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Abstract

Atopic sensitization and allergic diseases are increasing in modernized countries. These diseases
affect millions of individuals, but the mechanisms behind their development are not fully
understood. One hypothesis relates to early life respiratory viral infections driving the
development of atopic disease including asthma. This review presents the current state of the field,
focusing on epidemiologic data supporting a role for early life respiratory viruses in the
development of specific IgE, both against aeroallergens and the respiratory virus. Our own work
using the Sendai mouse model is then summarized to provide a potential mechanistic explanation
for how a respiratory viral infection could drive development of atopic sensitization and disease.
We then discuss the components of this mechanistic pathway that have and have not been
validated in humans. Finally, we discuss areas ripe for research, as well as potential and current
therapeutics that might disrupt the link between respiratory viral infections in early life and atopic
sensitization/disease.
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Human and mouse studies suggest early life respiratory viral infections with RSV (in human) and
Sendai virus (in mouse) drive development of asthma and allergic disease through production of
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IgE against aeroallergens and viruses. Therapeutic implications of blocking the translation of a
viral infection into atopic disease are also discussed.
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Introduction

The prevalence of allergic diseases including asthma, allergic rhinitis and food allergy is
increasing in developed nations, suggesting we are in the midst of a public health epidemic.
Worldwide, nearly 300 million people suffer from asthma today, with 400 million to be
affected by 2025 [1]. Allergic rhinitis affects up to 400 million individuals worldwide while
an additional 250 million individuals are affected by food allergy [1]. Given health and
economic implications, it is important that mechanism(s) driving increased prevalence of
allergic diseases be determined. While the role of genetics, epigenetics, microbiome,
environment and infections have been explored, no clear explanation for the rapid increase
in disease prevalence has been identified.

Common to all allergic disease is generation of specific immunoglobulin E (sIgE) when
exposed to an innocuous antigen — i.e., allergic sensitization. Once sIgE has loaded onto
mast cells or basophils, subsequent exposure to the antigen leads to cross-linking of the
high-affinity 1gE receptor (FceRI) and degranulation of the cells, driving allergic disease
symptomatology. Therefore, preventing allergic sensitization should avert progression to
disease and provide an excellent primary prevention strategy against allergic disease.

Given the fairly ubiquitous nature of respiratory viral infections in early life and the fact that
allergic sensitization tends to develop early in life, it is tempting to hypothesize that early
life respiratory viral infections underlie the increase in allergic disease. In fact, observational
studies have associated allergic sensitization by one year of age with respiratory viral
infections in infancy [2-3]. The Paramyxoviridae (respiratory syncytial virus (RSV) and
parainfluenza viruses 1 and 3) and Piconaviridae (human rhinovirus (RV)) are the
respiratory virus families most commonly associated with allergic sensitization [4—6]. This
review presents an overview of literature linking early infection with respiratory viruses and
development of atopic sensitization and allergic disease. We provide information on
potential pathways that could be targeted and identify key areas of research still needed for
full understanding of the role early life respiratory viral infections play in atopic
sensitization.

Epidemiologic associations between respiratory viral infections and atopic
sensitization

There are reasons to associate respiratory viral infections with atopy/allergic disease. While
underappreciated, the immune response against many viral infections (not just respiratory
viral infections) includes production of specific IgE (SIgE) against viral pathogens [7-16].
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The significance of this anti-viral IgE is not fully understood; although, in our animal model
it appears critical for translation of respiratory viral infection into atopic disease (discussed
in more detail below). Human studies have demonstrated a correlation between the titer of
antiviral IgE and severity of RSV symptoms such as wheezing in infants, and recurrent
wheezing and development of asthma in older children [10-11, 14-16]. In addition to the
presence of antiviral sIgE, respiratory viral infections have an added similarity with allergic
disease—symptoms of an upper respiratory tract viral infection parallel those of allergic
rhinitis, and viral infections clearly exacerbate asthma [17].

