo-
phlius influenzae.*

Disrupted airway epithelium favours RV replication by allowing
access to deeper layers in tissue in which RV replicates most actively
and by increasing the number of ICAM1 receptors as shown in in
vitro studies.*® The damaged barrier function of the airway epithe-
lium can also enhance engagement of aeroallergens or bacterial
pathogens through the airway wall.*” RVs also may contribute to

airway remodelling by inducing vascular endothelial growth factor,

TGF-B, and other mediators into airway smooth muscle cells.***® It is

possible that these effects are more pronounced in early life. 4101447
Thus, repeated RV infections that extend to the lower airways may
cause damage that subsequently leads to remodelling of the airways.

Eosinophils exert prominent cytotoxic properties that damage
the respiratory mucosa and attenuate lung function during stable
asthma and during exacerbation. Using an experimental human
exposure model of mild asthma, Sabogal Pifieros et al. reported that
RV16-inoculation induced loss of asthma control with a strong
correlation with CD69 expression by eosinophils.>° Interestingly,
eosinophils from patients with asthma displayed a reduced capacity
to bind the virus, suggesting that human eosinophils may be impor-

tant scavengers of virus in the respiratory mucosa, preventing viral
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propagation. More recently, a study®! in children with asthma using
peripheral blood mononuclear cells stimulated with peptide
formulations to induce species-specific responses to RV-A and RV-C
showed that responses to RV-A have higher expression of IFNy and
STAT1 compared with RV-C, and significant expression of CXCL9, 10
and 11 was not found for RV-C. In contrast, RV-C induced higher
expression of CCL24 (eotaxin-2) than RV-A in the responses of
children with and without asthma. Upstream regulator analysis
showed both RV-A and RV-C induced predominant Th1 and inflam-
matory cytokine expression. The responses of children with asthma
compared with those without asthma were lower for both RV-A and
RV-C while retaining the pattern of gene expression and upstream
regulators characteristic of each species. Notably, all groups showed
activation of the IL-17A pathway. Overall, the study showed that RV-
A and RV-C induce qualitatively different T-cell responses providing
a possible mechanism to explain why RV-C tends to be associated

with more severe symptoms of infection and asthma exacerbations.

6 | CLINICAL STUDIES

Most RV infections cause common cold symptoms with damage to
the epithelial barrier integrity, causing an increased translocation of
pathogens and complications of respiratory diseases. Up to 35% of
asymptomatic subjects may test positive for RV, but the virus does
not cause chronic infection or colonization in healthy subjects.'!
However, both symptomatic and asymptomatic infection can induce
systemic immune responses in young wheezing children. The
Childhood Origins of Asthma study demonstrated that the risk for
development of asthma by age 6 years was increased if children had
wheezing with RV (odds ratio [OR], 9.8; 95% Cl, 4.3, 22.0) during the
first 3 years of life. Notably, 88% of children with RV-induced
wheezing in the third year of life had asthma by age 6 years.®>?
Although RV-induced wheezing was an independent asthma risk
factor, allergen sensitization significantly increases the RV-associated
risk of asthma.>™”

A study by Tan et al. reported a viral detection rate of 59% in
patients treated for life-threatening asthma in the intensive care
unit.” This study evaluated the prevalence and spectrum of respira-
tory viruses in adult patients hospitalized for life-threatening asthma,
severe asthma and COPD. RV was the most common virus in near-
fatal severe attacks, and coinfection with adenovirus was detected.
These data highlight the importance of viral infection in the burden of
respiratory disease-related morbidity and mortality.