In 1979, Frick and co-workers suggested an association between respiratory viral infections
and atopic disease development [18]. Using a birth cohort, they found 11 of 13 children
developed atopic sensitization by 4 years of age, and all of these children had had an upper
respiratory viral infection within the 1-2 months preceding the development of atopy [18].

The early respiratory viral infection

A common viral infection in early childhood is RSV, a respiratory virus to which a relatively
poor immune response is generated, allowing for repeat infections throughout life [19]. In
fact, up to 80-90% of children have been infected at least once with RSV during the first 2
years of life [20]. While most of these infections are associated with symptoms of an upper
respiratory infection that resolves in several days, a small percentage (0.5-2%) of infants
require hospitalization for management—especially those infected in the 2 to 6 month age
group [20]. It is these infants hospitalized with RSV that were shown in 1992 to have a
higher incidence of skin prick test (a diagnostic test for the presence of allergic sensitization)
positivity at 5.5 years of age (42.5% versus 15.0%, p<0.05) compared to control subjects
who would have been infected with RSV, but not hospitalized [21].

Three years later in the landmark study by Sigurs et al., the authors found nearly 32% of
infants hospitalized with RSV developed atopic sensitization by 3 years of age compared to
only 9% of subjects who were not hospitalized (p=0.002) [22]. In a follow up study, RSV
was shown to be a significant risk factor for the development of allergic sensitization as 34%
of RSV hospitalized subjects demonstrated atopic sensitivity to inhalant allergens compared
to only 15% of controls at age 7.5 years (p=0.013) [23].

The association of antiviral IgE with respiratory viral infections

As mentioned, antiviral IgE is produced as part of the antiviral immune response. In 1981,
Welliver et al. demonstrated that the titer of anti-RSV IgE correlated with increasing severity
of RSV symptoms (wheezing and bronchiolitis) [11]. Other studies have similarly reported
presence of anti-RSV IgE in nasal secretions [11, 24-25] and in peripheral blood [9, 26-27].
Smith-Norowitz et al. showed that asthmatic patients (N=30, mean age 14 years) had greater
anti-RSV IgE antibody titers compared to non-asthmatics (p = 0.003) [15]. Total serum IgE
also correlated with anti-RSV IgE titer in asthmatics (p = 0.047) but not in non-asthmatics (p
= 0.13) [15]. Although, it is important to note that one group was unable to detect sIgE
against recombinant RSV F or G proteins, suggesting that anti-RSV slgE is directed against
other RSV proteins [28].
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It is not just the production of antiviral sIgE that associates with respiratory viral infections
early in life. In a cohort featuring subjects with confirmed RSV infection at less than one
year of age, 14/42 of the RSV hospitalized subjects demonstrated elevated sIgE by 1 year of
age, while only 2/84 of the control group developed sIgE by 1 year [29]. The sIgE tended to
be directed against foods, with all 14 of the RSV hospitalized subjects who had elevated
sIgE having food sIgE (2 also had aeroallergen sIgE) [29]. This finding contrasts somewhat
with the Sigurs study, in which there was an equal distribution of food and aeroallergen sIgE
positive subjects. One explanation for this difference might be that Sigurs et al. evaluated
sIgE at later ages (3 and 7 years) rather than at 1 year [22-23].

Atopic sensitization in early life and environmental exposures

Advances

The Urban Environment and Childhood Asthma (URECA) study examined environmental
exposures and their impact on asthma development. In this birth cohort study, 32.5% of
children were sensitized to at least one allergen by one year of age [30-31]. Given that
sensitization was evaluated at one year of age, the study was not designed to establish a
causal relationship between early viral respiratory infection and sensitization. However, the
majority of sensitized individuals were sensitized against food allergens (22% had sIgE
against milk, 20% against egg and 13% against peanut) [30-31]. Similarly, the Childhood
Origins of Asthma (COAST) study demonstrated a 25% prevalence of food sensitization at
one year of age in children that had been infected with RV [32]. Thus, there are several
studies that show an association between development of atopic sensitization—both to
aeroallergens and foods—and previous history of a respiratory viral infection. See Table 1
for summary of aeroallergen and/or food allergen sensitization in the respective birth
cohorts.

Additional studies with RV have demonstrated increased rates of atopic sensitization
following infection [33-35]. In a cohort of 111 patients aged 3 to 23 months with wheeze,
atopic sensitization was noted in 23% of all patients; further, RV infection was positively
associated with age and other atopic factors including blood eosinophil count, eczema,
cough duration and parental allergic rhinitis [33]. In the same cohort, illness severity (p <
0.05) and atopy (p = 0.001) associated with RV species A and C compared to counterparts
with non-RV induced wheezing [34]. Similarly, a larger cohort featuring asthmatic patients
aged 10-35 years of age showed that RV infected patients had higher rates of allergic
sensitization (p=0.04) compared to RV negative controls [36].

Iin treatments of respiratory viral infections

It stands to reason that if respiratory viral infections can drive atopic sensitization and
allergic disease, then preventing or treating these infections should prevent or limit the
development of atopy. In fact, there have been several studies that have demonstrated a
reduction in atopy with treatment or prevention of RSV infection. Children (under 2 years of
age) who were infected with RSV and treated with the antiviral ribavirin (n=40) had a rate of
sensitization to at least one positive environmental specific IgE of only 26% compared to
75% for children who had RSV infection but were not treated with the antiviral (p<0.01)
[37]. Treatment with Palivizumab, a monoclonal antibody against the RSV F protein that
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prevents RSV from binding and infecting cells (essentially preventing RSV infection), in the
first 6 months of life led to a significant reduction by 3 years of age in amount of total IgE
and dust mite specific IgE in treated (n=349) compared to untreated subjects (n=95) after
adjustment for baseline factors (p=0.031) [38].

These human studies support the hypothesis that atopy is acquired early in life and
associates with the immune response to respiratory viral infections. Understanding potential
mechanisms that could translate a viral infection into atopic sensitization, thus, becomes
important, as these studies will identify potential therapeutic targets to prevent atopic
development.

Mechanisms connecting respiratory viral infections and atopic
sensitization

We have utilized the mouse Paramyxovirus, parainfluenza virus type 1 (Sendai virus; SeV)
to explore potential mechanisms involved in translation of a viral infection into atopic
sensitization and disease. SeV, a negative single stranded RNA virus, is a natural rodent
pathogen, and in mice leads to an infection that is limited to the airways with a subsequent
antiviral inflammatory response occurring in the peribronchial and bronchiolar tissues—
similar to the pathogenesis of RSV in humans. Mice that have been inoculated with SeV lose
up to 20% of their body weight over 9 days, and then recover with the development of
airway hyperreactivity (AHR) and mucous cell metaplasia (MCM) by 21 days post
inoculation (P1) SeV [39]. Thus, this model mimics a very severe respiratory viral infection.

Using the SeV model, we demonstrated that development of AHR and MCM required
expression of FceRI on lung conventional dendritic cells (¢DC) [39]. In order to induce
expression of FceRI on lung cDC, a specific subset of neutrophils (PMN) expressing CD49d
needed to be recruited to the airways. These PMN express the receptor for cysteinyl
leukotrienes, CysLTR1, and in vitro cysteinyl leukotrienes impair PMN apoptosis [40]. In
vivo, blockade of CysLTR1 led to reduced accumulation of CD49d* PMN in the airways
(and prevented development of AHR and MCM) [40]. CD49d* PMN in the airways then
bound to airway cDC through CD11b/CD18 (the binding partner on the cDC remains
unknown). This cognate interaction then led to induction of FceRI on the cDC [41].
Furthermore, during the antiviral immune response IgE against SeV was produced, and
crosslinking cDC FceRlI led to cDC production of CCL28, a chemokine that was required
for recruitment of IL-13 producing, GATA-3* CD4" lymphocytes to the lung; IL-13 then
drove development of airway hyperreactivity (AHR) and mucous cell metaplasia (MCM)
[42]. In summary, we documented a mechanistic pathway (Figure 1) in the mouse beginning
with a viral infection in the respiratory epithelium to the development of AHR and MCM
(i.e., the mouse equivalent of human asthma).