Prazma et al. investigated the frequency of asthma exacerbation
and respiratory tract infection occurring during the fall season in a
paediatric population using an at-home mucus collection methodol-
ogy during a 16-week, randomized, double-blind study.>? Children,
4-11 years of age with a clinical diagnosis of asthma treated with
inhaled corticosteroids (ICS), a morning peak expiratory flow >70%
predicted, and a history of >1 asthma exacerbation during the
previous respiratory viral season were eligible for enrolment. Mucus

samples obtained during symptomatic periods were analysed for

common respiratory viruses by multiplex polymerase chain reaction.
Table 1 illustrates the type of viruses identified. Notably, 80% of the
samples tested positive for RV. Of the 537 mucus samples collected,
64% tested positive for viruses but less than 10% of patients pre-
sented with asthma exacerbation.>® Noteworthy, all patients were
treated during the study with either ICS alone or ICS/LABA combi-
nation, prior attending school. It is possible that this continuous use
and adherence to treatment may have mitigated the manifestation of
exacerbations. In contrast, Korean investigators demonstrated an
association between RV infection and asthma exacerbations in
hospitalized children [OR] 3.9 (95% Cl, 1.4, 10.5); this effect was
further enhanced in atopic versus non-atopic patients, OR 8.3 (95%
Cl, 1.5,43.3) versus 2.4 (95% Cl, 0.5, 10.7), respectively.>*

Respiratory symptoms typically develop 1-2 days after inocula-
tion in studies, and uncomplicated RV symptoms usually peak 2-4
days after inoculation. The median duration of RV colds is 1 week,
but up to 25% last more than 2 weeks.® During illness caused by RV,
viral shedding occurs naturally for up to 21 days, but predominantly
over an initial 3- to 4-day period.

Recent data suggest that people who present with symptoms of
respiratory illness at an emergency department, and who are sub-
sequently diagnosed with a common respiratory virus, are in fact co-
infected with the COVID-19 virus.>® In a single-centre analysis, 562
individuals were tested for COVID-19; 49 tested positive for infec-
tion with SARS-CoV-2. Of these 562 individuals, 517 were also
tested for the presence of other common respiratory viruses; 127
tested positive for at least one other respiratory virus. Specifically,
the top six viruses identified were RV/enterovirus, 46 (36.2%);
influenza A, 21 (16.5%); meta-pneumovirus 21 (16.5%); RSV, 14
(11%); coronavirus, 10 (7.8%), and parainfluenza 1, 4(3.1%).° Of the
individuals tested for both SARS-CoV-2 and other respiratory
viruses, 11 of 49 (22.4%) confirmed COVID-19 cases and 11 of 127
(8.7%) with other respiratory viruses—were found to be co-infected.
These findings suggest that about 1 in 5 people with SARS-CoV-2 are
also infected with other respiratory viruses.

Importantly, common cold symptoms include stuffy nose,
sneezing, sore throat, possibly cough and body aches. In contrast,
SARS-CoV-2 symptoms include fever, dry cough, loss of taste or
smell, body aches, fatigue, shortness of breath, possibly diarrhoea
and vomiting. In more severe cases, the virus can cause pneumonia,
severe acute respiratory distress syndrome, kidney failure and
death. Thus, while there is the possibility of co-infection and sim-
ilarities exist in the presentation of these viral diseases, the
symptoms can overlap. Table 2 contrasts the clinical features of the
common cold, influenza and COVID-19 infection. A recent case
series of 393 consecutive confirmed COVID-19 admissions in New
York state documented a rate of asthma of 12.5%, slightly higher
than the prevalence of current adult asthma (10.1%) in that state.”®
This finding is consistent with another report from Ireland, where
review of medical records of 193 consecutive admissions who were
SARSCoV-2-positive found that 8.8% had a physician diagnosis of
asthma which is slightly higher than the prevalence of current

asthma of 7.0% in adults in Ireland.>” While these findings suggest
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TABLE 1 Virology from mucus sample collection in children 4-11 years of age with asthma

Samples containing virus
Number of viruses per sample, n (%)
Positive for 1 virus
Positive for 2 viruses
Positive for 3 viruses
Virus type, n (%)
Rhinovirus
Parainfluenza virus 2
Coronavirus NL63

Coronavirus OC43

Other: Enterovirus, bocavirus, adenovirus C, parainfluenza 4b, parainfluenza 1 and

influenza B

Note: Modified from Prazma et al. Resp Med 2015.

that patients with asthma are not at a higher risk of SARS-CoV-2,
recent data®® using air-liquid interface cultures from nasal tissues
biopsied from 30 patients with asthma and infected with common
RV strains (RV-A16 and RV-C15) suggest that RV infections are
potential mechanisms of ACE2 overexpression (threefold increase).
Thus, it is possible that RV infections play synergistic interactions
with SARS-CoV-2 infection by priming the host to respond exces-
sively to COVID-19 infection.