Interestingly, while the SeVV model has been used to study development of chronic post-viral
obstructive lung disease, we also found evidence of underlying allergic sensitization. While
the mice made sIgE against SeV, there was also a large increase in total IgE [43]. In fact,
total IgE remained elevated in mice long after the viral infection had resolved, while the SeV
slgE rapidly disappeared from circulation. This led us to explore whether exposure to an
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innocuous antigen during the respiratory viral infection could lead to production of sIgE
against the antigen. We were able to demonstrate that i.n. exposure to ovalbumin at day 8 PI
SeV led to production of ovalbumin sIgE at levels similar to that seen with the traditional i.p.
ovalbumin and alum sensitization protocol [35]. A subsequent exposure to ovalbumin i.n. led
to worsening AHR and MCM in the mice that had received SeV [43]. Thus, the SeV model
provides a mechanistic pathway that not only leads to development of post-viral AHR and
MCM, but also to atopic sensitization to innocuous environmental allergens (in this case the
model allergen ovalbumin) and allergic disease to the innocuous allergen.

Similar findings have been demonstrated in the work of Dakhama et al. who infected
newborn mice with RSV and found wild-type (WT) mice developed anti-RSV IgE following
neonatal infection [44]. Upon reinfection 5 weeks later, the WT mice had increased AHR
and mucus production, which was not observed following RSV reinfection in mice deficient
in IL-4 and 1L-13 (//47/~/11137); further, //47~/1/137~ mice lacked anti-RSV IgE. Upon
reinfection, mice genetically deficient in FceRI had significantly attenuated AHR and mucus
production, further highlighting IgE and this receptor’s role in enhancing a TH2 phenotype
in an anti-viral immune response [44]. In a separate study lending further support to viral
mechanisms of atopic disease, increased IL-4 and IL-13 were noted in BALB/c mice
sensitized to ovalbumin and inoculated with RV-1B compared to mice inoculated with
ultraviolet light inactivated RV-1B and ovalbumin [45]. The authors of this manuscript also
noted viral infection enhanced AHR and Muc5AC and Muc5B protein abundance compared
to controls [45].

Studies have demonstrated that components of this pathway are intact in humans. In one of
our studies, we found that atopic subjects have a greater frequency of CD49d* PMN in their
blood (p=0.0007) and baseline nasal lavage (p=0.0045) samples [46]. Nasal challenge with
an antigen to which the subjects had atopic sensitization led to significant increases in the
frequency and number of CD49d* PMN in the nasal lavage. Interestingly, challenge with an
antigen to which the subject was not sensitized did not lead to an increase in this PMN
subset [46]. Finally, we recently have shown that human CD49d* PMN (but not CD49d~
PMN) from nasal lavage express CysLTR1 [40].

The expression of FceRl in conventional dendritic cells of mice and

humans

Expression of FceRI on cDC is critical in the development of atopic sensitization in our
mouse model. In mice, cDC do not express FceRI until the viral infection (and mouse pDC
are not known to express FceRI under any conditions); however, in adult humans cDC and
pDC are known to express FceRI. Therefore, we hypothesized that in children there would
be a correlation between subject’s age (as a surrogate for respiratory viral infections) and
expression of cDC FceRI. Using a cohort of 27 patients (aged 12-188 months), we found
expression of FceRI receptor on cDC, but noted that there was no correlation with age [47].
In fact, human cDC appear to express FceRI from birth—demonstrating a major difference
between the human and mouse.
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Although baseline expression of FceRI may be dissimilar between mice and human, the
effect of a viral infection on the levels of cDC FceRI expression appears to be similar.
Examining 67 children (mean age 7.3 + 0.4 age) who had an acute asthma exacerbation,
with 80% being due to a respiratory viral infection (95% of which were RV), FceRl
expression on cDC (and pDC), as well as total IgE was found to be significantly elevated
during the acute exacerbation when compared to convalescence (p<0.05) [48]. Another
cohort featuring allergic asthmatic children (N = 14) showed increased surface expression of
the FceRI receptor on plasmacytoid DCs (p = 0.009) and myeloid DCs (p=0.04) compared
to nonallergic non-asthmatic children (N = 14) [49]. Cross-linking of the FceRI receptor (in
PBMC) led to significantly impaired RV-induced IFN-a responses in allergic asthmatics
compared to nonallergic non-asthmatics (p = 0.002) or allergic non-asthmatics (p=0.004)
[49]. Thus, the viral signals that drive IgE and FceRI on cDC may be similar between
humans and mice.

Humans make antiviral sIgE, including against RV, the most common virus to be implicated
in causing asthma exacerbations [7]. Therefore, treatment with anti-IgE should prevent viral
induced asthma exacerbations, if they are due to antiviral sIgE. The Inner City Asthma
Consortium (ICAC) examined the effect of anti-IgE therapy on asthma exacerbations in a
cohort of 419 inner city children (ages 6—20 years) with persistent allergic asthma greater
than one year [50]. Treatment with anti-IgE significantly reduced the frequency of asthma
exacerbations—both during the spring/fall allergy seasons and during the fall/winter
respiratory viral season [50]. This provides indirect support for the hypothesis that antiviral
sIgE may play a significant role in atopic disease.

The chemokine CCL28 is downstream of antiviral sIgE and was found to translate a
respiratory viral infection into atopic disease in our mouse model as mentioned above. Using
purified peripheral blood cDC (N=28) from atopic and nonatopic human subjects we found
that crosslinking IgE led to increased CCL28 production regardless of atopic status, again
suggesting possible common mechanisms for development of atopic disease in mice and
human [42]. In a prospective cohort featuring 206 children with severe RSV infection
diagnosed at 12 months of age or less, there was an increased risk of asthma when mRNA
for the chemokine CCL5 (RANTES) could be isolated from nasal epithelial cells during the
acute RSV infection [51]. CCL5 plays an important role in the mouse model primarily
through recruitment of macrophages that are needed to clear cellular debris during the
antiviral immune response; however, it is not critical for dendritic cell driven post-viral
atopic disease [52].

Role of the CysLTR1 receptor and development post-viral airway disease

As mentioned above, our mouse model is dependent upon the CysLTR1 and cysteinyl
leukotrienes for the accumulation of CD49d* PMN. There are also other studies
demonstrating a role of cysteinyl leukotrienes in the anti-viral immune response. Viruses
such as RSV and SeV have been shown to acutely increase the presence of cysteinyl
leukotrienes in bronchoalveolar lavage (BAL) fluid in mice [40]. In one animal study,
montelukast, a CysLTR1 antagonist, was administered daily for 7 days starting 1 day prior to
RSV inoculation and significant reductions in lymphocytes and AHR were noted in both
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neonatal and adult mice treated with montelukast by day 7 [53]. This protective effect of
reduced AHR, decreased goblet cell metaplasia and reduce airway eosinophilia was also
observed in neonatal mice re-infected with RSV 5 weeks later [53].

A cohort study with patients aged 3 to 36 months (N=130) randomized to receive
montelukast (5 mg) or placebo for 28 days after being diagnosed with acute RSV, showed
that subjects treated with montelukast had significantly increased symptom-free days (p =
0.015), reduced cough (p = 0.04) and delayed presence of exacerbations (p < 0.05)
compared to placebo [54]. However, 5 years later, a follow up study by Bisgaard et al. failed
to identify a protective effect of montelukast in a larger cohort (N=979) of infants aged 3 to
24 months with acute RSV infection [55]. Whether early life blockade of CysLTR1 before a
viral infection would work as a preventive strategy to prevent development of allergies and
asthma waits to be determined.

Future directions

Although our mechanistic work and the human epidemiologic data might suggest a causative
role for respiratory viral infection in the development of some forms of atopic sensitization,
no study was able to demonstrate a clear causal relationship between early life viral

infection and atopic sensitization. Clearly this is an area of needed research. Another area
that is not well defined includes the role of genetics in this process. It is well known that
development of atopy has a strong genetic component—how or whether genetics play a role
in these antiviral responses remains unclear.