Muehling et al. performed a comprehensive analysis of Type 1
and Type 2 innate and adaptive responses in allergic asthmatics
infected with RV.> T cells were sampled for up to 11 weeks to
capture steady state and post-infection periods. T-cell responses
were analysed in parallel with nasal cytokines, upper and lower
airway symptoms and lung function. The investigators reported
that in uninfected asthmatics, higher numbers of circulating virus-
specific PD-1+ Th1 cells, but not allergen-specific Th2 cells, were
linked to worse lung function. RV infection induced an amplified
anti-viral Th1l response in asthmatics versus controls, with
allergen-specific Th2 expansion, and production of Type 1 and 2
nasal cytokines. Notably, Th2 responses were absent in infected
asthmatics who had normal lung function, and in those receiving
the anti-IgE monoclonal antibody omalizumab. Across all subjects,
early induction of a minimal set of nasal cytokines that discrimi-
nated high responders included G-CSF, IFN-y, TNF-a and corre-
lated with both egress of circulating virus-specific Thl cells and
worse symptoms. These findings suggest that RV induces robust
Th1 responses in allergic asthmatics that may promote disease,

even after infection resolves.

7 | TREATMENT APPROACHES

There are multiple on-going efforts to address the unmet need in
patients reactive to viral-induced exacerbations. Here are some ex-

amples to illustrate these efforts:

Total (N = 344)

320 (93)
23 (7)
1(<1)

276 (80)
29 (8)
14 (4)
15 (4)
35 (10)

TABLE 2 Clinical features of common cold, influenza and
COVID-19

Clinical features Common cold Influenza COVID-19
Incubation period 1-3 days 1-4 days 2-14 days
Symptoms Gradual Abrupt Gradual
Fever Sometimes Common Common
Cough Common Common Common
Shortness of breath Mild Sometimes Common
Fatigue Sometimes Common Common
Body aches Sometimes Common Common
Sore throat Common Sometimes Sometimes
Nasal congestion Common Sometimes Sometimes
Loss of smell Sometimes Sometimes Common
Chills Uncommon Common Sometimes®
Diarrhoea Rare Sometimes Sometimes
Loss of appetite Sometimes Common Sometimes

Note: Modified from www.cdc.gov/coronavirus/2019-ncov/symptoms-
testing/symptoms.html.

Including repeated shaking with chills.

Targeting ICAM-1 in transgenic mice engineered to overexpress
extracellular domains 1 and 2 of human ICAM-1 has been shown to
prevent the cellular entry of two major groups of RVs, RV16 and
RV14.° Reduced cellular inflammation, pro-inflammatory cytokine
production and virus load were also observed in this model. However,
targeting and blockage of other receptors used by minor group RV,
such as the LDL receptor, has been challenging.® This is also the case
in the context of the development of a universal anti-RV antibody,
which is problematic due to the antigenic diversity of circulating RV.
In addition, there are significant challenges associated with the
identification of new antigenic variants plus the fact that approxi-
mately 90% of RV serotypes cannot bind to the murine ICAM-1
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receptor.®’ Ultimately, development of novel therapeutics that
interferes with RV binding, entry and replication in the host cell could
yield promising results.