One glimpse into the role of genetics is provided by a study from Forten et al. in which the
authors analyzed single nucleotide polymorphisms (SNPs) in RSV infected infants (N = 78)
and compared data to 1045 controls; revealed a high risk haplotype was across IL-13, CNS-1
and IL-4 (p < 0.0001) and such haplotypes were associated with increased I1L-13 production
and earlier age of infection (< 6 months) [56]. The mechanistic link between these SNPs and
atopy and susceptibility to infection awaits further evaluation. A similar area that is not well
understood is the role of the microbiome in translating viral infections into atopic disease. In
fact, it is not unreasonable to assume that for a respiratory viral infection to drive
development of atopic sensitization, the individual would have to have a viral infection in
the appropriate genetic and microbiome environment. These issues are actively being
investigated.

Finally, there is no clear understanding why IgE would be part of the antiviral immune
response. While treatment with anti-IgE does not appear to have any adverse effects in terms
of respiratory viral infections, it is still quite intriguing that viral sIgE is made. Future
studies will hopefully be able to answer the question as to why this IgE is produced and
what (if any) role it plays in the antiviral immune response.

Conclusion

Research and epidemiologic studies increasingly show that atopic diseases are on the rise.
Although the mechanisms driving this public health crisis are multifactorial, evidence does
suggest that early life respiratory viral infections may play a role. In this review, we
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discussed the epidemiologic data suggesting an association between RSV and RV infection
in the first year of life, and subsequent atopic sensitization (development of slIgE against
innocuous antigens). Although the human data cannot demonstrate causation, they are
provocative and provide rationale for a study directly looking at the timing of early life
respiratory viral infections and atopic development.

Using the SeV mouse model, we have delineated a pathway that translates viral infection
into both atopic sensitization and allergic disease. Some, but not all, components of this
pathway appear to be intact in humans. Whether these pathways truly drive development of
atopy in humans awaits further studies, but the mouse studies provide a potential framework
upon which future therapies may be focused.

In conclusion, infection with respiratory RNA viruses appears to drive an immune response
that has similarities with atopic disease in that both can lead to production of sIgE. Further,
clinically significant infection with these viruses appears to correlate with increased atopic
sensitization and allergic disease in humans. These findings may help to explain the rise of
atopic disease prevalence in developed nations and will possibly delineate potential
therapeutic targets for prevention of atopic development.
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Figure 1. Mechanistic pathway translating respiratory viral infection into atopic disease
Sendai virus infects murine airway ciliated epithelial cells, leading to accumulation of

CDA49d expressing neutrophils (PMN) in a CysLTR1 dependent fashion. Through CD11b
and an unknown ligand, these cells interact with lung conventional dendritic cells (cDC)
driving expression of the high-affinity IgE receptor (FceRI) on cDC. At the same time, anti-
SeV IgE (Antiviral IgE) is made; crosslinking of FceRI on the cDC leads to production of
the chemokine CCL28, which recruits 1L-13 producing lymphocytes to the airways. IL-13
drives development of mucous cell metaplasia and airway hyperreactivity. As shown on the
right side of the figure, intranasal exposure to an innocuous environmental antigen (shown as
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peanut or pollen) during the antiviral immune response in mice results in IgE production
against that antigen. See text for more details.
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Prevalence of aeroallergen and food sensitization in featured birth cohorts.

Study Year | Cohort | Incidenceof Incidence of food
(n) aeroallergen sensitization
sensitization
McGowan et al.30 | 2015 | 516 Not assessed 55.4% at any age (milk 46.7%, egg 31.0%, peanut 20.9%)
Wood et al.3! 2011 | 560 4% to cockroach by age 12 months | 25% by age 12 months
Rubner et al.32 2017 | 217 13% by age 12 months 32% by age 12 months (milk 22%, egg 20%, peanut 12%)
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