In vitro studies have shown that exogenous delivery of in-
terferons (IFN-a, IFN-B, IFN-A1 or IFN-A2) reduced RV 1A viral copies
in human primary bronchial epithelial cells (HPBECs).%? Interestingly,
the addition of IFN-B also suppressed RV16 and RV 1B replication in
HPBECs isolated from healthy and asthmatic individuals.®® A study
by Djukanovic et al.* evaluated the effect of inhaled IFN-B in asthma
patients at the onset of cold or flu symptoms. Although the trial did
not meet its primary endpoint (asthma control), in a post-hoc analysis
the data suggest that inhaled IFN-f is a potential treatment for virus-
induced deteriorations of asthma in difficult-to-treat patients. More

recently Watson et al.®

reported in an in vitro model of IFN-f the
potential for intermittent prophylactic doses of exogenous IFN-B to
modulate viral infection. The findings showed that chronic dosing
with IFN-B was more effective than dosing after infection and it was
not associated with induction of inflammatory mediators.

Other approaches with small molecule ‘capsid binders’ that inhibit
RV-A and RV-B binding and replication are not effective against RV-C
because of differences in capsid structure.®® While 3C protease in-
hibitors are effective in vitro, results in clinical trials have been
disappointing.®” The large number of antigenically distinct RV types
has been a barrier to vaccine development, although new approaches
have identified some degree of cross-reactivity among RV types.®®
Pleconaril, for example, binds to hydrophobic pockets within viral
capsids, altering binding of the viral pathogen to host cell receptors and
blocking the uncoating process. Assessment of pleconaril on the effect
on RV serotypes (RV-2, 14, 16, 39 and A21) and 46 clinical isolates
using in vitro cytopathic effect inhibition assays®® reported antiviral
activity against the five serotypes (median ECsq of 0.02 pg/mL) and
against the majority of the untyped clinical isolates. However, pleco-
naril failed the first clinical trial with an oral formulation that was given
three times per day when treatment started 24 hours after challenge,
in that only 1-1.5 days of reduction in symptom resolution time was
demonstrated).®” Furthermore, drug-resistant RV strains were iden-
tified in 24% of enrolled patients: 13% of patients were naturally
resistant at baseline and 11% exhibited a reduced susceptibility by day
5 of treatment.”®”* A phase Il study, which used an intranasal formu-
lation of pleconaril, failed to show significant results for RV-positive
participants either with or without asthma exacerbation.”® Overall,
although capsid binders are attractive and potent early stage inhibitors
of RV replication in vitro, problems with pharmacodynamics, in vivo
efficacy, and resistance development have been reported. In addition,
with the recent resolution of the capsid structure, it was demonstrated
that RV-C species lack the hydrophobic pocket, the binding target of

capsid binders.

8 | CONCLUSIONS

At present there are no licensed antibodies for clinical use in RV

infection, underscoring the need for alternative therapeutic

strategies. Many viruses, including RV, for which vaccines are not
available, produce a significant impact on public health. Many of
these viral targets could be classified as ‘difficult’ based on the fact
that: (i) infection is not self-limited, is associated with a high fre-
quency of severe disease, and often leads to persistence; (ii) the
virus has developed multiple mechanisms to alter and evade host
immune responses, (iii) the host can be re-infected; (iv) there is
significant genetic variation; (v) the site of infection is the same as
the major target organ for disease; (vi) there is integration of the
viral genome or sequestration of the virus making it less accessible
to immune effectors; (vii) animal models fail to recapitulate path-
ogenesis of human disease and (viii) there is a long delay between
initiation of infection and onset of adaptive cellular immunity.”?
Today we face global challenges with emerging viral diseases for
which vaccines or antibody-specific therapies would substantially
benefit the public health. In particular, the current pandemic with
COVID-19 has tremendously accelerated the understanding of the
science around viral disease, including the biology, diagnostics and
antibody and vaccine development technologies. There is need for
primary prevention through development of immuno-prophylaxis
interventions for patients with asthma and other respiratory dis-
eases. In addition, drug-discovery research must be accelerated to
identify effective interventions that prevent RV infections and
provide more practical approaches to disease prevention. Early
detection of patients at risk as well as better understanding of the
interactions between viral infection and the host is paramount.
Designing novel treatments or preventive strategies for virus-
induced exacerbations across respiratory diseases could provide an
invaluable therapeutic avenue for addressing a current unmet
medical need.
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